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Preface

This book was rewarding, and even fun, to write, and started a learning experience 
for me that I hope will be similarly rewarding for students interested in urban soils 
everywhere, especially the ones who I teach! A large proportion of the book was 
written during a 6-month sabbatical leave which was generously approved by the 
School of Agriculture and Environment at The University of Western Australia. 
Much of the remainder was written during the COVID-19 pandemic, while at the 
same time teaching undergraduate and postgraduate courses which informed my 
writing (and vice versa).

My background and passion is in chemistry, and so as the main author, the 
emphasis of the book reflects my chemistry bias; my other bias is towards environ-
mental science as a broader discipline. As readers will notice, however, my passion 
for both subjects took me to new and interesting places in the field of environmental 
science, and soil science in particular. Writing this book also made it necessary to 
learn some new and interesting ways to look at environmental data, and to write the 
necessary code in R. Interested readers should contact me by email for the R code 
to conduct the data analyses or prepare many of the graphics and maps in this book.

 Notes

Words or phrases in italics are the first instances of terms in the Glossary, except 
terms that are traditionally written in italic font such as Latin phrases. International 
conventions have been used where appropriate, for example soil classification, soil 
texture categories, SI units, and IUPAC chemical names. This may clash sometimes 
with the use of standard Australian English (e.g. in the spelling of ‘sulfur’).

We have endeavoured to make referencing formal and complete; this is not 
always the case in textbooks, but we think it’s good to set an example of what we 
expect from our students. As far as possible we have tried to cite literature that spe-
cifically deals with urban environments and soils, rather than the environmental 
science or soil science literature in general. As a result, the sources cited may not be 
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the most seminal publications on any particular topic, but may be more useful for 
readers wishing to learn more about urban soils.

We have used examples from as many places in the world as possible, with the 
hope that this will increase our readers’ connectedness to the material. Where rele-
vant, coordinates are provided for geographic locations in decimal degrees (by con-
vention, degrees south or west are negative), suitable for searching using software 
such as Google Earth or equivalent.

Perth, Western Australia Andrew W. Rate  
June 2021

Preface
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Chapter 1
Urban Ecosystems: Soils and the Rise 
and Fall of Cities

Andrew W. Rate

Abstract Soils, as a crucial component of the critical zone of the Earth’s surface 
that sustains life on land, are as essential in cities and peri-urban areas as they are in 
natural or agricultural environments. In this chapter we explore the idea that the 
properties and geographical location of soils have influenced the historical and pres-
ent location of urban environments. The importance of cities to human survival and 
well-being is established by analysing global trends in urbanisation and urban 
migration and by noting that urban areas will become increasingly important for 
food production. The remainder of this introductory chapter presents the main top-
ics which are covered in this textbook. Human impacts on urban soils are described 
in several ways, through an investigation of soil-forming factors in urban environ-
ments (Chap. 2), soil variability and data analysis (Chap. 3), ecosystem functions 
provided by soils (Chap. 4), changes in soil physical properties (Chap. 5), chemical 
pollution of soils (Chaps. 6 and 7), and soil biological phenomena in urban soil 
(Chap. 8). We start to consider the management of soils in urban environments in 
Chap. 9, which covers urban soils as a source and sink for material and some basics 
of risk analysis. The management theme is continued in Chap. 10 which analyses 
the role of soils in sustaining human health within the framework of the United 
Nations’ Sustainable Development Goals and in Chap. 11 which presents remedia-
tion options for degraded urban soils. Finally, Chap. 12 looks to the future of soil 
science in an urban context.

Keywords Urban soils · Soils · Urbanisation · Population · Human impact · 
Ecosystem functions

A. W. Rate (*) 
School of Agriculture and Environment, University of Western Australia,  
Crawley, WA, Australia
e-mail: andrew.rate@uwa.edu.au

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-87316-5_1&domain=pdf
https://doi.org/10.1007/978-3-030-87316-5_1#DOI
mailto:andrew.rate@uwa.edu.au


2

 

What you could learn from this chapter:

• Whether you want to keep reading this textbook!
• How soils and urban ecosystems are interlinked, in both the past and the present.
• The context and relevance of urbanisation of human populations.
• Why urban soils are important, and how they are different from ‘other’ soils (and 

therefore worth studying).

1.1  Introduction

Soils are the living core of the critical zone, the zone encompassing the upper layers 
of Earth’s land surface which are responsible for sustaining terrestrial life. As much 
in cities as in land used for food production, forests, or pristine reserves, the proper-
ties and functions of soil are crucial for human survival and, indeed, for the healthy 
functioning of all terrestrial ecosystems. The critical zone is comprised of compo-
nents of the near-surface environment, from the lowest accessible groundwater to 
the upper vegetation canopy, in which complex interactions involving rock, soil, 
water, air, and living organisms provide essential ecosystem services (National 
Research Council et al. 2001; Brantley et al. 2006). Even despite issues like pollu-
tion, surface sealing, and other consequences of mistreatment of urban soils, soils in 
cities remain both mundane and mysterious, delicate but degraded, and ignored yet 
indispensable.

It may also be in cities, however, that soils are, paradoxically, least understood. 
For example, there is some evidence that the general population (including regula-
tors, legislators and planners) makes very little use of soil knowledge (Teixeira da 
Silva et al. 2018). A proportion of the urban population, though, has close contact 
with and both personal and financial investment in urban soils; in urban and peri- 
urban environments, gardeners and urban farmers have a detailed knowledge of 
urban soils (Wakefield et al. 2007; Reséndiz-Paz et al. 2013). Many scientists and 

A. W. Rate
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engineers also understand urban soils; in order to rehabilitate natural environments, 
clean up pollution, prevent erosion, and of course build on or using soil, a thorough 
understanding of soil properties and functions in an urban context is needed. The 
following passage from McDonald et al. (2019) expresses the impacts of urbanisa-
tion on biodiversity (and, therefore, humanity) very compellingly:

By 2030, an additional 1.2 billion people are forecast in urban areas globally. We review the 
scientific literature (n = 922 studies) to assess direct and indirect impacts of urban growth 
on habitat and biodiversity. Direct impacts are cumulatively substantial, with 290,000 km2 
of natural habitat forecast to be converted to urban land uses between 2000 and 2030. 
Studies of direct impact are disproportionately from high-income countries. Indirect urban 
impacts on biodiversity, such as food consumption, affect a greater area than direct impacts, 
but comparatively few studies (34%) have quantified urban indirect impacts on biodiversity. 
(From the Abstract in McDonald et al. 2019)

At this stage in this book, we need to define what we mean by ‘urban’. For this 
definition we are guided by the analysis presented by Liu et al. (2014), who dis-
cussed definitions of urbanisation in the context of how much of Earth’s land area is 
occupied by cities. We will use the definition of ‘urban’ in the widest context 
described by Liu et al. (2014) that of land (and therefore soil) within the administra-
tive boundaries of cities, which encompasses nearly 3% of global land area. In many 
cases, this definition extends to peri-urban or even rural land as well, which is appro-
priate for our purposes. Most of our examples will be drawn from built-up urban 
land closer to city centres, but in some cases of industrial or even degraded rural 
land, it makes more sense to use the wider definition. Sometimes industrial activi-
ties, which have many similar effects on soils as cities, occur in rural areas. Similarly, 
sometimes historical cities have ceased to exist as built areas or centres of human 
population but still leave an imprint on the properties and composition of the soil.

1.2  The Influence of Soils on Cities

Urbanisation (the movement of human populations into cities) and soils have been 
linked phenomena for a very long time. Cities, and civilisations, arose following the 
development of agriculture in areas where there were both fertile soils and accessi-
ble fresh water (McNeill and Winiwarter 2004; Hillel 2006), although several other 
factors were involved. Figure 1.1 expresses this graphically and lists several other 
factors including proximity to trade routes or topography and climate. From inde-
pendent beginnings in places like Mesopotamia, China, and the Americas, the fertile 
land which was required to grow crops nourished a growing human population. The 
stability which agriculture – dependent on soil fertility – allowed was followed by 
the establishment of permanent settlements, which ultimately became towns and 
cities (Hillel 1991; Redman 2011). In today’s world, the locations of contemporary 
cities, and the diverse range of urban environments, share much in common with the 
cities which developed millennia ago. Kummu et al. (2011), for instance, find that 
more than half of the world’s population lives within 3 km of fresh surface water. 

1 Urban Ecosystems: Soils and the Rise and Fall of Cities
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The benefits of living close to fresh water are not restricted to water availability 
alone; as Fang et al. (2018) point out, rivers are associated with fertile soils and also 
provide transport routes and the conveniently low relief of alluvial plain environ-
ments, especially near the coast. Figure 1.2 shows the clustering of large, contem-
porary cities along coastlines, on major rivers, and especially in areas with fertile 
soils. In an ominous foreshadowing of contemporary environmental problems, even 
ancient cities, like the cities of the twenty-first century, contained polluted soils or 
soils which were degraded in other ways (Zhang et al. 2005). Urban environments 
are considered sufficiently different from other environments that some authors 
consider them as a separate Earth subsystem, the urbosphere (a term probably first 
used by Voloshyn 2004).

1.3  Global Trends in Urbanisation

Since approximately 2007, urban environments have been the most populous human 
habitat on Earth, a trend (Fig. 1.3) that is projected to increase the proportion of 
human population in urban areas until at least 2050 (Foley et al. 2005; Grimm et al. 
2008; Lyons and Harmon 2012; United Nations 2018). The trend towards greatly 
increased urbanisation has been occurring steadily since about 1800 AD (Grimm 
et al. 2008) in many nations worldwide, with some countries (e.g. Brazil, much of 

Fertile
soils

Fresh 
water

Food
surplus

Urbanized

Non-urbanized

Resources

Fig. 1.1 Factors affecting the location of cities (bold text shows factors allowing the commence-
ment of urbanisation). Graphic by Andrew W. Rate
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eastern Europe) showing their greatest urbanisation rates in the mid-twentieth cen-
tury. The late twentieth century has also seen accelerations in urbanisation rates in 
several countries, including China, Indonesia, and South Korea (Luo et al. 2012; 
United Nations 2018). In contrast, countries such as Australia and the United 
Kingdom had already become highly urbanised by the beginning of the twentieth 
century, with low, stable rural populations and population growth only in urban 
areas. Some of the urban growth is manifested in the increasing sizes of cities; 

Fig. 1.2 World map showing locations of cities (red-coloured circles with area proportional to 
population) with population greater than one million inhabitants. (Robinson Conformal Projection 
using data from Mapbox (2019) and UNdata (2019); graphic by Andrew W. Rate)
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Fig. 1.3 Changes in the proportion of Earth’s human population living in urban areas, 1950–2050. 
Data and projections from United Nations (2017, 2018); graphic by Andrew W. Rate

1 Urban Ecosystems: Soils and the Rise and Fall of Cities



6

Fig. 1.4 shows growth in the geographic extent of some contrasting cities over the 
last approximately 200  years. The maps in Fig.  1.4 exemplify the rapid recent 
change in countries like China.

1.4  Human Use of Soils

The fertile soils that allowed cities to flourish also mean that urban areas are becom-
ing increasingly important areas for food production (Satterthwaite et al. 2010). In 
2000, about 6% of the world’s croplands were in urban or peri-urban areas; the larg-
est areas of land growing irrigated urban crops are in Southern and South East Asia, 
with mainly rain-fed urban crops grown in North America and Europe (Thebo et al. 
2014) (Fig. 1.5). In many cities worldwide, the area of land dedicated to gardening 
in cities is increasing, with a resurgence in developed countries, with projects like 
urban community gardens providing not only a source of food but also health and 
social benefits (Wakefield et al. 2007; Laidlaw et al. 2018). As urban populations 
continue to increase, a greater proportion of food will need to be grown in urban or 
peri-urban areas (Thebo et al. 2014).

Fig. 1.4 Expansion of different urban areas showing the growth of four selected cities as a func-
tion of time (the darker the map shading, the more recently an area was converted to urban land 
use). The larger the relative area of darker-coloured shading, the more recent the expansion. Maps 
are compiled from Angel et al. (2016)

A. W. Rate
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Soils in cities are commonly much different from natural, unmodified soils, 
reflecting the importance of human factors in terms of their original parent material 
and soil-forming processes. The geomorphology of cities can also be highly modi-
fied, for example, by flattening of topography, redirection of streams and rivers, or 
drainage of wetlands (Alexandrovskaya and Alexandrovskiy 2000; Paul and Meyer 
2001). Soils subject to a dominant human, or anthropogenic effect, are recognised 
explicitly in theories of soil formation (Amundson and Jenny 1991; Pouyat et al. 
2008) and have been formalised into many of the widely used soil classifications 
(such as those presented in Isbell 1996; IUSS Working Group WRB 2014). Soils 
modified by humans may even provide a clear marker of the Anthropocene, the most 
recent geological period defined by profound human impact (Crutzen 2002). Certini 
and Scalenghe (2011) argue that the beginning of the Anthropocene is most appro-
priately and accurately marked by the presence of anthropogenic soils. These 
anthropogenic soils are called Anthroposols and Technosols in the United Nations’ 
World Reference Base for Soil Resources (IUSS Working Group WRB 2014). 
Anthroposols are not confined to cities, nor are all urban soils Anthroposols or 
Technosols, but understanding anthropogenic soils is very instructive for under-
standing soils in urban environments. The formation and properties of urban soils, 
including Anthroposols and Technosols, will be covered in Chap. 2.

Fig. 1.5 Percentages of urban extent occupied by irrigated or non-irrigated cropland (recoloured 
from Thebo et al. (2014); used within the terms of a Creative Commons (CC BY 3.0) license)

1 Urban Ecosystems: Soils and the Rise and Fall of Cities



8

One of the most obvious differences between anthropogenic urban soils and their 
natural counterparts is that urban soils contain buried objects, or artefacts, derived 
from human habitation and management of urban environments. In some cases, 
these artefacts may be of archaeological significance and preserve valuable infor-
mation about historical cultures (Alexandrovskaya and Alexandrovskiy 2000; 
Dubay 2012). Alternatively, the artefacts may simply be more recent additions of 
building rubble or other waste materials, engineered layers, or simply relocated soil 
material. In either case, soil conditions may result in weathering and loss of some 
anthropogenic signals (Howard and Olszewska 2011). Chapter 2 will also address 
the archaeological significance of urban soils and sediments.

Urban soils can be extremely heterogeneous, with steep gradients in soil proper-
ties observed over relatively small spatial scales (Schleuß et al. 1998; Rate 2018). 
This heterogeneity reflects the overprinting of natural soil-forming processes and 
parent materials with recent, and in some cases substantial, additions and losses of 
material caused by urbanisation, coupled with similarly recent changes in soil- 
forming factors such as vegetation and (micro)climate. Soil variability in any envi-
ronment has implications for soil sampling and subsequent measurements and how 
soil data are analysed. Chapter 3 discusses the nature and implications of urban soil 
variability and presents some strategies for sampling and analysis of soils and sta-
tistical and numerical methods for exploration and interpretation of soil data.

1.5  Human Impacts on Soils

Numerous differences in soil physical conditions exist between urban and non- 
urban environments. Some of the most obvious of these are compaction, surface 
sealing, and changes in energy balance due to urban heat island effects. The physi-
cal properties of, and processes in, urban soils will be discussed in Chaps. 4 and 5, 
along with the implications of changes in soil physical conditions and geomorphol-
ogy for urban hydrology (the behaviour of water in urban landscapes).

The human signature in urban soils may also be present as changes in the chemi-
cal composition of soils relative to their natural or ‘background’ state. These changes 
are geochemical records, separate from physical artefacts, which contain informa-
tion on the history of urban land use (e.g. Zhang et al. 2005; Davidson et al. 2006; 
Albanese and Cicchella 2012; Appleton and Cave 2018; Rate 2018). The distinct 
chemical composition (i.e. a characteristic combination of concentrations of the 
chemical elements) or geochemical signature in geochemical records of urban soils 
can be interpreted with spatial analysis and statistical analysis of soil chemical 
composition, and we will address some of the issues involved with these analyses in 
following chapters. The changes in chemical composition of soils caused by urban-
isation extend tens of kilometres to more than 100 km from urban centres, depend-
ing on the size of a city (Pouyat et al. 2008), and so represent a potentially powerful 
tool for understanding the effects of urbanisation on soils.

A. W. Rate
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Changes in soil composition due to human activity, however, are often due to 
various forms of pollution. If substances are added to a soil (by pollution, or other-
wise) in amounts or concentrations that are considered harmful to humans or other 
organisms, a soil is considered to be contaminated (National Environment Protection 
Council 2013). Soil contamination degrades the very resource(s) that originally 
made the cities possible and is an inherent consequence of the wide range of human 
activities that occur in urbanised areas. Chemical pollution in soils will be discussed 
in Chap. 6 (inorganic contaminants) and Chap. 7 (organic contaminants). Chapter 4 
will also present essential concepts for understanding the chemical composition and 
reactions in soil systems, with a focus on processes encountered in urban soil 
environments.

Urban soils can provide the same ecosystem services and perform the same func-
tions as non-urban soils, regardless of the multiple differences in the properties, 
starting materials, and formation processes (Sauerwein 2011; Lal and Stewart 2017; 
Teixeira da Silva et al. 2018). In reality, urban soils exist on a continuum between 
highly modified anthroposols and unaltered natural soils, and there is no clear 
boundary between them (De Kimpe and Morel 2000; Byrne 2007). In many cases 
their origins and pedogenesis (i.e. formation processes) are similar to ‘natural’ soils 
(Giusti 2013). The range of soil functions and ecosystem services provided by soils 
will be discussed, with emphasis on urban systems, in Chap. 4. In addition, since 
many important functions of soils are mediated by microorganisms and because 
microbial ecology is sensitive to changes in soil conditions, Chap. 8 expands on 
below-ground biological processes in soils and reviews the effects of urban soil 
changes on the abundance and diversity of soil organisms. Although we do not have 
a separate chapter relating to the influence of urban soils on above-ground vegeta-
tion (and nor is there a separate section or non-soil fauna), this discussion is inte-
grated into several of the other chapters.

The pollution and subsequent soil contamination which are widespread in cities 
also mean that the urbosphere itself has become a source of pollution. Contaminated 
urban soils can be sources of contaminants for surface water and groundwater 
(Wong et al. 2012). Transfer of material from soil to air by wind is a recognised fac-
tor in decreasing urban air quality (Almeida et al. 2005; Sillanpää et al. 2006), and 
soil to atmosphere fluxes may also introduce contaminants to other ecosystem com-
partments (Laidlaw and Filippelli 2008; Reis et al. 2013). Possibly the most critical 
effect on atmospheric air composition is from the emission of greenhouse gases; 
urban areas are the single major contributor of global anthropogenic greenhouse gas 
emissions, with soils adding to overall urban emissions (Bellucci et al. 2012). The 
ability of urban soils to act as both a sink and source for pollutants will be covered 
in Chap. 9, along with frameworks for estimating risks from polluted urban soils.

The health of soils relates positively to human health, in terms of both physical 
and psychological well-being (Swartjes 2015; Brevik and Pereg 2017). In urban 
environments, people’s quality of life is improved by soil-related activities such as 
gardening, which provide benefits including improved mental health and commu-
nity connectedness (Wakefield et al. 2007; Soga et al. 2017; Laidlaw et al. 2018). 
Conversely, degraded soils, especially if contaminated, pose multiple ongoing 

1 Urban Ecosystems: Soils and the Rise and Fall of Cities



10

threats to human health (Filippelli et al. 2012; Pepper 2013). The health effects of 
soils are unevenly distributed in cities, and this is one focus of the environmental 
justice movement. For example, lower socioeconomic groups in a city are known to 
be exposed to, or affected, more severely by soil pollution and can also have less 
access to beneficial soil-related activities such as use of public open space (Zhuo 
et al. 2012; McClintock 2015). This book will explore the relationships between 
soils and human health in urban systems, in the context of the United Nations’ 
Sustainable Development Goals, in Chap. 10.

There is, however, still cause for optimism about the health of urban soils. Along 
with the multitude of forms that soil degradation can take in cities, there are an 
increasing number of options for soil remediation (Bolan et al. 2014), from simple 
revegetation to highly technical methods such as electrokinetic migration (Ho et al. 
1995). Many soil remediation techniques have been developed for urban environ-
ments, but others were developed for environments such as waste facilities and mine 
sites. As a result, some urban soils are becoming, or being made, cleaner as pollu-
tion sources are removed or better controlled and as land is rehabilitated (Andersson 
et al. 2010). The prevalence of degraded soils in urban environments makes cities 
ideal environments to study the options for land rehabilitation, and this topic is cov-
ered in Chap. 11.

Although urban environments and soils are very distinctive, it will become 
apparent that we can use many of the concepts in traditional soil science to under-
stand and analyse urban soils (Fig. 1.6). It will also become clear, however, that 
urban soils show multiple differences from their non-urban counterparts and this, 
together with existing in distinctive and increasingly crucial urban ecosystems, 
makes urban soils an essential subject to study within the wider discipline of soil 
science.

1.6  Additional Reading

Grimm NB, Faeth SH, Golubiewski NE, Redman CL, Wu J, Bai X, Briggs JM 
(2008) Global change and the ecology of cities. Science 319:756–760

Hillel D (1991) Out of the earth: civilization and the life of the soil. Free Press, 
New York

Satterthwaite D, McGranahan G, Tacoli C (2010) Urbanization and its implications 
for food and farming. Philos Trans R Soc B Biol Sci 365:2809–2820

1.7  Summary

• Globally, soils are a keystone of the critical zone, the upper layers of Earth’s land 
surface which sustain terrestrial life.

A. W. Rate
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• The beneficial properties of soils have in many cases been a factor determining 
the location of cities; conversely, urbanisation has affected, and often degraded, 
the properties of soils.

• Human populations in urban areas are increasing rapidly, and urban soils will 
increasingly be needed to support these populations, while simultaneously being 
affected by human activities.

• Urban soils may show multiple differences from natural soils but may also per-
form many of the same ecosystem functions. Conventional soil science concepts, 
therefore, still have a part to play in understanding urban soil environments.

Urban ecosystems

Urban 
pedogenesis

Biologica
l

processes 
and 

properties

Chemical
processes 

and 
properties

Physical
processes 

and 
properties

Urban 
forcings:

contaminants,
compaction,

sealing,
shading,

new material,
etc.

Urban soil functions and forcings

Contaminant 
sink/source

Ecosystem
services

Human
health

etc.

Urban soils

Natural 
forcings:

climate, biota, 
relief, parent 
material, time

Fig. 1.6 Conceptual diagram for urban soils within urban ecosystems, showing selected examples 
of their key drivers (forcings), properties, and ecosystem functions (graphic by Andrew W. Rate)

1 Urban Ecosystems: Soils and the Rise and Fall of Cities



12

1.8  Questions

1.8.1  Checking your Understanding

 1. What is the critical zone, and how does is relate to urban soils?
 2. Give some examples of how humans use soil in cities or are affected in some 

way by urban soils.
 3. Historically, how did the fertility of soils affect the development and location 

of cities?
 4. What are some of the distinctive characteristics of urban soils?
 5. List some of the ways in which urban soils have their chemical and physical 

composition changed.
 6. What biological changes might you expect in urban soils as modification and 

disturbance caused by humans increases?

1.8.2  Thinking about the Issues

 7. If increasing areas of urban and peri-urban land will need to be used for food 
production, what are some of the soil-related issues that might limit this 
kind of use?

 8. Is the proposed existence of the Anthropocene a useful concept for understand-
ing urban soils? Discuss your reasoning.

 9. Is it possible that urbanisation could improve the properties of some soils? How?

1.8.3  Contemplating Urban Soils Creatively

 10. Would you expect the environmental effects of urbanisation to differ for cities 
which have expanded in geographical extent at different times (e.g. expansion 
in the first versus the second half of the twentieth century)? Explain your rea-
soning and what the difference might be.
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Chapter 2
Formation and Properties of Urban Soils

Andrew W. Rate

Abstract Urban soils form by the same overall set of processes that are 
involved in the formation of all soils. In this chapter we combine two general 
approaches to understanding soil formation, the first based on state factors and 
the second on soil fluxes. We review the soil properties used for identification 
and classification. The concepts of anthroposequences and urbanisation gradi-
ents are introduced, and the soil groups important for urban environments, 
Anthrosols and Technosols, are described. Changes in geomorphology caused 
by urbanisation, such as modification of hydrology and landforms created by 
additions of removal of material, are discussed. Specific examples of soils in 
modified urban environments, such as reclaimed coastal land, landfills, and 
constructed wetlands, are presented. Finally, this chapter explores the archaeo-
logical landforms and soil properties present in historical and contemporary 
cities, and the range of chemical, physical, and biological archaeological infor-
mation stored in urban soils.
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Some of what you could learn from this chapter:

• The basics of soil formation processes (pedogenesis) and soil classification as it 
applies to urban soils

• How landforms in urban environments have been modified
• The ways in which urban soils differ from (or resemble) non-urban soils
• The types of archaeological information preserved by soils and how archaeologi-

cal information can be obtained from soils

2.1  Introduction to Urban Pedology and Pedogenesis

The processes which result in formation of urban soils from their parent materials 
can be understood using the conceptual frameworks used for soil formation in gen-
eral. As a result, this chapter will first present and discuss the basics of the main 
concepts involved when considering soil formation in any environment.

McKenzie et al. (2004) summarise the two main approaches to understanding 
pedogenesis, or soil formation: first, the state factor approach, where observable 
soil properties reflect the environment during soil formation (including climate, 
organisms, parent material, relief, and time), and second, what we will call the soil 
fluxes approach, involving additions and losses to and from soil systems and trans-
formations and translocations of materials within the soil environment. It is most 
useful to have an understanding of both approaches in order to have a complete 
understanding of soil formation.

A. W. Rate
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2.1.1  State Factors and Soil Formation

The state factor approach to understanding soil properties and formation was most 
likely first developed in the late 1800s by the Russian scientist Vasily Dokuchaev 
(Evtuhov 2006). Dokuchaev viewed a soil as an independent environmental com-
partment, which has properties reflecting the combined influence of subsoils, cli-
mate, flora and fauna, geological age, and relief in the same location. This concept 
was developed further by several scientists and became a foundational idea in soil 
science following publication of Factors of Soil Formation by American scientist 
Hans Jenny (Jenny 1941). A common way of expressing the state factor model of 
soil formation is in the so-called clorpt equation (Eq. 2.1):

 
soil properties cl,o,r,p,t,,S f� �� �  

(2.1)

where ƒ( ) represents ‘a function of’; cl = climate, o = organisms, r = relief (topog-
raphy/altitude), p = parent material, t = time, … = any other factors (e.g. localised 
phenomena such as fire).

The scale of the clorpt factors is similar to the scale of observation for difference 
in soil properties. For example, when considering difference on soil profiles on a 
continental scale, we would consider large-scale differences in factors such as 
basin- or craton-scale differences in geological parent material, global climatic 
zones such as those in the Köppen-Geiger climate classification (Kottek et al. 2006), 
and large-scale relief such as mountain belts. In contrast, for an urban ecosystem, 
we would need to consider smaller-scale phenomena such as urban microclimates 
(e.g. an urban heat island), changes in parent material over short distances as a result 
of human disturbance, and smaller-scale relief such as individual hillslopes or 
excavations.

2.1.2  Soil Fluxes and Soil Formation

The soil fluxes approach to understanding soil formation and properties is derived 
from Simonson (1959) in which the focus is on the processes occurring in the soil 
itself. In this approach (called the ‘process-systems’ model by Schaetzl and 
Anderson 2005), the observable properties of a soil profile represent the balance of 
additions to or losses from soil, as well as translocations and transformations of 
material within soil. If the balance between additions, losses, translocations, and 
transformations differs, then the resulting soil profile will have different properties. 
The soil fluxes approach implies a more dynamic view of soils, since the processes 
involved are common to all soils, but the relative degree to which they occur affects 
the soil properties which can be observed at any point in time. For example, contin-
ued additions of material to a soil environment, such as net accumulation of organic 
matter, will ultimately result in a different soil profile.

2 Formation and Properties of Urban Soils
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A soil’s properties reflect the relative sizes of soil fluxes: additions, losses, trans-
locations, and transformations of material; however, this approach alone is not 
enough to fully understand soil formation and the resulting soil properties. A com-
bination of both approaches described here is more satisfying, in that it is the state 
factors that affect the sizes and types of soil fluxes that occur. We have tried to show 
this combined model of soil formation graphically in Fig. 2.1, which also treats time 
as a special factor because it is a dimension that all other factors and fluxes operate 
in. The unique combination of time, state factors, and fluxes results in different 
observable properties in a soil profile, and a list of the types of soil properties con-
sidered important in discriminating different types of soils appears in Box 2.1. Most 
these properties are important for other purposes as well, since they affect the ability 
of soils to perform critical environmental functions such as supplying water and 
nutrients to plants or modifying the behaviour and toxicity of pollutants. We will 
address these soil functions in detail in Chaps. 4, 5, 6, 7 and 8.

State factors
Climate, organisms, parent
material, relief, humans …

Fig. 2.1 A two-way conceptual approach to soil formation, showing the state factors in italic text 
and the soil fluxes in bold text. The state factors affect the relative amounts and types of soil fluxes. 
Time is shown as a separate overarching state factor since the other state factors are not constant 
but vary with time

A. W. Rate
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Box 2.1: Soil Properties Used to Identify Different Soil Types and 
Classify Soils
All of the soil properties below are controlled by the effects of the state factors 
on soil fluxes.

Horizons – these are the approximately horizontal, layer-like features in soil 
caused by pedogenesis. Soils differ in the types, thicknesses, colour, etc. of 
horizons and other properties (see below), whether or not there is distinct 
contrast between horizons, whether horizons are well-developed, and so on.

Soil organic matter  – concentration of soil organic carbon, depth(s) of 
accumulation.

Soil texture – measured by the relative amounts of sand (0.05–2 mm), silt 
(2 μm–0.05 mm), or clay-sized (<2 μm) grains or particles in the fine earth 
(<2 mm) fraction of soils.

Mineral types  – especially type of clay but also carbonate minerals, iron 
oxides, silica, or presence/absence of disordered minerals, volcanic glasses, 
gypsum, etc.

Exchangeable cations and soil pH  – some soil materials (especially clay 
minerals and organic matter) carry negative electrostatic charge which is 
balanced by the dominant cations in soil. The relative concentrations of 
these cations (H+, Al3+, Na+, Mg2+, K+, Ca2+) are related in part to soil pH.

Soluble salt content – a few minerals (salts) dissolve easily in water, and, if 
salts are abundant in soil, the result is high concentrations of salts in soil 
pore water. Such a soil would be considered saline.

Climate- and/or hydrology-controlled features – frozen subsoils, extremely 
leached horizon(s), saturation with water, arid-zone soils, desert pavements.

Presence of rock-like materials  – stoniness and composition of rock frag-
ments, cementation within or between stony components.

Degree of weathering or alteration – how different the soil material(s) are 
from the parent material.

Human modification – such as mixing by cultivation, presence of anthropo-
genic artefacts.

2 Formation and Properties of Urban Soils
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2.1.3  Pedogenesis of Urban Soils

A combined state factor-soil fluxes approach makes sense in urban systems if the 
effects of human activity are simply included in the ‘organisms’ state factor. Some 
soil scientists, however, consider anthropogenic effects as a separate state factor 
(e.g. Amundson and Jenny 1991). Even though inclusion of a human state factor is 
not restricted to urban environments, this is a useful approach to take given the great 
importance of human modification in cities. The impact of humans can also change 
some other state factors affecting soil formation, for example, by introducing new 
plant and animal species, creating new landforms and, more recently, modifying 
local and global climates.

In some environments, the state factor approach can be understood more easily 
by carefully choosing soils in locations which allow us to isolate the effects of a 
single factor on soil formation and properties. This leads to the concept of soil 
sequences, in which a series of geographically separated soils show a gradient in 
only one state factor, with the other state factors being approximately constant 
throughout the soils’ development. The most commonly studied of these is probably 
the toposequence, where the changing state factor is relief, such as a sequence of 
soils from the top to bottom of a hillslope. A detailed discussion of soil sequences 
(e.g. toposequences, chronosequences, climosequences) is not within the scope of 
this book, but readers are referred to excellent discussions of this topic in Schaetzl 
and Anderson (2005) and White (2006). It is possible, however, to make an analogy 
between the more commonly studied soil sequences and soil sequences where the 
state factor that changes is predominantly the human factor. This type of soil 
sequence, an anthroposequence, has been studied along urban to rural gradients, 
showing changes in several soil properties from the rural-urban fringe to the urban 
core (Pouyat et  al. 1995). In many cases the changes in soil properties along an 
urban-rural gradient represent additions of substances to soils by human activity 
(Figs. 2.2 and 2.3).

The existence of soil sequences along urbanisation gradients means that there is 
effectively a continuum of urban effects related to urbanisation. A question then 
emerges: do truly urban soils exist? The best answer to this question is probably 

Fig. 2.2 An example of a soil anthroposequence shown by gradients in soil properties: (a) lead 
concentration, (b) copper concentration, and (c) available calcium concentration, in relation to 
distance from urban centres (from Pouyat et  al. (2008); used with permission from Springer). 
‘Available calcium’ refers to Ca extracted from soil using dilute acid solutions

A. W. Rate
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provided by soil classification schemes. There are numerous soil classification 
schemes in use, which can be confusing, so we will use examples from the most 
widely used international soil classification system, the International Union of Soil 
Sciences’ ‘World Reference Base for Soil Resources’ (IUSS Working Group WRB 
2014). Soil classification schemes are most often hierarchical; that is, they classify 
soils into broad categories based on diagnostic soil properties such as the existence 
of a certain type of horizon. If we assume that an urban soil must reflect human 
influence on its formation, then two groups of soils in the World Reference Base, 
called Anthrosols or Technosols (IUSS Working Group WRB 2014), are the most 
likely candidates.

Another framework for understanding urban soils is that of Soils of Urban, 
Industrial, Traffic, Mining, and Military Areas (SUITMAs) as proposed by Morel 
and Heinrich (2008). The SUITMA concept considers urban soils together with 
other soils having significant anthropogenic influence on their formation but which 
are not necessarily located in cities.

The Anthrosol soil group mainly relates to the effects of long-term cultivation on 
soil formation. The historical association of urban areas with fertile soils and food 
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production that we covered in Chap. 1 makes it likely that many urban soils are also 
(former) Anthrosols. However, Anthrosols clearly also occur in non-urban environ-
ments, so they are not unique to urban areas. The Technosol soil group is character-
ised by the presence of materials which have been manufactured or relocated by 
humans, so Technosols would therefore seem to more obviously represent urban 
soils. Of course, Technosols are also present in non-urban environments; for exam-
ple, in remote areas, the deep regolith or rock materials (‘spoils’) displaced by min-
ing activities can form the substrate on which a soil develops (Rossiter 2007). 
Consequently, like Anthrosols, Technosols are also not unique to urban environ-
ments. Box 2.2 contains a summary of the criteria used to identify anthropogenic 
soils in different environments, with examples from three soil classification schemes.

The lack of uniqueness of the World Reference Base’s two anthropogenic 
Reference Soil Groups to urban environments does not mean that soil classification 
schemes are inadequate tools for describing or defining urban soils. Another great 
advantage of a soil classification is that it provides a structured conceptual frame-
work for describing and understanding soil properties and soil formation. In the 
World Reference Base, the concepts that help us to understand soils are encapsu-
lated in the principal and supplementary qualifier terms. For example, a ‘garbic 
Technosol’ identifies a soil with ≥20% artefacts in the upper 1 m, with the artefacts 
composed of or containing anthropogenic organic waste materials (i.e. garbage, 
which inspires the term ‘garbic’). The qualifiers can be used to identify human fea-
tures in non-anthropogenic Reference Soil Groups as well; for example, the suffix 
‘transportic’ is used to indicate natural soil material which has been moved (trans-
ported) by humans to another location (for more explanation see Rossiter 2007). 
Similarly, the presence of artefacts below the 20% threshold required for classifica-
tion as a Technosol can be important, so the qualifier ‘technic’ can be appended to 
many of the Reference Soil Groups.

The concepts summarised in soil classifications such as the World Reference 
Base can therefore help us with the identification and description of soil environ-
ments consisting of both natural materials affected by urban phenomena and natural 
processes acting on urban materials. The emphasis, in many soil classifications, on 
horizons as the primary diagnostic criterion (i.e. macroscale phenomena) means 
that more subtle effects may be missed. Even when the classification can be based 
on soil composition rather than a diagnostic horizon, the thresholds imposed by soil 
classification schemes may not allow informative terms to be used within the clas-
sification. For example:

• The World Reference Base requires anthropogenic horizons to be at least 50 cm 
thick for the soil to be an Anthrosol.

• The World Reference Base requires artefacts to comprise ≥20% of soil volume 
for the classification of Technosol to be applied or 10–20% artefacts by volume 
to use the ‘technic’ qualifier.

• The Australian Soil Classification (Isbell 1996) requires additions of anthropo-
genic material ≥30 cm deep or that soil features reflecting natural pedogenesis 
have been erased by human activity, for some suborders of Anthroposols.

A. W. Rate
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In many cases, human modification of soils changes their properties but not to 
the extent that they then meet the requirements for classification as anthropogenic 
soils or even anthropogenic subcategories of natural soils. Such human modifica-
tions, such as additions of new material from construction debris, street dusts, or 
other waste materials, can significantly change the chemical, physical, and biologi-
cal properties of the soil environment (Jim 1998; Lehmann and Stahr 2007; Pouyat 
et al. 2007; Taylor et al. 2010; Wei and Yang 2010; Rate 2018).

2.2  Soil-Related Changes in Urban Geomorphology

Numerous changes are made to landforms in urban areas as cities evolve; many of 
these geomorphological changes create a more convenient environment for urban 
infrastructure such as buildings, roads, and below-ground pipe/cable networks. In 
addition, ‘new’ land suitable for urban use may be generated by reclamation of 
inland water bodies or, especially, on coasts.

2.2.1  Modification of Surface Hydrology

From a hydrological perspective, the changes in geomorphology due to urbanisation 
have been well-documented. Ehrenfeld (2000) reviews the changes in hydrology 
and wetland geomorphology caused by direct modification such as infilling or 
drainage but also from other changes to the urban hydrological environment includ-
ing the following: covering of land surfaces with impermeable layers, stream modi-
fication, and flow regulation. Clearly the infilling of wetland basins (see the example 
in Fig.  2.4) represents a geomorphological change (in land elevation and slope 
modification), and the wetlands themselves change in form due to processes like 
increased erosion (Ehrenfeld 2000). Similarly, Paul and Meyer (2001) review the 
changes to urban stream hydrology and geomorphology; in urban environments, 
stream channels may be filled in or converted to surface or below-ground artificial 
drains (see the example in Fig.  2.5). This removal of natural drainage channels, 
together with large proportions of impervious land surfaces, has profound effects on 
urban hydrology and geomorphology (we will address some of the hydrological 
issues in Chap. 5). The effect of geomorphological changes on urban soils is less 
well documented. Soils developed on landforms created by human activity are 
included within various soil classification schemes (see Box 2.1 above), but there do 
not seem to be any systematic studies of how soil properties are affected, despite the 
known coupling of soil properties with hydrology (e.g. Schaetzl and Anderson 
2005). The relationship between geomorphology and hydrology is not one-sided. 
As described above, changes in geomorphology strongly affect hydrology, and the 
converse is also true: hydrological changes affect geomorphology (i.e. landforms 
and soils), leading to complex feedbacks.

A. W. Rate
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Fig. 2.4 Infill of lakes and wetlands in the central metropolitan area of Perth, Western Australia 
(−31.951  S, 115.86 E), shown by an overlay of a map from 1838 (State Library of Western 
Australia) on an aerial photograph from 2016 (Mapbox 2019)

Drainage of land, and groundwater extraction, in urban areas is also known to 
have caused land subsidence (Brown and Nicholls 2015), due to reduction of the 
effective stress of groundwater pressure (Galloway and Burbey 2011). Groundwater 
extraction also changes soil chemical properties, because it changes water-filled 
pores into air-filled pores. For example, Salmon et al. (2014) describe formation of 
acid sulphate soils when groundwater levels decreased by ca. 3 m between 2000 and 
2010, resulting in entry of atmospheric oxygen into subsoils and consequent oxida-
tion of sulphide minerals. For an understanding of soils in urban environments, 
then, a knowledge of landform changes that affect hydrology is essential.

2.2.2  Coastal Land Reclamation

Changes in geomorphology caused by human activity also include new landforms 
created by coastal reclamation; not all urban landform changes involve surface seal-
ing and altered drainage. In coastal reclamation, land is ‘reclaimed’ from coastal 
fringing (e.g. saltmarsh), tidal, and even permanently submerged coastal water envi-
ronments. There are two main types of coastal reclamation: (1) excluding marine 
and tidal water from salt-affected coastal land by constructing physical barriers such 
as dykes and installing artificial drainage (Li et al. 2014) and (2) creating new land 
by filling in submerged marine environments with imported soil- or sediment-like 
material (El Banna and Frihy 2009; Semmens et al. 2011).

2 Formation and Properties of Urban Soils
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From a soil science perspective, the first type of reclamation is most relevant, 
since the resulting soils allowed multiple land uses, including agriculture or horti-
culture. There is a long history of such reclaimed-land soils, which are often called 
‘polders’, from the reclamation of low-lying coastal land in Northeastern Europe 
and South-East Asia. Some partially urbanised examples include Noordoostpolder 
52.72 N, 5.76 E in the Netherlands and the large Bắc Hưng Hải polder near Hanoi 
in Vietnam 21.01 N, 105.90 E. (Coordinates are provided so the locations can be 
viewed in Google Earth or similar software or web mapping service; e.g. in Google 
Earth, remove the non-numeric information and search for ‘52.72, 5.76’). Pons and 
van der Molen (1973) investigated the properties of soils developed within 
1000-year-old polders in the Netherlands. These centuries-old Netherlands polder 
soils have undergone a process of physical, chemical, and biological changes culmi-
nating in formation of distinct soil types at the higher order of soil classification 
schemes (USA), depending on the composition of the original sediment (parent 
material). In many cases, even several centuries of pedogenesis resulted in changes 
mainly in the surface soils, with deeper subsoils remaining similar to the original 
submerged sediments.

Fig. 2.5 Aerial photograph map of Wellington, New Zealand (−41.285 S, 174.775 E), showing 
areas of reclaimed land in former stream valleys (yellow) and harbour margins (pale blue). Base 
map from Mapbox (2019); overlays based on a map in Semmens et al. (2011)

A. W. Rate



29

In many cases, construction of new land by filling in (reclamation type 2; see 
Fig. 2.5) has been performed because there was insufficient space, especially on flat 
land, for building development, so much of the new land area is ultimately occupied 
by infrastructure leaving minimal actual soil exposed at the surface (Jim 1998). 
There would appear to have been very few studies of soils developed from materials 
used to fill in marine or freshwater submerged environments, despite this being a 
common practice worldwide over time frames which are long enough for some 
pedogenic alteration to occur (Brown 1970; Bowler et  al. 1995; Semmens et  al. 
2011). Some examples of infill of submerged harbour or estuarine environments are 
in Perth, Scotland (56.395  N, −3.43  W); Wellington, New Zealand (−41.27  S, 
174.785 E, Fig. 2.5); and Rio de Janeiro, Brazil (−22.895 S, −43.19 W).

2.2.3  Other Built-up Landforms

These include the ‘positive landforms’ of Brown (1970) and various ‘constructional 
anthropogenic landforms’ listed in the USA soil taxonomy (Soil Survey Staff 2014), 
ranging in scale from middens (a few metres) to artificial islands (up to kilometres). 
Some examples of these are discussed separately below.

Archaeological mounds. Large mounds of soil-forming material constructed by 
human activity (intentional or unintentional) are known from early periods in the 
history of humanity. The city of Adria in Northern Italy is the site of a large mound, 
up to 5 m high and 20 ha in areal extent, caused by cumulative additions of urban 
material over an approximately 700-year period (Corrò and Mozzi 2017, 45.052 N, 
12.057 E). Numerous other examples of anthropogenic mounds exist in ancient 
urban or pre-urban areas worldwide, for example, in Amazonia (Roosevelt 2013) 
and the Middle East (Faust and Katz 2015). Not only do these mounds represent 
new parent materials for soil formation, but they also have the potential to modify 
local hydrology.

Waste stockpiles and landfills. Human activities, especially those in urban envi-
ronments, produce large quantities of waste material. Despite efforts to reduce the 
size of waste streams, considerable quantities of waste from cities require disposal 
(Grimm et al. 2008) and are disposed of into landfills or (temporarily) in mounded 
landforms, commonly on land reserved for these purposes (Cherubini et al. 2009). 
Soils forming on these landforms are the urbic, garbic, or spolic Technosols of the 
World Reference Base classification (IUSS Working Group WRB 2014). Figure 2.6 
shows an example of a mounded landfill in an urban industrial zone which has been 
landscaped into public open space. Occasionally, stockpiled material is soil placed 
in temporary mounds during urban development, which is intended to be replaced 
or removed at project completion.

Land-disposed dredge spoils. Material removed by dredging from submerged 
freshwater or marine sediments, or dredge spoil, has historically been disposed of 
onto land (Almeida et al. 2001). Land disposal still occasionally occurs, despite a 
large body of evidence showing that the spoils commonly contain sulphide minerals 
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such as pyrite which oxidise under non-submerged conditions to form acid sulphate 
soils (Morse 1994; Borma et al. 2003; Clark and McConchie 2004). Land disposal 
of dredge spoils can form large elevated landforms; examples include South 
Yunderup, Western Australia (−32.59 S, 115.782 E; see Fig. 2.7). Soils developed 
on dredge spoil are classified as spolic Technosols in the WRB (IUSS Working 
Group WRB 2014) and, specifically, as dredgic Anthroposols in the Australian Soil 
Classification (Isbell and National Committee on Soil and Terrain 2016).

2.2.4  Landforms Modified by Removal of Material

The construction of urban infrastructure commonly requires levelling of land on 
various scales, from creating a flat base for house foundations to much larger-scale 
modifications such as road, railway, and canal cuttings (Fig. 2.8) – or even complete 
removal of hills (Brown 1970) (Fig. 2.9). In addition, the ‘negative landforms’ iden-
tified by Brown (1970) include excavations made for other purposes, such as quar-
ries (Fig.  2.8) or stormwater compensation basins (Appleyard 1993). Numerous 
other excavated landforms are listed in the USA soil taxonomy (Soil Survey Staff 

Fig. 2.6 A landfill mound in the Homebush Bay area (western Sydney, Australia −33.8454 S, 
151.0559 E). (Image date April 2016; used with permission from funambulator (2016))
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Fig. 2.7 South Yunderup, Western Australia (−32.59  S, 115.782 E), showing a large area of 
dredge spoil in the foreground (with diagonal fill pattern) which has acidified due to the oxidation 
of pyrite and other sulphide minerals contained in the original estuarine sediment. (Photograph by 
Chris Yanicki (2017), used with permission)

2014), in which they are called ‘destructional anthropogenic landforms’. Like the 
positive anthropogenic landforms described in Sect. 2.2.3, excavations will affect 
local hydrology, and there is the potential for new soils to form on excavated sur-
faces. Such soils are not considered explicitly in the World Reference Base classifi-
cation but would be considered scalpic Anthroposols in the Australian system (Isbell 
and National Committee on Soil and Terrain 2016) (Box 2.1).

Fig. 2.8 (a) A large road cutting in Tongwynlais in South Wales (51.533 N, −3.253 W) in 1971 
(public domain image from Gillham 2017); (b) Pak Shing Kok quarry landform in urban Hong 
Kong (22.308 N, 114.271 E). (Public domain image from 2008 by Martin Ng)

2 Formation and Properties of Urban Soils



32

2.3  Characteristics of Urban and Anthropogenic Soils

It would be practically impossible to describe all the possible variations of urban 
soils. This section will discuss common features of soils in urban environments, 
with specific examples of soils in some important urban contexts.

2.3.1  Urban Soils with Minimal Modification

It is difficult, if not impossible, to identify soils in urbanised areas which have no 
changes resulting from human activity. Recognition of minimally modified soils is, 
however, important in the context of understanding the various impacts on urban 
soils. For example, in some regulatory frameworks (e.g. National Environment 
Protection Council 2013), background concentrations of potential contaminants are 
required for a full assessment of their potential environmental impacts. In many 
urban areas, soils having negligible human modification are rare but may exist in 
nature reserves or on undeveloped peri-urban land. These soils would not be defined 
as anthropogenic soils and may still contain traces of anthropogenic materials if 
deposition of airborne dusts or aerosols is locally significant.

Fig. 2.9 Landscape truncation by complete removal of ‘Denny Hill’ in Seattle, USA (47.61 N, 
122.33  W), in approximately 1910; public domain image by Shakespeare at https://commons.
wikimedia.org/w/index.php?curid=16477653
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2.3.2  Distinctive Properties of Soils in Urban Environments

We will deal with many of the soil properties encountered in urban environments in 
later chapters and in the sections below, but we should be aware of them at this stage 
as well.

Some of the diagnostic properties of Anthrosols and Technosols, which include 
many urban soils, are presented in Box 2.2: relatively high artefact content (‘arte-
facts’ can be imported soil-like material), geomembranes or industrial hard layers, 
rubble/refuse, industrial waste, organic waste, deep enrichment with organic matter 
and/or nutrients, and so on. These ‘classification-based’ properties encompass prop-
erties such as impermeable surface cover and many of the consequences of modify-
ing urban geomorphology.

As mentioned, however, many of the characteristics of urban soils relate to addi-
tion of material below the thresholds required for soil classifications – for example, 
the threshold for artefacts in a Technosol is quite high, at 20% by volume. Of the 
numerous human additions, the most troubling are of contaminants, the very wide 
range of substances that, directly or indirectly, can have adverse effects on organ-
isms including humans. These substances include nutrients (N, P, etc.), trace ele-
ments, asbestos, radionuclides, (micro)plastics, manufactured nanoparticles, and 
other inorganic contaminants like cyanide (see Chap. 6). Organic contaminants are 
also of great concern, including hydrocarbons, chlorinated organic compounds, pes-
ticides, endocrine disrupting chemicals, various pharmaceuticals, and many more 
(see Chap. 7).

Biological contamination is also possible; urban activities may introduce patho-
gens into soils, and it is in the biology of soils that concerning declines may be 
observed rather than additions, in the form of individual species decline or loss of 
biodiversity. Chapter 8 discusses the biological properties which are relevant in 
urban soil environments.

2.3.3  Coastal Reclaimed Soils

The formation and properties of polder soils have been reviewed by Li et al. (2014), 
who use the term ‘coastal reclaimed soils’. Some consistent properties are observed 
for coastal reclaimed soils; they tend to be wet soils, with finer texture and better 
structure than the original sediments. Chemical soil fertility generally improves 
with time since reclamation of coastal soils, as soil organic matter accumulates; a 
major constraint to their use in plant production is the residual salinity from their 
tidal or marine origins, with formation of acid sulphate soils occurring if the parent 
sediments contained pyrite or other sulphide minerals. In general, more favourable 
soil properties were established in coastal reclaimed soils in South-East Asia than in 
North America or Europe (Li et al. 2014).
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2.3.4  Soils on Landfills

Soils developed on landfill materials would fall within the garbic or spolic Technosol 
classifications of the WRB (IUSS Working Group WRB 2014). Landfills are com-
monly constructed with an overlying clean soil material, however; depending on the 
depth of surface fill, non-anthropogenic soil groups or orders may be more relevant. 
The type of waste material (e.g. construction waste, organic wastes, or mixtures of 
different waste types) disposed of in the landfill structure affects the subsequent 
soil-forming processes.

Early soil development on landfill materials has been shown to be associated 
with compaction, as the newly deposited waste and cover materials settle, increas-
ing the density and reducing porosity and maximum water storage (Tifafi et  al. 
2017). Settling on landfills containing organic waste may also reflect decreases in 
volume due to decomposition of putrescible organic waste material (Oakley and 
Jimenez 2012). The land elevation may also decrease due to the mass of overlying 
landfill compacting the underlying soil or sediment (El-Fadel and Khoury 2000).

One of the almost universal properties of landfills is that they contain contami-
nants; the actual contaminants present depend on the types of waste that have been 
disposed of. Soils that develop on landfills may also therefore be contaminated, 
depending on the properties and thickness of the clean cover material. The types of 
contaminants present in landfills are extremely diverse and include metals, excess 
nutrients, hydrocarbons, volatile organic compounds, pesticides, pathogens and 
other microorganisms, microplastics, and asbestos (Department of Environment 
and Conservation 2009; Plant et al. 2014). The details of contaminant behaviour in 
urban soils will be discussed from a chemical perspective in Chaps. 6 and 7 and in 
the context of soil biology in Chap. 8.

Landfills used to dispose of organic wastes commonly generate methane, as a 
product of anoxic decomposition of organic matter. The methane is emitted from the 
surface soil layers, regardless of whether clean soil overlies waste material (Blume 
1989). Methane is a greenhouse gas (Bellucci et  al. 2012) and also represents a 
safety or health hazard due to its flammability or if landfill gas enters closed build-
ings with poor air exchange (US EPA 2017).

2.3.5  Soils on Dredge Spoils and Coastal Acid Sulphate Soils

Soils developed on dredged materials are included in the categories of spolic 
Technosols in the World Reference Base (IUSS Working Group WRB 2014) or 
dredgic Anthroposols in the Australian Soil Classification (Isbell and National 
Committee on Soil and Terrain 2016). Coastal acid sulphate soils (CASS) devel-
oped from land drainage are not necessarily categorised as anthropogenic soils, 
being classified instead in other soil groups such as gleysols in the WRB or hydro-
sols in Australia.
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In urban and other environments, drainage of coastal soils is common (Brady 
1974). The formation of acid sulphate soils from drainage of coastal soils or land 
disposal of dredge spoils is a well-known phenomenon (Morse 1994; Dent and Pons 
1995). The acidification process is commonly associated with increased mobility 
and potential bioavailability of iron, aluminium, sulphur, and trace elements, includ-
ing potentially toxic metals and metalloids such as As, Cd, Co, Cr, Cu, Mn, Mo, Ni, 
Pb, and Zn (e.g. Sohlenius and Öborn 2004). The metal(loid) contaminants released 
by acid sulphate oxidation may then be lost from the soil system and enter other 
environments such as water and aquatic sediments (Huerta-Diaz et al. 1993; Gröger 
et al. 2011). Chapter 6 will address the geochemical processes and properties in acid 
sulphate soils in more detail.

Acidification of estuarine soils to form acid sulphate soils creates a soil environ-
ment that is not conducive to plant growth, due to toxicity of aluminium and other 
ions released under acidic conditions. The lack of plant cover on the soil surface 
commonly results in the generation of dust end export of potentially contaminated 
soil material into the atmosphere and other environments (Ljung et al. 2010). In 
addition, the salinity of acid sulphate environments, related to the estuarine or 
marine origin of the original sediments and to the production of soluble salts during 
acid sulphate oxidation, also suppresses plant growth (Fanning 1990).

2.3.6  Soil-Like Materials

Natural and constructed wetlands. Water bodies which are relatively shallow over-
lie sediments or wetland soils, which have many of the characteristics of upland 
soils. Wetlands of various types, including shallow and/or seasonal water bodies, 
are present in many urban environments worldwide. A key feature of wetland soils 
is their different oxidation-reduction chemistry, driven by the restriction of oxygen 
supply in water-filled pores and the consumption of oxygen and other electron 
acceptors by microorganisms (Gambrell 1994). The wet conditions promote storage 
rather than decomposition of organic matter, so that wetlands may be important for 
carbon storage in urban environments (Pouyat et al. 2006; Vepraskas and Vaughan 
2016). The other main differences in wetland soils are related to changes in the form 
of iron, such that the reduced form (Fe2+) predominates (giving paler ‘gleyed’ 
colours), and, if the supply of sulphur (e.g. as atmospheric sulphate) is great enough, 
accumulation of sulphides (mineral phases containing S2− or S2

2− ) (Vepraskas et al. 
2016). The sulphide phases formed under anoxic conditions incorporate trace ele-
ments along with iron, and so wetland soils can accumulate trace element contami-
nants in immobile forms. In constructed wetlands and infiltration basins, the soils 
most likely develop into subaquatic Technosols, according to the IUSS World 
Reference Base classification (IUSS Working Group WRB 2014).

Many urban wetlands have been drained and/or infilled during development. The 
wetland sediments may persist in drained conditions or beneath the imported fill 
materials, with associated risks of acid sulphate soil development, especially if the 
local hydrology changes towards drier conditions.
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Infiltration basin sediments. Stormwater drainage networks are important infra-
structure in urban environments and are very necessary due to the generally high 
proportion of impermeable surface cover which increases run-off. The constrained 
channels of stormwater drains (particularly open drains), however, have the poten-
tial to increase the risk of flooding. A flood control measure that can be applied is 
the inclusion of infiltration basins – high-volume sections of drains which are typi-
cally much deeper and wider than the drain itself – along the lines of stormwater 
drainage. Also called compensating basins or detention basins, these are designed to 
fill with storm water during flood events and thereby reduce the risk of flooding; an 
additional benefit is groundwater recharge while water exists above the base level of 
the infiltration basin.

The sediments in infiltration basins may be actual soils (e.g. public open space in 
natural landscape depressions), deliberately excavated basins, or natural lakes/
ponds included in the stormwater drainage network. If permanently or seasonally 
submerged, they bear many of the properties of soils in natural and constructed 
wetlands. In some cases where the infiltration basin is dry for most of the year (e.g. 
empty basins in sandy soils with buried pipework to carry base flow), they may most 
resemble upland soils.

Green roofs. The use of roof spaces on urban buildings to create ‘green roofs’ 
(Fig. 2.10) is a practice which is increasing in frequency, since it offers benefits to 
the urban environment such as cooling through shading and evapotranspiration, or 
acting as storm water buffers. A green roof typically has an imported, constructed 
soil substrate composed of the following (from the surface to deeper layers): 
optional mulch, soil-like growing medium, filter membrane, drainage layer, water-
proof/root-excluding membrane, thermal insulation, vapour control, and structural 
roof support. In the world reference base classification, they are included in isolatic 
Technosols (IUSS Working Group WRB 2014). Few studies have explicitly consid-
ered ongoing formation processes in soil materials on green roofs, probably as their 
installation in contemporary cities is a recent phenomenon, so there is not yet a 
consensus on soil-forming pathways. Bouzouidja et al. (2018) show that the proper-
ties of soils on green roofs evolve relatively rapidly with time. Over a 4-year period, 
concurrent with development of the vegetation, eluviation of fine particles, increases 

Fig. 2.10 (a) Layers in a typical manufactured green roof construction; (b) aerial view of green 
roofs in Singapore. (Public domain image by chuttersnap on unsplash.com/photos/IfmqOuOkaOA)
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Fig. 2.11 Accumulation of road dust and other debris in an urban environment in Perth, Western 
Australia. If left undisturbed, such deposits provide incipient parent materials for soil and associ-
ated organisms. (Photograph by Andrew W. Rate; entire ruler for scale is 15.8 cm long)

in macro- and microporosity (at the expense of mesopores), decrease in organic 
carbon content, and increase in nitrogen content, all occurred. In contrast, Schrader 
and Böning (2006) measured greater organic carbon and N contents, but lower pH, 
in the soil of older (compared with younger) green roofs. Regardless of constructed 
or ongoing soil formation, however, a green roof environment would need continu-
ing intensive management to preserve ecosystem functions.

Street dusts. Dust accumulating on impervious urban surfaces (Fig. 2.11) is nor-
mally transient but may persist for long enough in some microenvironments that 
plants can establish on dust accumulations. The source of the dust may in fact be 
soil particles which become resuspended in air by wind (De Miguel et al. 1997). 
Dusts from within urban environments or from remote sources are also known to 
represent pedogenetic additions to urban soils. To our knowledge, researchers have 
not yet investigated pedogenesis where the main parent material is any type of 
urban dust.

2.4  Archaeological Features of Urban Soils

The soils and landforms of cities contain clues to their history; cities remain in one 
place for a long time, and humans leave behind many traces of their habitation 
which accumulate over time. These clues may take the form of evidence of past 
landscape modification by humans, physical soil components such as anthropogenic 
artefacts, chemical signatures such as accumulation of nutrients or contaminants, or 
particular microfossils related to human modification of ecosystems. In some case 
the archaeological heritage in cities is of great cultural and historical value and takes 
precedence over urban development. For example, ‘rescue archaeology’, the 
retrieval of artefacts accidentally excavated during development construction, was 
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common in many municipalities until urban planning procedures began considering 
archaeological issues explicitly.

2.4.1  Archaeological Anthropogenic Landforms

Cities evolve most obviously by changes in lateral extent, usually to cover more 
land area (see Chap. 1), but urban development may also involve creation or destruc-
tion of landforms (see Sect. 2.2 above), which cause vertical changes in urban land-
scapes. For example, Faust and Katz (2015) studied the Bronze to early Iron Age 
urbanisation of Tel ‘Eton in contemporary Israel, showing from archaeological 
strata on a large mound landform that multiple phases of urbanisation had occurred 
from ca. 2000 to 300 BC. Corrò and Mozzi (2017) analysed buried urban strata and 
showed a history of elevation change in Adria, Italy, dating back to the sixth century 
BC. In contrast, the presence of archaeological artefacts can help to constrain a time 
frame for natural soil- or landscape-forming events (see Völkel et al. 2012).

As discussed in Chap. 1, the location of ancient settlements is also related to 
geomorphology and the quality of soils. The location of the ancient Tel ‘Eton city is 
thought to reflect both its proximity to fertile alluvial soils and geomorphologically 
controlled transport and trade routes (Faust and Katz 2015).

2.4.2  The Soil ‘Cultural Layer’

The concept of a cultural layer in soils, an anthropogenic soil horizon which con-
tains artefacts derived from human occupation and disposal of materials, has been 
used in the context of stratigraphic excavation in archaeology since the early twen-
tieth century (Browman and Givens 1996). Cultural layers are commonly found in 
urban soils, commonly as anthropogenic horizon(s) superimposed above natural 
soils. The underlying natural soils are sometimes truncated (their upper layers 
removed) by excavation or erosion. Alexandrovskaya and Alexandrovskiy (2000) 
describe cultural layers from the fifteenth century and younger in the city of Moscow, 
Russia, which are typically 2–5 m and can be up to 20 m deep. Naturally, such large 
volumes of soil material derived from human activities contain many artefacts such 
as construction and food wastes, metal and ceramic objects, remains of cooking 
fires, and so on. Organic materials can be preserved in the anoxic conditions created 
by saturation of soil. Both Alexandrovskaya and Alexandrovskiy (2000) and Zhang 
et al. (2005) in urban soils of Nanjing, China, also found urban soil cultural layers 
to be enriched in organic matter, nutrients, and metals. The soil cultural layers in 
Nanjing spanned five Chinese dynasties across 2–6 m of anthropogenic horizons 

A. W. Rate



39

─  Concentration →
←

D
ep

th
─

Organic C,
P, Ca

Grain phytoliths 
& pollen;

black carbon

Forest
phytoliths 
& pollen;
tephra

Grass phytoliths 
& pollen;

microplastics;
asbestos

ol
de

r
So

il 
cu

ltu
ra

l l
ay

er
yo

un
ge

r

Unaffected soil

Fig. 2.12 Schematic of an idealised series of superimposed soil cultural layers. Different artefacts 
(anthropogenic and biological) are found in each layer depending on its age. (Graphic by  
Andrew W. Rate)

and had greater concentrations of Cu, Pb, and Zn than the underlying ‘background’ 
soils, similar to the Moscow soils which had also become enriched in arsenic since 
the seventeenth century. In general, we would expect to find different artefacts, 
microfossils, and chemical composition in soil cultural layers of different ages, and 
this is shown in idealised form in Fig. 2.12.

Evidence of patterns of human habitation and activities has also been deduced 
from much thinner soil layers. For example, information on human activities in 
ancient urban structures in both Songo Mnara in Tanzania (fourteenth to sixteenth 
centuries, Sulas and Madella 2012) and Brussels, Belgium (twelfth to eighteenth 
centuries, Devos et al. 2013), was obtained using soil micromorphology, with both 
chemical analyses and identification of phytoliths. In both of these studies, soil lay-
ers or features on the millimetre scale or smaller were identified, such as the coat-
ings around larger soil grains, and the artefacts were the phytoliths of plant species 
cultivated by humans. Similar information can be generated by analysis of other 
microfossils in soils, such as pollen grains, or diatoms which can indicate the use of 
irrigation (Sánchez-Pérez et al. 2013) (Table 2.1).
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2.4.3  Archaeological Information from Major Elements

Enrichment of urban soils with major elements (i.e. the more common chemical 
elements in the Earth’s crust or in biological systems, such as C, N, P, K, S, Ca, or 
Fe) is a common phenomenon, since there are many human activities which can 
lead to increases in concentrations. Waste disposal sites such as food waste middens 
result in enrichment of soil with carbon, phosphorus, and calcium (from artefacts 
such as shells and bones; see Fig. 2.13); similar enrichments have been attributed to 
the use of manures as fertilisers (Entwistle et  al. 1998; Davidson et  al. 2006; 
Sánchez-Pérez et al. 2013). Greater concentrations of calcium and associated ele-
ments may also be associated with the previous locations of hearths or cooking fires 
(Wilson et al. 2005). Human burial sites may also become enriched in major ele-
ments such as phosphorus (Pickering et  al. 2018) or calcium (Ottaway and 
Matthews 1988).

Table 2.1 Types of archaeological information available from analysis of urban soils

Target of analysis
Soil material 
analysed Information obtained Reference(s)

Artefact content Cultural layers Age of urban habitation; 
types of human activities

Alexandrovskaya and 
Alexandrovskiy (2000)

Organic carbon 
content

Soil profile Location of cultural 
layer; land use; activities 
in and around buildings, 
etc.

Lehmann et al. (2003) and 
Mazurek et al. (2016)

Nutrient (esp. P) 
content

Soil profile, 
surface soil

Type and location of 
human activities (e.g. 
cooking)

Alexandrovskaya and 
Alexandrovskiy (2000), Wells 
et al. (2000), and Mazurek 
et al. (2016)

Other major 
elements

Soil profile, 
surface soil

Type and location of 
human activities (e.g. 
fireplaces, buildings, 
roads)

Wilson et al. (2005)

Trace elements Soil profile, 
surface soil

Type and location of 
human activities (e.g. 
smelting); provenance of 
artefacts

Wilson et al. (2005, 2007), 
Hellemans et al. (2014), and 
Sylvester et al. (2017)

Organic 
compounds

Cultural layers, 
soil profile, 
grave sites

Individual human 
behaviour and activities 
(e.g. diet, health); soil 
redox conditions

Pickering et al. (2018)

Phytoliths Cultural layers, 
soil profile

Diet Vuorela et al. (1996)

Other 
microfossils: 
pollen, diatoms, 
ostracods

Cultural layers, 
soil profile, 
lake sediments

Sedimentary history, 
irrigation, erosion, diet

Vuorela and Hiekkanen 
(1991), Shen et al. (2006), and 
Fleury et al. (2014)
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Fig. 2.13 Distributions of phosphate (left) and organic fatty acids (right) in soil materials on the 
former floor of Donoratico medieval castle in Central Tuscany, Italy. (From Middleton et al. 2010 
and used with permission from Springer)

2.4.4  Archaeological Information from Trace Elements

The concentrations, and depth-wise and spatial distributions, of trace elements in 
urban soils can provide substantial information on (pre)historical human behaviour 
and activities. Ottaway and Matthews (1988) found that different trace elements 
were enriched (relative to the underlying unaffected soil) in different patterns in a 
soil profile, depending on the age of the anthropogenic stratum sampled (see also 
Fig. 2.14). They were able to relate enrichment of trace elements to the period of 
occupation: for example, early Neolithic samples (ca. 7000 years old) showed mini-
mal enrichment, whereas late Neolithic and Eneolithic samples (5000–5500 years 
old) showed enrichment of Cu and Zn. Enriched strontium (Sr) was related to the 
period of human occupation in general, with greater Sr concentrations in more 
recent medieval samples (Ottaway and Matthews 1988).

Trace element concentrations, especially of multiple elements, can also yield 
information about the function of different areas at archaeological sites. Wilson 
et al. (2005) showed that the concentrations of Ba, Cu, Sr, and Zn in surface soils 
could be used to discriminate areas such as fields, gardens, middens, byres, houses, 
and hearths. The Roman urbanisation of Calleva Atrebatum in Hampshire, UK (first 
century BC to fifth century AD), was studied by Sylvester et al. (2018), who showed 
that the entire historical city area was enriched in multiple elements, particularly 
gold and silver, relative to background soils. Localised high values of individual 
element concentrations or multi-element indices at Calleva Atrebatum were attrib-
uted to metal extraction activities such as smelting and cupellation. In a more recent 
context, Rate (2018) used multi-element signatures to delineate zones on an urban 
site which related spatially and logically to nineteenth- and twentieth-century land 
uses or contamination sources such as market gardening, dumping of glass waste, 
road traffic, and stormwater drainage.
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The trace element signatures (comprising the concentrations of a suite of ele-
ments by which materials can be discriminated) of some anthropogenic items can 
yield information on the origins of these artefacts found in cultural layers of urban 
soils and therefore to infer patterns of commerce or migration (Hellemans 
et al. 2014).

2.4.5  Archaeological Information from Other 
Chemical Substances

More recently, organic chemical signatures have been used as archaeological trac-
ers. For example, various organic fatty acids (see Fig. 2.13) have the potential to 
provide information about food residues, manures, or sacrificial rituals and distin-
guish location based on these activities or materials (Middleton et al. 2010). In addi-
tion, Zou et  al. (2010) found that (1) polycyclic aromatic hydrocarbons (PAHs) 
could be used to indicate the presence and location of ancient fires; (2) PAH-like 
biomarkers such as the terpenoid organic compounds, cadalene and simonellite, 
were indicators of natural plant communities.

Fig. 2.14 Depth profile of soil lead (Pb) concentrations at Calleva Atrebatum in Hampshire, UK, 
which was occupied from the first century BC to the fifth century AD. (From Sylvester 2017, based 
on original work by Dr Chris Speed at the University of Reading)
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2.4.6  Archaeological Information 
from Geophysical Techniques

The most widely used geophysical techniques for characterising surface soils are 
electrical conductivity/resistivity-based techniques, measurement of variations 
in  local magnetic field (magnetometry), and ground-penetrating radar (Herz and 
Garrison 1998). Such techniques, with appropriate signal processing and numerical 
analysis, provide potentially powerful tools for assessing subsurface soil environ-
ments in a non-invasive and non-destructive manner.

Magnetic measurements are possibly the most commonly used geophysical 
method in archaeology: for example, Boschi (2012) described the use of magnetic 
gradiometry (i.e. measurements of magnetic field gradient) to delineate various 
buildings in the fifth-century AD town of Classe in Northeast Italy (44.395  N, 
12.219 E). Similarly, Cella and Fedi (2015 #160; see Fig.  2.15) used derivative 
magnetic gradiometry to obtain details of the buried ruins of buildings at the Torre 
Galli archaeological site in Calabria, Southern Italy (38.641 N, 15.939 E). Magnetic 
susceptibility measurements have also provided archaeological information 
(Fleisher and Sulas 2015).

The ability of subsurface layers to conduct (or resist) an electrical current has 
also been used to provide archaeological information. The simplest implementation 
is using an electromagnetic induction device which measures bulk soil electrical 
conductivity (Benech and Marmet 1999). More detailed archaeological data can be 

Fig. 2.15 An example of the use of soil magnetic measurements for geoarchaeology, from Cella 
and Fedi (2015). The large oblique rectangle on the map shows a mathematically processed mag-
netic field gradient of the soil, which is used to infer the historical location of walls of dwellings. 
(Used with permission from Springer)

2 Formation and Properties of Urban Soils
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acquired using electrical resistance tomography to create 2D or 3D images of the 
subsurface (De Giorgi and Leucci 2017).

Two- and three-dimensional images of subsurface archaeological structures can 
also be obtained using ground-penetrating radar (GPR). For example, Millaire and 
Eastaugh (2014) used GPR successfully to delineate walls and other structures in 
three dimensions (to a depth of 40 cm) in the pre-Hispanic city of Gallinazo, Peru 
(100 BC–AD 700).

2.4.7  Archaeological Information from Soil 
Microbial Properties

The microbial properties of soil such as microbial biomass, fungal biomass, and 
respiration rate have been found to vary between locations having historical human 
modification (Bronze Age; sixteenth to tenth century BC) and reference sites and 
within ancient anthropogenic soils themselves (Peters et  al. 2014). Using more 
advanced DNA-based, phospholipid fatty acid profiling and substrate-based diver-
sity techniques, Margesin et al. (2017) studied soils at Monte Iato in Western Sicily 
(occupied during the eighth to sixth centuries BC). The microbial analyses of the 
Monte Iato soils showed that the soil microbial community varied between anthro-
pogenically modified soils in terms of both functional, physiological, and genetic 
diversity.

2.5  Additional Reading

Amundson R, Jenny H (1991) The place of humans in the state factor theory of 
ecosystems and their soils. Soil Sci. , 151:99–109

Kaye JP, Groffman PM, Grimm NB, Baker LA, Pouyat RV (2006) A distinct urban 
biogeochemistry? Trends Ecol Evol 21:192–199

Morel JL, Heinrich AB, (2008) SUITMA-soils in urban, industrial, traffic, mining 
and military areas: an interdisciplinary working group of the ‘International 
Union of Soil Science’ (IUSS) dedicated to soils strongly modified by human 
activities. J Soils Sediments 8:206–207

2.6  Summary

• The processes of soil formation are similar for urban soils and non-urban soils. 
Both can be described by a combination of a state factor model and a soil fluxes 
approach. In urban soil environments, however, we can define soil anthropose-
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quences (or urbanisation gradients), where the state factor that changes is pre-
dominantly the human factor.

• Soil classification provides a structured conceptual framework for describing 
and understanding soil properties and soil formation. Soil classification schemes 
such as the World Reference Base include specific categories for soils modified 
by humans, which include urban soils. The most relevant broad category is that 
of the Technosols, soils which contain materials which have been manufactured 
or relocated by humans, such as impermeable surfaces, various waste materials, 
or geomembranes.

• The landforms in urban environments have been modified profoundly by human 
activity since ancient times. Wetlands, valleys, and even near-shore marine envi-
ronments have been filled in to flatten or extend usable land. Streams and rivers 
have been straightened or forced into artificial channels, even underground, and 
land may subside due to groundwater extraction. Mounds have been created to 
store wastes, move solid-earth material to different locations, or have grown as 
successive layers of urbanisation are built superimposed on one another. 
Conversely, elevated landforms such as hills have been cut through for transpor-
tation routes or even removed completely.

• Urban soils differ from non-urban soils when there have been substantial land-
form or land cover changes or when significant amounts of various materials and 
substances have been added. Some specific examples of distinctive soils which 
have been modified by humans and which occur in urban environments include 
reclaimed coastal soils, soils on landfills, and acid sulphate soils. Urban environ-
ments may require a widening of our usual concepts of soils to include wetland 
and drainage basin soils, green roofs, and soils developed from anthropo-
genic dusts.

• In an archaeological context, we can identify a cultural layer in many urban 
soils, an anthropogenic soil horizon which contains artefacts derived from human 
occupation and disposal of materials. The superposition of multiple cultural lay-
ers can be derived from separate phases of historical urban development. Soil 
cultural layers are also commonly enriched in carbon, nutrient elements such as 
phosphorus, and various organic marker compounds, from use and disposal of 
organic materials such as foodstuffs and manures. Urban soils may also become 
enriched in trace elements from early times, reflecting extraction and use of met-
als and associated elements. The physical presence of artefacts and building 
ruins in soils can be ascertained using a range of geophysical techniques. Finally, 
the chemical and physical changes due to human activity can be reflected in 
changes in soil microbial abundance and diversity.

2 Formation and Properties of Urban Soils
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2.7  Questions

2.7.1  Checking Your Understanding

 1. What are the parameters in the state factor ‘c-l-o-r-p-t’ equation, and how does 
each one affect the material fluxes in, and therefore the properties of, soils? 
Which parameters are affected by urbanisation?

 2. What would be the requirements for a landscape transect over which to measure 
soil properties on an anthroposequence?

 3. How would we determine if a particular urban soil was a Technosol? What are 
the various subcategories of Technosols?

 4. Choose an urban geomorphological change (e.g. valley filling, redirection of 
drainage networks, or large-scale excavation) and summarise the effects you 
would expect the changed landforms to have on the resulting soils.

 5. Make a table which lists the type of changes we see in urban environments in 
separate rows in the first column, with biological, chemical, and physical effects 
on soils identified in the next three columns for each type of change.

 6. How could we use archaeological soil information to determine layers of differ-
ent ages (e.g. differentiating pre-industrial from post-industrial and distinguish-
ing pre-urban from urbanised)?

2.7.2  Thinking About the Issues

 7. Is an anthroposequence a useful way of thinking about urban soils, in the same 
way as a more traditional toposequence or chronosequence? If so, why or, if not, 
why not?

 8. As well as acid sulphate soils forming in excavated dredge spoils and on drained 
coastal land, what other urban practices might result in the formation of acid 
sulphate soils?

 9. What processes or events might confuse, mask, or erase archaeological informa-
tion in urban soils?

2.7.3  Contemplating Urban Soils Creatively

 10. If we were able to travel forward through time for 5000 years, what might we 
find in our urban soils?
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in Urban Soils
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Abstract Urban soils are likely to be even more variable than soils in other envi-
ronments, due to the inherent heterogeneity of urban environments which intensi-
fies natural soil variability. This chapter examines soil variability related to 
urbanisation at several different spatial scales, from regional phenomena to differ-
ences observed on the scale of individual soil profiles. Soil sampling strategies 
and designs are described, with discussion of the issues related to sampling den-
sity, sample numbers, the geometric arrangement of sampling locations, and 
‘hotspot’ detection. We present methods for qualitative and quantitative analysis 
of soil spatial data using maps, spatial autocorrelation analysis, and variograms 
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ate techniques.
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What you could learn from this chapter:

• That soils are naturally variable, and whether urban centres create additional 
sources of soil variability. You’ll also consider the spatial scales over which soils 
vary and how these are related to urban environments.

• How to sample soils in urban environments – there are several strategies, and we 
will discuss the reasons why we choose certain depths, combinations of sam-
pling locations, how many samples we should take, and how far apart.

• How we conduct spatial data analysis to investigate the relationships between 
soil samples from different locations and the specific spatial statistical tech-
niques we use.

• How we apply common statistical methods to describe, explore, and assess urban 
soil data.

3.1  Soil Variability in Urban Environments

Urban environments are far from uniform; cities are characterised by extreme vari-
ability, reflecting the range of types, intensity, and timescales of human modifica-
tion of the natural environment (Grimm et  al. 2000; Pickett et  al. 2001). Not 
surprisingly, this general heterogeneity of urban environments is also present in 
urban soil environments. Prior to human interference, natural soils already showed 
significant spatial variation due to differences in soil parent material and other soil- 
forming factors (see Chap. 2). This pattern of natural soil variability has, superim-
posed upon it, the imprint of diverse human activity, creating an even more variable 
soil landscape.
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3.1.1  Cities and Regional Soil Variability

There is some evidence from continental-scale geochemical surveys (Cicchella 
et al. 2015; Mann et al. 2015) that urbanised areas can be distinguished from non- 
urbanised land based on the concentration of some (potential contaminant) elements 
such as lead (Pb), with an example shown in Fig.  3.1. This distinction between 
urban and non-urban areas is detectable despite the variable background from dif-
ferences in the chemical composition of parent materials. The geochemical signa-
ture of urbanisation extends to peri-urban areas (Cicchella et  al. 2015). The 
anthroposequences discussed in Chap. 1 and elaborated on in the work of Richard 
Pouyat and others (e.g. Pouyat and McDonnell 1991; Pouyat et al. 2007; Pouyat 
et al. 2008) also provide evidence that soils in cities may be distinguished from their 
rural counterparts on a regional scale.

3.1.2  Soil Variability at the Scale of Cities

The next largest scale of soil variability in urban environments is constrained by the 
dimensions of an individual city, taking into account the effects of the urban centre 
on the surrounding peri-urban and non-urbanised land.

Fig. 3.1 Lead (Pb) concentrations in Italian agricultural surface soils, showing the effect of the 
urban centres of Roma and Napoli (from Cicchella et al. (2015) and used with permission from 
Elsevier)
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An important parameter for the spatial distribution of soils in cities is the amount 
of soil remaining exposed after urban development. This can be assessed using con-
ventional ground-based surveying techniques or by remote sensing and image anal-
ysis (Wu and Murray 2003; Wu 2004). The remote sensing techniques commonly 
categorise land into vegetation, impervious, or soil categories (the V–I–S model). 
Urban catchments can range from 5 to 100% impervious cover, depending on the 
density of infrastructure (Fletcher et al. 2004). Assuming that the vegetation compo-
nent of the remaining pervious cover represents plants growing in soil, then urban 
soil cover may range from approximately 95% to 0%. Whole-city soil cover ranges 
from 10 to 35% for smaller cities (pop. < 100,000; Bauer et al. 2008) and up to at 
least 60% in larger cities (Zhu et al. 2017). The proportion of soil cover in urban 
environments is itself highly variable and shows gradients related to distance from 
urban centres and age of urban development (Powell et al. 2007). Soil cover tends 
to be lowest in urban centres and to decrease as the time since development increases.

Other urban soil properties also show systematic variation on whole-city scales. 
Johnson and Ander (2008) reviewed multiple studies of the spatial distribution of 
trace elements in urban environments, explaining that such studies have multiple 
objectives, including collection of baseline data, and identifying contaminated areas 
and their sources and risks. In many cities, the concentrations of some contaminants 
are greatest in the metropolitan centre (often the oldest area in the city), and lower 
concentrations occur at greater distance from the urban centre (e.g. Pb concentra-
tions in surface soils in Pueblo, Colorado (Diawara et al. 2006); see Fig. 3.2). This 
implies a cumulative and ongoing input of contaminants, relating to more diffuse 
sources such as road traffic, construction, etc. In other urban environments, the con-
centrations are greatest and decrease with distance, from a recognisable source of 
contamination. For example, lead (Pb) concentrations in surface soil in the city of 
Mount Isa, Queensland, Australia, where Pb and Cu are mined, decrease from the 
mine and smelters in the west towards the urban area in the east, despite the domi-
nant SE wind direction (Taylor et al. 2010).

3.1.3  Soil Variability at the Locality or Site Scale

The spatial distribution of potential contaminants (usually trace metals) in urban 
soils may simply represent variations in the concentrations of the same elements in 
the soil parent materials (e.g. Co and Mn concentrations measured by Gong et al. 
2010) (see Fig. 3.3). In such cases, the potential contaminants are termed geogenic, 
emphasising that their origin is not from human activity. Depending on the size of 
the urban area, geogenic variations in soil properties vary on a similar scale to 
whole-city anthropogenic variations. For other soil properties (e.g. contaminant 
concentrations), the variability is attributable to human modifications of the soil 
environment. These modifications include excavation, dumping, or construction 
and point or diffuse sources of contamination such as vehicle traffic or industrial 
emissions. For example, the high concentrations of Pb and Zn in urban centre soils 
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Fig. 3.2 Spatial distribution of lead (Pb) in surface soil (0–5 cm) sampled in Pueblo, Colorado, 
USA (from Diawara et al. (2006); used with permission from Springer)

Fig. 3.3 Concentration distributions of (a) cobalt, Co; (b) manganese, Mn; (c) lead, Pb; and (d) 
zinc, Zn, from a gridded sampling design in the area in and around Wuhan city, Hubei, China (blue 
cross-hatching ▦ shows urban area). Cobalt and manganese (a and b) show a geogenic distribu-
tion, whereas lead and zinc (c and d) show accumulation in the urban area related to anthropogenic 
additions. Redrawn from Gong et al. (2010); used with permission from Springer

3 Spatial Variability and Data Analysis in Urban Soils
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in Wuhan, China, were attributed by Gong et al. (2010) to domestic heating and 
road traffic.

In practice, urban soil investigations are more often conducted at the scale of 
specific sites, for example, to obtain site-specific data for environmental impact 
assessment (e.g. Carr et al. 2008). Figure 3.4 shows a typical pattern of spatial vari-
ability in soil properties for urban parkland soils, where the soil properties reflect a 
combination of both geogenic variation (some of the parkland occupies former lake 
beds) and anthropogenic modification (horticulture, landfill, construction, and 
demolition wastes). For example, zones of low pH in Fig. 3.4 are probably due to 
drainage of lake sediments and subsequent formation of acid sulphate soils; high pH 
probably reflects the use and/or disposal of limestone-based products such as con-
struction cement. High EC (a measure of soluble salts in soils) could be caused by 
release of dissolved ions by acid sulphate oxidation or demolition of a building 
containing gypsum-based materials (e.g. wall and ceiling panels) in the south of the 
study site.

Soil variability at the site scale is also shown more simply in concentration- 
distance relationships, for example, along transects (which are analogous to the 
anthroposequences described for city- or regional-scale transects by Pouyat et al. 
(2008)). Figure 3.5 presents two examples of such variability, showing gradients 
away from likely contaminant sources (a major roadway and a coal-fired power sta-
tion site). In both cases, it is likely that contaminants are carried from their sources 
by wind (as aerosols) and deposited on soil surfaces in decreasing amounts as dis-
tance from the source increases. Transport of material from roads to soils by surface 
flow of water is also possible.
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Fig. 3.4 Spatial variability of (a) surface soil pH and (b) electrical conductivity (EC) of a 1:5 soil/
water suspension at Charles Veryard and Smith’s Lake Reserves, urban parklands in Perth, Western 
Australia. Maps generated in R with the packages ‘OpenStreetMap’ (Fellows 2019) and ‘geoR’ 
(Ribeiro Jr. et  al. 2020), and using kriging with exponential variogram models (graphic by  
Andrew W. Rate)
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3.1.4  Contamination Hotspots

Some urban events, such as chemical spills, can produce soil variability on a very 
small scale. Relatively small (metre-scale) areas of high concentration are com-
monly termed ‘hotspots’. An example of a contamination hotspot at this scale is 
shown for an urban public open space in Fig. 3.6. In the example shown in Fig. 3.6, 
the contamination with several metals in the hotspot most likely represents disposal 
of contaminated sediments from the adjacent open stormwater drain onto the soil 
surface during drain maintenance. The hotspot was identified by sampling soils on 
transects along expected contamination gradients, rather than grid sampling, so in a 
sense the hotspot was identified ‘accidentally’!

The term ‘hotspot’ is not reserved for metre-scale areas, however; Nriagu (1988) 
argues that urban areas themselves represent hotspots on regional, continental, or 
even global scales. Similarly, Li et al. (2004) identify district-sized hotspots within 
the city of Hong Kong. A better definition of a hotspot, then, is an area of high con-
centration of contaminants in soil that is localised, or small, relative to the scale of 
observation.

3.1.5  Soil Variability with Depth

Soil properties can vary substantially with depth, that is, in the vertical rather than 
horizontal dimension which has been the focus of the sections above. For some soil 
properties, such as organic carbon content, the source of the variation is natural 
pedogenesis. The process of soil formation results in greater organic carbon content 
in a soil’s surface horizon(s), since most additions of organic materials (litter fall, 
excretion) and losses (microbial decomposition) occur in the surface soil (Coleman 
et al. 2017). Natural pedogenesis may also result in enrichment of some soil com-
ponents at greater depth, such as clay or iron content, due to the complex 

Fig. 3.5 Concentration-distance gradients for (a) total petroleum hydrocarbons (TPH) and poly-
cyclic aromatic hydrocarbons (PAH) in urban roadside soils (redrawn from Nikolaeva et al. 2017, 
and used with permission from Springer) and (b) metals V, Zn, Cu, and Pb in urban parkland soils 
north of a decommissioned coal-fired power station (Banks Reserve, Perth, Western Australia; 
graphic by Andrew W. Rate)
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interactions of soil and hydrological processes. General soil science texts, such as 
those by Schaetzl and Anderson (2005) and White (2006), discuss natural pedo-
genic processes resulting in depth variation in much more detail.

In urban soils, soil properties do not always vary with depth in straightforward 
ways. A huge variety of human modifications, such as additions of new material 
(and often burial of existing soils), excavation and refilling, and contamination, are 
commonly superimposed upon natural pedogenic processes. Figure 3.7 shows some 
depth profiles for soil properties in a highly disturbed urban area.

In some cases the concentration vs. depth relationships (referred to as depth pro-
files) in urban soils, even for contaminants, are closely related to depth profiles for 
pedogenic features. For example, metal contaminant concentrations in soil adjoin-
ing highways in Cincinnati, USA, decreased with increasing depth (Turer et  al. 
2001) but were shown to be more closely related to soil organic matter content than 
to other predictors. A similar control by soil organic matter was deduced for phthal-
ate and BPA contaminants (organic compounds used as plasticisers) in urban and 
other soil environments (Tran et al. 2015) and for polycyclic aromatic hydrocarbons 
(PAH) in soils in Beijing, China (Bu et al. 2009). The relationship of contaminants 
to a pedogenic parameter such as soil organic matter content demonstrates the abil-
ity of organic matter to act as a sink for added contaminants. Soil clays or iron 
oxides may also provide contaminant sinks (e.g. Rate 2018).

For biological parameters, the rule of thumb that biological activity decreases as 
soil depth increases may not apply in all urban soil environments. For example, 
Zhao et  al. (2012) found that soil microbial biomass (measured as carbon or 
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nitrogen) could decrease or increase with increasing depth, in urban soils of Beijing, 
China, depending on the measurement or land cover type (Fig. 3.8). In this study, 
microbial biomass C or N was greater in deeper soil samples under impervious 
cover (Zhao et al. 2012).
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Fig. 3.7 Variation of physical and chemical soil properties with depth, in soils from an urban 
parkland in Hong Kong (redrawn by Andrew W. Rate from data tabulated in Jim 1998). Smooth 
lines are cubic regressions intended only as visual guides. The high stone contents (a) reflect the 
use of fill material, with many low porosity values (b) reflecting compaction by foot traffic. High 
pH (c), except in the relatively natural local hill soil, is related to use of cement-based materials. 
The generally low organic carbon (d) and extractable P (e) contents reflect the young age of the soil 
materials, with concentration peaks at depth possibly indicating burial of pre-existing soil

Fig. 3.8 Variation with depth of soil microbial biomass carbon (a) and nitrogen (b) in different 
land cover types in urban Beijing, China (from Zhao et al. 2012 and used with permission from 
Springer)
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3.2  Measurement and Description of Soil Variability

The previous sections in this chapter described the scales of soil variability in urban 
systems and provided some explanations for this variability. Soil variability is, logi-
cally, more pronounced in urban soil environments, due to the combination of a 
wide range of natural and human processes which affect soil properties and forma-
tion. The following sections will therefore deal with how soils can be characterised 
in highly variable urban environments and how the variability can be both accounted 
for, and described, by suitable sampling and statistical methods. In the next chapter, 
we will also address some of the implications of soil heterogeneity for land utilisa-
tion in cities.

The way in which urban soils are sampled is guided by the purpose(s) of the 
sampling program. Johnson and Ander (2008) review multiple urban geochemical 
surveys and identify several objectives for mapping soil properties (especially con-
taminant concentrations) in urban soil environments. These objectives include 
determining the current (baseline) status of an urban environment; regulatory driv-
ers, such as fulfilling the requirements for environmental impact assessment for 
development; identifying and locating polluted urban areas; identifying (potential) 
contaminant sources, including separating geogenic and anthropogenic sources; 
and assessing risks to other urban environmental compartments such as water bod-
ies and human health (Johnson and Ander 2008).

3.2.1  Sampling Depth

In all of the strategies outlined in Sect. 3.2.2 for generating a two-dimensional 
spatial arrangement of sampling points, a decision must also be made about the 
depth range(s) of soil to be sampled. In some protocols (e.g. Smith 2004), this is 
guided by the depth of a particular soil horizon, commonly the A horizon but in 
other studies different horizons are targeted (e.g. Reimann et  al. 2008, who 
describe sampling of O, B, and C horizons). In soils in urban environments, hori-
zons are commonly poorly developed or obscured by truncation or addition of 
material. As a result, sampling of urban soil profiles is usually done on the basis 
of depth increments; 0–10 cm is common for surface soils, and narrower incre-
ments are more subject to sampling variability (Johnson and Ander 2008). Depth 
ranges for ‘surface soils’ in the published literature generally range from 0–2 cm 
to 0–20 cm. When assessing an environment for contamination, many protocols 
(e.g. Department of Environmental Protection 2001) recommend sampling at 
multiple depths, and examples of studies where depthwise sampling has been 
performed are Turer et al. (2001), Zhang (2004), Zhao et al. (2012), and Corrò 
and Mozzi (2017). Some studies assume that deeper samples remain relatively 
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uncontaminated, especially for the purposes of calculating contamination indices 
(e.g. Gong et al. 2008; see Chap. 6).

3.2.2  Sampling Strategies and Designs for Urban Soils

3.2.2.1  Sampling Density

The number of samples required depends on the spatial scale and objectives of 
the study. In their review, Johnson and Ander (2008) identify ‘systematic’ and 
‘targeted’ surveys. Systematic surveys are based on hundreds to thousands of 
samples over entire urban or regional areas at densities of 1–4 samples per km2. 
In contrast, targeted surveys have tens of samples (or fewer), within a specific 
urban land use, at densities of 4–50 samples per km2. The specific case of hotspot 
identification discussed below has more stringent constraints on the number of 
samples required for identifying very localised contamination. If there is a 
requirement for samples to be independent, then spatial statistics in the form of 
variogram analysis may be required. Essentially a variogram is an analysis of the 
variance (in some variable, such as the concentration of a contaminant) between 
samples as a function of distance between the samples. In theory, sufficient dis-
tance between samples maximises the between-sample variance, meaning that 
samples are independent (Oliver and Webster 2014). We will look into variogram 
analysis, and how it is used in practice, later in this chapter. It should be said, 
though, that the variogram analysis requires field data – but in this context, the 
purpose of using the variogram is to guide the sampling required to obtain that 
field data! The use of variograms to inform sampling therefore requires prelimi-
nary data to be acquired, which is unlikely in practice except perhaps for studies 
for scientific research purposes.

3.2.2.2  Sampling for Hotspots

The general aim of identifying and locating polluted urban areas can be specified 
as the search for contamination hotspots. There are methods for calculating the 
required number of samples for hotspot identification based on rigorous statistical 
principles. The Western Australian Department of Environmental Protection 
(2001) describes such a method, shown in Box 3.1. Bugdalski et al. (2014) empha-
sise that if the objective of sampling is to detect hotspots, then inadequate sam-
pling can lead to type II errors or false negatives (i.e. not all hotspots on a site are 
detected).

3 Spatial Variability and Data Analysis in Urban Soils



64

Of course the size of unknown hotspots (R in Eq.  3.1) cannot be estimated in 
advance with complete confidence, so there is again the possibility of type II errors, 
unless the estimate of R is biased towards lower values. As with calculation of the 
maximum distance between independent samples, the size of contamination 
hotspots will, in practice, most often be measured after sampling is completed.

Grid Sampling Sampling urban and peri-urban soils on regular grids is most com-
monly used over larger (city-wide or regional) scales to assess the current state, or 
baseline, of a soil environment. This would equate to systematic sampling in 
Johnson and Ander’s (2008) study; the other, more common, usage of the term ‘sys-
tematic sampling’ is a sampling design that is based on regular intervals across a 
landscape, such as various types of grid (Fig. 3.9). The geometry of a grid may be 
rectangular. For example, Lv et al. (2015) sampled soils across an entire province in 
China on a rectangular 2 × 2 km grid (0.25 samples/km2; see Fig. 3.10). A grid sam-
pling design provides a dataset which is well-suited to statistical spatial analysis 
(see Oliver and Webster 2014). For some targeted soil sampling, the lesser number 
of samples may be more suited to a transect (essentially a one-dimensional grid) 
across expected gradients in soil properties.

Stratified Sampling In some urban soil environments, there is sufficient pre- 
existing information to classify land into categories. This information includes data 
such as soil types, underlying geology, geomorphological zones, previous or current 
land use, vegetation communities, and so on. In such cases the total sampling area 
can be subdivided into sub-areas, or sampling strata, with samples collected within 
each of the strata (USEPA 2002). An example of a quite complex stratified sampling 
design for the city of Kumasi, Ghana, conducted by Nero and Anning (2018) is 
shown in Fig. 3.10. Stratified sampling may be used to ensure that sufficient sample 
numbers are taken in each sub-area and therefore can be used to test hypotheses, for 
example, about differences in soil properties between sampling strata.

Box 3.1 Calculating sampling grid size and sample numbers  
for hotspot detection
The grid size, G, should be calculated using Eq. 3.1:

 G R 0 59= / .  (3.1)

where: G = grid size of the sampling plan, in metres R = radius of the smallest 
hotspot that the sampling intends to detect, in metres 0.59 = factor derived 
from 95% detection probability, assuming circular hotspots

The number of sampling points n should then be calculated from Eq. 3.2:

 n A G2= /  (3.2)
where.:  A = area to be sampled, in square metres
G = grid size of the sampling pattern, from Eq. 3.1, in metres.
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Randomised Sampling Completely randomised sampling is straightforward to 
implement and may be suitable for areas which have minimal variation (e.g. no 
hotspots USEPA 2002). Samples are theoretically statistically independent, but the 

Rectangular (regular)
Triangular /
staggered start Random start Systematic unaligned

Random cluster Randomised Stratified grid Randomised in strata

Fig. 3.9 Geometries of grid, cluster, and random sampling designs (graphic redrawn by  
Andrew W. Rate, based on multiple unattributed online sources)

Fig. 3.10 Examples of soil sampling designs in urban and peri-urban environments
(a) Grid sampling Ju County, Shandong Province, China (redrawn from Lv et al. 2015; used with 
permission from Springer), superimposed on an interpolated map of principal component 2 (PC2, 
which emphasised signals from Cd, Pb, and Zn) from a multivariate statistical analysis
(b) Stratified sampling in the city of Kumasi, Ghana (Nero and Anning 2018; used with permission 
from Springer). Samples were taken from strata defined by eight unique green space types within 
each of two urban zones: high (HDUZ) and low density (LDUZ)
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completely random location of sample points may mean that ‘gaps’ exist within the 
sampling area (Fig. 3.11), such that features like hotspots are missed. Since urban 
soils are very heterogeneous, completely randomised sampling is seldom used and 
is not recommended.

A variation on randomised sampling is random-in-grid sampling (Fig.  3.11), 
where samples are taken at randomised locations within each polygon (or stratum), 
or using a predetermined grid. The effect resembles cluster or systematic unaligned 
sampling (see Fig. 3.9) and is a compromise between the good area coverage of 
systematic grid sampling and the statistical independence of randomised sampling.

3.3  Analysis of Spatial Data

3.3.1  Maps

Spatial information is complex, and the most straightforward way of assessing spa-
tial data from urban soil environments is using maps. The map itself presents the 
land surface as a two-dimensional representation, and other layers of information 
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Fig. 3.11 (a) Random-in-grid sampling plan used to generate the data in Fig. 3.4. The grid size 
(52 m) was adjusted to fit the sampling area, and two samples were taken per grid square. Filled 
circle symbols ● show planned sampling locations with known coordinates; these were adjusted 
if necessary during field sampling (e.g. if a sample position was on a paved surface). (b) A com-
pletely randomised sampling equivalent of (a) showing large gaps in sampling area caused by 
uncontrolled randomisation. Other issues (e.g. samples on paved areas) can be addressed by 
adjustments during field sampling. Graphics by Andrew W. Rate
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(such as land elevations, soil properties, contaminant concentrations, etc.) can be 
represented in different ways such as contour lines, sets of related symbols (e.g. size 
proportional to concentration), and so on. We have already seen Figs. 3.3 and 3.4 
which show examples of contour-based information and Fig. 3.6 which has two dif-
ferent examples of symbol sets to show information layers on maps.

Maps are usually created in Geographic Information System (GIS) software, 
although more general open-source platforms such as R (R Core Team 2020) in 
combination with specific packages (such as those by Fellows 2019; Ribeiro Jr. 
et al. 2020) can provide excellent results. In addition, the QGIS package (QGIS.org 
2020) is an open-source alternative to commercial GIS software and has a wide 
user base.

3.3.2  Spatial Autocorrelation

One of the objectives of spatial analysis is to investigate the effect of between- 
sample distance on soil variables. In effect, this is a test of Tobler’s first law of 
geography (Tobler 2004), stating:

Everything is related to everything else,
but near things are more related than distant things.

Whether samples are spatially related or not, in terms of a particular soil property, 
is expressed by the spatial autocorrelation or Moran’s I (Zhang et al. 2008). The 
Moran’s I statistic is based on comparison of the values of a variable at one point 
with a specified number (or within a specified distance) of neighbouring points. A 
positive Moran’s I autocorrelation suggests that locations with similar values of the 
variable considered tend to cluster together. A Moran’s I close to zero suggests no 
autocorrelation (values of the variable considered are randomly located), and a 
larger negative Moran’s I suggests that similar values of the variable considered 
tend to be further apart than expected from a random spatial distribution. The 
Moran’s I statistic is tested against the null hypothesis of no spatial autocorrelation 
and will vary with the number of neighbouring points in the calculation, with more 
points giving weaker autocorrelations (Kalogirou 2019).

The basic Moran’s I is a global autocorrelation, across the whole spatial dataset 
being analysed. The local Moran’s I can also be calculated and shows the extent of 
significant spatial clustering of similar values (of the variable considered) around 
each observation. The two examples in Fig. 3.12 show local Moran’s I as map sym-
bols for the soil pH and EC data which we have already seen in Fig. 3.4. Interestingly, 
at the urban parkland location in Fig. 3.12, soil pH at most sampling points is spa-
tially associated with similar values, but EC is not.

Spatial autocorrelation statistics, usually Moran’s I, can be calculated using vari-
ous GIS and statistical software, including several packages which add functionality 
to R. A useful expansion of the type of spatial autocorrelation information presented 
in Fig. 3.12 is local indicators of spatial association (LISA) analysis (Anselin 1995). 

3 Spatial Variability and Data Analysis in Urban Soils



68

A LISA analysis identifies, for map points or polygons, whether significant values 
of local Moran’s I represent association of high values of a variable with other high 
values, low with low, high with low, or low with high.

3.3.3  Variograms and Kriging

The variogram, simplistically, is the relationship between the variance between 
sample points and the distance separating those sample points. In many instances, it 
is desirable to predict a soil property at locations where samples have not been 
taken, and this requires some assumption(s), usually a mathematical model, about 
how that soil property varies with distance. This information is actually provided by 
the variogram. In many cases the form of the variogram relationship can be simu-
lated adequately with a mathematical function. The variogram function can then be 
used to interpolate between points – a process known as kriging (after the originator 
of the method and pioneer of geostatistics, Professor Danie Krige). Variograms and 
kriging are summarised expertly by Oliver and Webster (2014) and Reimann et al. 
(2008). Webster and Oliver (1993) argue that at least 100 observations (and prefer-
ably more) are needed for kriging interpolation, based on variogram analysis to 
establish the relationship between sample points as a function of separation 

Fig. 3.12 Local Moran’s I autocorrelation maps for the soil pH (left) and EC (right) data in 
Fig. 3.4. Larger positive values of local Moran’s I imply significant spatial clustering of similar 
values; negative local Moran’s I implies significant spatial clustering of dissimilar values. Global 
Moran’s I (5 neighbours) for pH is positive and significant (p ≤ 0.001,.) but for EC is near zero and 
p > 0.05 (graphics and data by Andrew W. Rate)
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distance. The US Environmental Protection Agency (2002) reports that, for vario-
grams and kriging, stratified sampling can have a lower sample number requirement 
than a simple grid but that kriging accuracy is similar for all sampling designs.

Figure 3.13 shows some of the key concepts of variogram analysis. There is 
some semivariance that exists even for very closely spaced samples, and this is 
called the ‘nugget’. This semivariance increases with increasing distance between 
samples to a limiting value called the ‘sill’. At some distance there is no increase in 
semivariance (which then approaches the variance of the complete dataset), and this 
distance is called the ‘range’, the value of which depends on the mathematical 
model used to describe the semivariance-distance relationship. The ‘practical 
range’, the distance at which samples are independent, is related to the model range 
by a factor dependent on the model equation.

Kriging and the associated variogram analysis can be very subjective in practice 
(Bohling 2005). Real soil data do not behave in an ideal fashion (see the scatter of 
binned points in Fig. 3.13), and there is no systematic way to make the choices of:

• The number of inter-sample distance categories or ‘bins’.
• The maximum inter-sample distance to be considered in variogram analysis 

(Reimann et al. (2008) recommend the actual maximum inter-sample distance × 
approximately 0.4).
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Fig. 3.13 The empirical variogram used to interpolate the soil pH in Fig. 3.4. The individual mean 
square differences are plotted at all possible pairwise distances between points up to the defined 
maximum distance (240 m, where the maximum possible pairwise distance at the site was 599 m). 
Vertical dashed lines represent the boundaries of the distance intervals (‘bins’) used to calculate the 
binned variogram for fitting the exponential model. The model parameters were nugget = 0.06, 
sill = 0.33, and range = 75 m (practical range = 225 m)
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• The function used to model the variogram: exponential, spherical, Gaussian, etc.
• The mathematical algorithm for fitting the function to the variogram, e.g. using 

least squares, or maximum likelihood, or even heuristically.
• Whether the fitting process should be weighted (and there are several options).
• Whether to fix key variogram parameters such as the nugget or sill (see Fig. 3.13).
• Whether to assume an underlying trend in the data.
• Whether the variation with distance is the same in all directions (i.e. whether an 

isotropic or anisotropic variogram model should be used)
• .. . and so on.

Variogram model fitting can, therefore, appear to be more like an art than a sci-
ence (Bohling 2005). Alternative forms of interpolation (e.g. splines, inverse dis-
tance) to predict soil properties between sampling points are not universally 
recommended, however, and can result in unusual predictions depending on the 
mathematical interpolation method used.

3.4  Comparison of Sampling Strata

3.4.1  Comparing Mean or Median Values

The most convenient way of comparing between strata is to use some form of sta-
tistical means comparison (Fig. 3.14). The comparisons are univariate, in that mean 
values are compared one variable at a time. The first step of this analysis would be 
to assess some parameters describing the distribution of the variable of interest. We 
do this because standard statistical means comparison methods such as a t-test and 
analysis of variance (ANOVA) assume that the variable is normally distributed and 
that the variance is approximately equal in each stratum. We use a method such as 
the Shapiro-Wilk test to test for normality (against the null hypothesis that the dis-
tribution is not different from a normal distribution); it may be possible to transform 
variables to achieve normality (see Sect. 3.4.2). We also apply the Bartlett test or 
equivalent to test for heteroscedasticity (against the null hypothesis that the variance 
in each stratum is equal, i.e. homoscedastic). The conventional (parametric) statisti-
cal tests include the t-test (commonly implemented as Welch’s t, for heteroscedastic 
variables) for two-level comparisons and the f-test as either standard ANOVA or 
Welch’s f for heteroscedastic variables for comparisons with three or more levels. If 
the assumptions of normally distributed variables are not met, then non-parametric 
comparisons such as the Wilcoxon (for two-level comparisons) or Kruskal-Wallis 
(for multiple-level comparisons) tests can be used. The null hypothesis for all means 
comparison tests is that means in each stratum are equal, and the result of the tests 
is the probability that the null hypothesis is true for the population, given the values 
and variability that we have measured in our sample.
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3.4.2  Transforming Variables

In order to meet the assumptions of parametric statistical tests (e.g. t-tests, ANOVA/
f-test), variables should be normally distributed. This is seldom the case for soil 
measurements (except sometimes soil pH), which commonly show positively 
skewed distributions. For continuous positively skewed variables, such as the con-
centration of a soil constituent, we tend to either use transform variables to loga-
rithms (base 10 is most convenient and interpretable) or use a power function of the 
variable for transformation (xtransformed = xa, where a is the power term). The power 
term which transforms a variable to have a distribution ‘closest’ to normal can be 
estimated from the Box-Cox algorithm, which is implemented in most statistical 
software. The power term a can be negative, which reverses the ordering of the vari-
able (i.e. the greatest value will become the least and vice versa). In this case the 
ordering of the original variable can be preserved by including a factor of −1 in the 
power transform calculation (xtransformed = −(xa)).

For different types of variables, particular transformations are required. For 
example, variables which are counts rather than continuous variables should not be 
transformed; instead alternative statistical models such as generalised linear models 
assuming a Poisson or negative binomial distribution should be used (O’Hara and 
Kotze 2010). Compositional variables (including concentrations or proportions of 
land surface coverage) are technically part of a fixed-sum closed set. For example, 
with data on percent land use over an urban area, all percentages add up to 100%! If 
uncorrected, fixed-sum closure can lead to very misleading conclusions, especially 
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Fig. 3.14 Graphical comparisons of means and median concentrations of calcium in different 
sample types in an urban parkland, using an annotated and enhanced version of a standard ‘Tukey’ 
box plot. IQR = interquartile range (data and graphic by Andrew W. Rate)
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when relationships between variables are being investigated, as in correlation analy-
ses or multivariate methods such as principal component analysis. Closed data 
require specialised transformations to remove closure, such as calculation of cen-
tred or additive log ratios (Reimann et al. 2008). The example in Fig. 3.15 shows the 
relationship between phosphorus (P) and iron (Fe) in soil/sediment materials in an 
acid sulphate environment. Without correcting for compositional closure, the P vs. 
Fe plot implies that P increases as Fe increases. Correcting for compositional clo-
sure, however, suggests the opposite, with P negatively related to Fe! In this case, if 
we had used conventional transformations, we might have come to a very wrong 
conclusion about the sediment properties affecting phosphorus.

The business of comparing means for environmental variables is possibly more 
complicated than we might have expected (as described above), but, to choose the 
correct method, the criteria are logical. The flow diagram in Fig. 3.16 shows how we 
can make the choice using three relatively simple questions: How many groups do 
we want to compare? Are our variables (transformed if necessary) normally distrib-
uted? And, does the variance of our variable depend on which group it is in? Once 
we have been guided in this way to the correct statistical test, we have two more 
questions that need to be asked. First, if we have more than two groups, which 
means are different from each other? We can answer this question rigorously using 
‘pairwise comparison’ tests, as described below. Second, do we have a meaningful 
difference or just a statistical one? This is deciding whether we have a large or small 
‘effect size’, and we discuss this below as well.

3.4.3  Pairwise Comparisons

The means comparison tests above will help us to make a decision about whether 
the mean value of some variable differs between strata. For sites with exactly two 
strata (where we would use a t-test or Wilcoxon test), the test tells us if the 
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difference in means is between all combinations of strata – since there is only one 
possible combination! In most sites where we study urban soils, we commonly have 
sites with three or more strata, and we want to compare mean values of our measure-
ments between the strata. Ideally we would like to know which means are different 
from the others (not just if we can reject the null). So, if the f-test or Kruskal-Wallis 
test allows rejection of the statistical null hypothesis (i.e. equal means), we usually 
follow up with a pairwise test. For well-conditioned data where the assumptions of 
ANOVA are met, we can use the Tukey set of statistical analyses (least significant 
difference and rigorous pairwise p-values). For heteroscedastic variables this is not 
strictly allowed, but we can still apply something like a pairwise t-test with adjust-
ment of p-values for multiple comparisons. Finally, with a non-parametric (e.g. 
Kruskal-Wallis) test of three or more means, we can use pairwise Wilcoxon tests 
with adjustment of p-values for multiple comparisons or a specialised pairwise 
comparison test such as Conover’s test.

3.4.4  Effect Sizes for Comparing Means

We cannot rely on just rejection of the null hypothesis (of equal means), since it is 
mathematically possible for a statistically significant difference to exist when the 
practical difference is meaningless. In some cases an effect size statistic, of which the 
most common is Cohen’s d (Eq. 3.1), can help us assess the magnitude of the differ-
ence between central values (means or medians). Cohen’s d is a standardised 
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distributions heteroscedascity (effect sizes, post-hoc pairwise)

Fig. 3.16 Decision tree for choosing appropriate statistical tests for overall and pairwise compari-
sons of mean values of measurements between different sampling strata. Functions from the R 
statistical computing environment (R Core Team 2020) are shown for various tests in monospaced 
font (graphic by Andrew W. Rate)
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measure of the difference between means for exactly two groups (e.g. strata), and its 
value is normally categorised as follows: d < 0.2 negligible; 0.2 < d < 0.5 small; 
0.5 < d < 0.8 medium; d > 0.8 large. Most contemporary statistical software allows 
calculation of Cohen’s d for binary (two group) comparisons; for multiple (pairwise) 
comparisons, some custom coding (e.g. in R) may be required. (Note that the size of 
the p-value for a t-test, ANOVA, or equivalent does not represent an effect size! We 
cannot assume we have a larger effect just because we have a smaller p-value.)

 
Cohen s

mean mean

Pooled standard deviations

group group
’ d =

−( )1 2

 
(3.1)

3.5  Relationships between Variables

In the spatial context, we can use correlation or regression statistics to assess rela-
tionships between a soil variable and distance (e.g. distance from a potential or 
suspected source of contamination). We also investigate relationships between vari-
ables for other reasons, such as finding which observations do not follow the 
expected relationship, and we will look at an example of this in Chap. 6. For now, 
we will go through the basics of correct application of correlation and regression 
analyses.

3.5.1  Correlation Analysis

The most commonly used measure of correlation between two variables (bivariate) 
is Pearson’s correlation coefficient, r, which can vary between −1 and 1, with an r 
value of zero meaning no correlation. The assumptions behind calculation of 
Pearson’s r require that each variable is normally distributed; sometimes this can be 
achieved with an appropriate transformation (e.g. taking logarithms or a power 
function, bearing in mind the discussion in Sect. 3.4.2). Variables which are unable 
to be transformed to a normally distributed variable are unsuitable for Pearson’s 
correlation analysis, but we can use a non-parametric method, Spearman’s correla-
tion, in such cases. Spearman’s correlation is based on comparison of ranks within 
each ordered variable and is therefore independent of transformation. The p-value 
for correlation tests is for the null hypothesis of no relationship between the pair of 
variables, against the existence of a true correlation in the population from which 
the sample is taken.

Very often, it is useful for exploratory data analysis to generate a correlation 
matrix, which calculates a correlation coefficient (e.g. Pearson’s or Spearman’s) for 
all possible pairwise relationships between the variables selected. These are subject 
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to the same requirements in terms of the distribution of variables as bivariate cor-
relations, with the additional precaution that p-values should be adjusted upwards to 
account for the increased likelihood of type 1 errors (false positives) when multiple 
comparisons are made. Most statistical software will calculate these corrected 
p-values, for example, using Holm’s method.

With any correlation analyses, it is essential to check the relationships graphi-
cally. It is easy to misinterpret r values if the data behave unexpectedly. For exam-
ple, outliers may still exist in transformed variables, which have a large influence on 
the value of Pearson’s r. The variables may show grouping or bimodality, so that the 
true relationships are masked by considering the data as whole or a strong relation-
ship may exist which is non-linear as assumed in the Pearson correlation. Inspection 
of (appropriately transformed) bivariate plots can identify these types of issues, and 
most statistical software will allow plotting of scatterplot matrices to streamline 
this task.

3.5.2  Regression Analysis

If a relationship between variables exists, it should be possible to estimate, or pre-
dict, one variable from another. This prediction is the goal of regression models; in 
their simplest form of bivariate linear regression, they are conceptually similar to 
Pearson’s correlation, but the focus is on the ability of the regression model (com-
monly a mathematical equation) to predict one variable, the ‘dependent variable’, 
from one or more ‘predictor variables’. A thorough discussion of regression models 
would itself take a whole book, so we will not do that here! Instead we will look at 
a sequence of steps we can take to generate and assess different types of linear 
regression models, foreshadowing the example in Chap. 6, Fig. 6.10; the procedures 
in all of these steps should be available in any up-to-date statistical software. The 
aim of our regression model is to predict arsenic (As) concentration in soil, from the 
other soil measurements we have made. The dataset includes soil EC and pH, plus 
concentrations of numerous major and trace elements.

The general form of the multiple or simple linear regression models we will 
discuss is:

 y a b x e
i

n

i i= + ( ) +
=∑ 1

 (3.2)

where y is the dependent variable to be predicted, n is the number of predictor vari-
ables (which can equal 1), a is the constant ‘intercept’ term, xi are the predictor 
variables, bi are the coefficients for each predictor, and e is the error term or 
‘residual’.

Initial Assumptions and Transformations For a valid linear regression model, the 
residuals need to be normally distributed. In practice we can increase the likelihood 
that this will be the case by transforming our variables to remove skewness, com-
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monly with a log10 transformation. Since the goal is prediction, rather than analysis 
of the relationship itself, we can argue that issues like compositional closure can be 
ignored. In our example, we log10 transform all variables except soil pH which is 
used untransformed.

Choosing Predictors The next decision that needs to be made is what the predictor 
variable(s) should be. Realistically, we would normally try to predict a variable that 
is difficult, unreliable, or expensive to measure, since we would usually rather have 
an actual measurement than an estimate from prediction. The predictor variables, 
then, would logically be those which are more easily, reliably, and/or inexpensively 
measured. More importantly, we should try to choose predictors that make sense 
in the real world. For example, the concentrations of trace elements in soils are often 
closely related to one another due to similar geochemistry or common sources. In 
reality, though, it’s unlikely that one trace element would have an effect on another 
in soils since the concentrations of both are too low. In soils, then, we tend to use 
‘bulk soil’ properties, such as pH, clay content, organic carbon and other major ele-
ment content, EC, redox potential, and so on, as predictors, since they fulfil both the 
‘easily measured’ and ‘realistic effect’ criteria. For our example, we want to predict 
arsenic (As) concentrations, and our initial list of predictors is pH, EC, Al, Ca, Fe, 
K, Mn, Na, P, and S.

Collinearity of Predictors The predictors we select should not be linearly related 
to one another (collinear). The criteria we use to assess this are the Pearson correla-
tions (which should be ≤0.8 between any pair of predictors) and variance inflation 
factors (VIF), which estimate how much greater the variance of a regression coef-
ficient (the bi values in Eq. 3.2) is, due to collinearity. There are various rules of 
thumb for selecting predictors on the basis of VIF: a value above 10 suggests that a 
predictor should be removed; 4 < VIF < 10 should be noted. In our example, the 
following pairs of predictor variables have Pearson’s r greater than 0.8: Al-Fe, 
Fe-Mn, and Mn-P. The variance inflation factors are listed in Table 3.1. We will 
choose to remove Al and Mn from the ‘maximal’ regression model, but different 
variables could have been removed.

Refinement of Predictors Not all of the possible predictors that we select will have 
a significant influence on the value of our dependent variable. The output of statisti-
cal software (e.g. Table 3.2) usually has a p-value from a test of significance for each 
predictor (using the null hypothesis that the predictor has no effect on the dependent 
variable), as well as an analogous null hypothesis significance test for the model as 
a whole. Inspection of this output may imply that that some predictors have no 

Table 3.1 Variance inflation factors (VIF) for a multiple regression model predicting Aslog from 
pH, EClog, Allog, Calog, Felog, Klog, Mnlog, Nalog, Plog, and Slog (subscript log denotes log10 transformation)

Predictor pH EClog Allog Calog Felog Klog Mnlog Nalog Plog Slog

VIF 3.163 1.911 8.123 5.571 7.982 3.298 9.575 7.997 7.768 5.774
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effect. To remove non-significant predictors, we use a stepwise regression algo-
rithm, which systematically adds and removes predictors from a set of models, 
using an ‘information criterion’ to select the best subset of predictors which all 
contribute ‘information’ or predictive ability to the model. The stepwise algorithm 
can be configured to add predictors from a list to a basic model (forward selection) 
or to remove predictors from a maximal model or both. Ideally, different implemen-
tations of stepwise procedures, using the same data, should arrive at the same 
final answer.

We can see in Table 3.2 that the null hypothesis of no prediction ability is rejected 
at p ≤ 0.05 for all predictors in the final model except Slog (this relates to the differ-
ent selection criteria for predictors in the stepwise procedure). The model is good at 
predicting As concentration; the multiple R2 (r-squared) value is 0.8155, so nearly 
82% of the variance in log10As is explained by the four predictors. We can also 
reject (p-value = 2.6 × 10−16, so p ≤ 0.05) the null hypothesis of no prediction ability 
for the overall model. The VIF values are all close to 1, meaning negligible 
collinearity.

Model Checking Many of the assumptions for regression relate to the residuals, 
and we use a number of diagnostic tests and/or plots (Fig.  3.17) to assess these 
assumptions. First, the residuals have a median value close to zero (−0.0058, 
Table 3.2), and the mean residual value is 1.8 × 10−18. By applying a Shapiro-Wilk 
test to the residuals from the model, we find that the null hypothesis (that the distri-
bution is not different from a normal distribution) cannot be rejected, satisfying the 
assumption of normally distributed residuals.

Table 3.2 Summary of final regression model predicting Aslog from initial predictors pH, EClog, 
Allog, Calog, Felog, Klog, Mnlog, Nalog, Plog, and Slog (subscript log denotes log10 transformation). Values 
explained in the text are in shaded cells with bold italic text. The same final set of predictors was 
obtained by either forward or backward stepwise selection of predictors in R (R Core Team 2020)

Residuals: Min 1Q Median 3Q Max

−0.300155 −0.082543 −0.00583 0.049328 0.296157
Coefficients: Estimate Std. error t value Pr(>|t|)

(intercept) −1.08038 0.31638 −3.415 0.001343 **
Felog 0.57608 0.05875 9.805 7.58E-13 ***
pH −0.06438 0.01821 −3.535 0.000944 ***
EClog −0.16794 0.07197 −2.333 0.024051 *
Slog 0.15322 0.07629 2.008 0.050487 .

Signif. Codes: *** ≤ 0.001 ** ≤ 0.01 * ≤ 0.05 . ≤ 0.1
Statistics: Residual standard error 0.1245 on 46 degrees of freedom

Multiple R-squared 0.8155 Adjusted R-squared 0.7994
F-statistic 50.82 on 4 & 46 DF p-value 2.61E-16

Predictor: Felog pH EClog Slog

VIF: 1.374 1.192 1.028 1.562
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The standard set of diagnostic plots (Fig. 3.17) allows us to assess, visually, some 
further regression assumptions. The residuals vs. fitted plot checks that the mean 
residual is close to zero and that there is no systematic trend in the residuals (this 
can be assessed separately by calculating residual autocorrelation; the autocorrela-
tion coefficients should be close to zero). The normal Q-Q plot is a visual assess-
ment of whether the residuals are normally distributed; the dotted straight line 
represents a perfect normal distribution with the same mean and standard deviation 
as the residuals, and the points lie approximately along this line, confirming the 
Shapiro-Wilk test result above. The scale-location plot assesses whether the residu-
als show homoscedasticity (i.e. the size of the residuals should be independent of 
the value of the dependent variable, measured or predicted). In our case there seems 
to be a ‘bulge’ of greater residuals in the middle of the plot, suggesting that this 
assumption may not be fulfilled for our model (again, we can test for this in more 
detail separately, e.g. using the Breusch-Pagan test (Hothorn et al. 2020)). Finally, 
the residuals vs. leverage plot is one way of testing if any individual observation has 
an unexpectedly large influence on the model parameters. Cook’s distance is a mea-
sure of the change in regression parameters when a point is removed; ideally its 
value should be zero. There are a number of rules of thumb defining excessively 
large Cook’s distance values, e.g. 4/n, where n is the number of observations 
(points).
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Fig. 3.17 Diagnostic plots for the final regression model predicting Aslog from predictors pH, 
EClog, Felog, and Slog (subscript log denotes log10 transformation)
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The final regression model can be used in different ways. We can never use cor-
relation or regression to make conclusions about whether one measurement causes 
another; …correlation is not causation. We could certainly use the soil pH, EC, and 
Fe and S contents, however, to predict As concentration with some accuracy. 
Actually, though, total As concentration is not so difficult to measure! We may 
choose to include regression models as part of more complex environmental simula-
tion models where many parameters are required and we do not have access to data 
for all possible locations where prediction is required. One of the more powerful 
ways we can use regression models in urban environments is to make use of the 
deviations from the model – with well-chosen predictors, these can provide a good 
indication of truly unusual samples, and we look at an example of doing this in 
Chap. 6.

Of course, multiple regression is not the only variation on simple linear regres-
sion that we can make use of when studying urban soils. If we have different sam-
pling strata (see Sect.  3.2.2 above), we can make use of our stratified sampling 
design in regression. We would not necessarily expect the same linear relationships 
between variables in different strata (which might, for instance, include both indus-
trial land and undisturbed nature reserves). In this case we can use grouped linear 
regression (see Fig. 3.18 and Table 3.3), which effectively includes a separate inter-
cept and coefficient(s) for each stratum within our data.

The general form of the grouped or simple linear regression models is similar to 
that for multiple regression:

 
y a b x e

i

n

i i= +( ) +
=∑ 1  (3.3)

1.8 2.0 2.2 2.4 2.6 2.8

-0
.2

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

log10(S, mg/kg)

lo
g 1

0(
A

s,
 m

g/
kg

)

Group
2
3

4
5

6
7

Fig. 3.18 Regressions 
predicting log10As from 
log10S, showing grouped 
(separate symbols, solid 
lines) and ungrouped 
(dashed line with shaded 
95% confidence interval) 
regression models

3 Spatial Variability and Data Analysis in Urban Soils



80

where the terminology is as for Eq. 3.3, except that now we have a single predictor 
x with different intercepts (ai) and slopes (bi) for each group of observations.

We should always check if the more complex model is actually better at predic-
tion or whether it is simply ‘over parameterised’. We can compare linear regression 
models by using analysis of variance (Table 3.3) if they are nested, that is, a simpler 
model is a subset of a more complex model.

3.5.3  Multivariate Analysis

It is quite common to measure many variables in studies of urban soils. In the sec-
tions above, we have discussed how to analyse a dataset to interpret one variable at 
a time using univariate methods (although use of multiple linear regression does 
potentially use many variables to explain one other variable). Using various types of 
ordination analysis, we can use the information contained in multiple variables to 
create a reduced subset of variables containing nearly the same amount of informa-
tion. Ordination methods are also referred to, for this reason, as ‘data reduction’ 
methods and are commonly used for multivariate analysis.

One of the earliest and most widely used ordination methods for exploration and 
dimension-reduction of multivariate data is principal components analysis (PCA; 
see the explanation in Box 3.2 and Fig. 3.19). Imagine a dataset with many samples 
(rows) and n continuous numeric variables (columns) which contain quantitative 

Table 3.3 Summary and interpretation of ungrouped and grouped regression statistics

Ungrouped regression
logAs = −0.905 + 0.587 · logS
R2 = 0.371, F statistic = 28.86 on 1 and 49 DF, p-value: 2.13 × 10−6

Grouped regression
logAs = −0.621 + 0.478 · logS (group 2)
logAs = 1.38 − 0.419 · logS (group 3)
logAs = −1.54 + 0.894 · logS (group 4)
logAs = 2.85 + 1.53 · logS (group 5)
logAs = 2.85 − 0.959 · logS (group 6)
logAs = 0.11 + 0.0742 · logS (group 7)
R2 = 0.802, F statistic = 14.3 on 11 and 39 DF, p-value = 1.72 × 10−10

Comparison of models
Res.Df RSS Df sum of Sq F Pr(>F)
Ungrouped 49 2.43273
Grouped 39 0.76705 10 1.6657 8.469 3.928e-07

(P-values is ≤0.05 so the null hypothesis, that the more complex model makes no improvement in 
prediction, can be rejected.)
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information about each sample such as concentrations, heights, velocities, etc. For 
these n variables/dimensions, the principal component calculation generates n new 
variables, or principal components, which are each a function of the set of all the 
original variables (so each principal component is defined by a weighting or coef-
ficient for each of the original variables). We may choose to omit some variables 
from the analysis if they contain too many missing observations or if there is another 
valid reason to doubt their integrity. Since each principal component is selected to 
account for successively smaller proportions of the multiple variance, it is usually 
the first few principal components which explain most of the variance and therefore 
contain the most useful information. We conventionally visualise this in a ‘scree 
plot’ (Fig. 3.20a), a kind of bar graph showing the decrease in variance accounted 
for by each component (the ‘eigenvalue’).

Box 3.2 Principal Components Analysis

Fig. 3.19 Visualisation of principal components analysis for three variables/dimensions x, 
y, and z: we can conceptualise an ellipsoid encapsulating the ‘cloud’ of points (i.e. sam-
ples). The longest dimension (Principal Axis 1) of the ellipsoid, which accounts for the 
greatest proportion of multiple variance, is in the direction of its major axis and is a func-
tion of the variables x, y, and z. Principal Axis 2 must be orthogonal to Principal Axis 1 and 
is a different function of the variables x, y, and z which accounts for the next highest-pos-
sible proportion of multiple variance. Principal Axis 3 must be orthogonal to both Principal 
Axes 1 and 2; is a unique function of x, y, and z; and accounts for the remainder of multiple 
variance. For n variables/dimensions (n > 3), the analogy is an n-dimensional hyper-ellip-
soid which has n orthogonal axes, which is very difficult to visualise
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As well as the component variances, the useful results of principal components 
analysis include the variable weightings or ‘rotations’ for each principal compo-
nent. In addition, every individual observation (sample) is a multivariate point, the 
observation scores for all samples in each principal component based on the values 
of the variables used in PCA for that sample. It is conventional to plot both of these 
two types of output in a principal component ‘biplot’, as shown in Fig. 3.20b. Before 
discussing the biplot, we should note that the sign (positive or negative) of variable 
weightings and observation scores (i.e. the direction of the axes) is arbitrary and 
should not affect our interpretations.

The principal component biplot is useful because the variable weightings group 
together for variables (measurements) that are related to one another. For example, 
in the biplot in Fig.  3.20b, the variables are mainly concentrations of elements 
(which have been corrected for compositional closure before PCA using a log ratio 
transformation). These variables are shown as vectors (arrows) in the biplot of prin-
cipal components PC1 and PC2, and elements which are geochemically related 
have vectors of similar length and/or direction. For example, the elements La, Ce, 
and Y are all geochemically similar rare-earth elements and plot closely together on 
the biplot, and the same is true for Ca and Sr which commonly co-occur in carbon-
ate minerals. The other main information we obtain from principal components bip-
lots is from the observation scores. These will plot at locations similar to their 
dominant variables: for example, in Fig.  3.20b, the sediment samples all plot 
towards the left of the biplot in the same direction as the K, La, Ce, Y, S, and Fe 
variable weighting vectors. This suggests that they are characterised by greater val-
ues of these variables (e.g. wetland sediments may contain higher concentrations of 
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Fe, S, and rare-earth elements due to formation of sulphides and Fe and S cycling 
(Morgan et al. 2012)).

We have used an example based on soil chemical data, but many other types of 
numerical data can be used in principal components analysis. These types of datas-
ets could include soil physical data, composition of vegetation or microbial com-
munities, and so on. For example, a dataset with variables which measure different 
plant species composition might show, in a PCA biplot, grouping of wetland plant 
species in riparian sampling strata, weedy species in disturbed urban land, native 
species in reserves, and so on. (Note that variables such as percent species composi-
tions would comprise a fixed-sum closed set and would require a transformation to 
remove closure before rigorous multivariate data analysis such as PCA!) The provi-
sion of information of this type makes ordination methods such as principal compo-
nents analysis powerful tools for exploratory data analysis. Different algorithms for 
ordination of multivariate data are based on different criteria than the maximisation 
of multiple variance used in PCA, for example, similarity or dissimilarity between 
samples. We will discuss different multivariate methods for analysis of data related 
to soil microbiology in Chap. 8.

3.6  Further Reading

Oliver MA, Webster R (2014) A tutorial guide to geostatistics: computing and mod-
elling variograms and kriging. Catena 113:56–69. https://doi.org/10.1016/ 
j.catena.2013.09.006

Reimann C, Filzmoser P, Garrett RG, Dutter R (2008) Statistical data analysis 
explained: applied environmental statistics with R. John Wiley & Sons, 
Chichester, England, 343 pp

3.7  Summary

• Cities affect soil variability on a subcontinental or regional scale, reflecting the 
concentration of human populations and resources in urban environments. Cities 
themselves contain variable soils on the scale of whole metropolitan areas, local-
ities, sites, and individual soil profiles, and these are related to the age of human 
habitation and the types of activities conducted. Variation in soil properties with 
depth can inform us about site history or the extent of anthropogenic additions 
to soil.

• Sampling of soil needs to match the objective, that is, the type of information 
required. To capture regional- or metropolitan-scale soil variability, large sys-
tematic sampling exercises including hundreds or even thousands of samples are 
conducted. Studies of smaller spatial scales requires tens of samples at higher 
density, and depth variability is assessed with 2–30 vertical increments. Specific 
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approaches are required to detect discrete hotspots or sample pre-existing spa-
tial strata.

• Analysis of spatial data begins with visual analysis in the form of maps with 
layer(s) of soil property data or scatterplots vs. distance along transects. More 
rigorous spatial data analysis techniques include variations of spatial autocorre-
lations or construction of variograms which allow spatial prediction using 
kriging.

• Other trends in spatial data, such as differences in soil parameters between strata, 
can be assessed with rigorously applied standard statistical techniques, both 
parametric and non-parametric, for comparison of central tendencies, assessing 
relationships, regression models, or multivariate ordination. For credible inter-
pretation of urban soil data, care must be taken to ensure that the assumptions of 
each statistical method are met.

3.8  Questions

3.8.1  Checking your Understanding

 1. What are the spatial scales of soil variability that we have considered? Are there 
any other scales that might be important in urban soil environments (your answer 
might differ depending on whether your focus is on ecosystem services, soil 
management, or soil research)?

 2. How does the concept of an anthroposequence relate to the analysis (e.g. quali-
tatively or using quantitative measures like autocorrelation) of soil variability?

 3. How many samples would you need to collect to have a 95% chance of detection 
of a circular contamination hotspot, 5 m in radius, over an area of 4 hectares? 
How far apart would the samples need to be?

 4. List the advantages and disadvantages of the following four sampling designs: 
grid, stratified, random in grid, and completely randomised.

 5. What is spatial autocorrelation measured with global Moran’s I? What does the 
value of local Moran’s I tell us about the relationships between samples which 
are close to one another?

 6. Summarise the situations (i.e. properties of the variables and factors in a dataset) 
in which you would use the following mean/median comparison tests: Student’s 
t, Wilcoxon, analysis of variance, and Kruskal-Wallis. When would you apply a 
pairwise comparison test?

A. W. Rate



85

3.8.2  Thinking about the Issues

 7. Would it be reasonable to expect steep (sudden) gradients in soil properties 
between adjacent sampling strata or would soil properties show a more gradual 
change? Explain your answer, and try to think of an example of where the oppo-
site to your initial answer might be true.

 8. Figure 3.4 presents spatial data mapped as a continuous surface, whereas Fig. 3.6 
presents similar data as point symbols containing the soil property information 
but without interpolation. Comment on the pros and cons of each approach.

 9. How many reasons can you think of for using multivariate data analysis methods 
instead of multiple applications of conventional (uni- or bivariate) methods?

3.8.3  Using Your Creative Brain

 10. Imagine that you are an expert witness, and a land developer has used a mean 
comparison to show that the average concentration (based on 50 soil samples) 
of polycyclic aromatic hydrocarbons (PAHs) on the land for the proposed 
development is not significantly different from 10 identical measurements on 
‘background’ soil. They further argue that this means that there is no need for 
concern. Tell the hearing what is wrong with the land developer’s reasoning, 
and suggest what a more appropriate analysis of the data would be.
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Chapter 4
Urban Soil Functions

Andrew W. Rate

Abstract In a textbook on urban soils, there is a need to present and explain some 
of the fundamental concepts in soil science. This chapter is framed around the eco-
system functions performed by soils and covers physical, chemical, and biological 
functions. The soil physics topics covered include volume relationships of solids 
and fluids, soil water retention, soil texture and structure, soil water potentials, 
water flow through soils, soil water balance, and soil temperature and the soil energy 
balance. The soil biological topics covered include discussions of how biological 
processes affect soil physical properties, nutrient cycling, and soil food webs. An 
explanation of bioavailability leads into examination of the chemical reactions and 
properties in soils which underpin ecosystem functions. The chapter concludes with 
a brief discussion of soil functions affecting human health and well-being.
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What you could learn from this chapter:

• What the key physical properties of soils are and how they allow soils to func-
tion, especially considering the behaviour of water in soil

• How the biological components (organisms) in soils control important soil func-
tions and gain an understanding of nutrient cycling and bioavailability

• The chemical composition of soils: minerals, compounds, and ions – and what 
the important types of chemical reaction are

• Why and how soils are important for humans – in addition to the ecosystem ser-
vices provided by soils.

4.1  Roles and Ecosystem Services of Soils in Urban Systems

In many urban environments, the roles and function of soils are no different from 
non-urban soils. Morel et al. (2015) recognise four general categories of ecosystem 
services provided by soils in any environment: supporting plant growth, maintain-
ing biodiversity, removal and cycling of materials, and storage of ecosystem 
resources (see Table 4.1, which also summarises the mechanisms behind each func-
tion, i.e. how each function works). In addition to the four types of ecosystem ser-
vices, Morel et al. (2015) identify three further ecosystem services that emphasise 
human uses of soils: a source of raw materials, physical and cultural support of 
human activities, and preserving a geological and archaeological record. This chap-
ter will address primarily the functions and ecosystem services provided by soils in 
general, without necessarily being restricted to urban environments. The constraints 
imposed by the properties, features, and composition of urban soils will be addressed 
in following chapters.

A. W. Rate
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4.2  Soil Functions Related to Soil Physical Properties 
and Processes

The physical properties of soil are essential to the functioning of most terrestrial 
ecosystems, and some of the key phenomena are illustrated in Fig. 4.1. In this text-
book we provide a summary of our view of the important concepts in soil physics, 
with particular reference where necessary to urban soils. In doing so we have relied 
on general soil science textbooks such as McKenzie et al. (2004), White (2006), and 
Schaetzl and Anderson (2005). For more detail about soil physical functions and 
concepts, readers should refer to a specialised soil physics textbook such as 
Hillel (2014).

The most basic of a soil’s physical properties, treated first in many soil science 
textbooks, are the volume relationships. The soil volume is commonly subdivided 
into phases: solids, liquids, and gases. To complicate soil volume relationships a 
little further, soil scientists may separate the solid phase on the basis of size: the 

Table 4.1 Functions of soil in urban systems

Soil function or property Mechanism

Support primary productivity Regulation of water and nutrient supply for plants; 
physical support for plants via roots

Nutrient and other element cycling Multiple biotic and physicochemical mechanisms, 
e.g.:
• Mineralisation of N, P, and S from organic matter 
(pedo→hydrosphere)
• Biological immobilisation of inorganic forms of N 
and P
• Plant uptake of subsoil elements (K, Ca) and 
litterfall to surface (litho → bio → pedosphere)
• Provision of a sink for metal pollutants (atmo and 
hydro→pedosphere)
• …and so on

Habitat for microflora and micro- and 
mesofauna

Provide food for heterotrophic organisms (soil 
organic matter); soil porosity allows shelter and 
movement

Filter between surface water and 
groundwater

Physical filtration of particulate material in soil pore 
network; chemical immobilisation of dissolved or 
gas-phase substances

Source/sink for atmospheric carbon 
(CO2, CH4) + NOx

Conversion of biological detritus to soil organic 
matter with long residence time. In some soils, abiotic 
conversion of atmospheric CO2 to HCO3

−

Hydrological ‘buffering’ Allowing infiltration to decrease run-off. Storage of 
water in soil pores

Chemical buffering and attenuation Reversible sorption of dissolved or gas-phase 
substances on clays, oxide minerals, and organic 
matter. Biological degradation. Precipitation

Retain signatures of human land use, 
underlying geology, pollution, and so on

Reversible sorption and formation of longer-term 
sinks such as new mineral phases formed by (co)
precipitation (see Chap. 6)

4 Urban Soil Functions
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fractional volume in each of the three phases is measured (or estimated) for the 
soil’s fine earth fraction, having grain sizes less than 2 mm, with the coarse material 
(≥ 2 mm) comprising a separate volume element. This grain size distinction is par-
ticularly relevant in urban soils, which often contain large proportions of rubble or 
artefacts (see the definition of Technosols in Chap. 2). The obvious question at this 
stage is whether these volume relationships are important aspects of soil function-
ing. The answer lies in the porosity; the volume of soil which is occupied by fluids, 
the liquids (mostly water containing dissolved material) and the gases (mostly air, 
but compositionally different from the above-ground atmosphere). The pore space 
in soil is extremely, and surprisingly, important. The proportion of pores relative to 
the total soil volume affects the ability of the soil to store and conduct water, the 
ease with which plant roots can penetrate, and the soil’s suitability as a habitat for 
microorganisms and larger creatures from nematodes to earthworms, in terms of 
both living space safe from predation and allowing the diffusion of life-giving oxy-
gen and carbon substrates.

Fig. 4.1 Physical processes involved in maintaining ecosystem services in soils and some of the 
controls and interactions between them. (Graphic by Andrew W. Rate):
1. The mass loss and formation of secondary minerals allows formation of soil porosity and 
aggregation
2. Soil porosity allows recharge of, and leaching to, groundwater (especially with macropores from 
soil structure)
3. Soil porosity allows water storage, with some water available for biota, such as photosyn-
thetic plants
4. Both soil structure and plant cover protect the soil surface against erosion
5. The biological community returns organic matter to the soil, further favouring aggregation and 
porosity
6. The soil pore network acts to filter particulates, including contaminants such as pathogenic 
bacteria

A. W. Rate
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Since the total soil volume is the sum of the three dominant phases, solids, liq-
uids, and gases, then an increase in the volume fraction of any of these phases must 
be at the expense of the others; soil volume is a fixed-sum closed set. The presence 
of large, abundant solids having low porosity (such as natural or anthropogenic 
stone) in urban or other soils therefore results in lower pore volume, as porosity 
only exists between the finer grains. By a similar argument, the density of a soil, 
which is controlled by the packing of solid materials, also controls porosity. High 
density results from close packing, that is, more solids per volume than for a lower 
density soil. The higher volumetric solid content of dense soils leaves less space for 
pores and the vital functions that such pores allow.

The total volume of pores in a soil is not yet sufficient information to understand 
soil functioning completely. The size and connectivity of pores are critical; pores 
which are large (and by large, we mean ≳ 0.03 mm in diameter) hold water only 
weakly by capillary forces and are unable to hold water against gravitational drain-
age. Conversely, pores which are very small (≲ 0.2 μm or 0.0002 mm in diameter) 
retain water very tightly, such that plant roots cannot exert sufficient osmotic pres-
sure to extract it. To maximise the ecosystem service provided by soil porosity, a 
soil needs to have a range of pore sizes: some larger, to drain excess water, and some 
smaller, to store water in a state in which it can be gradually released to plants and 
other soil organisms. An ideal range of pore sizes is not observed in all soils, even 
natural ones!

There are two main controls on soil pore size distribution. First, it makes sense 
that the spaces or pores between larger grains (sand, between 0.02 mm and 2 mm in 
diameter) will be larger than the pores between small grains (silt, between 0.002 mm 
and 0.02 mm in diameter, or clay ≤ 2 μm). We now need to introduce another soil 
science concept that of soil texture. The texture of a soil is a category, defined using 
a texture triangle, based on the relative proportions of mineral grains of different 
sizes in a soil (i.e. after organic matter is removed). In the international (IUSS) clas-
sification (Fig.  4.2), three ranges of grain sizes are used; sand, silt, and clay as 
defined above. The texture triangle defines thresholds between the texture catego-
ries; for example, a soil with 50% sand, 30% silt, and 20% clay by weight in the fine 
earth fraction would be classified as a clay loam in the IUSS system. There are 
several grain size and texture classifications in use in different countries (Minasny 
and McBratney 2001), which can confuse the issue.

The second control on the pore size distribution in soils is also related to grain 
size – the aggregation of individual grains into aggregates, or peds. Soil aggregates 
are arrangements of many individual soil grains held together by a range of forces 
and separated by pores and planes of weakness. The existence of such aggregates, 
and the size and geometry of the aggregates and their surrounding and internal pore 
spaces, is called the soil structure. Soil aggregates can range in size from dimen-
sions similar to individual sand grains, up to several centimetres. The pore dimen-
sions can therefore span a similar range; in addition, the aggregates themselves 
contain smaller ‘micropores’.

4 Urban Soil Functions
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Soil structure forms when the attractive forces between soil particles exceeds the 
tendency to exist as single grains. Although it is beyond the scope of this book to 
explain the mechanisms of soil aggregation in detail, we can identify a few qualita-
tive soil properties that favour the development of structure: moderate to high clay 
content; low proportions (e.g. ≤6%) of exchangeable sodium (Na+) as a fraction of 
total exchangeable cations (see Section 4.4.2 below); conditions favouring precipi-
tation of cementing agents (e.g. iron oxides, carbonate minerals); specific types of 
organic matter, such as polysaccharides and other plant root or microbial exudates 
that possess adhesive qualities; plant roots themselves; and fungal hyphae. External 
forces such as shrink-swell cycles caused by wetting and drying, or freeze-thaw 
cycles, also facilitate formation of soil structure if favourable soil properties exist. 
The microscopic basis of soil structure is the ‘clay domain’ (Fig. 4.3).

So, with the pore network in soils controlled by soil texture and structure, we are 
better informed to understand how soil physical properties affect the storage and 
movement of water. Due to its adhesive and cohesive properties (e.g. surface ten-
sion), water in soils will tend to minimise its potential energy (symbolised as the 
matric potential, ψM) when present in the smallest possible pores. This tendency is 
summarised in the relationship between volumetric water content, θV, and soil mat-
ric potential, ψM (Fig. 4.4b). Simplistically, ψM is the pressure required to remove 
water from the largest water-filled pore (explaining why it’s hard to get water from 
a dry soil!).

Fig. 4.2 Soil texture triangle based on mineral grain size fractions and categories from the 
International Union of Soil Sciences (IUSS) (drawn using the soiltexture R package by 
Moeys 2018)
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Fig. 4.3 Complexity of soil aggregation which results in soil structure. The structure-forming 
agents, clays, organic materials such as humus and polysaccharides, and enmeshing components 
such as fungal hyphae and plant roots, allow the formation of ‘clay domains’ which are the nuclei 
of soil structure that allow the larger grains (silt, sand) to be incorporated into aggregates

Fig. 4.4 (a) Comparison of available and unavailable soil water for a range of textures; (b) soil 
water retention curves for different textures using data from Carsel and Parrish (1988) and for 
compacted clays adapted from Tinjum et al. (1997). The vertical lines are labelled at the potentials 
representing field capacity (ψFC) and permanent wilting point (ψPWP, −1500 kPa) .Water fractions 
were calculated, and θ-ψ relationships were plotted, from the van Genuchten equation imple-
mented using the ‘soilphysics’ R package (de Lima et al. 2016)
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Similarly, pore size distribution also affects the ability of a soil to conduct water, 
an important property in urban soils since the area of exposed soil into which water 
can infiltrate is diminished by impervious cover. The rate with which water can 
travel through a soil is expressed in simple terms by Darcy’s law (Eq. 4.1):

 
q K h zw s= − ( )∆ ∆/

 
(4.1)

where qw is the water flux (length/time), Ks is the saturated hydraulic conductivity, 
∆h is the hydraulic head driving water flow, and ∆z is the length of soil.

Darcy’s law is valid for saturated flow through relatively homogeneous soils, so 
it often does not apply in field situations, where most soils are seldom saturated; 
nevertheless, it does summarise the principles involved. The key parameter is the 
saturated hydraulic conductivity, which can be used to compare water flow through 
different soils. Values of Ks vary across several orders of magnitude, reflecting the 
theoretical inverse square dependence of flow rate on pore radius summarised in 
Poiseuille’s law (McLaren and Cameron 1990). For example, while a sand may 
have Ks = 1000 mm/h, Ks for a clay-textured soil may be <0.1–5 mm/h (White 2006).

The pore structure of soils is also important in other contexts that we will not 
cover in this chapter: transport of gases though soils and the ability of the soil pores 
to provide habitats for soil (micro)organisms, as described in Chap. 8.

4.2.1  Soil Energy

A further important physical role of soils in supporting ecosystems is the ability of 
soil to act as a heat sink or source. The net solar radiation reaching the soil surface 
(affected by planetary albedo, slope, slope aspect, shading, etc.) is balanced by a 
number of heat fluxes from and within the soil. This is expressed in a soil surface 
energy balance equation (Eq. 4.2):

 J LEn = + +S A  (4.2)

where Jn is the net solar radiation flux, S is heat transferred within the soil, A is the 
‘sensible’ (radiative) heat flux from the soil, and LE is the latent heat flux from 
evaporation, and transpiration by plants, of soil water.

Soil can therefore have a cooling effect on its local atmosphere, as it exports 
energy as water vapour to the atmosphere via the evapotranspiration (latent) heat 
flux (Hillel 2014). This cooling effect has also been recognised to be important for 
global climate regulation (Ban-Weiss et al. 2011). Soil also has a dampening effect, 
within the soil environment, on the extremes of atmospheric temperature, an effect 
which is more pronounced in subsoils compared with surface soils. The rate of heat 
conductance in soils also means that subsoil temperature changes lag behind those 
at the surface (see White 2006; Hillel 2008 for details). Both the dampening effect 
of depth and the lag caused by heat conductance are illustrated in Fig. 4.5. At the 
surface (5 cm in Fig. 4.5), soil temperatures are similar to the air temperature – the 
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‘weather’ temperature. At greater soil depth, soil temperatures do not increase as 
much during the day as at the surface, nor do temperatures decrease by as much as 
the surface at night. Not only is the soil temperature range less at depth, though, but 
the maxima and minima occur later than at the surface. The final feature shown by 
Fig. 4.5 is seasonal; in summer, soil temperature is cooler at depth than at the sur-
face, but in winter the deeper soil is warmer, on average, than the surface soil.

In urban soil environments such as raised garden beds or green roofs, there is 
greater contact between soil and atmosphere. This means that even deeper soils can 
gain and lose heat more quickly, so that subsoil temperatures show a greater range 
which is more similar to surface soils.

4.2.2  Soil Functions Related to Hydrological Properties 
and Processes

The pore network of soils means that soils have a role in controlling the balance 
between run-off (overland flow) and infiltration (water penetrating into the soil) in 
the hydrological cycle (Fig. 4.6). Run-off contributes directly to stream flow and is 
possible when the maximum infiltration rate of the soils (essentially the hydraulic 
conductivity at the atmosphere-soil interface) is exceeded by the flux of liquid water 
added by precipitation (rainfall or melting snow or hail). Run-off contributes water 
to natural (streams, rivers) and anthropogenic drainage networks but, in excess, 
results in soil erosion (Hillel 2008).

Infiltration of water into soil has multiple consequences. Most directly, infiltra-
tion of precipitation water increases soil water content, where it is stored in the soil 
pore system. Water held at matric potentials less negative than about −10 kPa will 
drain under the influence of Earth’s gravity; strictly vertical drainage will replenish 
groundwater, and drainage with a significant lateral movement contributes to 

Fig. 4.5 Trends in soil temperature showing diurnal fluctuations at different depths over 10-day 
periods in summer and winter (note different temperature scales!) for an urban site near Canberra 
Airport, ACT, Australia. Data are from the OzNet data archive at www.oznet.org.au (Smith et al. 
2012); curves are slightly smoothed to reduce discretisation effects. (Graphic by Andrew W. Rate)

4 Urban Soil Functions

http://www.oznet.org.au/mdbdata/mdbdata.html


98

surface water bodies (drainage such as streams, or static bodies such as lakes). On 
hillslopes, the mass of soil with high water content can result in mass movement 
phenomena such as soil slippage or landslides, depending on the slope steepness 
and soil composition (Schaetzl and Anderson 2005).

The conservative nature of water cycle is expressed by a soil water balance 
(Eq. 4.3). The closed nature of this balance means that if one component changes, 
at least one other component will also change so that the balance is maintained. In 
this regard, run-off from, and infiltration into, soils are commonly a complementary 
pair; if run-off increases, infiltration decreases, and vice versa (White 2006).

 

∑( ) = ∑( ) + ∑( )
+ +( ) +( ) + + + +( )
inputs changes outputs

P I U R D E T∆ ∆S V
 

(4.3)

where P is precipitation, I is irrigation, U is upward capillary flow from below the 
root zone, ΔS is the change in soil water content, ΔV is the water content change in 
plants, R is run-off, D is (vertical) drainage, E is direct evaporation from soil, and T 
is transpiration by plants (Hillel 2008).

Both directly and indirectly, soil porosity also contributes to atmospheric com-
partments of the hydrological cycle. Water can evaporate from moist soil and be 
transpired by plants; both processes add water vapour to the air and (as observed 
above) exert a cooling effect on local and global atmospheres.

Fig. 4.6 The hydrological cycle including urban contributions. (Graphic by Andrew W. Rate 
inspired by a diagram by the Cary Institute of Ecosystem Studies (2020))
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4.3  Soil Functions Related to Soil Biological Properties 
and Processes

Soils are distinguished from other solid Earth materials by the presence of an active 
biological community; soils are astonishingly rich in life (Fortuna 2012). After 
plants, the largest mass of living organisms on Earth is in soil fungi and bacteria! 
(Bar-On et al. 2018). In Sect. 4.2, we started to discuss how the soil’s physical prop-
erties affected some biological processes, by providing a growth medium and habi-
tat for plants and microorganisms and allowing storage and release of the water 
required for their survival. Soil systems contain complex networks of effects and 
feedbacks, in that plants and microorganisms can mutually promote one another’s 
survival through food webs, trophic transfers, and nutrient cycling (Coleman et al. 
2017). The biological components of soils in the form of plants and microorganisms 
can also affect soil physical and chemical properties, in many cases accelerating soil 
processes and promoting the establishment of soil conditions that are beneficial for 
their own survival.

4.3.1  Biological Effects on Soil Physical Properties

Soil Aggregation
Soil aggregates which are the building blocks for soil structure may be created by 
biological activity by enmeshment by fungal hyphae or plant roots, exudation of 
organic binding agents by plant roots and microbiota, and faecal pellets, or casts, of 
larger soil animals such as earthworms or mites (Coleman et al. 2017).

Soil Macroporosity
The penetration of plant roots and the burrowing of soil fauna create large continu-
ous soil pores or macropores (McLaren and Cameron 1990; Schaetzl and Anderson 
2005). Soil macropores are important, especially in soils with otherwise low hydrau-
lic conductivity, for increasing overall infiltration rates.

Soil Mixing
The mixing of soils by organisms, termed bioturbation, is very important in some 
soil environments, increasing porosity and reducing soil density (Schaetzl and 
Anderson 2005). For example, the burrowing activity of earthworms and ants may 
be able to modify the entire upper metre of soil on timescales of centuries (de Bruyn 
and Conacher 1990; Feller et al. 2003).
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4.3.2  Nutrient Cycling

Soils are, for many elements, the engines of terrestrial biogeochemical cycling 
(Chorover et  al. 2007). The elements of greatest relevance are those required to 
sustain life: the elements C, H, and O primarily captured by photosynthesis; the 
macronutrients N, P, K, Ca, Mg, and S; and a range of micronutrients, of which Fe, 
Mn, Zn, Cu, B, Mo, Cl, and Ni are essential for plants. Additional trace elements 
(Co, Cr, I, Se) are required for organisms other than plants, including humans. 
Except for carbon, hydrogen, and oxygen which plant photosynthesis captures from 
the Earth’s atmosphere, all of the other elements are supplied by the soil or are reli-
ant on soil-based processes. For any one element, the biogeochemical cycle is a 
conceptual model which represents the various transformations and fluxes by which 
an element moves within and between environmental compartments. For example, 
Fig. 4.7 represents a combined carbon-nitrogen cycle for soils (Yang et al. 2009). 
The nitrogen and carbon in soils are derived from the atmosphere by primary 
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productivity  – the growth, life, and death of photosynthetic plants. Plant litter 
becomes soil organic matter or ‘humus’, which in turn provides a substrate for the 
growth of microorganisms (mainly fungi and bacteria). Respiration by soil organ-
isms, either directly from soil organic matter or through food webs (Sect. 4.3.3), 
completes the cycle by returning carbon and nitrogen to the atmosphere. Other soil 
biological processes contribute carbon and nitrogen to other environmental com-
partments such as water or retain carbon and nitrogen in the soil. We can use the 
same general concepts for cycling of any element like the essential elements listed 
above or even pollutant elements (or stable materials such as water); the cycling of 
many elements in soils is important, and we discuss some aspects of nutrient cycling 
below. It should become apparent that, to fully understand a biogeochemical cycle, 
we also need to know how the separate biological, chemical, and physical pro-
cesses work.

Nutrient Cycling Involving Plants
Terrestrial plants and other photosynthesising organisms such as algae capture 
atmospheric carbon to synthesise a vast array of organic compounds, from nucleic 
acids to lignin. A significant proportion of these carbon compounds, also containing 
elements derived from soils (mainly, but not limited to, N, P, and S; see Table 4.2), 
enter the soil environment as the organisms, or parts of them, die and begin to 
decompose. In addition some organic molecules are released from living organisms 
into the soil environment as exudates from plant roots (and microbial exudates). The 
transfer of organic material derived from plants into the soil environments provides 
the substrate for microorganisms that utilise it as a source of energy, carbon, and 
nutrients (Chorover et al. 2007). Plants also redistribute nutrients (and other ele-
ments, since non-essential elements are not excluded from uptake) from deeper soil 
or regolith into the surface soil via uptake by deep root translocation within the plant 
and redeposition as dead material (litter fall) at or near the soil surface (Brantley 
et al. 2007). Finally, certain types of plants (most notably the legumes) have the 
ability, in symbiosis with specific groups of bacteria, to capture nitrogen from the 
atmosphere without relying on soil sources of N (Haynes 1986).

Microbial Nutrient Cycling
Much nutrient cycling is associated with the heterotrophic metabolism of organic 
compounds in soils by soil microorganisms (bacteria, fungi, and archaea). This is 
important in two contexts. First, elements contained in organic molecules (includ-
ing carbon (C) and also N, P, and S) are released as simple inorganic forms during 
soil organic matter decomposition, or mineralisation, as the soil microbiota utilise 
carbon compounds to produce energy and metabolites in the process of microbial 
respiration. The simple inorganic ions of molecules can also be reincorporated into 
microbial organic matter in the process of microbial immobilisation. Second, respi-
ration is an oxidative process, and, in the absence of sufficient oxygen in the soil 
atmosphere (or dissolved in soil pore water), other chemical substances can act as 
terminal electron acceptors, or oxidants, during oxidation of carbon compounds. 
These include compounds or ions of several essential elements, such as NO3

−, FeIII 
[hydr]oxides, MnIV [hydr]oxides, and SO4

2− (Chorover et al. 2007; Coleman et al. 
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2017). The metabolism of organic carbon under anoxic (oxygen-limited) conditions 
in soils also affects some elements indirectly. For example, if an iron(III) oxide 
mineral acts as the terminal electron acceptor in the anoxic oxidation of organic 
carbon, phosphate or trace metal ions adsorbed to the surface of that iron oxide 
particle, or incorporated as impurities into its structure, will be released into solu-
tion (see Table 4.2).

Nutrient cycles in soils are very complex, and in this textbook, we can only dis-
cuss a few of the principal issues involved. Some of the more important nutrient 
cycling processes are presented in Table 4.2, which also contains information on 
chemical forms of elements, since the topics of element cycling and bioavailability 
are where soil biology and soil chemistry overlap extensively.

4.3.3  Soil Food Webs

Stored energy, in the form of metabolisable carbon compounds, is transferred from 
organisms upwards through trophic levels to provide them with the energy and sub-
strate (food) for survival. The photosynthetic organisms or primary producers cap-
ture solar energy; the herbivores and decomposers that feed on plant material pass 
energy, carbon, and nutrients to the next level, and so on (see Fig. 4.8). The incom-
plete efficiency of these transfers means that the highest proportions of stored 

Fig. 4.8 Simplified soil food web showing trophic transfers (energy, carbon, and nutrients) and 
some of the diversity of soil organisms (based on Ingham n.d.). The arrows show the direction of 
flow of energy, carbon, and nutrients

4 Urban Soil Functions
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energy, carbon, and nutrients exist in the organisms at lower trophic levels. By far 
the greatest proportion of terrestrial biomass on Earth exists in plants, which contain 
more than 35 times more biomass than the next most abundant group, soil fungi, 
followed by soil bacteria (Bar-On et al. 2018). The most abundant animals (by num-
ber of individuals, not mass) on Earth’s terrestrial near-surface environments are 
nematodes, which exist at multiple trophic levels (van den Hoogen et al. 2019). In 
terms of biomass, the most abundant soil animals are probably arthropods or anne-
lids (Bar-On et al. 2018).

4.4  Soil Functions Related to Soil Chemical Properties 
and Processes

As with the soil physics section earlier in this chapter, we present here a summary 
of our view of the important concepts in soil chemistry, again making particular 
reference where necessary to urban soils. The presentation of this material also 
relies on the general soil science textbooks by McKenzie et al. (2004), White (2006), 
and Schaetzl and Anderson (2005). To study soil chemical functions and concepts 
in more depth, readers should refer to a specialised soil or environmental chemistry 
textbook such as Sposito (2008) or Ryan (2014).

Numerous soil chemical properties and processes are important for the delivery 
of ecosystem processes, and these are summarised in Fig.  4.9. This section is 
intended to give an overview of most of the more important chemical soil functions. 
We will go into some more detail about soil chemical processes in Chaps. 6 and 7. 
A central concept is that of chemical speciation – the existence of multiple chemical 
forms of an element or compound, the identity of which affects not only its chemi-
cal reactions but also biological and physical processes in the soil environment as 
well. Table 4.3 explains and summarises chemical speciation as it applies to soils. 
In addition, soil chemists recognise two ‘master variables’ – soil pH and soil redox 
potential. The soil pH has a profound effect on nearly every chemical process, from 
mineral dissolution or precipitation to the bioavailability of nutrient elements or the 
degradation of organic contaminants (Sposito 2008). Likewise, the soil redox poten-
tial, or Eh, can significantly affect soil chemical reactions; Eh is nearly constant in 
aerobic soils, but once available oxygen in a soil decreases, usually due to saturation 
with water and microbial respiration, a cascade of chemical reactions is initiated 
(McBride 1994), some of which are outlined in Table 4.2.

4.4.1  Formation of Secondary Minerals and Organic Matter

A fundamental process in the conversion of soil parent materials (mainly rocks and 
the minerals contained in them) is chemical weathering (Brantley et al. 2007). In 
general, the solid minerals in rocks weather by reactions such as dissolution or 

A. W. Rate
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Fig. 4.9 Chemical processes involved in maintaining ecosystem services in soils, with controls/
interactions (graphic by Andrew W. Rate):
1. Weathering of soil parent materials to give secondary minerals with small grain size, plus dis-
solved ions
2. The ions can interact with the secondary minerals by cation exchange or chemisorption 
mechanisms
3. The ions released by weathering, and held in potentially bioavailable reserve by sorption, com-
prise essential elements for plant growth (K+, Ca2+, HPO4

2−, etc.)
4. Primary production by photosynthesis (and for some producers, nitrogen fixation) is facilitated 
by the uptake of nutrient ions from soil
5. Eventually, some of the carbon fixed by photosynthesis is added to the soil via litter fall, to form 
organic matter
6. The soil organic matter provides additional substrate for the adsorption of ions (including those 
essential for biota); some organic matter degrades to give soluble organic matter.
7. The utilisation of organic matter by heterotrophic soil organisms and the metabolic processes in 
plant roots result in respiration, releasing CO2 which further enhances weathering of soil parent 
materials
8. Soil organic matter decomposition and exudation of organic compounds by roots and microbi-
ota provide organic acids/anions which act as metal complexing ligands to further enhance disso-
lution of minerals
9. Contaminants such as metals, nutrients, and organic molecules are also chemically immobilised 
by secondary minerals and soil organic matter

4 Urban Soil Functions
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oxidation to produce two main products: dissolved ions and molecules in the aque-
ous (liquid water) phase and secondary minerals in the solid phase. For example, the 
weathering of the common silicate mineral orthoclase feldspar can be expressed by:

2 2 93 8 2 3 2KAlSi O H H Os
K feldspar carbonicacid water

( )
( ) ( ) ( )

+ + →
 

CO
→→

( )
( )

( )
+
( )

−( ) + + +Al Si OH SiO HCOaq aq2 2 5 4 4 4 34 2 2O H K
s

kaolinite disssolved silica, potassium ions and bicarbonate ions( )  
 (4.4)

where the subscripts (s) indicate a solid phase, and (aq) indicate an aqueous phase (dis-
solved in water).

The chemical reaction symbolised in Eq. 4.4 emphasises the role of atmospheric 
CO2 dissolved in water to give carbonic acid, providing a weathering fluid which 
dissolves silicate minerals by acid hydrolysis. The consumption of CO2 by weather-
ing represents a long-term control on Earth’s atmospheric composition and therefore 
the greenhouse effect (Kump et al. 2000). From a soil ecosystem service perspective, 
however, the products of this type of reaction are more immediately important: the 
secondary solid(s) (the phyllosilicate clay mineral kaolinite in this example) and the 
dissolved material (Fig.  4.9). The phyllosilicate clay minerals are important in a 
range of chemical reactions, as we will see below. In addition, the clay content of 
soils exerts significant control on pore size distribution and soil structure (see Sect. 
4.2 above). The release of dissolved components is also extremely important. Loss 
of rock mass as dissolved ions is a key contributor to the development of porosity 
(Brimhall and Dietrich, 1987), and, crucially, the ions themselves (e.g. the K+ in 
Eq. 4.4) provide a source of available nutrients for plants and other soil biota.

Secondary minerals also form by direct precipitation from solution, given favour-
able conditions. For example, if a weathering reaction generates dissolved Fe3+ ions, 
the following reaction (Eq. 4.5) can occur.

 
Fe Fe OHaq aq

3
2 3

3 3+
( ) ( )

+
( )+ → ( ) +H O H

s  
(4.5)

The new secondary mineral is the ferric hydroxide Fe(OH)3 (similar to the docu-
mented oxyhydroxide mineral ferrihydrite). The existence of H+ as a product of 
Eq. 4.5 means that this reaction will be favoured at higher pH, since at high pH the 
concentration of H+ ions is low, and part of chemical equilibrium theory (Le Chatelier's 
principle, or the ‘equilibrium law’) means that if a product of any reaction decreases 
in concentration, the reaction will tend to progress further towards those products.

Finally, the stable organic matter in soils, although not a mineral phase, can be 
considered to be generated from ‘weathering’ (i.e. fragmentation and chemical 
alteration) of its parent materials – the organic detritus that enters soils during natu-
ral cycles of life and death of organisms.
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4.4.2  Cation and Anion Exchange Reactions

The phyllosilicate clay minerals form from a solution generated during chemical 
weathering, and since parent rocks usually contain many different types of minerals, 
this solution contains a diverse range of dissolved ions. As a result, the clay minerals 
which form are seldom ‘pure’ aluminosilicates; their structures contain other cat-
ions in the structural positions of Al3+ or Si4+. For example, the structure of the com-
mon 2:1 clay mineral montmorillonite (having the nominal chemical formula (Na,
Ca)0.3(Al,Mg)2Si4O10(OH)2·n(H2O)) is shown in Fig. 4.10, showing the positions of 
the Al3+ or Si4+ ions which, at mineral formation, are nearly always partially occu-
pied by ‘impurity’ ions such as Mg2+ or Fe2+. Since the substituting ions (Mg2+ or 
Fe2+) have a lower positive charge than the dominant Al3+ or Si4+, the entire crystal 
structure forms with a deficit of positive charge – the clay crystals are negatively 
charged! An electrostatically charged particle cannot exist independently in the soil 
environment, and the negative charge is always balanced by exchangeable cations 
which are electrostatically attracted to the external surfaces and interlayer spaces of 
the clay crystal. In addition, since clay minerals mainly have grain sizes in the clay-
size range (see Sect. 4.2), their surface area to mass ratio is high, another factor 
which favours chemical reactions. The exchangeable cations, most often Na+, K+, 
Mg2+, Ca2+, or NH4

+, are of great importance for ecosystem functioning in soils 
(Fig. 4.9). First, the fact that they are held on a solid phase means not all the cations 
released during chemical weathering will be lost. Second, electrostatic interactions 
are relatively weak, so the cations are held in rapid and dynamic equilibrium 
between the mineral surface(s) and the pore water and therefore represent an 

Fig. 4.10 Crystal 
(chemical) structure of 
montmorillonite, a 2:1 
phyllosilicate clay mineral 
in the smectite group. 
Image from Poppe (2004)
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important reserve of elements for plants and other soil biota which are potentially 
bioavailable – both essential elements and potentially toxic elements (see Chap. 6).

Other negatively charged materials also exist in soils. Soil organic matter forms 
from the detritus of living organisms by a wide combination of reactions including 
hydrolysis, oxidation, and condensation, to create high molecular weight, highly 
variable structures. Soil organic matter consistently contains structural elements 
(functional groups) such as carboxylates as part of its structure. Carboxylates are 
anions of weak acids, so if the soil pH is high enough (≳ pH 3.5, which is most often 
is), then the carboxylates are in dissociated (anionic) form. Most soil organic matter 
exists in the solid phase, so organic particles also carry a negative electrostatic 
charge which is balanced in soils by the same exchangeable cations as clays.

Other minerals can also manifest a negative electrostatic charge: the hydroxide 
(OH−) ions at the surface of the structure of hydroxides of aluminium, iron, and 
manganese are amphoteric; that is, they can behave as weak acids or bases. Under 
alkaline conditions, the collective surface OH on hydroxide minerals behave as a 
base, losing hydrogen ions to generate negative charge which is again balanced by 
cations like Na+, K+, Mg2+, Ca2+, or NH4

+. Iron(III) hydroxides, in particular, can 
also gain hydrogen ions within common soil pH ranges (≲ pH 8) to generate posi-
tive charge. In a few instances (e.g. the subsoils of highly weathered and acidic soils 
with low concentrations of charged clays or organic matter), then, exchange of 
anions such as Cl−, SO4

2−, or NO3
− is possible.

4.4.3  Chemical Adsorption Reactions

Some ions or molecules in soils are held on solid phases much more strongly than 
the relatively weak associations of ion exchange. This type of reaction is called 
adsorption or in the usual case, where chemical bonding by electron-sharing 

Fig. 4.11 Distribution of ions around a negatively charged oxide surface (graphic by  
Andrew W. Rate using ideas from Thompson and Goyne (2012) and Yang et al. (2006))
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between atoms is involved, chemisorption. Adsorption reactions still hold adsorbed 
ions in equilibrium with dissolved ions in the soil solution, but the equilibrium posi-
tion is much further towards the surface species, the reactions are much slower to 
reach equilibrium, and generally rapid exchange is not observed.

Cations such as those of the trace metals Cu2+, Ni2+, and Zn2+ form strong chemi-
cal bonding with oxygen-containing structural components on soil solid phases. For 
example, the carboxylate groups on soil organic matter (and in some cases 
N-containing amino- functional groups) contain non-bonded electron pairs which 
can be shared to form covalent bonds with trace metal cations. Similarly, the surface 
hydroxides on oxide minerals and clays also contain non-bonded electron pairs 
allowing bonding with trace metal cations. Cation adsorption is more favourable at 
higher pH; this pH dependence is because bonding of a metal ion displaces hydro-
gen ions from the mineral or organic matter surface (Fig. 4.12). Since the O (or 
organic N) atoms contribute all of the electrons to the chemical bonds, the bonding 
is analogous to coordination complexes of metals, and the cation adsorption mecha-
nism is sometimes called surface complexation.

Anion adsorption is somewhat different from cation adsorption. It generally only 
occurs significantly on inorganic materials: the phyllosilicate clays and hydroxide 
minerals. Again, the reaction sites are the surface hydroxides on mineral surfaces; 
however, bonding of an oxyanion like phosphate (H2PO4

- or HPO4
2-) occurs between 

the phosphate ion and the structural cations (e.g. Fe3+ or Al3+) in the clay or hydrox-
ide, and the previously bonded OH− anions are displaced into solution. This is an 
example of ligand exchange, where both the incoming phosphate ions, and the out-
going hydroxide ions or water molecules, are ligands which exist in a coordination 
complex with metal ions near the surface of the adsorbing mineral structure. Anion 
adsorption is therefore more favourable at lower pH, since under acidic conditions 
the low concentration of OH− anions tends to push the anion adsorption equilibrium 
towards reaction products (Fig. 4.12).

Adsorption of organic compounds is dependent on whether the molecule can be 
ionised in water and, especially for non-polar molecules, soil organic matter content. 
The behaviour of organic molecules in soils will be covered in more detail in Chap. 7.

4.4.4  Precipitation and Co-precipitation

Precipitation is the formation of new solid phases, by reaction of individual chemi-
cal species in solution. The reacting species are removed from the solution and 
included in the chemical/mineralogical structure of the new solid, or ‘precipitate’. A 
very large range of minerals can precipitate in soils, including phyllosilicate clays, 
oxides, hydroxides, carbonates, sulphides, sulphates, and phosphates (Lindsay 
1979), and a few examples are listed in Box 4.1.
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Precipitation requires oversaturation of the solution with the reacting ions, 
defined by the solubility product Ksp. The solubility product is a simplified equilib-
rium constant for a solid substance dissolving in an aqueous solution: the product of 
the component ion concentrations each raised to the power of their stoichiometric 
coefficient (Eqs. 4.6 and 4.7).

Fig. 4.12 Idealised adsorption of cations and anions on soils as a function of pH. The curves may 
be shifted horizontally or have different gradients, depending on the identity and concentration of 
the ion involved and the soil materials involved in the adsorption reaction. (Graphic by  
Andre W. Rate)

Box 4.1 Examples of Precipitation Reactions in Soils

 1. 
Ca HCOaq aq
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3 3
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For the reaction of a moles of ion A and b moles of ion B to give the solid AaBb(s):

 
a baq aq a bA B A B s( ) ( ) ( )+ 

 
(4.6)

 
Ksp

a b
= [ ] ×[ ]A B

eq eq  
(4.7)

Ionic charges have been omitted for clarity (subscripts (aq) show aqueous-phase 
(dissolved) species and (s) solid-phase species, and square brackets with subscript 
‘eq’ ([ ]eq) means concentration of the enclosed species in equilibrium with the solid).

In any solution, not necessarily at equilibrium with any solid, we can calculate 
the ion product Qsp = [A]a × [B]b and its relationship to the equilibrium constant Ksp. 
If Qsp = Ksp for any solid phase, the solution is in equilibrium with that solid phase, 
and so the solution is said to be saturated. If Qsp < Ksp for any solid phase, the solu-
tion is undersaturated and that solid phase cannot form. If Qsp > Ksp for any solid 
phase, the solution is oversaturated with respect to that solid, and that solid phase 
will (usually) form; sometimes the solution needs to reach a certain value of Qsp/Ksp 
for the solid to start forming. In fact, some solids will almost never form immedi-
ately; the Ostwald step rule (Threlfall 2003) proposes that the least stable mineral 
variant will form first, followed by progressive recrystallisation into more stable 
(and less soluble) mineral phases, a process known as Ostwald ripening.

4.4.4.1  Dependence of Precipitation on pH and Redox

Many precipitation reactions are dependent on soil pH, as implied by some of the 
reactions in Box 4.1 which include H+ or OH− as reactants or products. For example, 
a reaction producing H+ (on the right side of the chemical equation) will be more 
favourable at high soil pH; soils with greater pH will react to consume the H+ pro-
duced, forcing the equilibrium further towards products. Similarly, redox potential 
will control the precipitation of some minerals; for example, sulphide minerals will 
form much more favourable under reducing conditions. This is because under 
chemically reduced conditions, the reduced forms of both iron (Fe2+) and sulphur 
(HS−/S2−) will be present in greater concentration, and these are both required reac-
tants for sulphide mineral formation.

4.4.4.2  Co-precipitation

Unless a solid precipitates from a solution containing only its component ions, other 
ions of similar charge and ionic radius may be included in the structure of the pre-
cipitating mineral. This process is known as co- precipitation and involves inclusion 
of small amounts of ‘foreign’ ions in the structure of a precipitating solid, normally 
limited to a few mole percent of the foreign ion(s). We already know that the phyl-
losilicate clay minerals co-precipitate with cations in their structure other than Al3+ 
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and Si4+ (Sect. 4.4.2), and this is a very important phenomenon in soils and sedi-
ments. Other types of mineral are also known to form co-precipitates; for example, 
iron oxides may include trace or greater amounts of Al, As, Cd, Co, Cr, Cu, Mn, Ni, 
Pb, Sn, V, and Zn (e.g. see Singh and Gilkes 1992).

4.5  Soil Functions Related to Human Concerns

Direct use of soil by human communities affects issues related to physical and emo-
tional health and well-being, food production, community cohesion, and construc-
tion. Soil may also have indirect effects on health through differences in land use or 
moderation of climate or may represent an archaeological or historical archive. We 
have addressed soil functions related to human concerns in the other chapters in 
this book.

In our discussion of soil formation in urban environments (Chap. 2), we exam-
ined the archaeological function of urban soils, that is, their ability to store and 
preserve different types of record of human habitation and activities. Chapters 2 and 
3 also discuss the geological information stored in some urban soils in terms of their 
original parent material. The manufactured items that we find in soil help us learn 
about human history, and urban soils also offer us many opportunities to learn about 
the natural world through urban agriculture and environmental education (Gregory 
et al. 2016), a topic we address in Chap. 10.

The main ‘use’ of soil in urban environments is to provide living space; we con-
struct our dwellings on (and in some cases, from) soil. We cover some of the engi-
neering properties of soil as a building material and foundation in Chaps. 5 and 10. 
Construction of buildings, however, almost always insulates us from the soil 
beneath, a constraint which makes access to gardens and public open spaces crucial. 
In contrast, the use of soil for construction or as an artisanal raw material puts 
humans in very direct contact with soil. Some of the most obvious activities where 
humans use soil as a raw material are in pottery fabrication (Oladimeji et al. 2015) 
and where bricks or other items for building construction are made from soil, such 
as rammed earth which has been used since ancient times (Spence 1975; Ghavami 
et al. 1999; Liu et al. 2010). The soils in cities can provide a basis for addressing a 
range of concerns related to individual and community health and well-being; the 
health risks are discussed in Chaps. 6, 7, 8, and 9, and health benefits are addressed 
for multiple contexts in Chap. 10.

4.6  Summary

• The functions of soils can be expressed in terms of the services that soil provide 
to ecosystems, in general including support of plant growth, maintenance of bio-
diversity, removal and cycling of materials, and storage of ecosystem resources.
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• The sizes and arrangements of solid materials in soils, known as soil texture and 
structure, control soil porosity and pore size distribution. Understanding soil 
pores allows us to understand the storage and movement of water in soils.

• We also need to account for soil water in the context of other Earth subsystems, 
and this is expressed in the soil water balance. Similarly, we can construct an 
energy balance for soils and use this to understand trends in soil temperature or 
even soil’s effect on climates.

• The organisms that live in or on soils perform a vast range of ecosystem services, 
ultimately related to the ability of soils to capture and store carbon fixed by pho-
tosynthetic organisms – mainly, but not restricted to, plants. The transfers of car-
bon, nutrients, and energy through biological food webs in soils encapsulate 
some of the most important aspects of biogeochemical cycles of carbon and 
macro- and micronutrient elements.

• The interactions of soil biological and physical processes control crucial soil 
properties such as aggregation and porosity. Soil biology and soil chemistry 
interact in their effects on bioavailability of the chemical elements.

• Humans depend on all these natural soil functions and have also developed other 
uses for soils: we construct things from soil; we use soil to store, deliberately or 
otherwise, our diverse array of waste materials; the waste materials themselves 
preserve a record of human existence.

4.7  Further Reading

Hazelton P, Murphy B (2011) Understanding soils in urban environments. CSIRO 
Publishing, Collingwood, 160 pp.

Hillel D (2008) Soil in the environment: crucible of terrestrial life. Elsevier/
Academic Press, Amsterdam/Boston, 307 pp.

McBride MB (1994) Environmental chemistry of soils. Oxford University 
Press, Oxford

Paul EA (ed) (2015) Soil microbiology, ecology and biochemistry. Academic Press, 
San Diego

4.8  Questions

4.8.1  Checking Your Understanding

 1. Explain how soil porosity and pore size distribution affects the behaviour of 
water in soil.

 2. If finer-textured soils hold on to water more tightly, how is it that loamy soils can 
have more plant-available water than sandy soils?
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 3. What are the soil microbial processes involved in biogeochemical cycling of 
carbon and nutrients?

 4. What are the forms of macro- and micronutrients in soils which are available to 
plants? What do these have in common, and how do they differ?

 5. What are ‘secondary minerals’ in soils, and why are they important?
 6. List multiple ways by which soil can immobilise various contaminants.

4.8.2  Thinking About the Issues

 7. What do humans do in urban environments that damages soil structure? 
Conversely, what can we do to improve urban soil structure?

 8. Do you think it would be possible for plants or soil organisms to degrade or 
remove contaminant substances? If so, which ones, and how does the degrada-
tion of removal occur? If not, why not?

 9. Humans have added many substances to urban soils which degrade soil quality, 
so is there anything we can add to soils to improve their ability to supply health 
ecosystem functions?

4.8.3  Contemplating Soils Creatively

 10. Would people place more value on soil in general if they ‘got their hands dirty’, 
that is, came into more frequent direct contact with soil?
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Chapter 5
Urban Soil Physics

Andrew W. Rate

Abstract Urban soils commonly have physical properties which reflect human 
activity in cities and which affect the functioning of urban soils and the ecosystem 
services they provide. This chapter starts with presenting some of the physical con-
straints present in urban soils, such as surface sealing, artificial layering, loss of 
structure, increased density, and the common presence of coarse fragments. Soil 
strength is addressed in the context of construction and also soil erosion and slope 
failure. We also cover the urban heat island phenomenon as it applies to soils in 
urban environments. The consequences of the sometimes adverse physical proper-
ties of urban soils are examined in the context of water-sensitive urban design, soil 
heating and its consequences, the ‘urban karst’ effect, plant growth, and bearing 
capacities for buildings and other infrastructure. The final sections cover methods 
for soil physical measurement in the context of urban environments, starting with 
standard soil physical measurement techniques and progressing to geophysical and 
remote sensing methods.
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What you could learn from this chapter:

• The various physical constraints which exist in many urban soils.
• How physical constraints affect the delivery of ecosystem services by urban soils 

and how the same constraints affect suitability of land for engineered structures.
• The range of soil physical parameters that are important for understanding and 

assessing urban soil environments. An overview of field, laboratory, geophysical, 
and remotely sensed methods for obtaining soil physical data.

5.1  Introduction

In Chap. 4, we covered some of the fundamental physical properties and processes 
in soils, as they relate to the ecosystem services provided by soils in general. This 
chapter will discuss common physical constraints on urban soil functions, given the 
particular physical properties of urban soils introduced in Chaps. 1 and 4. We should 
remember that urban soils are highly variable, and the physical properties are 
affected by factors such as the original soil properties and parent material(s), any 
anthropogenic material added to the soil, soil disturbance, the time elapsed since 
human modification, climate, and land use.
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5.2  Physical Constraints Observed in Urban Soils

5.2.1  Surface Sealing and Subsoil Layering

The existence of high proportions of land having impervious surfaces, sealed as a 
result of buildings or paving on the soil surface, is one of the most influential physi-
cal features of urban soils (Paul and Meyer 2001; Wong et al. 2012). Since impervi-
ous surfaces may cover 60% of cities (Zhu and Carreiro 2004) and may locally be 
100% of the land surface (Fletcher et al. 2004), then there are substantial implica-
tions for urban soil functioning and ecosystem services. A large proportion of 
impervious surfaces reduces both shallow and deep infiltration (Fig. 5.1), which is 
expected to result in lower soil water contents (Coutts et  al. 2013) and greatly 
increase run-off and potentially soil erosion.

A separate but related issue is that of artificial soil layering, which is common in 
urban soils and is the practice of creating a soil profile with specific properties 
designed to achieve a desired function. Some examples of artificially layered or 
engineered soil profiles are those in green roofs (Morel et al. 2015) or putting greens 
on golf courses (USGA 2018). Artificial soil layering may cause impeded water 
flow and/or shallow perched water tables (Jim 1998b). Artificial soil layering may 
involve abrupt changes in texture and/or density with depth, which will control the 
downward and upward movement of water and solutes by formation of permeability 
or capillary barriers (Li et al. 2013).

5.2.2  Soil Density and Porosity

The density of soil, measured as the dry bulk density, is commonly greater in urban 
soils than in natural soils. Dry bulk density greater than 1.6  Mg/m3 is generally 
considered to be less suitable for ecosystem functioning, as root growth is restricted 
(McKenzie et  al. 2004). For example, Short et  al. (1986a), in urban soils in 
Washington DC (USA), measured mean soil densities of 1.61  Mg/m3 in surface 
soils and 1.74 Mg/m3 in subsoils, with several values clearly exceeding the 1.6  Mg/
m3 threshold (Table 5.1). Soil bulk density was higher in young urban residential 
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Fig. 5.1 Simplified city-wide water balance at different proportions of impervious surface cover. 
(Redrawn from USEPA 1993)
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soils in two urban centres in the USA, with lower densities in older soils; the differ-
ences were attributed to pedogenesis (Scharenbroch et  al. 2005) but potentially 
related to confounding differences in texture. The decreased bulk density was not 
reflected in any changed mean gravimetric soil water content. The porosity of soil is 
inversely proportional to the bulk density, given similar density of solids (typically 
ca. 2.6 Mg/m3, similar to many silicate minerals (Cresswell et  al. 2002)). Urban 
soils therefore often have relatively low porosity (e.g. some measurements of <20% 
porosity in Table 5.1), which can affect not only root growth but the movement of 
water, other liquids, and gases. In many instances, the high bulk density of urban 
soils may be related to deliberate compaction of soil materials which underlie build-
ing or road construction.

5.2.3  Coarse Fragments and Artefacts

Many urban soils have large proportions of their volume occupied by coarse (> 
2 mm) fragments of anthropogenic origin (as might be expected from the IUSS defi-
nitions of some Technosols in Chap. 2, which specify ≥20% coarse fragments of 
human origin by volume). The presence of large, low-porosity solids in soils (such 
as natural or anthropogenic stone) results in lower pore volume, as significant poros-
ity only exists between the finer grains. Coarse fragments include components of 
urban refuse such as construction rubble and household waste. An example of a 
Technosol with obvious artefact fragments is shown in Fig. 5.2(a); fragments may 
also include ceramics and, more recently, plastics (El Khalil et al. 2016; Hulisz et al. 
2018) (Table 5.2).

Table 5.1 Bulk density and porosity measurements in urban soils

City
Soil depth 
(cm)

Dry bulk density 
(Mg/m3) Porosity 

(vol. %)a ReferencesMean Range

Hong Kong 10–100 (range 
of depths)

1.65 1.15–
2.63

18.5–57.0 Jim (1998b)

Washington DC, USA Clods from 
0 cm

1.61 1.25–
1.85

36.6 Short et al. 
(1986b)

Clods from 
30 cm

1.74 1.40–
2.03

32.8

Moscow, ID, USA, and 
Pullman, WA, USA

0–15 – 1.39–
1.75

34.0–47.5a Scharenbroch et al. 
(2005)

aEstimated by the authors, assuming a particle density of 2.65 Mg/m3
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Fig. 5.2 Examples of urban soil profiles showing (a) the content of coarse fragments in an ‘urbic 
Technosol’ (an urban soil with significant artefact content) and (b) surface sealing in an ‘ekranic 
Technosol’ (an urban soil having hard material at the surface) (from Hulisz et al. 2018; used with 
permission from Springer)

Table 5.2 Types of coarse fragments and artefacts found in urban soils

Study location Coarse fragments and artefacts References

Washington, DC, 
USA

Brick, concrete, nails (iron), glass Short et al. (1986b)

Hong Kong, China Stones (building rubble, other foreign 
substances)

Jim (1998b)

Hong Kong, China Stones (granitic fill, shells) Jim (1998a)
Moscow, Russia Construction wastes, stones, brick debris, 

cement, concrete, metallic materials, wood, 
nutshells, leather

Alexandrovskaya and 
Alexandrovskiy (2000)

Marrakech, 
Morocco

Bones, fabrics, glass, metal, plastic, wood El Khalil et al. (2016)

Toruń and Zielona 
Góra, Poland

Gravel, concrete, bricks, cinder, metals, 
ceramics, plastic, bones, glass, charcoals

Hulisz et al. (2018)
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5.2.4  Soil Structure

Urban soils are typically poorly structured in their early stages of development. Soil 
aggregation to form structural elements (peds) occurs progressively along with 
other soil formation processes. Many urban soils are developed on soil materials 
modified or created by human activity and so are relatively young, with minimal 
change due to pedogenesis – including minimal development of soil structure (Jim 
1998b; Chen et al. 2014). The development of soil structure is one of the mecha-
nisms that increases soil porosity, provided that the soil materials have suitable 
properties (e.g. sufficient clay content – see White 2006). The high bulk density and 
corresponding low porosity of many urban soils (Table 5.1) can be another conse-
quence of the limited development of structure, or processes such as compaction 
and disturbance may cause both the lack of structure and the low porosity (high 
density).

Improvements in urban soil structure may result from amendment of soils with 
composts made from urban waste materials. Fourvel et al. (2019) studied the effect 
of green waste compost on soil and dredged dam sediment, finding that compost 
improved the structural parameters of the soil materials. Increases in mean weight 
diameter of soil aggregates (i.e. better structure), decreases in bulk density, and 
increases in macroporosity persisted for up to 18 months following compost addition 
to the soil materials. Structural improvements can also be achieved using organic 
materials from other waste streams, such as biosolids (digested sewage sludge) 
(Kumar and Hundal 2016). Dredged dam sediments can provide a potentially fertile 
material to offset soil loss in urban environments, and their amendment with organic 
waste materials therefore represents beneficial reuse of both materials (Almeida 
et al. 2001), although dredged materials may contain potentially acidifying sulphides.

5.2.5  Soil Strength

Soil strength is important in different ways depending on the context. For mainte-
nance of a biological community, high soil strength is undesirable, but in the context 
of preventing erosion or slope failure or supporting built infrastructure, high soil 
strength is advantageous.

Soils with high strength are common in urban environments, and this is fre-
quently a consequence of deliberate or accidental soil compaction. Only a few stud-
ies have measured soil strength, for example, in terms of penetration resistance, in 
urban environments. For example, Chatterjea (2007) found significantly higher pen-
etration resistance on and around walking trails in an urban park in Singapore, with 
on-trail penetration resistance frequently ≥1 MPa. The increased resistance to pen-
etration in Chatterjea’s (2007) study was related to the compaction caused by human 
foot traffic. Rocha et al. (2015) also measured high penetration resistance in soils 
being rehabilitated to forest in a peri-urban environment in Brazil (Fig. 5.3).
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5.2.6  Soil Erosion and Erodibility

It has been known for some time that urbanisation causes local increases in soil ero-
sion, for example, due to construction of buildings and roads exposing bare soil. 
Erosion is exacerbated by the increased volume and velocity of run-off from imper-
meable surfaces. The increased sediment yield from erosion of urban soils generally 
has the consequence of increased sediment load of urban streams (Wolman and 
Schick 1967). The short-term rates of erosion in terms of soil depth with time can 
be up to 18 cm/year on soil materials exposed or deposited by construction prac-
tices. For individual projects, therefore, soil erosion is a crucial consideration 
(Rowlands 2018).

Less severe water erosion is usually in the form of sheet (or sheetwash) and rill 
erosion (Fig. 5.4), caused by water flowing over unconsolidated land surfaces such 
as bare soil or with minimal vegetation cover (Knox et al. 2000). Soil loss by sheet 
and rill erosion is dependent on rainfall intensity and landscape factors such as slope 
steepness, slope length, and vegetation or impermeable cover. Soil factors also 
affect soil loss by water erosion; a soil’s intrinsic erodibility depends on properties 

Fig. 5.3 Variation of penetration resistance with depth in soils being rehabilitated to forest in 
Garça city, Sao Paulo, Brazil. REF1 and REF2 refer to sites reforested with Brazilian native tree 
species; PAS is a site under pasture; FFPP is a remnant forest site (control); and EUCA is planted 
with Eucalyptus species. Translated version redrawn from Rocha et al. (2015) and used under the 
conditions of a CC-BY-4.0 licence

5 Urban Soil Physics



128

like soil structure and texture, organic matter content, hydraulic conductivity, and 
soil strength (White 2006).

On a larger scale, therefore, urban soil erosion may be lower than for other land 
uses, because on average the land surface is covered with either vegetation (e.g. 
lawns) or impermeable surfaces that protect the soil surface from rainwater impact 
(Del Mar López et  al. 1998; Knox et  al. 2000) (Fig.  5.5). Del Mar López et  al. 
(1998) modelled erosion with the Revised Universal Soil Loss Equation (RUSLE2; 
see Box 5.1) and assumed that the ‘crop factor’ (i.e. protection of land by vegetation 

Fig. 5.4 Sheet and rill erosion of bare soil on a slope exposed by urban construction activities. 
(Photograph by Andrew W. Rate)

1000

100

10

1

0.1

So
il 

lo
ss

 (M
g 

ha
−1

yr
−1

)

Fig. 5.5 Soil loss by erosion for different land use types in Puerto Rico. Redrawn from Del Mar 
López et al. (1998); used with permission from the College of Arts and Sciences, University of 
Puerto Rico, Mayagüez
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cover) was more protective for densely developed urban land than for any other land 
use category, including closed-canopy forest. Even though vulnerable soil in urban 
environments is far more erodible than in rural settings (Wolman and Schick 1967; 
USDA 2000), the overall effect of surface sealing in urban areas can be to decrease 
erosion relative to natural environments on a whole-city scale (Fig. 5.5).

The erosion of soil from urban environments may still exceed erosion from other 
land use types such as forest or agriculture, especially when rapid urbanisation is 
occurring (e.g. see Erskine et al. 2003; Martin et al. 2003; Ozsoy and Aksoy 2015).

Wind Erosion
Erosion of particles from soils by wind in arid and semi-arid environments can be a 
significant pathway for soil loss. For example, Khresat et  al. (1998) recognised 
urban expansion as a contributor to desertification in Jordan, with some of the most 
important mechanisms being erosion by water and wind. Urban soil erosion is also 
a significant source of airborne particulate matter (Eliasson et al. 2008) (Fig. 5.6), 
which may have adverse effects on human health. Although the source of some soil 
particles in air is external to urban centres, some studies show greater particulate 
concentrations in city centres compared with peri-urban areas (Eliasson et al. 2008).

Urban development has been a contributing factor in catastrophic landslides. For 
example, the 1979 Abbotsford landslide in New Zealand (Fig. 5.7), involving ca. 
5 × 106 m3 of soil and underlying unconsolidated sediment, was caused by multiple 
natural and urban factors. Natural factors included the slope of 7–10° along sedi-
ment bedding planes and soil and underlying material containing smectite clay with 
very low shear strength. The factors related to urbanisation which were identified 
included excavation of material on the lower slope, a leaking water main pipe that 
increased pore water pressure, and minor contributions from the increased mass of 
buildings and paved areas and removal of vegetation (Hancox 2008).

Fig. 5.6 Daily mean total suspended particulates (TSP, μg m−3) in urban air for different cities, as 
a function of latitude (°N or °S). (From Eliasson et al. 2008; used with permission from Springer)
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Fig. 5.7 Catastrophic slope failure in suburban Abbotsford, New Zealand, 1979. (Image from 
Hancox 2008; used with permission from Springer)

Box 5.1 The Revised Universal Soil Loss Equation
The Revised Universal Soil Loss Equation (RUSLE) predicts soil loss by 
water erosion and has been modified several times since the original USLE 
was developed by Walt Wischmeier at the US Department of Agriculture in 
the 1960s. The USLE model was originally intended for predicting soil losses 
from croplands in the USA and was updated for prediction in other environ-
ments, such as constructed areas, in 1978 (Renard et  al. 1997). The latest 
version, RUSLE2, is based on the following equation (Foster et al. 2003):

 
A S r k l c pi i i i i� �� �  

where:

A is the average annual erosion
r is the rainfall/run-off erosivity factor
k is the soil erodibility factor
l is the topographic factor (slope steepness, roughness, etc.)
c is the cover-management factor
p is the support practices factor
and the subscript i denotes the daily index value for each factor (r, k, l, c, p)

RUSLE2 multiplies the daily factor values to estimate daily erosion values, 
which are summed (indicated by the ∑ symbol in the equation) for all days in 
a year to estimate average annual erosion. Previous versions of RUSLE 
included the k and c factors varying with time but not all factors as in RUSLE2.
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There are fewer applications of the USLE or RUSLE to soil loss by erosion of urban 
soils than for agricultural soils, possibly as the model assumptions are not fulfilled. 
More advanced modelling approaches such as the USDA’s Water Erosion Prediction 
Project (WEPP) may offer more reliable prediction (Laflen and Flanagan 2013).

5.2.7  Soil Temperature and Heat Fluxes

The urban heat island effect is the tendency of urban areas to have greater air and 
land surface temperatures than the surrounding peri-urban and rural areas. Urban 
heat islands have been known to exist since the early 1800s and have been con-
firmed by numerous studies using micrometeorological and remote sensing tech-
niques over the last 40–50 years (Landsberg and Maisel 1972; Hafner and Kidder 
1999; Small 2006; Min et al. 2019). There are multiple potential causes of urban 
heating, including the abundance of impermeable surfaces with large heat capacities 
and low reflectivity, intentional release of heat from combustion, the low propor-
tions of vegetated land and open water which would otherwise confer an evapora-
tive cooling effect, and lower soil water contents requiring less heat input for 
evaporation from soil. The increased surface area and heat capacity of tall buildings 
create the so-called canyon effect which is known to cause additional urban heating 
(Landsberg and Maisel 1972; Changnon 1999; Grimm et al. 2008; Tang et al. 2011). 
Examples of surface temperature gradients in and around several urban areas are 
shown in Fig. 5.8, showing that urban heat island effects are widespread, but they do 
not occur in all cities.

The greater air and land surface temperatures in urban areas would logically lead 
to greater soil temperatures, and this is generally supported by measurements. 
Changnon (1999) used a 60-year time series of air and soil temperature data in 
Champaign, Illinois, USA, to show an increasing trend attributed to urbanisation. A 
similar soil temperature increase was confirmed by Savva et al. (2010) who mea-
sured increases in soil temperature under both turf grass and urban forest in 
Baltimore, USA. Based on depth profiles from geothermal boreholes in Gateshead, 
UK, Banks et al. (2009) presented evidence that soil heat fluxes from an urban heat 
island had warmed surface soil and underlying sedimentary rocks to a depth of at 
least 55 m. Finally, in an extensive study in Nanjing, China, Tang et al. (2011) mea-
sured differences in urban and rural soil temperatures of between 1 and 3  °C 
(Fig. 5.9a). The city of Shanghai, China, however has an urban heat island only in 
terms of air temperature, whereas soils in the urban centre of Shanghai are cooler 
than soils in surrounding suburbs, a phenomenon which is likely to be due to 
increased shading (Fig. 5.9b).

The greater soil temperature in urban systems, caused by greater heat fluxes from 
atmosphere to soil, would need to be at least partly balanced by greater outgoing 
heat fluxes. Some of this heat loss flux would be soil heat flux to deeper soil, includ-
ing to considerable depths, as suggested by Banks et al. (2009). Soil evaporation 
(latent heat flux), however, would also be likely to increase, resulting in drier urban 
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Fig. 5.8 Urban heat island effects shown by images derived from analyses of Landsat ETM+ 
spectra. Approximate urban extents (from Google Maps and shown as white cross-hatched poly-
gons) are superimposed on surface temperature images selected from Small (2006) and used with 
permission from Elsevier. Colour scale in temperature maps ranges from black and blue tones 
(cooler) to red tones (warmer)

Fig. 5.9 (a) Yearly trend of urban ( Tm,u) and rural ( Tm,r) mean soil temperatures 
(from Tang et al. 2011) and used with permission from Elsevier; (b) urban ‘cool island’ of surface 
soil temperature in Shanghai, China (from Chen et al. 2003), with contours in °C and the  sym-
bol representing the urban centre (used with permission from Springer)

soils. Greater soil temperature would also be expected to affect soil chemical and 
biological processes (such as faster chemical reactions or greater microbial activity 
when soil water content is sufficient; for more detail see Xiao et  al. (2005) and 
Peters and McFadden (2010)).
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Soils are important for regulation of urban microclimates (Mao et al. 2014). The 
ability of urban soil to cool the overlying atmosphere by way of the latent heat flux 
will clearly be lower for drier soils, however, since the latent heat flux represents the 
heat content of evaporating water vapour (Coutts et  al. 2013). Urban vegetation, 
especially trees, promotes cooler soils by providing shade and by allowing greater 
evapotranspiration (i.e. latent heat flux) from soil (indirectly) to the atmosphere (Lin 
and Lin 2010).

5.2.8  Heterogeneity of Soil Physical Properties

Although this issue has already been addressed in Chap. 3, it is worth remembering 
that substantial short-scale heterogeneity in soil physical properties can exist in both 
anthropogenic and ‘natural’ soils. One example is the artificial layering discussed 
briefly in Sect. 5.2.1. There have not been many researchers who have studied short- 
range variability of soil physical properties, but it is an important issue to consider 
for engineering properties of soils and may require an additional margin of safety to 
be applied, for example, in the case of load-bearing soils for construction (Uzielli 
et al. 2006).

5.3  Effects of Urban Soil Physical Constraints 
on Ecosystem Functioning

5.3.1  Effect of Impervious Surfaces

Lower infiltration of water into a landscape with high impervious surface cover 
(Paul and Meyer 2001) can be assumed to result in less soil water being available 
for plants and soil biota (Coutts et al. 2013). Some studies, however, have found that 
changing the permeability of surface cover has little to no effect on the growth of 
urban trees (Morgenroth and Buchan 2009; Volder et al. 2009). The transfer of water 
to soils, and consequent availability of water to plants, in urban environments can be 
increased with water-sensitive urban design (WSUD) features such as swales and 
buffer strips or rain gardens (Fig. 5.10).

Impervious surfaces also differ from pervious surfaces or uncovered soil in their 
thermal characteristics. For example, Montague and Kjelgren (2004) showed that 
the albedo of different surface materials decreased in the order: concrete > gravel 
rock mulch > turf > asphalt > pine bark mulch > lava rock mulch. In the same study, 
thermal conductivity decreased in a somewhat different order: asphalt > concrete > 
turf > gravel rock mulch > pine bark mulch > lava rock mulch. Both low albedo and 
high thermal conductivity would be expected to result in greater temperatures in the 
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underlying soils, but actual observations were only partly consistent with this expec-
tation. Under all net solar radiation scenarios, the greatest soil temperatures were 
under asphalt and concrete, with the lowest soil temperatures under pine bark mulch 
(Montague and Kjelgren 2004).

Deliberately buried infrastructure, such as pipework for urban utilities, has the 
same effect as coarse fragments in reducing the effective soil volume for ecosystem 
services, like water storage and water and solute movement. Some authors call this 
the urban karst effect, and the phenomenon is illustrated in Fig.  5.11). This is 
because of the combined effects of limited infiltration areas from impervious sur-
face cover, underground cavities, buried infrastructure, and tree roots creating pref-
erential flow pathways in the same ways as natural ‘karst’ landscapes formed by 
dissolution-dominated weathering of limestones (Gwenzi and Nyamadzawo 2014; 
Bonneau et  al. 2017). Urban impervious surfaces create more focused areas for 
water infiltration (sometimes in intentionally constructed basins) which increases 
percolation of water into discrete smaller areas, even leading to local mounding of 
groundwater. Installation of buried infrastructure such as pipework with smooth 
surfaces, and infilling of infrastructure trenches with high-permeability materials 
such as coarse sands and gravels, creates preferential flow pathways for water and 
solutes within urban soils (Bonneau et al. 2017). An important combined outcome 
of localised infiltration and preferential water flow in urban soils is therefore to, in 
some cases, increase leaching of substances dissolved in water. These substances 
may be contaminants such as nutrients, metals, organic compounds, or pathogens; 
the preferential flow means less interaction with the solid materials in the soil, con-
sequent greater concentrations in pore water, and therefore possible groundwater 
contamination.

Fig. 5.10 Modified version of part of the ‘classic’ urban water balance diagram in Fig. 5.1, show-
ing some possible pathways based on water-sensitive urban design for the increased run-off gener-
ated by high proportions of impervious surfaces. (Graphic by Andrew W. Rate)
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5.3.2  Effects of Soil Density and Porosity

Bulk density greater than ca. 1.6 Mg/m3 is usually considered to be undesirable 
(McKenzie et al. 2004). The actual threshold bulk density value is dependent on 
texture (see US EPA 2011), and the upper threshold value may be as high as 1.8 Mg/
m3 before plant growth is severely restricted on sandy soils. The total porosity of 
soil is best understood in the context of air- and water-filled pores; air-filled poros-
ity needs to be ca. 10% of total soil volume at field capacity water content for 
adequate aeration for plants and aerobic microorganisms (Hazelton and Murphy 
2011). Low porosity confers a greater risk of inadequate air-filled porosity in wet 
soils, with consequent risks of waterlogging and anoxia (White (2006) suggests a 
minimum porosity of 23% by volume  – have another look at Table  5.1). High 
water-filled pore space can decrease soil strength; low porosity, especially the 
absence of macropores, causes low infiltration rates resulting in run-off and poten-
tially soil erosion.

Fig. 5.11 The urban karst phenomenon, showing a schematic of preferential water flow (arrows) 
through natural fractured limestone karst at left and at right preferential flow along the boundary 
of soil with tree roots or buried infrastructure in an urban karst. (Graphic by Andrew W. Rate, 
inspired by US EPA (1993))
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5.3.3  Effects of Soil Strength

5.3.3.1  Effects on Biological Components of Soil

Plant root growth decreases with increasing soil strength (see Fig. 5.12 and Zou 
et al. (2001)). Hazelton and Murphy (2011) state that root growth will be severely 
restricted for cereal crops at penetration resistance ≥2–2.4 MPa, since roots can 
only explore pre-existing pores and planes of weakness in a soil. Soil shear strength 
limits root elongation at 70 kPa in sandy loam soils, and up to 290 kPa in clays (see 
Hazelton and Murphy 2011, who also present limiting values of soil shear strength 
for germination, ‘coleoptile elongation’, and seedling emergence).

5.3.3.2  Effects on Human Construction

Typical bearing capacities for a range of soils and soil-like materials range from 
<75 kPa for soft clays and silts to ≥300 kPa for compacted sand and up to >600 kPa 
for dense gravel (or sand plus gravel) (Geotechdata.info 2015). Some typical values 
of bearing limits for urban soils and related materials are presented in Table 5.3. 
These values have a safety factor applied; if soil has insufficient bearing capacity for 
the weight of structure, shear failure of the soil beneath and adjacent to foundations 
can compromise the built structure. The dependence of shear strength on grain size 
and morphology means that soil strength can be increased by mixing with a coarse- 
grained material such as rock chips (Rahardjo et al. 2008).

Fig. 5.12 Effect of soil strength (MPa) measured by penetration resistance on root growth 
(mm day−1) of Pinus radiata seedlings (Zou et al. 2001; used with permission from Springer)
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Soil compressibility is also an issue, measured by a range of parameters (e.g. 
bulk modulus, volumetric compressibility) depending on the context (e.g. whether 
the soil is laterally constrained; see Terzaghi et  al. 1996; Liu and Evett 2008). 
Coarser materials such as gravels and sands tend to have lower compressibility and 
are therefore more suitable for construction than more compressible silts, clays, and 
organic-rich soils for which settlement can be a severe problem.

In extreme cases, urban development may lead to potentially dangerous or even 
catastrophic events such as large sinkholes (Fig. 5.13) or landslides. The sinkhole 
which formed in Harbor, Oregon, USA, shown in Fig. 5.13 was along the line of a 
stream gully which had been infilled to allow construction. Preferential flow of 
water down the path of the former stream during heavy rain resulted in tunnel ero-
sion, with the sinkhole forming as the material overlying the tunnel collapsed. Julian 
and Anthony (1996) discuss the increased incidence of landslides related to coastal 
urban development in south-eastern France, noting that human activities such as 
mechanical compaction, road construction, and removal of vegetation are factors 
contributing to slope failures.

Table 5.3 Bearing limits of earth materials based on shear strength. (British Standards 
Institution 1986)

Material Bearing limit (kN/m2)

Rocks
Strong unweathered igneous or gneissic rock 10,000
Strong unweathered limestones or sandstones 4000
Unweathered schists and slates 3000
Strong unweathered shales, mudstones, or siltstones 2000
Soils
Dense gravel/dense sand plus gravel > 600
Medium dense gravel/medium dense sand plus gravel < 200–600
Loose gravel/loose sand plus gravel < 200
Compact sand > 300
Medium dense sand 100–300
Loose sanda < 100
Very stiff boulder clays and hard clays b 300–600
Stiff claysb 150–300
Firm claysb 75–150
Soft clays and siltsb < 75

aDepends on degree of looseness; bsusceptible to long-term settling/compaction
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5.3.4  Effects of Soil Erosion

Erosion of urban soils, especially during the construction phases of urban develop-
ment, is a significant source of sediment to streams and rivers (Paul and Meyer 
2001) and ultimately to the marine environment (USEPA 1993). The ecology of 
urban streams can be affected significantly by increased sediment load, resulting in 
effects such as eutrophication, reduced biodiversity of plants and invertebrates, and 
reduced diversity and population declines for fish species (Paul and Meyer 2001). 
Export of sediment to streams by soil erosion is also associated with stream sedi-
ment contamination (Sutherland 2000). In stormwater drainage systems, excessive 
sedimentation from soil erosion may necessitate drain maintenance by excavation 
of drain sediments (Department of Environment 2004).

Wind erosion of soil (including urban soil) increases the concentration of fine 
particles suspended in the atmosphere (Chan et  al. 2008; Eliasson et  al. 2008; 

Fig. 5.13 A large sinkhole which formed in Harbor, Oregon, USA, in 2016, probably caused by 
preferential subsurface water flow down an infilled former valley (from upper right to lower left of 
image (c)) during heavy rainfall (Photo credits: (a, b), Oregon Department of Transportation, used 
under terms of Creative Commons Attribution 2.0 Generic license; (c) still from YouTube video by 
Kyle Rice, Triook Technology, Harbor, Oregon, USA (used with permission))
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Athanasopoulou et al. 2010). Erosion by wind is particularly relevant in drier soil 
environments, which in urban environments may result from higher soil tempera-
tures and reduced deep and shallow infiltration due to impervious surfaces. The 
combined influences of both the urban heat island effect, and the increasing tem-
perature trend due to climate change, may result in increasing severity of wind 
(aeolian) erosion of urban soils.

Erosion of surface soils by water and wind also represents a loss of fertility due 
to the vertical stratification of nutrients and soil organic matter, in that the greatest 
concentrations of nutrients and organic matter are at or near the soil surface. 
Establishment of vegetation may therefore be more difficult (e.g. in rehabilitation of 
urban soils) if erosion occurs, unless soil amendments are used to manage fertility 
(US EPA 2011).

5.3.5  Effects of Warmer Soils

Since (with some exceptions, such as Damascus, Lebanon (Fig. 5.8), or Shanghai, 
China (Fig. 5.9)) urban soils are likely to be warmer than their natural soil counter-
parts, it is worthwhile considering the effects of greater soil temperature on soil 
processes and functions.

Warmer soils will tend to be drier; the lower water content is driven by external 
energy inputs which are balanced by the latent heat flux of the soil (Hillel 2014; see 
Chap. 4). The theory is consistent with measurements in urban soil systems; for 
example, Wang et al. (2011) measured greater evapotranspiration by urban trees at 
higher soil temperatures. Evaporation of water directly from soil also requires there 
to be a relative humidity gradient between soil and the atmosphere, however, so 
warm soils will not always dry out.

Combined warming and drying of soil will generally cause decreases in biologi-
cal activity. Plants will experience water stress (Hillel 2014), and soil microorgan-
isms from urban soils may not survive extreme drying (Gleason et  al. 2004). In 
some cases, though, soil microorganisms may adapt to the selection pressure applied 
by higher temperatures so that they can better survive warming and/or drying 
(McLean et al. 2005).

At greater soil temperatures in the absence of water limitation, microbial pro-
cesses occur more quickly. The most obvious example is that of soil organic matter 
decomposition, commonly measured as respiration of CO2 by soils. In urban soils 
in Auckland, New Zealand, Weissert et al. (2016) showed that soil temperature and 
soil water content were the best predictors of soil CO2 emissions across a range of 
land uses and soil types, including urban parks and areas of remnant and planted 
forest. Other microbially driven processes have also been shown to respond to tem-
perature changes in urban soils. Methane emissions from urban wetland soils (which 
are driven by microbial processes) in Ohio, USA, increased with increasing soil 
temperature (Morin et  al. 2014). Similarly, the net mineralisation of nitrogen, 
another process dominated by soil microbial and mesofaunal activity, was greater in 
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urban than rural environments, an effect attributed to an urban heat island (Pavao- 
Zuckerman and Coleman 2005).

Plant growth can also be affected by increased soil temperature in urban environ-
ments. Ziska et al. (2004) found that plant productivity was more closely related to 
soil temperature than to daytime air temperature or atmospheric CO2 concentration, 
along a rural-urban gradient in Maryland, USA (the study ensured that soil water 
content or nutrients were not limiting factors to plant growth).

5.4  Soil Physical Measurements

5.4.1  Standard Soil Physical Methods

There are numerous standard field and laboratory-based methods for determining 
soil physical properties, and it is not our intention to review these comprehensively 
in this textbook. We will include a brief discussion below and refer readers to excel-
lent compilations of soil physical methods in Cresswell et al. (2002) and Dane and 
Clarke Topp (2002).

There are numerous soil physical parameters which are important to be measured 
or estimated in urban soils. It is useful to have information on basic soil properties 
such as density, porosity, coarse fragments, water content, soil texture, soil struc-
ture, soil temperature, and electrical conductivity.

Parameterised models can be used to estimate or predict soil physical parameters 
which are difficult to measure. These may be mechanistic, meaning that the model 
is based on a theoretical understanding of the processes involved, such as the equa-
tion describing a soil water retention curve using the van Genuchten equation (e.g. 
see de Lima et al. 2016). Alternatively it is sometimes possible to predict the values 
of soil properties because they are statistically related to other (more easily measur-
able) soil properties, without assuming any physical mechanism. The statistical 
relationships are usually regression models (see Chap. 3), giving rise to the so- 
called pedotransfer functions, which are used to predict soil physical parameters 
that are difficult to measure (Cresswell et al. 2002, Chap. 22). (Table 5.4)

5.4.2  Geophysical Methods

A number of ‘geophysical’ techniques have the potential to generate two- or three- 
dimensional representations of the below-ground soil environment and therefore to 
provide information which include soil variability across a landscape and/or with 
depth. They can be especially useful in combination with each other, to cross- 
validate detection of subsurface soil features and properties. The soil properties 
accessible by geophysical methods are, not surprisingly, mainly soil physical 
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Table 5.4 Examples and availability of methods for determining soil physical properties in the 
field and laboratory

Soil physical property In situ/field method Laboratory method

Soil depth Excavation; push-probe –
Water table height Piezometers, bores –
Bulk density Water replacement and related methods, 

neutron probe
Volumetric/gravimetric on 
undisturbed field cores

Coarse fragments Sieving/gravimetric Sieving/gravimetric
Water content Time domain reflectometry (TDR), 

neutron probe
Thermogravimetric

Water potential Tensiometers Filter paper method
Water repellence – Molarity of ethanol droplet 

(MED) test
Texture Manual deformation Gravitational sedimentation
Structure Field observation –
Aggregate stability Emerson test (qualitative) Wet sieving
Penetration resistance Field penetrometer Penetrometer
Shear strength – Triaxial cell; direct shear box
Compressibility – Consolidometer; triaxial 

compression cell
Water retention curve Simultaneous TDR or neutron probe + 

tensiometers
Pressure plates/tables, plus 
gravimetric

Infiltration rate Double-ring or tension infiltrometer, 
well permeameter

–

Hydraulic 
conductivity

Depthwise soil pore water samplers or 
thermistors

Constant- or falling-head 
permeameters

Soil temperature Thermocouples; thermistors –
Heat fluxes: Latent 
and sensible

Eddy covariance; Bowen ratio method –

Electrical 
conductivity/
resistivity

Suspension and field conductivity meter; 
EM survey; electrical resistance 
tomography

Suspension and conductivity 
cell

Particle density – Volumetric/gravimetric
Specific surface area – BET sorptimetry
Atterberg limits – Drop-cone penetrometer + 

thermogravimetric
Evapo(transpi)ration Lysimeters; plant-based techniques –
Air permeability Surface-chamber method Manometer/flow meter
Heat capacity, soil 
heat flux

Dual-probe heat-pulse method Dual-probe heat-pulse 
method

Thermal conductivity Time series of depthwise temperature 
gradient

Time series of depthwise 
temperature gradient

Solute transport (esp. 
models)

Lysimeters; soil pore water samplers; 
groundwater tracers

Hydrogeochemical simulation 
models; lysimeters

Source: Cresswell et al. (2002), Dane and Clarke Topp (2002)
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properties (sometimes modified by chemical composition parameters such as salin-
ity). Chemical and biological soil properties are not generally able to be determined 
by above-ground probes such as those described below and are dependent on physi-
cal sampling and subsequent laboratory analyses.

Ground-penetrating radar (GPR) is based on detection of the rate of propagation 
and strength of reflection of a pulse of radiofrequency electromagnetic radiation 
applied at the soil surface. It has been used to measure soil depth to bedrock and 
detect voids and buried infrastructure in urban contexts (Saarenketo and Scullion 
2000), in situ urban tree root morphology (Stokes et al. 2002), as well as in archaeo-
logical exploration of ancient cities (Leopold et al. 2011).

Magnetic methods include magnetic gradiometry (i.e. measurements of mag-
netic field gradient) and magnetic susceptibility. For example, Magiera et al. (2006) 
measured magnetic susceptibility on a ca. 10 km grid spacing in surface soils across 
Poland, the Czech Republic, and Germany, finding that urban soils had a distinct 
magnetic signature. Similarly, magnetic gradiometry was used in Montréal, Canada, 
to assess the subsurface of landfill soils, in combination with other geophysical 
techniques (Boudreault et al. 2010). Like other methods, magnetic gradiometry is 
also used in urban archaeology (e.g. see Boschi (2012), and the examples in 
Chap. 2).

Electrical resistivity/conductivity of the subsurface is the basis for geophysical 
techniques such as electromagnetic (EM) mapping and electrical resistivity tomog-
raphy (ERT). The simplest and most portable method is EM mapping, with hand-
held and vehicle-mounted instruments available. Examples of the use of EM 
mapping in urban soils include detection of buried infrastructure at a decommis-
sioned coal mine in Lünen, Germany (Bell and Failey 1991) and mapping of various 
underground utilities (e.g. pipes, tanks) in Jeddah City, Saudi Arabia, in combina-
tion with GPR (Rashed and Atef 2015). The investigation by Rashed and Atef 
(2015) also utilised the ability of EM methods to provide magnetic susceptibility 
data, allowing discrimination of different materials (plastics, metals).

Electrical resistivity tomography is a more complex technique, logistically, in 
terms of numerical processing requiring inverse modelling of raw data but impor-
tantly with respect to the additional information provided. It relies on acquisition of 
data, over typical time frames of 0.5 to a few hours, from linear electrode arrays 
inserted into surface soil. The type of information provided by ERT typically relates 
to soil water content and soil texture, since both affect the electrical conductivity of 
the subsurface. An example of the use of ERT in an urban soil environment was to 
assess land suitability for potential urban or tourism development near the urban 
area of As Siliyin, El-Fayoum, Egypt {Metwaly, 2010 #5646`; see also Fig. 5.14}. 
The ERT information collected by Metwaly et al. (2010) was used to discriminate 
sediment textures and water content, to help understand the groundwater resource at 
the site (Fig. 5.14). Boudreault et al. (2010) showed that ERT also has the capability 
to detect solid, high-resistivity zones and objects in urban soil-like materials. An 
archaeological application of EM and ERT in cities, to locate previously unknown 
bronze production sites in Athens, Greece, is described by Leopold et al. (2011).
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It is worth mentioning seismic geophysical techniques, because as well as pro-
viding in situ information about the subsurface environment, they can provide esti-
mates of the risks posed by earthquakes, as well as minor seismic phenomena such 
as vibrations from heavy vehicles and construction activities. An application of 
surface-based, non-destructive seismic methods for soils and volcanic sediments 
with a range of consolidation is described for the urban environment of Napoli, 
Italy, by Nunziata et al. (2004).

Other geophysical techniques include (but are not limited to) induced polarisa-
tion, which is related to ERT but measures the ability of different subsurface materi-
als to hold an electrical charge (e.g. Cardarelli and Di Filippo 2004), and magnetic 
resonance sounding, which can yield information about free water content and 
hydraulic conductivity (e.g. Lubczynski and Roy 2003). Both techniques are used 
down pre-existing boreholes through soil and underlying material, and induced 
polarisation can also be used in linear electrode arrays in the same way as ERT.

5.4.3  Remote Sensing Methods

Remotely sensed data, using imagery from satellites or aircraft, have been used for 
many years to assess urban environments, including collection of data on urban 
soils. Many landform or land use parameters, and soil physical properties, are acces-
sible by remote sensing. Only a few soil chemical and biological properties are 
accessible using remote sensing methods.

Satellite data. In an early example, Ormsby (1982) used Landsat 3 visible, near- 
infrared, and thermal data to discriminate selected pairs of land covers including 
urban vs. agricultural or urban vs. unvegetated/extractive industry land. More recent 
investigations using Landsat data are based on fitting remotely sensed imagery to 
the vegetation – impervious surface – soil (V-I-S) model (e.g. Phinn et al. 2002; Wu 
and Murray 2003), with an important outcome being reliable estimation of impervi-
ous surface cover in cities. Other satellite-derived data, such as MODIS or ATLAS, 
have been used to map various parameters relevant to urban soil environments, 

Fig. 5.14 Electrical resistivity tomography inversion image for a cross section in the peri-urban 
area of As Siliyin, Egypt (30.793 E, 29.381 N). (Image from Metwaly et al. (2010); used with 
permission from Springer)

5 Urban Soil Physics



144

including soil temperatures and urban heat island effects (Schneider et al. 2012), 
detecting the sources of urban air pollution (Xu et al. 2005), inferred soil organic 
carbon (Bae and Ryu 2015), evapotranspiration and plant water requirements (Nouri 
et al. 2016), and simulation of urban soil water content (Chiesi et al. 2019). Synthetic 
aperture radar (SAR) is an additional airborne or satellite-based sensing technique 
that effectively simulates a very large radar antenna (‘aperture’) by virtue of the dif-
ferent positions along the flight path, allowing high-resolution images and measure-
ment of the height of objects or land elevations. SAR has been used for some years 
to map urban expansion and urban land use (e.g. Henderson and Xia 1997). 
Additional applications include estimation of soil water content (Moeremans and 
Dautrebande 2000), assessment of land subsidence (Tosi et  al. 2009), building 
height (Colin-Koeniguer and Trouvé 2014), vegetation indices (Kim et al. 2014), 
impervious surface cover (Zhang et al. 2018), and flood water monitoring (Chini 
et al. 2019).

Airborne data.  Aerial photography was probably the first remote sens-
ing data layer to be used and is still commonly used in the mapping of urban land 
use or land surface cover (e.g. Grant and Finlayson 1978; Fox et al. 2012). High- 
resolution aerial photography has also been used as calibration data for analysis of 
satellite images (Ormsby 1982). Airborne radiometric data have been used widely 
in mineral exploration for several decades and have also provided information use-
ful to urban areas. Relying on the natural radioactivity caused by low but detectable 
concentrations of radioactive potassium, thorium, and uranium isotopes, airborne 
radiometric measurements provide remotely sensed information to allow discrimi-
nation of solid earth-surface materials such as different types of rocks and soils. 
Airborne radiometric measurements have been used in an urban context by Beamish 
and Busby (2016) to assess peri-urban geological structures for geothermal poten-
tial. Another potentially fruitful application was described by Bierwirth and Brodie 
(2005), who found that the radiometric thorium (Th) signal was depleted in acid 
sulphate soil environments. Although Bierwirth and Brodie’s (2005) study was not 
in an urban environment, the incidence of acid sulphate soil processes in new urban 
developments (especially in coastal areas) could make airborne radiometrics a use-
ful monitoring tool.

5.5  Additional Reading

Hillel D (2014) Environmental soil physics: fundamentals, applications, and envi-
ronmental considerations. Academic Press, San Diego, USA

Verma SK, Sharma SP (Eds.) (2011) Urban Geophysics (Special Issue with 21 arti-
cles). Physics and Chemistry of the Earth, Parts A/B/C, Vol. 36, Issue 16, 
pp. 1209–1436. Elsevier, Amsterdam, The Netherlands
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5.6  Summary

Urban soils can have numerous physical constraints which affect their ability either 
to perform ecosystem services or to support urban infrastructure

The potentially adverse physical properties include:

• Surface or subsurface sealing
• High density and associated low porosity
• The existence of substantial proportions of coarse materials, artefacts, or bur-

ied infrastructure
• Weak on non-existent soil structure (for ecosystem services)
• Soil strength which is inappropriate to the desired soil functions
• High soil erodibility
• High soil temperatures

Adverse soil physical properties in urban environments may have undesirable 
effects on the ecosystem services or engineering functions of soils. The unde-
sired effects may differ or even oppose one another depending on the soil man-
agement objectives (e.g. supporting vegetation or use as a structural foundation)

The physical properties of soils can be either static or dynamic. There are many 
methods for determining these properties, based on combinations of field and/or 
laboratory measurements. Some measurements must be made in situ in the field 
(e.g. infiltration rate or soil temperature), while others must be made in a labora-
tory (e.g. shear strength, particle density).

Soil physical morphology and properties are amenable to geophysical and remote 
sensing techniques to a greater degree than are soil biological or chemical mea-
surements. Geophysical methods such as ground-penetrating radar, magnetic 
methods, or techniques based on electrical properties can provide useful infor-
mation over larger spatial extents in urban soils. In addition remotely sensed 
(airborne or satellite) data has been used to estimate urban soil physical 
conditions.

5.7  Questions

5.7.1  Checking Your Understanding

 1. Which soil physical constraints are likely to affect soil water storage and move-
ment in urban soils? What is the nature of the effects that you have identified?

 2. Some urban soil physical constraints are likely to affect soil biological function-
ing  – what are these constraints? Which soil organisms might be affected 
and why?
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 3. Identify the soil physical processes which (a) have adverse effects on both eco-
system services and engineered structures and (b) have opposite effects on eco-
system services and engineered structures. Try to explain the differences!

 4. Draw an annotated diagram which shows the water and heat fluxes (and any 
changes in these fluxes) involved in cooling of urban atmosphere and land sur-
faces by trees.

 5. List the soil physical methods which directly or indirectly relate to measurement 
of soil water storage or movement. Describe which aspect of the behaviour of 
water in soils is being measured in each case.

 6. Using examples, describe the differences between ground-based and remote 
sensing geophysical techniques for measurement or estimation of physical prop-
erties of urban soils.

(For the following sets of questions, you might need to do some additional 
reading.)

5.7.2  Thinking About the Issues

 7. Explain why the analogy of a karst landscape is helpful for understanding water 
and solute flow in urban soils (or why it is not!).

 8. Discuss the possible advantages and disadvantages of field versus laboratory 
measurement of the following soil physical properties: bulk density, water con-
tent, texture, penetration resistance, and electrical conductivity.

 9. Is the often-cited water balance graphic (e.g. Fig. 5.1) still valid for urban eco-
systems? Why (or why not)?

5.7.3  Contemplating Soils Creatively

 10. Discuss whether it would be possible to remove the urban heat island effect in 
part or all of an urban area. What would be the best strategies for cooling soils 
in an urban environment?
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Chapter 6
Inorganic Contaminants in Urban Soils

Andrew W. Rate

Abstract If, in the absence of prior knowledge, we were to guess one feature of 
urban soils, we might assume that pollution with hazardous inorganic substances, 
such as ‘heavy metals’ or asbestos, would be widespread. In many cases this is true, 
and so this chapter deals with the topic of inorganic contaminants in urban soils. We 
identify nutrients, metals and metalloids, asbestos, plastics, manufactured 
nanoparticles, radionuclides, and cyanide as contaminants of concern and discuss 
their sources in urban soils. In addition, we cover the formation and properties of 
acid sulphate soils. Following this, we explain the behaviour of inorganic 
contaminants, going into some more detail on soil chemical reactions than was 
presented in Chap. 4. The discussion addresses the effects of transport processes, 
time, and soil properties on the relevant chemical reactions. Some further discussion 
of bioavailability is coupled with a discussion of the effects of urban soil 
contamination on ecosystem services. The later sections present methods for soil 
chemical analyses and concepts for understanding soil chemical data. The analytical 
method component covers total and partial elemental analyses and field 
measurements. Following this, we examine the concepts of background 
concentrations, regulatory contamination thresholds, separation of geogenic and 
anthropogenic sources of contaminants, and contamination indices.
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What you could learn from this chapter:

• The inorganic contaminants of concern in urban soils and where they come from.
• An introduction to acid sulphate soils in urban environments.
• The processes controlling immobilisation, mobility, and bioavailability of inor-

ganic contaminants.
• Why there are many ways of analysing soil for inorganic contaminants and what 

information the analyses give us.
• Some ways we can use soil analysis data to distinguish natural and anthropo-

genic sources of inorganic contaminants.

6.1  Sources of Inorganic Contaminants in Urban Soils

An understanding of the potential sources of contaminants is essential for assess-
ment of urban soil environments. In a formal environmental impact procedure, the 
likely contaminant sources form part of a conceptual site model (CSM), which will 
be discussed further in Chap. 9. Substances which are potential contaminants may 
be subdivided into two categories: first, those elements and substances which are 
from recognised sources and have usually been added to soils during the 
Anthropocene era (i.e. since about 1950, when accelerating human activity began to 
significantly change environments on a global scale). Second, contaminants (often 
the same substances) have also been added to urban soils by humans, in historical 
times (subjectively, before the twentieth century), which provide indicators of 
urban/anthropogenic impact (e.g. Strauch et al. 2008).
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6.1.1  Sources of Nutrients

Since early history (at least as early as the Bronze age; Golyeva et al. 2018), soils in 
urban areas commonly have become more concentrated in nutrients. This nutrient 
signature is predominantly manifested as increased phosphorus and carbon contents 
(both elements are more persistent in soils than nitrogen; see Deevey et al. 1979; 
Davidson et al. 2006). Urban soils which have received recent fertiliser or organic 
amendments may also be enriched in nitrogen (Gregory et al. 2016). An excess of 
nutrients can occur in urban soils on land currently or historically used for 
horticulture and other forms of plant production, since these soils commonly receive 
large amounts of synthetic and organic fertilisers (Mann et al. 2002; Sangare et al. 
2012; Mao et al. 2014). Soils used primarily for plant growth also include urban 
lawns (Bennett et al. 2005 – see Fig. 6.1) and those reclaimed from coastal saline 
environments (Li et al. 2014). The export of nutrients from urban soil (e.g. residential 
lawns) is strongly dependent on soil properties. Export of nitrogen and phosphorus 
has been measured to be much higher if soil properties favoured run-off rather than 
infiltration of rainwater (Easton and Petrovic 2008b; Easton and Petrovic 2008a). 
Another important source of excess soil nutrients in some urban environments is the 
discharge of untreated or minimally treated wastewater or solid wastes onto soil, 
even if the nutrient content of the wastewater represents beneficial reuse of an 
otherwise discarded material (Anikwe and Nwobodo 2002; Nyenje et al. 2010).

6.1.2  Sources of Metals

Natural inputs. Trace elements occur widely in the parent materials of soils, at con-
centrations which are broadly dependent on lithology. Global summaries of average 
concentrations of trace elements in different rock types have been presented by 
Kabata-Pendias (2011), Alloway (1995), and Adriano (2001), but to present these 
data here is beyond the scope of this text. Some soils have naturally high 

Fig. 6.1 (a) Phosphorus concentration (log10(mg/kg); extracted from soil using the Bray-1 ‘avail-
able’ P method) in soils under different land uses in and around the Madison urban area, Wisconsin, 
USA (from Bennett et al. 2005; used with permission from Springer). ‘Cash grain’ and ‘dairy’ are 
agricultural land uses; ‘lawn’ is residential urban; ‘prairie’ is remnant natural vegetation. Urban 
land has less P than agricultural and greater P than natural (significance p < 0.01). (b) Available P 
and K in urban soils of Beijing, China (redrawn from data in Mao et al. 2014)
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concentrations of one or more trace elements, derived from their parent rocks. For 
example, soils developed on ultramafic or serpentine rocks commonly contain high 
concentrations of chromium and/or nickel (Gonnelli and Renella 2012). During the 
process of soil formation, trace elements may become enriched or depleted in 
different soil horizons. This depends on the soil-forming environment and the 
predominant chemical reactions for each element (Adriano 2001). For example, Cu 
and Pb may become enriched relative to parent material in the surface organic 
horizons, following plant uptake from depth. The metals remain in surface soils 
because of their strong associations with pedogenic minerals (such as iron oxides 
and clays) and soil organic matter (Davies 1988; Baker and Senft 1995). External 
inputs of trace elements include atmospheric deposition, which is minimal in many 
natural environments (e.g. Ljung et al. 2010) but may be locally important, especially 
in urban areas (Nriagu 1988).

Anthropogenic Inputs Elevated concentrations of metals in soils are commonly 
derived from human activity, and (not surprisingly) most research into metal ion 
bioavailability (see Box 6.1) has been concerned with contaminated environments. 
Anthropogenic sources of trace metals have been reviewed exhaustively (e.g. see 
Adriano 2001; Kabata-Pendias 2011; Alloway 2012). Industrial inputs include 
mining and ore processing, smelting, and other metallurgical processes and a wide 
range of metal-utilising industries (Chen et  al. 1997; Wong et  al. 2002; Laidlaw 
et  al. 2018). Several agricultural and horticultural activities, such as market 
gardening, contribute metals, particularly in (peri)urban systems. These sources of 
trace elements in horticulture include use of fertilisers with trace element 
supplements or impurities (Mann et al. 2002), application of metal-contaminated 
organic wastes including sewage sludge or effluents from intensive animal industries 
(Sterrett et al. 1996), and use of metal-containing pesticides, especially Cu and Zn 
in fungicides. Enhanced atmospheric deposition of some metals has also resulted 
from use and disposal of fossil fuels and their residues. Specifically urban sources 
include road traffic (Adachi and Tainosho 2004; Mielke et al. 2010), construction 
and weathering of buildings and other infrastructure (Davis et al. 2001), and indirect 
contributions from road dust (Harrison et al. 1981; Kelly et al. 1996; De Miguel 
et al. 1997; Banerjee 2003). Urban environments are not always predictably enriched 
in trace elements on a whole-city basis; for example, Acosta et al. (2015) found that 
population density does not affect metal concentrations in soil in some Spanish cities.

6.1.3  Sources of Other Contaminants

Asbestos The asbestos group of minerals (such as chrysotile, crocidolite, or tremo-
lite, having fibrous crystal forms) is naturally occurring and has been mined and 
used widely in commercial products such as insulation, fireproof building materials, 
some concrete products, and vehicle brake linings (Alloway 2004; USEPA 2008; 
Department of Health (WA) 2009). In addition, naturally occurring asbestos may 
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exist in soils near natural asbestos deposits (Lee et al. 2008). Asbestos may occur in 
urban soils following abrasion or disposal of any of these manufactured items or 
weathering of rocks containing minerals in the asbestos group. Human exposure to 
asbestos presents well-established health risks, which are discussed in Chap. 10. 
The risk is dependent on the form of asbestos in soil; the Department of Health 
(WA) (2009) identifies, in increasing order of risk, asbestos-containing material 
(intact products or larger fragments present in soil via disposal or spillage), fibrous 
asbestos (friable and smaller fragments of asbestos), and asbestos fines (free fibres 
and any fragments or aggregates of asbestos passing a 7 mm sieve). In many coun-
tries the use of asbestos, and management of land with asbestos contamination, is 
heavily regulated.

Plastics Contamination of global environments with plastics, particularly micro-
plastics, is extremely widespread, with significant attention being given to the pres-
ence of plastic pollution in marine environments (Derraik 2002; Browne et al. 2011, 
and see Fig. 6.2a) due to their perceived and actual effects on marine organisms 
(Gregory 2009). Microplastics are mainly generated in terrestrial environments 
(Jambeck et al. 2015) and are known to occur in soils (Rillig 2012), though less is 
known about the occurrence and ecological effects of plastics in soils (Horton et al. 
2017; He et al. 2018). An important secondary source of plastic pollution in urban 
environments is road dust (Abbasi et al. 2017); transport of microplastics occurs 
through natural drainage networks such as streams (Nizzetto et al. 2016). It is likely 
that constructed stormwater systems are also conduits for transport of microplastics 
derived from road dust and other terrestrial sources, but this issue has not yet been 
addressed significantly in published research. Even waste products such as cigarette 
butts may represent a source of persistent plastic pollution in urban soils (Green 
et al. 2019).

Fig. 6.2 (a) Plastic pollution in the wrack zone of a beach; (b) optical microscope image of micro-
plastic and micro-rubber particles extracted from urban soil (images by Andrew W. Rate)
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Plastics in soils, in particular microplastics (Fig. 6.2b), are of concern because 
they are known to interact with soil fauna (Huerta Lwanga et al. 2017; Maaß et al. 
2017) and because of their capacity to adsorb and transport persistent organic 
pollutants (Da Costa et al. 2019) and potentially toxic metals (Zhou et al. 2019). The 
interactions of fauna or pollutants with plastics are not understood sufficiently well 
for their effects on soil ecosystem services to be assessed.

Manufactured Nanoparticles Nanomaterials, including a wide range of different 
type of nanoparticles, are materials manufactured with particle sizes in the range 
1–100 nanometres (1  nm  =  10−9  m). The field of nanotechnology is rapidly 
expanding, and nanoparticles have a wide range of applications including electronics, 
medical diagnosis and treatment, advanced solar power generation and storage, 
‘smart’ fabrics, catalysis, and environmental remediation (Independent Working 
Group for PMSEIC 2005; National Nanotechnology Initiative 2019). The 
compositions of nanomaterials considered in soil research include silver (Ag), 
zerovalent iron (Fe), titanium dioxide, (TiO2), magnetite (Fe3O4), stannic oxide 
(SnO2), cerium oxide (CeO2), antimony oxide (Sb2O3), zinc oxide (ZnO), carbon 
nanotubes, and a range of nanoparticulate plastics. Given the wide range of uses of 
nanomaterials and the high mobility of nanoparticles, a range of nanoparticulate 
substances are likely to be found in soils. To date, however, there are no measurements 
of manufactured nanoparticles in soils, except those that have been added 
experimentally to soils in a research context (Bundschuh et al. 2018). Manufactured 
nanoparticles need to be distinguished from the diversity of natural nanoparticles in 
soils (e.g. many Fe oxides, clay particles), meaning that current techniques are 
extremely complex (e.g. Praetorius et al. 2017 – future methods are also likely to be 
similarly elaborate).

Radionuclides Natural radionuclides (radioactive isotopes of some elements such 
as Cs, Ra, Ru, Th, U, etc.) in soils, sediments, and rocks generate the ambient 
radiation background which can be enhanced by urban construction using these 
materials (e.g. Medeiros and Yoshimura 2005). Potentially harmful concentrations 
of radioactive isotopes can be derived from human activities which may occur in 
urban areas. The most obvious of these are nuclear power generation accidents, 
such as Chernobyl and Fukushima (Andersson and Roed 1994; Endo et al. 2012). 
Other radionuclide contamination may be derived from mineral sand mining which 
can adjoin urban areas (Arogunjo et al. 2009) or from application of phosphogypsum 
fertilisers (Fernández-Caliani 2012).

Cyanide Simple cyanide compounds, mainly hydrogen cyanide (HCN) and related 
salts such as NaCN containing the cyanide anion CN−, are extremely toxic with a 
very low fatal dose for humans. More complex cyanide compounds (such as the 
relatively simple FeII(CN)6

4−) have substantially lower toxicity (Kjeldsen 1999). 
The most likely sources of cyanide in urban soils are current or former gas works 
sites, where extraction of coal gas produces HCN as one of the by-products (Mival 
et al. 2006). Cyanide is also used in electroplating and extraction of gold from ores, 
both activities which could conceivably occur in cities. Meeussen et  al. (1994) 
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measured concentrations of free cyanide in groundwater and deduced that the 
concentrations were controlled by the low solubility of FeIII

4(FeII(CN)6)3 (commonly 
called ‘Prussian blue’) which is formed during purification of coal gas. In a quite 
different context, Stec et al. (2019) found soil to be contaminated with free cyanide 
following the tragic Grenfell Tower fire in London, UK, in 2018. The source of 
cyanide in this instance was the partial combustion of, or volatilisation from, 
nitrogen-containing organic (e.g. polymer) materials in the fire.

6.1.4  Acid Sulphate Soils

Acid sulphate soils (often abbreviated to ASS) form from the oxidation of sulphide 
minerals (commonly pyrite, FeS2) contained naturally in soils, which have previously 
remained in anoxic conditions due to saturation with water (Moormann 1963; Pons 
and Van Der Molen 1973). The exposure of such soil materials to atmospheric 
oxygen results in the oxidation of sulphides and the formation of sulphuric acid; if 
insufficient acid neutralisation capacity (e.g. carbonate minerals) is present, the 
soils become very acidic with pH ≤ 4. The most common landscape category for 
acid sulphate soils to form in are coastal soils formed from parent materials which 
were previously inundated with seawater (e.g. during periods of higher sea level), 
such as estuaries. Drainage of these soils for urban development, such as canal 
construction, housing, or growing crops, reduces the water-filled pore space in the 
soil, allowing entry of oxygen and initiating sulphide oxidation (Figs.  6.3, 6.4). 
Formation of acid sulphate soils also occurs on sulphidic material dredged from 
drains and natural waterways (e.g. Fig. 2.7 and Fig. 6.4; Fanning 1990; Xu et al. 
2018). Prior to oxidation by drainage or dredge-spoil deposition, the sulphidic soils 
are known as potential acid sulphate soil, or PASS, and these are distinguished from 
actual acid sulphate soils (sometimes abbreviated AASS) (Ahern et al. 2004).

Acid sulphate soils are known to occur in urban environments. For example, 
Fanning and Rabenhorst (1990) and Evans et al. (2000) describe formation of acid 
sulphate soils from material dredged from Baltimore Harbour, USA, within a 
timescale of a few weeks. Formation of acid sulphate soils on dredged sediment has 
also been described in the city of Brisbane, Australia (Clark and McConchie 2004). 
Appleyard et  al. (2004) measured acidification of groundwater attributed to 
excavation and drainage of peat soils in Perth, Western Australia; the acidification 
also caused increased concentrations of dissolved arsenic, aluminium, and iron. The 
threats from acid sulphate soils are likely to remain an important issue, since they 
occur in highly populated areas in developing countries (Ljung et  al. 2009). In 
addition, climate change and water abstraction in urban areas may accelerate their 
formation, if the groundwater level declines so that sulphidic materials are exposed 
to oxygen in soil or sediment pores (Salmon et al. 2014).

Acid sulphate soils can also be detrimental to urban infrastructure. For example, 
Plumlee et al. (2016) describe how the use of dredged materials in dune reconstruction 
caused corrosion of steel structures used for stabilisation of landforms. Concrete 
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and limestone materials are also known to be damaged when exposed to acid 
sulphate materials (Golab and Indraratna 2009).

6.1.4.1  Other Acidic Urban Soils

Not all acidic urban soils have acidified by acid sulphate processes. Du et al. (2015) 
describe areas of acidic urban soils in southern China, centred on large urban areas, 
caused by atmospheric deposition of sulphur dioxide (SO2), nitrogen oxides (NOx), 
and ammonia (NH3) in rainfall. In this case the SO2, NOx, and NH3 are derived from 
emissions from industries and other urban sources.

‘Cone of
depression’

in
groundwater

Sub-aerial 
disposal of
excavated 

material

Sulfidic horizon

Sulfidic sediment (PASS)

Acid sulfate material (oxidised)

Groundwater

Groundwater 
decline due to
climate change

Surface 
drainage, 
canals, …

Groundwater
extraction

Acid sulfate soil
formation

Fig. 6.3 Formation of acid sulphate soils in urban landscapes by processes which expose sul-
phidic material to atmospheric oxygen: groundwater extraction, excavations such as land drainage, 
subaerial spoil disposal, and climate change or other processes which lower groundwater such as 
altered hydrology (graphic by Andrew W. Rate)
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Fig. 6.4 (a) Change in pH and EC of dredge spoil after exposure to air (redrawn from data in from 
Evans et al. 2000); (b) acid sulphate soil profile in a peri-urban environment near Fredricksburg, 
Virginia, USA (coordinates 38.397 N, −77.456 W) (from Rabenhorst 2016 with annotations by 
Andrew W. Rate; used with permission from John Wiley and Sons); (c) soil cores from an acidified 
dredge spoil in Western Australia (−32.59 S, 115.782 E) (from Xu 2018, used with permission)
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6.2  Controls on Contaminant Behaviour in Urban Soils

6.2.1  Reactions Involving Soil Solid Phases

Many trace elements predominantly exist as cations in natural systems (metallic 
forms such as Cu0

(s) may exist under some redox conditions, but are uncommon). 
The aqueous speciation of cationic metals is mostly as stable complexes or ion 
pairs, as well as aquo complexes and their hydrolysis products. The cationic metals 
commonly form insoluble oxides, hydroxides, carbonates, phosphates and sulphides. 
In general, most ionic forms of nutrient and trace elements are associated in soils 
with solid phases as described below and in Chap. 4.

6.2.1.1  Metals in Mineral Phases

Many trace elements occur as discrete mineral phases containing the element of 
interest as the primary structural cation (such as hydroxides, carbonates, phosphates, 
and sulphides) or as ions co-precipitated in variable proportions in the structure of 
more common minerals such as primary and secondary silicates and oxyhydroxides 
of Fe, Al, and Mn. While trace metals within primary or pedogenic mineral structures 
provide useful data on geochemical origins and soil-forming processes, these forms 
of elements are not usually considered to contribute to biological uptake due to their 
slow cycling within terrestrial ecosystems. Exceptions to this generalisation include 
trace metal ions co-precipitated with secondary iron or manganese oxyhydroxides 
or present in sulphide minerals. Changes in soil redox potential can result in transient 
fluxes of dissolved metal ions from these minerals via processes such as reductive 
dissolution of oxides or sulphide oxidation (Gambrell 1994; Singh et  al. 1996; 
Sullivan et al. 2013). There is some evidence to show that over a wide geographical 
range, several trace elements including As, Cr, Co, Cu, Ni, Pb, and Zn co-occur with 
iron minerals in soils (Hamon et al. 2004). It should be noted, however, that despite 
the predominance of metals in mineral phases and their purported lack of 
bioavailability (Box 6.1), correlations between total metal concentrations in soils 
and bioavailability as determined by plant uptake have been observed (e.g. McGrath 
et al. 2000).

Nanoparticulate minerals. In some cases, metals in nanoparticulate phases in 
soils may contribute to enhanced bioavailability (Aruoja et al. 2009; Unrine et al. 
2010). It is not yet clear whether this bioavailability reflects differences in solubility 
of, or adsorption onto, nanoparticulate solid phases (Theng and Yuan 2008) or 
whether nanoparticles themselves can be assimilated by organisms. Some studies in 
aquatic environments have found that toxicity may be attributed to nanoparticle 
dissolution, rather than a direct nanoparticle effect (Franklin et al. 2007; Mortimer 
et  al. 2010). In some cases, however, it appears that nanoparticulate Cu and Zn 
oxides are themselves bioavailable or induce a physiological response (Ivask et al. 
2010; Johnston et al. 2010).
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6.2.1.2  Metals Retained by Surface Reactions: Chemisorption, 
Ion Exchange

It is important to make the chemical distinction between metals contained in min-
eral structures in soils and metal species which are retained at the solid-solution 
interface by a sorption mechanism.

Chemisorption (adsorption by formation of electron-sharing bonds; see Chap. 4) 
is likely to be very important in terms of bioavailability, for two main reasons. First, 
chemisorption removes metal ions from solution and therefore controls the 
concentration of free ions in that solution. A theory of biological uptake called the 
free ion activity model argues that the amount of uptake of an element is related 
mainly to the concentration of its free (uncomplexed) ions in solution (assuming 
that concentration is equivalent to chemical activity, which is an acceptable 
approximation in dilute solutions). Second, adsorption is a reversible chemical 
reaction, and desorption (the reverse reaction; release from adsorption) occurs in 
response to depletion of the dissolved ion. Some desorption reactions are fast 
enough that release of ions occurs over timescales which allow significant uptake by 
plants and other organisms. Chemisorption is commonly considered to show poor 
‘reversibility’, deduced from observations of desorption hysteresis, that is, an 
apparently different equilibrium concentration of ions for adsorption compared with 
desorption (McLaren et al. 1981). Desorption hysteresis is most likely an effect of 
slow reaction rates (Barrow 1998).

Ion exchange. The occurrence of many metals as cations (e.g. Al3+, Cd2+, Cu2+, 
Ni2+ and Zn2+) means that they can be retained by electrostatic sorption (i.e. ion 
exchange) on negatively charged soil colloids such as phyllosilicates and organic 
matter. Since variable charge is more negative at high pH, the capacity of soils to 
hold cations electrostatically increases as pH increases. The exchangeable fraction 
of metals usually represents a low proportion of total metal content in soils. Lower 
concentrations of exchangeable trace metals reflect the unfavourable thermodynamics 
of electrostatic sorption compared with other mechanisms and competition at 
charged particle-water interfaces by high concentrations of di- or trivalent major 
cations (Ca2+, Mg2+, Al3+).

6.2.1.3  Metals in Solution and Aqueous Speciation

Concentrations of metals in soil solution are usually very low compared with those 
in the solid phase and reflect a combination of equilibrium with sparingly soluble 
and adsorbed or exchangeable forms of metals and formation of soluble inorganic 
and organic complexes (Wolt 1994).
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6.2.2  Concentrations of Contaminants

Sorption reactions in soils can be considered to occur at ‘sites’ which effectively 
form a continuum in terms of their affinity for metal cations. At high concentrations 
of metals in soils, the high-affinity ‘strong’ chemisorption sites are fully occupied 
by ions. It therefore follows that the lower-affinity ‘weak’ sites then become more 
important for ion or molecule retention, since these will be the only sites left vacant 
for further adsorption. As a result, in contaminated soils, compared with 
uncontaminated, there may be a higher proportion of weakly bound ions or 
molecules, some of which may be held in ion-exchangeable form.

6.2.3  Transport of Metals and Nutrients

Transport phenomena for trace elements in soils have been reviewed thoroughly by 
Carrillo-González et al. (2006). Generally, mobility of metals is very low relative to 
the rate of water movement in soils. This low mobility is a consequence of reactions 
which retain metal ions in solid phases: (co)precipitation, adsorption, and ion 
exchange. The thermodynamics of these reactions favour the existence of metals in 
solid phases, and the low observed mobilities also suggest that rates of metal ion 
release to the aqueous phase are slow. Factors which affect these equilibria (mainly 
metal ion identity and concentration, amount and type of adsorbing phases, pH, and 
reduction-oxidation potential) consequently affect metal transport, as do formation 
of soluble complexes or adsorption on mobile colloids. The mobility of cationic 
metals in soils increases in the approximate order Fe3+ < Pb2+, Hg2+ < Al3+, Cu2+, 
Cr3+ < Co2+, Mn2+, Ni2+, Zn2+, Fe2+ < Cd2+ Ca2+ Sr2+ < Na+, K+, NH4

+ (trace element 
order from Kabata-Pendias 2011). The mobility of common anions in soils increases 
in the approximate order H2PO4

−, H2AsO4
−, MoO4

2−, HS− < H2BO3
− < SO4

2− < HCO3
−, 

NO3
−, Cl−, Br− (Bohn et al. 2002). These rankings are only a guide, however, and 

the order is not replicated in all studies. For example, McQueen (2009) categorises 
the mobility of elements differently depending on pH (acidic, alkaline) and redox 
(oxidising, reducing) conditions, acknowledging that different reactions predominate 
depending on soil or regolith conditions.

The strong retention of many elements in soils results in small transport dis-
tances over observable timescales, which are commonly shown by the retention of 
contaminant-derived elements (e.g. metals; metalloids like As, Mo, or Se; or 
phosphate) in surface soil horizons, except in very acidic or sandy soils (Adriano 
2001). Low pH, such as that encountered in acid sulphate soils or acid mine drainage, 
allows relatively large concentrations of metals to leach through soils (Boman et al. 
2010). Mass transport of metal cations or oxyanions is likely to be dominated by 
preferential water flow in large, continuous soil pores (McLaren et al. 2004), and the 
amounts of metals transported are small reflecting the low concentrations in solution. 
In addition, there is increasing recognition of colloid transport (transport of 
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sub- microscopic particles with metals or other elements attached) as a mechanism 
resulting in faster transport of contaminants (Sen and Khilar 2006). Metal ion 
supply to plants occurs more by diffusion than mass transport in uncontaminated 
soils (Hinsinger 2001; Degryse et al. 2009); shorter diffusion distances may remove 
diffusion limitations in contaminated soils. Transport by diffusion depends on the 
concentration gradient, ionic diffusion coefficient, and physical factors, such as soil 
water content and water film thickness (Sparks, 1989; Carrillo-González et al. 2006).

6.2.4  Time

Nutrients or trace metals may enter soil as ions or as components of amendments 
such as fertiliser or sewage sludge. After addition, short-term pedological processes 
act to change their speciation and bioavailability (Lu et al. 2005; Smolders et al. 
2009). There are quite different timescales for urban additions, however, and 
commonly considered pedogenic timescales. In many cases, urban phenomena are 
very recent, and this represents a key difference for urban soils in which pedogenesis 
has had limited time to occur. Laboratory studies (Parfitt et al. 1989; Backes et al. 
1995) commonly demonstrate that if nutrient or metal ions react longer with soil 
components they desorb less, and the desorbed fraction is released more slowly than 
for shorter reaction times. A contrasting concept is the ‘time bomb’ hypothesis, 
where it is thought that metals applied in organic residues such as sewage sludges 
will increase in bioavailability in the medium to long term, following mineralisation 
of organic adsorbing phases and associated acidification. McGrath et  al. (2000), 
however, found that Zn and Cd extractability from soil did not change significantly 
more than 20  years following sewage sludge application, results which do not 
support either increased or decreased bioavailability in the long-term. Some steps 
towards resolution of this issue have been made by Bergkvist and Jarvis (2004), 
who show by a modelling approach that long-term changes in metal bioavailability 
vary according to soil and sewage sludge properties and metal content and that no 
universal outcomes exist. The general outcome for metal bioavailability, however, 
shown by Smolders et al. (2009), is for aging of metal-contaminated soils to decrease 
metal bioavailability (Fig.  6.5). Multiple mechanisms explain decreased 
bioavailability with aging, including leaching-induced changes in soil solution 
properties and adaptation of organisms (Smolders et al. 2009) as well as the changes 
in solid-state speciation implied by decreased desorption rates. Regulatory 
guidelines, such as the Australian National Environment Protection Measure 
(National Environment Protection Council 2013b), distinguish between aged and 
fresh contamination, with acceptable concentrations of some elements in aged 
contaminated soils being lower than for freshly contaminated soils.
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6.2.5  Soil Properties

Numerous studies have shown that a range of bulk soil properties have observable 
effects on the behaviour of elements in soils.

6.2.5.1  Soil pH

Soil pH affects elements in different ways depending on their dominant forms and 
reactions in soils.

Nitrogen Low pH reduces overall decomposition of soil organic matter which is 
the largest store of nitrogen in soils (Haynes 1986). Nitrification (microbial oxidation 
of ammonium to nitrate) is more sensitive than ammonification to low pH, so 
ammonium tends to accumulate in acidic soils. Since there is a large range of soil 
biota contributing to organic matter decomposition and release of soluble nitrogen 
species, overall nitrogen availability is relatively insensitive to soil pH (McLaren 
and Cameron 1990).

Phosphorus Low pH reduces the availability of phosphorus, since dissolved con-
centrations of Al3+ and/or Fe3+ are greater in acidic soils, and the solubility of alu-
minium and iron phosphate minerals (e.g. strengite, variscite) is low. Similarly, at 
high pH, the dominant exchangeable cations in soils are usually Ca2+ and Mg2+ 
(Lindsay et al. 1989), which maintain greater equilibrium concentrations of Ca2+ 
and Mg2+ in soil solution. Consequently, at high soil pH, calcium and/or magnesium 
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Fig. 6.5 Simplified effect of time on forms of metals in soils
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phosphates may exceed their solubility products and precipitate. For these reasons, 
the bioavailability of phosphorus is at a maximum at near-neutral pH (approxi-
mately pH 6–7).

Cationic Metals The combined effects of cation exchange, adsorption, and co-
precipitation reactions in soils, as described in Chap. 4, mean that metal bioavail-
ability (Box 6.1) decreases as pH increases (McBride 1994; Sauvé et  al. 2000). 
Since soil pH exerts such an important control, especially on metal behaviour, it is 
used to adjust guideline concentrations in contaminant regulations (e.g. the 
Australian National Environment Protection Measure⋅̦ National Environment 
Protection Council 2013b).

6.2.5.2  Cation Exchange Capacity

Cation exchange capacity (CEC) in soils is a key property affecting contaminant 
behaviour. The CEC itself is dependent on (and probably integrates the effects of) 
other soil properties such as pH (see above) and the content of soil components 
bearing negative charge (such as organic matter and clays; see below). Smolders 
et al. (2009) showed that effective CEC (i.e. CEC measured at the soil’s unadjusted 
pH) was able to explain a significant proportion of the variation in toxicity to 
organisms at any given total metal concentration. Like soil pH, CEC is an important 
control on metal behaviour and is also used to adjust regulatory guideline 
concentrations of contaminants (e.g. National Environment Protection 
Council 2013b).

6.2.5.3  Soil Organic Matter or Organic Amendments

Effects on Nutrients Soil organic matter is a dominant contributor to soil cation 
exchange capacity and therefore has a large influence on the behaviour of 
exchangeable cations in soils. Greater soil organic matter content has been shown to 
decrease leaching of K+ and NH4

+ (Griffioen 2001; Vogeler et al. 2011). In addition, 
the greater CEC of organic materials retains a reserve of plant-available nutrients, 
and organic matter added to soils may itself contain useful nutrient contents 
(Gallardo-Lara and Nogales 1987; Weber et  al. 2007). The addition of organic 
amendments to soils, especially those containing larger proportions of easily 
mineralisable (‘labile’) carbon compounds, can lead to greater than normal 
decomposition of pre-existing soil organic matter. This is known as a priming effect 
and is caused by the ability of organic amendments to increase the activity and/or 
growth of the soil microbial population. In addition, some other microbially driven 
processes in soils related to nutrient cycling (e.g. sulphate reduction, denitrification) 
are promoted by an external source of labile carbon compounds (Thangarajan 
et al. 2013).
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Effects on Cationic Metals It is well known that metal cations adsorb to organic 
matter in soils (Young 2012) and that this adsorption renders the metals both 
immobile and unavailable to organisms. Some external sources of organic matter, 
especially those derived from urban waste materials such as sewage sludges 
(biosolids) or municipal solid waste composts, may contain relatively concentrations 
of potentially toxic trace elements including cationic metals (Alloway 2012). In 
many cases, the metal content of added organic materials is great enough that 
application to soils to meet nutrient requirements may result in exceeding guideline 
concentrations for potentially toxic trace elements. Some research has evaluated the 
so-called time bomb hypothesis which predicts that the organic matter in metal- 
containing soil amendments will eventually decompose, reducing the ability of the 
soil systems to adsorb metals and creating a sudden increase in metal bioavailability 
(Chang et al. 1997). The ‘time bomb’ increase in metal bioavailability may or may 
not occur, however, depending on how much the organic amendment increases the 
natural adsorption capacity of the soil, whether the organic amendment also contains 
an inorganic fraction which can immobilise metals, and the actual metal content of 
the organic amendment (Bergkvist and Jarvis 2004). Organic matter in soils may 
also exist in dissolved form and provide ligands which form soluble complexes with 
trace element cations. In such cases the mobility of metals may actually increase as 
a result of addition of an organic amendment (Kabata-Pendias 2004).

6.2.5.4  Soil Redox Potential

Effects on Nutrients In aerobic soils (i.e. with an adequate supply of oxygen via 
air-filled soil pores), nitrogen and sulphur are most stable as the oxyanions NO3

− 
and SO4

2−. For nitrate (NO3
−) in particular, this can result in leaching of N into 

groundwater due to the minimal retention of NO3
− by most soils. Under reducing 

conditions (e.g. in saturated soils), nitrate is depleted by denitrification, and the 
conversion of ammonium (NH4

+) to NO3
− is suppressed. Prolonged reducing 

conditions allow microbial sulphate reduction to occur in soils to form sulphide 
species (HS−/S2−; see Table 4.2). The other macronutrient elements (e.g. P, K) are 
not directly affected by redox processes but can be affected indirectly; the main 
indirect effect is release into solution of adsorbed phosphate (H2PO4

−/HPO4
2−) from 

iron oxides under reducing conditions, since anoxia favours reductive dissolution of 
FeIII (hydr)oxides, with simultaneous release of many adsorbed ions.

Effects on Trace Elements Iron (Fe) and several minor or trace elements (includ-
ing As, Cr, Co, Cu, Mn, Ni, and V and the rare-earth elements Ce and Eu) are able 
to exist in more than one oxidation state, depending on soil redox potential, over the 
range of redox potentials typically encountered in soils (McBride 1994). In aerobic 
soils, elements normally existing as cations remain in cationic form; trace element 
oxyanions are also stable, and both are predominantly adsorbed to soil colloids or 
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present in the mineral structure of various solid phases. Changes in redox species 
are important reactions for some elements, and we mainly consider chromium (Cr) 
and arsenic (As) due to the high potential toxicity of both elements.

Chromium generally exists in the trivalent (Cr3+) oxidation state in both oxidised 
and reduced soils in species such as mineral forms like Cr(OH)3 or adsorbed 
Cr(OH)2

+ (Gonnelli and Renella 2012). In some oxidised soils, however, including 
soils contaminated with chromium, the more mobile, toxic, and carcinogenic Cr6+ 
species (mainly chromate CrO4

2− or dichromate Cr2O7
2−) can persist  – these are 

usually called ‘chromium six‘and abbreviated to CrVI. Persistence of CrVI is greater 
if Mn oxides are abundant or if minimal concentrations of typical electron acceptors 
for the reduction of CrVI species exist. Under natural soil conditions, it is generally 
soil organic matter which reduces CrVI to non-toxic CrIII species (Gonnelli and 
Renella 2012).

Arsenic is mainly present in aerobic soils as the oxyanionic AsV species AsO4
3− 

(arsenate) as a structural ion in mineral solid phases or as adsorbed H2AsO4
− or 

HAsO4
2− (still arsenate; these are the protonated forms, which are predominant 

when arsenate is dissolved in water). Under reducing conditions, there are two 
pathways for transformation of arsenate, depending on the soil organic matter 
content. In most soils, the product of chemical reduction is the AsIII species arsenite 
H3AsO3

0; in highly organic soils, methylated forms of arsenic(III), such as 
methylarsonic acid or trimethylarsine oxide, can form (Wenzel 2012; Young 2012).

Reductive dissolution of iron(III) (hydr)oxides (and in some soils, Mn(IV) 
oxides), as for phosphate above, releases trace element cations or oxyanions which 
were adsorbed onto or co-precipitated with the oxide mineral (Stone and Morgan 
1987). Typically, reduction of Fe and Mn oxides occurs prior to sulphate reduction 
in the ‘redox cascade’ (McBride 1994). The increase in dissolved metal 
concentrations may be transient, since precipitation of trace element cations may 
occur by formation of hydroxides at the higher pH commonly associated with 
reducing conditions or as sulphate reduction proceeds (see below). Organic ligands 
present in saturated soil environments may also prolong or enhance dissolved metal 
concentrations (Grybos et al. 2007).

Formation of sulphide minerals occurs under reducing conditions, with the onset 
of sulphate reduction, which produces free sulphide as HS− (or H2S). The sulphide 
produced by sulphate reduction reacts with cationic metals and arsenic, resulting in 
precipitation of discrete trace element sulphides or co-precipitation of trace elements 
within iron(II) sulphide minerals. Sulphide minerals maintain trace elements in 
forms with extremely low bioavailability, so long as reducing conditions persist 
(e.g. by continued saturation/submergence of soil) (Gambrell 1994). The risk of 
subsequent oxidation is affected by recrystallisation during early diagenesis; the 
initial minerals to form such as amorphous ferrous monosulphide (FeS), or 
mackinawite, have extremely rapid rates of oxidation, whereas more stable 
(recrystallised) minerals such as pyrite (FeS2) oxidise more slowly (Morgan 
et al. 2012).
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6.2.5.5  Soil Mineral Phases/Major Elements

The existence of mineral phases containing trace elements, or associations of trace 
elements with specific minerals or major elements, is difficult to prove experimentally. 
We cannot simply rely on correlation analyses showing a positive relationship 
between a trace element and a mineral or major element, since these never imply 
causation. In addition, the very widely used sequential selective extraction methods 
largely categorise trace elements into operational fractions, which are not completely 
specific or which overlap, so sequential extraction does not provide sufficient 
evidence either. More compelling data is obtained from microchemical techniques, 
such as energy dispersive X-ray microanalysis (EDX or EDS) which is conducted 
in combination with electron microscopy or micro-X-ray fluorescence (μ-XRF) 
which requires a synchrotron radiation source. The ‘gold standard’ method is 
obtaining X-ray or electron diffraction patterns on samples of a few microns or less 
in diameter, which can be used to identify individual mineral phases and which 
requires a transmission electron microscope. In this textbook we have tried to cite 
research using at least one microchemical method to support their conclusions.

Clay Content In strictly chemical terms, the role of phyllosilicate (layered alumi-
nosilicate) clays should be distinguished from the effects of ‘clay’ as a soil textural 
category, since Fe, Al, and Mn oxides and other reactive minerals may be present in 
the ≤0.002 mm grain size fraction. Using a range of advanced techniques, phyllo-
silicate clay minerals have been shown to host trace element ions released by chemi-
cal weathering and redistributed in soils by formation of secondary minerals during 
pedogenesis (e.g. Batista et al. 2018). Trace element cations are also retained by 
clay in soils by surface reaction mechanisms such as adsorption (Schulthess and 
Huang 1990) and ion exchange (Majone et al. 1998; Abanda and Hannigan 2007).

If the simple grain size definition of clay is accepted, numerous studies show a 
positive correlation between metal content and clay content. Some weaker evidence 
that this relationship is due to the presence of aluminosilicate clays would be a 
similar positive correlation between metal content and aluminium content (e.g. 
Pardue et al. 1992) or information that other mineral phases are not present in the 
≤0.002 mm fraction from an X-ray diffraction technique.

Iron/Fe Oxides and Hydroxides Very large databases of soil properties demon-
strate relationships between trace element and iron concentrations across multiple 
soil environments worldwide (Hamon et  al. 2004); see Fig. 6.6. The most likely 
explanation for these globally consistent relationships is the association, by 
adsorption or co-precipitation, of trace metal ions with iron(III) oxides and/or 
hydroxides (e.g. Singh and Gilkes 1992; Matera et  al. 2003; Daṃbkowska- 
Naskrȩt 2004).

Calcium/Carbonate Minerals A number of cationic trace elements (including Cu, 
Ni, Pb, and Zn) are known to form discrete carbonate mineral phases or associations 
with carbonate minerals (Yarlagadda et al. 1995; Adamo et al. 1996; Dermatas et al. 
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2006). The existence of cadmium carbonate (CdCO3, octavite) has been inferred 
from soil pore water concentrations of Cd2+ and CO3

2− which appear to have an ion 
product close to the Ksp for octavite and therefore to be controlled by octavite 
solubility (e.g. Street et al. 1977).

Sulphides Sulphide precipitation is important for many trace elements in reduced 
soils, as discussed above.

Other Materials Numerous other mineral phases containing trace elements, includ-
ing oxides, phosphates, sulphates, and silicates, have been detected in soil environ-
ments (e.g. Adamo et al. 1996; Buatier et al. 2001; Ettler et al. 2008).

6.3  Effects of Inorganic Soil Contaminants 
on Ecosystem Services

6.3.1  Nutrients

6.3.1.1  Soil Environments

The most important effects of high concentrations of nutrients in soil are related to 
the likelihood that the soil’s retention capacity (e.g. by adsorption or ion exchange) 
may be exceeded. In many cases this results in export or loss of nutrient(s) from the 
soil system into a receiving environment (this issue is discussed in the following 
subsection below).

Soils having excessive concentrations of nutrients, or eutrophic soils, may show 
different ecosystem biodiversity and functioning than natural soils (Schindelbeck 
et al. 2008). For example, in some environments, nutrient toxicity to native plant 

Fig. 6.6 An example of continental-scale trace element-iron relationship: copper concentration 
ranges in European soils (left), relationship between copper and iron concentrations (inset), and 
copper predicted from iron concentration (right). Data from the FOREGS survey (Salminen et al. 
2005); graphic by Andrew W. Rate

A. W. Rate



171

species from soil eutrophication, such as the sensitivity of some Proteaceae to 
phosphorus, may limit land rehabilitation efforts (Nichols and Beardsell 1981; 
Wolff et al. 2017). The consequences of soil eutrophication for the ecology of soil 
microorganisms and fauna will be addressed in Chap. 8.

6.3.1.2  Receiving Environments

Concentrations of nutrient elements in soil in excess of the capacity of organisms to 
absorb them will often result in transfers out of the soil system or losses. Nutrients 
can be lost from soils by leaching (mass transport with water), soil erosion, and for 
some elements by soil to atmosphere fluxes (such as volatilisation of gas-phase 
ammonia or hydrogen sulphide or denitrification to produce nitrous oxide) 
(Carpenter et al. 1998; Groffman et al. 2002).

The effects of loss of nutrients into waterways is common to cause excess con-
centrations of nutrients in water, or eutrophication. The high concentrations of 
nutrients remove limitations to biomass production for aquatic photosynthetic 
organisms such as algae, causing phenomena such as algal blooms. In aquatic 
systems (such as streams, rivers, lakes, and estuaries), productivity is most 
commonly limited by the supply of phosphorus or nitrogen (Carpenter et al. 1998; 
Peters and Donohue 2001). Eutrophication and algal blooms have their own adverse 
environmental effects, such as oxygen depletion, toxicity, and formation of 
sedimentary organic ooze, which are beyond the scope of this book.

Gas phase losses of nutrients from soils have different types of environmental 
consequences. Volatilisation of ammonia or hydrogen sulphide can cause toxicity to 
plants, but, especially at higher concentrations, they are more commonly a nuisance 
odour to humans (Iglesias Jiménez and Perez Garcia 1989; Muezzinoglu 2003). 
Denitrification is more insidious; in theory, the end product of denitrification is the 
environmentally benign nitrogen gas (N2). In reality, reaction intermediates such as 
oxides of nitrogen are released during denitrification in soils, in particular nitrous 
oxide (N2O) which is a powerful greenhouse gas (on a mass basis, 298 times more 
effective at trapping solar radiation than CO2 (IPCC 2007)). Nitrous oxide is also an 
ozone-depleting substance and is the most important ozone-depleting gas following 
the widespread ban on halocarbons in the late twentieth century (Ravishankara 
et al. 2009).

6.3.2  Trace Elements

6.3.2.1  Plants

It is well known that high concentrations of trace elements in soils can lead to toxic 
effects on plants (Nagajyoti et al. 2010). Metals have a range of biochemical effects 
on plants (e.g. interfering with essential enzymatic systems) which result in reduced 
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growth related to higher concentrations of metals in plant tissues. The uptake of 
potentially toxic metallic or metalloid elements by plants confers the possibility of 
transfer of metals through food chains to higher trophic levels, including consumption 
of metal-contaminated produce by humans (McBride 1995; Abrahams 2002; Bolan 
et al. 2013).

6.3.2.2  Soil Microbiota, Meso- and Macrofauna

Soil pollution with potentially toxic trace elements is well-known to affect the 
growth, functioning, and diversity of soil microorganisms, mesofauna, and 
macrofauna (He et al. 2005; Smolders et al. 2009; Pauget et al. 2013). These issues 
will be discussed in much more detail in Chap. 8.

6.3.2.3  Humans

Humans can be affected by soil contamination with potentially toxic trace elements 
by consumption of plant produce grown on contaminated soils, as discussed previ-
ously (Abrahams 2002; Laidlaw et al. 2018). This pathway for ingestion of contami-
nants is of particular concern due to the growing importance of both community 
gardening and urban agriculture for food production (Thebo et al. 2014; Egendorf 
et al. 2018). A number of other mechanisms also result in soil to human transfers of 
trace elements. Dust entering the atmosphere from contaminated soil (Ljung et al. 
2009) potentially results in a decline in air quality and the potential for adverse health 
effects due to inhalation of fine (< 10 μm) dust. Children are known to accidentally 
or deliberately consume soil, and this is a known vector for lead poisoning and inges-
tion of other potentially toxic elements (Mielke et al. 1999; Ren et al. 2006). Finally, 
trace elements may leach from contaminated soils as dissolved or colloidal forms, 
particularly at low pH or in very sandy soils (Imperato et al. 2003; Appleyard et al. 
2004), posing a threat to water used for human consumption.

6.4  Measurements and Data

Total analyses are those which measure the total concentration of an element regard-
less of chemical species or physical location in the soil. The methods used are based 
on complete dissolution of a soil sample using a mixture of concentrated acids, 
fusion of the soil sample with a flux (e.g. lithium metaborate/tetraborate) followed 
by dilute acid dissolution, or using a spectroscopic instrumental technique such as 
X-ray fluorescence or neutron activation analysis (Sparks et al. 1996). Total elemen-
tal analyses do not generally correlate well with biological uptake (McLaughlin 
et al. 2000; Nolan et al. 2003; Rayment and Lyons 2010) and include background 
concentrations of contaminants as well as anthropogenic additions to soils.

A. W. Rate



173

(continued)

Box 6.1: Concepts for Bioavailability in Soils
Bioavailability and bioaccessibility. Semple et al. (2004) discuss two related 
concepts, bioaccessibility and bioavailability. A substance such as a potentially 
toxic trace element is bioavailable if a transfer from soil into an organism can 
occur (Fig.  6.7). A substance is bioaccessible if it is able to resupply the 
bioavailable pool, but organisms are not presently in the same space in the 
soil, or if a slow process limits release of the bioavailable forms.
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Fig. 6.7 Interactions between chemical species in soils and their relationships with bio-
availability – example for metal ions (graphic by Andrew W. Rate)

Partial analyses aim to measure an actual species, such as exchangeable metals, 
or a conceptual chemical form, such as bioavailable phosphorus, of a nutrient or 
metal in soils. Despite the importance of chemical speciation in soils, however, 
methods for accurately determining speciation require further refinement. For 
example, the existence of some elements in specific mineral phases in soils may be 
established using electron microscopy in conjunction with microprobe techniques 
such as EDS (having relatively high detection limits, e.g. Essington and Mattigod 
1991), synchrotron X-ray spectroscopic techniques (Xia et  al. 1997), or SIMS 
(Chardon et  al. 2008). Determination of truly dissolved forms of elements (e.g. 
‘free’ ions) remains complicated by the difficulties in separating truly aqueous 
species from dispersed colloids. Techniques which target a conceptual fraction 
(such as ‘bioavailable’, ‘mobile’, or ‘plant available’) rather than a discrete species 
may, in fact, be more useful in predicting biological uptake than true speciation 
methods (see Box 6.1; McLaughlin et al. 2000; Zhang et al. 2001).
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(continued)

Relationships of bioavailability to speciation. The chemical form of trace ele-
ments has a very large effect on those elements’ availability or accessibility to 
organisms (Fig. 6.8). It is commonly assumed that ‘bioavailability’ continuously 
decreases from free ions in solution to exchangeable ions, chemisorbed ions, with 
ions within pedogenic, then primary, mineral structures having the lowest bio-
availability (Kabata-Pendias 2004). Bioavailability of nutrients also includes ele-
ments such as N, P, and S contained in organic molecules, released (‘mineralised’) 
by soil microorganisms during decomposition processes (Stevenson 1994). The 
ionic forms (NH4

+, NO3
−, H2PO4

−, SO4
2−, K+) are those bioavailable to plants, 

with potentially bioavailable forms being exchangeable ions for N and K (NH4
+ 

and K+), and weakly adsorbed forms, or higher-solubility minerals, for P and S 
(Wild 1988; Hinsinger 2001).

Adjustment of concentrations using soil properties. Metal bioavailability 
can also be estimated using soil metal concentrations in combination with 
other quantitative soil chemical information. McBride et al. (1997) advocated 
using total concentrations of Cu, Zn, Cd, and Pb in soils, together with values 
of soil pH and organic carbon content which affect metal ion speciation, to 
estimate concentrations of these metals in soil solution. The work of Smolders 
et al. (2009) showed that the best empirical predictor of toxicity to plants or 
invertebrates (earthworms or collembolans), over a large range of soils, was 
the ratio of total concentration of metal in soil to the soil’s effective cation 
exchange capacity (ECEC). More accurate predictions were obtained if this 
ratio was corrected for leaching and/or aging of contaminated soils in the 

Box 6.1 (continued)

Unavailable
forms of 
element / 
substance 

Forms that react 
quickly to 
become 
[bio]available

Bioavailable 
and mobile 
forms of element 
or substance

Phosphate 
minerals:

[Some] 
adsorbed 
phosphate 
ions

Dissolved 
phosphate 
ions

≈

≈

≈

Apatite
Ca5(PO4)3[OH,F,Cl]3
Strengite
FePO4.2H2O

mainly
H2PO4

−
(aq)

or
HPO4

2−
(aq)

Fig. 6.8 Simplified relationship between chemical speciation and bioavailability for phos-
phorus (P) in soils (graphic by Andrew W. Rate)
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field. Just because the metal to ECEC ratio is useful, however, does not prove 
that exchangeable metal ions are the actual bioavailable species. Considerable 
uncertainty still surrounds the ability to predict bioavailability from soil mea-
surements (Smolders et al. 2009).

Free ion activity model(s). It is usually assumed that plants or soil micro-
organisms can only take up the free, uncomplexed metal ion from solution 
(Parker and Pedler 1997). This is the basis for the ‘free ion activity model’ of 
bioavailability. Many studies have shown a positive relationship between free 
metal ion activity and plant uptake (e.g. Zhang et al. 2001). The free ion activ-
ity model has conceptual shortcomings, however, since it does not account for 
resupply of metals from soil solid phases and also does not allow for chemical 
reactions on organism surfaces. The free ion activity model would probably 
be too simplistic for a complex environment such as a soil (Parker and 
Pedler 1997).

Models based on metal resupply. We now understand that metal ion uptake 
by plants is controlled by both the free ion concentration and the rate of 
resupply (e.g. desorption) from soil solid phases. In particular, Zhang et al. 
(2001) showed that the ‘effective concentration’ of Cu (CE) measured by a 
technique called ‘diffusive gradients in thin films’ (DGT) was the best 
predictor of copper uptake by plants. DGT analysis measures the concentration 
of ions released by diffusion over a fixed time interval, so it closely resembles 
the mechanism for biological uptake. Oporto et al. (2009) and Degryse et al. 
(2009), however, found that DGT is not a good predictor of plant metal uptake 
at high concentrations of metals in soil, as would be the case in contaminated 
soils. In contaminated soil environments, biological uptake may not be lim-
ited by diffusion.

Bioavailability models which consider reactions at organism surfaces. The 
biotic ligand model (BLM) considers competitive, pH-dependent, chemical 
interactions between ions in soil solution, reactive solid phases, and the bio-
logical receptors on organisms (Di Toro et  al. 2001). Thakali et  al. (2006) 
showed that a BLM could predict toxicity of Cu2+ and Ni2+ to plants (mea-
sured as decreased root growth), from the amount of Cu2+ or Ni2+ bound to a 
biotic ligand (e.g. the root surface). Predictions by the soil BLM were made 
only for relatively large total metal ion concentrations, since the emphasis was 
on toxicity caused by contaminated soils. A simplified biotic ligand model has 
been shown to predict Cu toxicity for a wide range of organisms, particularly 
plants and invertebrates, with toxicity effects commencing at uncontaminated 
soil Cu concentrations (<10 mg/kg) (Qiu et al. 2013).

Practical use of bioavailability concepts. In practice, the most useful 
approach for incorporating the principles of bioavailability into managing soil 
contamination is to adjust the maximum permissible concentrations using soil 

Box 6.1 (continued)

(continued)
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Box 6.1 (continued)

properties. The critical soil properties are those known to affect bioavailabil-
ity – usually pH, cation exchange capacity, clay content, and organic carbon 
content. Whether the contamination is recent or ‘aged’ is also important. 
These concepts have entered regulatory frameworks in the USA and Europe 
(Naidu et  al. 2015), Australia (National Environment Protection Council 
2013b), and in the UK (Martin et al. 2017).

There are a wide range of methods for both total and partial analyses of nutrients 
and metals in soils. Some of the more commonly used methods, or types of methods, 
are outlined in the following subsections.

6.4.1  Total Elemental Analyses

The analysis of soil for inorganic contaminants is done for numerous reasons. Some 
measurements, such as pH, redox potential, or clay content are used as supporting 
information, to characterise the soil environment for a better understanding of the 
behaviour of the contaminants of interest. For the measurement of nutrients or 
contaminants in soils, there are two main options.

Nitrogen The most convenient method for total nitrogen (and carbon) in soil is by 
high-temperature combustion in a specialised instrument. The nitrogen is converted 
to N2 gas which is measured with a thermal conductivity detector. Total nitrogen can 
also be measured by ‘Kjeldhal’ digestion in concentrated sulphuric acid, which 
converts all nitrogen into ammonium which can be measured by automated colouri-
metric analysis (Rayment and Lyons 2010).

Phosphorus, Sulphur, and Potassium The simultaneous measurement of P, S, and 
K, and most other major elements, in soils is most conveniently achieved using 
X-ray fluorescence (XRF). Total P and K can also be measured by a fusion/
dissolution method followed by separate analyses for the resulting dissolved 
phosphate and potassium. Total S can be measured by high-temperature combustion 
and detection of the evolved SO2 gas by infrared spectrometry (Rayment and 
Lyons 2010).

Major Elements – Na, K, Mg, Ca, Al, Fe, Si The ‘gold standard’ method for major 
element analyses in soils is X-ray fluorescence (XRF) (Karathanasis and Hajek 
1996). Comparisons in the author’s laboratory indicate that, for major and minor 
elements in soil and regolith samples, results comparable with XRF are obtained 
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using fusion in a lithium metaborate/lithium tetraborate flux, followed by dissolution 
in dilute hydrochloric acid with analysis of the solution using ICP-OES (e.g. see Du 
et al. 2012).

Minor and Trace Elements Most metal and metalloid contaminants are present in 
soils at concentrations ≤0.1% (1000 mg/kg) by weight and so are categorised as 
minor or trace elements. Metal contaminants which are of interest in urban soils 
(not a complete list of possibilities!) include Ag, As, B, Cd, Cr, Co, Cu, Hg, Li, Mn, 
Mo, Ni, Pb, V, and Zn, with rising interest in the rare-earth elements such as Ce, Gd, 
La, and Nd due to their increasing use in electronics, medical imaging, and other 
technologies. The detection limits of XRF are too high (≥ 5  mg/kg for some 
elements), and so acid dissolution or fusion methods are more commonly used, 
followed by a more sensitive technique such as inductively coupled plasma-optical 
emission spectrometry (ICP-OES) or inductively coupled plasma-mass spectrometry 
(ICP-MS) (Geboy and Engle 2011).

6.4.2  Partial Analyses

Nitrogen The most common method for ‘available’ nitrogen (mainly dissolved and 
exchangeable NH4

+ and NO3
−, with trace concentrations of NO2

−) in soil is by 
extraction in 2 mol/L KCl solution. The NH4

+ and NO3
− ± NO2

− in the resulting 
extract are usually determined using colourimetric techniques, often automated 
(Mulvaney 1996; Rayment and Lyons 2010).

Phosphorus There are numerous methods for measuring ‘available’ phosphorus, 
typically using solutions able to displace weakly adsorbed phosphate such as 
sodium bicarbonate (Rayment and Lyons 2010) or dilute acids (e.g. acetic acid, 
sulphuric acid – see Kuo (1996) for more detail). The extracting solution contains 
dissolved H2PO4

− and/or HPO4
2− which can be measured colourimetrically.

Sulphur The analysis of ‘available’ sulphur (dissolved and adsorbed sulphate) is 
conceptually similar to that for phosphate. A phosphate solution is used to displace 
sulphate ions into solution, and ICP-OES can be used to measure dissolved sulphur 
(assuming this is mostly SO4

2−) (Rayment and Lyons 2010).

Potassium Plant-available potassium is often considered to be equivalent to 
exchangeable potassium; soil is extracted with a solution containing a competing 
cation (commonly ammonium or calcium salts, although the phosphate-extracting 
solution, sodium bicarbonate, is also used), following which K can be determined 
by ICP-OES (Sparks et al. 1996; Rayment and Lyons 2010).
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6.4.2.1  Partial Analyses for Metals and Metalloids

Trace elements. There are probably even more choices of extracting solution for 
metals and metalloids than for nutrients, reflecting multiple analytical objectives 
(e.g. plant nutrition, environmental assessment, or mineral exploration) and the 
influence of soil properties. Some wet chemical extraction methods (e.g. 0.01 M 
CaCl2; Whitten and Ritchie 1991) appear to selectively determine trace metal 
cations in the ion-exchangeable fraction, although this may not have been the 
original intention of the method. The success of some of these methods, in predicting 
plant uptake, may reflect the importance of weakly adsorbed and/or exchangeable 
ions as a buffer to replace removal of ions from the soil solution. A simple assumption 
we can make is that the fractions of metals in soils measured by partial chemical 
extraction represent the bioavailable and/or bioaccessible component, without the 
need to explain how or why the analysis ‘works’. This is the rationale behind the 
numerous chemical extraction techniques for measuring ‘bioavailable’ or ‘mobile’ 
metals in soils. These methods extract soil with solutions containing (singly or in 
combination) electrolytes, dilute acids and/or buffers, complexing agents, oxidising 
agents, or reducing agents (Chao 1984); some examples appear in Table 6.1. Another 
theory is that bioavailability should be assessed by simulating the chemical 
conditions within an organism. For example, Ma et  al. (2009) and Smith et  al. 
(2010) assumed that using an extractant which simulates the composition of 
earthworm gut fluids (e.g. relevant enzymes, anoxia) will more accurately reflect 
uptake and toxicity than total metal and other extractable metal concentrations.

6.4.3  Field Measurements

Measurements of soil chemical properties in the field offer the advantages of imme-
diacy of obtaining data, and there may also be benefits if samples change between 
sampling and laboratory analysis, for example, following exposure to CO2 or O2 in 
the atmosphere. Simple field analyses of soil properties such as pH and electrical 
conductivity (EC) are routine, using appropriate electrodes and battery-powered 
meter (calibrated with standard or buffer solutions) on a standard suspension of soil 
in water or electrolyte solution (e.g. 0.01 mol/L CaCl2) (Rayment and Lyons 2010). 
The electrical conductivity measurement can be converted to an approximate con-
tent of soluble salts in soil. Measurement of soil pH in the field after oxidation with 
30% hydrogen peroxide (H2O2) solution can also allow semi- quantitative estimation 
of the presence of potential acid sulphate soil materials, using the difference between 
pH in water and pH after peroxide oxidation (Ahern et al. 2004). Less commonly, 
soil reduction-oxidation potential may also be measured in field soils using a plati-
num electrode, but the analysis suffers from poor electrical contact in dry soils and 
variability due to the presence of redox microenvironments.

Even simpler field tests are based on use of colour indicators, but these are sel-
dom used due to the reliability and availability of electrode-based pH and EC 
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measurements. For example, Rayment and Lyons (2010) describe the use of a uni-
versal pH indicator in which a small volume of indicator solution is added to soil, 
followed by a white BaSO4 powder to more easily visualise the colour. Less- 
commonly used field colour tests have been developed as well, for example, for 
dissolved aluminium for use in acidic soils or ferrous iron (Fe2+) to show whether 
reducing conditions exist, but neither are used routinely.

Instrumental Methods Field-based instrumental methods generally have lower 
measurement precision and accuracy than laboratory-based methods but may allow 
rapid preliminary assessment of field soils without destructive sampling. The most 
widely used portable analytical instrument in field analysis of soils is the portable 
X-Ray fluorescence spectrometer (pXRF) available in preliminary forms since about 
the 1980s. The use of pXRF in the field can allow more rapid and cost- effective 
screening of metal contaminants, with acceptable accuracy and precision of mea-
surement (Taylor et al. 2004). Field-based pXRF measurements have been used to 
assess the spatial distribution of contaminants such as As, Cu, Mn, Pb, V, and Zn (as 
well as non-contaminant elements) in urban soils (Carr et al. 2008; Schwarz et al. 
2012; Paulette et al. 2015). Portable XRF has also been used for field measurements 
in archaeology to locate features of historical human settlements (Save et al. 2020).

Other field-portable instrumental techniques are under development. For exam-
ple, Wang et al. (2020) used a handheld Fourier-transform infrared (FTIR) spec-
trometer to map the distribution of petroleum hydrocarbons at a site contaminated 
with fuels and lubricants. Similarly, visible-infrared spectroscopic methods are able 
to determine mineral abundances in geological applications such as core logging 
(Schodlok et al. 2016), but so far there have been no applications of this technique 
for urban soils. It remains to be seen whether or not field-based instrumental meth-
ods (even the relatively common pXRF technique) will achieve widespread use in 
the chemical assessment of urban soils.

Remote Sensing In Chap. 5 we discussed the use of airborne radiometrics, a remote 
sensing method that allows estimation of some soil chemical and parameters based 
on the signals from radioisotopes of potassium, thorium, and uranium. The most 
promising application was probably the use of depletions in the thorium signal to 
infer the distribution of acid sulphate soils (Bierwirth and Brodie 2005).

6.4.4  Background Concentrations

If a soil is contaminated, the contamination is understood in the context of naturally 
occurring concentration of that contaminant  – the background or baseline 
concentration. This a more complex issue than it may appear initially; most recent 
understanding of background concentrations reflects the idea that ‘background 
concentration’ is a variable quantity rather than a constant value (Reimann and 
Garrett 2005). Background concentrations of nutrients and metals in soils vary with 
time, scale of investigation, soil depth sampled, specific location, soil properties, 
and type of sample preparation and analysis – factors which are all, to some extent, 
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interdependent (Hamon et al. 2004; Reimann and Garrett 2005; Johnson and Ander 
2008). In soils across several continents, many elements in soils show a positive 
correlation with iron content, leading Hamon et  al. (2004) to recommend that 
background concentrations should be variable and based on soil iron concentrations. 
Reimann and Garrett (2005) noted that single subcontinental-scale concentrations 
of elements were not useful for establishing site-specific backgrounds. They also 
showed that a common practice, of assuming that deeper soil horizons could be 
analysed to determine the local background concentrations, was invalid as it failed 
to account for differences in concentrations resulting from pedogenesis. In some 
cases, background concentrations (single values or variable functions) can be 
estimated following analysis, mapping, and modelling of large datasets (Reimann 
and Garrett 2005; Johnson and Ander 2008).

6.4.5  Regulatory Contamination Thresholds

Using the current Australian ‘NEPM’ guidelines (National Environment Protection 
Council 2013b) as an example, there are a number of issues that need to be 
considered:

• The actual or intended land use of the area from which the soil was sampled. The 
NEPM considers four land use categories, in decreasing order of risk to humans, 
from susceptible residential to commercial/industrial.

• The age of contamination.
• Soil properties which control the bioavailability of contaminants. Depending on 

the contaminant involved, the NEPM considers soil pH, cation exchange capacity, 
and soil texture.

• The background concentration of contaminants, valid for the site or area under 
investigation. The NEPM considers background concentrations only for the 
inorganic contaminants As, Cu, Cr(III), Ni, Pb, and Zn.

The concepts and methodology for establishing guideline concentrations are 
addressed in Chaps. 9 and 11.

6.4.6  Distinguishing Geogenic 
from Anthropogenic Contamination

In the preceding sections, we have already discussed two methods which attempt 
to separate natural concentrations of contaminants from those added by humans. 
Background concentrations (Sect. 6.4.4) are considered to represent the geogenic 
contributions to total nutrient or metal concentrations in soils, and the difference 
between measured concentration and background represents the anthropogenic 
addition (National Environment Protection Council 2013a). Background 
concentrations can be based on a statistical threshold based on multiple 
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measurements. For example, Biasioli et  al. (2012) calculated background 
concentrations for soil data from peri-urban and rural areas as the 90th percentile 
of observations, after outliers above the Tukey threshold were removed (see 
Fig.  3.14; this followed ISO 19258). In contrast, the National Environment 
Protection Council (2013a) recommends that the ambient background 
concentration for metals be set at the 25th percentile from a dataset derived from 
analysis of urban and rural soils. An alternative, valid for some trace elements, is 
that widely consistent regression relationships between trace elements and Fe or 
Mn can be used to estimate background concentrations for a site if Fe and/or Mn 
concentrations are known and do not themselves represent contamination 
(Hamon et al. 2004; National Environment Protection Council 2013a).

The final approach we will discuss for establishing background concentra-
tions is based on analysis of a comparable but uncontaminated soil material. The 
US EPA (2002) recommends taking physical samples at a reference area which 
has the same physical, chemical, geological, and biological characteristics as the 
site being investigated but has not received contamination from activities on the 
site. Sufficient numbers of background samples need to be collected to make 
statistical comparisons with sufficient statistical power. In some instances, it is 
assumed that deeper soil horizons are uncontaminated (e.g. if the only known 
source of potential contamination is aeolian diffuse-source pollution). In this 
case the subsoil material has been used to represent geogenic background con-
centrations (Biasioli et al. 2012).

The calculation of enrichment factors (Sect. 6.4.7, e.g. Fabietti et al. (2010)) also 
relies on valid background concentrations being known and is the ratio of sample 
concentration of a contaminant element to the concentration of the same element in 
the reference material, both normalised using the concentration of a reference 
element. Ideally the reference element is one that behaves conservatively (e.g. not 
added anthropogenically, nor enriched or depleted by pedogenic processes); 
examples of reference element for urban soil environments include Al (Liu et al. 
2014), Mn (Yongming et  al. 2006), Sr (Yaylalı-Abanuz 2011), and Ti (Szolnoki 
et al. 2013), and Sc, Fe, and Zr have also been used.

The use of regression model analysis builds on concepts outlined by Rose et al. 
(1979) and Hamon et  al. (2004). For example, Rate (2018) developed separate 
multiple regression models for a range of trace elements in soil in an urban parkland. 
The positive residuals (deviations from model predictions) were attributed to 
addition of potential contaminant elements, above a variable background which 
depended on soil properties. An example illustrating the use of regression analysis 
to identify unusual values is shown in Fig. 6.9.

6.4.7  Contamination Indices

A complement to using contaminant concentrations alone to characterise urban soil 
is to use a form of contamination index. The simplest forms of contamination index 
are for individual elements and are calculated as ratios between sample and 
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background concentrations of the contaminant of interest (Table 6.2). Other indices 
recognise that soil contamination is very often multivariate and is essentially 
sample/background ratios for several contaminants which are averaged in some way 
(e.g. using arithmetic mean or geometric mean values; see Table 6.2).

More complex composite indices such as the Nemerow integrated pollution 
index (Yang et al. 2011) have also been used to assess pollution in urban soils.

A complement, or an alternative, to calculation of contamination indices is the 
use of multivariate numerical methods to analyse multielement soil data. The most 
common methods include principal component analysis (PCA – see Chap. 3) and 
one of the various types of cluster analysis. The main use of these multivariate 
statistical methods appears to be to identify groupings of contaminants, which are 
then used to infer contaminant sources (usually in combination with other data or 
statistical analysis – a detailed explanation is given by Reimann et al. 2008). More 
recently the positive matrix factorisation (PMF) technique, more commonly used 
for characterising atmospheric particulates, has been applied to urban soils for 
identification of the source of inorganic chemical contaminants (Li et  al. 2016; 

Fig. 6.9 Example of using analysis of residuals from a regression model (see Chap. 3) to identify 
unusual observations in a dataset with a variable background (graphic by Andrew W. Rate). Note 
that the unusual samples do not have the highest arsenic (As) concentration

6 Inorganic Contaminants in Urban Soils
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Rastegari Mehr et  al. 2017). Figure  6.10 shows a comparison of using single- 
element concentrations, a multivariate index, and a contamination index to map 
pollution in an urban parkland. While the spatial patterns based on each type of data 
are similar, Fig. 6.10 emphasises the importance of different analyses of data; for 
example, both the indices plotted miss the high Pb concentration near an electrical 
substation.

The specialised discipline of risk analysis also indexes the health risk index, 
hazard quotient, and hazard index. These parameters are based on a likely proportion 
of toxic dose for humans, based on risk analysis of possible pathways for human 

Fig. 6.10 A comparison of maps of single element concentrations for Pb and Zn with indices 
derived from calculation of principal component (PC1) and the pollution load index (PLI) from 
Table 6.2 (graphic by Andrew W. Rate). Calculation of principal components was done on centred- 
log- ratio transformed concentrations, and PC1 (plotted) has its greatest variable weightings from 
Pb, Cu, Zn, and Cd. Calculation of PLI was based on concentrations of As, Ba, Cr, Cu, Mn, Pb, and 
Zn using background concentrations from Rate (2018)
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ingestion (examples for urban soils include De Miguel et al. 2007; Nabulo et al. 
2010; Thornton 2010; Liu et al. 2014; Abbasi et al. 2017).

6.4.8  Heterogeneity of Soil Chemical Properties

Although this issue has already been addressed in Chap. 3, it is worth remembering 
that substantial short-scale heterogeneity in soil chemical composition or properties 
exists (this is also the case for ‘natural’ soils). Very few studies have investigated 
urban soil variability at scales of a few metres or less. In practical terms, soil 
chemical properties such as contaminant concentrations may vary over soil volumes 
smaller than can be managed or treated efficiently. Consequently, detailed mapping 
of soil chemical properties is unlikely to result in changes in the management or 
classification of urban soil.

6.5  Further Reading

DeVivo B, Belkin H, Lima A (eds) (2017) Environmental geochemistry. Elsevier 
Science & Technology, San Diego

Lyons WB, Harmon RS (2012) Why urban geochemistry? Elements 8:417–422. 
https://doi.org/10.2113/gselements.8.6.417 

6.6  Summary

• The main inorganic contaminants that we consider in urban soils are nutrients 
(mostly nitrogen and phosphorus), trace elements (metals and metalloids), 
asbestos, radionuclides, plastics, manufactured nanoparticles, and cyanide.

• The sources of contaminants in urban soils are very numerous and differ from 
site to site. Common sources include historical agriculture and horticulture, 
including manures, fertilisers, and pesticides; solid wastes and wastewater; 
mining and related activities; various industries; fossil fuels; road traffic; building 
construction; and weathering.

• Acid sulphate soils are a specific example of soil ‘contamination’ (the actual 
added substance is oxygen!) which can result in export of contaminants into 
receiving environments.

• The chemical behaviour of inorganic contaminants is governed by reactions with 
fine-grained solid phases: adsorption, ion exchange, and (co)precipitation. In 
turn, these reactions are controlled by system variables such as pH, redox 
potential, contaminant concentrations, a wide range of other soil properties, 
and time.

A. W. Rate
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• Urban soil contaminants in high concentrations cause adverse effects on living 
organisms. Nutrients are rarely toxic but alter ecological balances. Trace 
elements, asbestos, radionuclides, and cyanide can be extremely toxic to a wide 
range of organisms and may also have other deleterious effects such as 
carcinogenicity. The adverse effects of plastics and manufactured nanoparticles 
are poorly defined at present.

• The total concentration of an inorganic contaminant in soil is often poorly related 
to bioavailability, since total concentrations include forms of elements which are 
inaccessible to any organisms. Various forms of partial analysis of soil 
contaminants may be more useful to assessing the risk to biota including humans.

• To distinguish between natural ‘geogenic’ concentrations of inorganic contami-
nants and the amounts added by humans, various comparisons or numerical 
analyses are possible. These include determining background concentrations, 
comparison with regulatory guidelines, calculation of contamination indices, or 
use of statistical (e.g. regression) models.

6.7  Questions

6.7.1  Checking Your Understanding

 1. Identify the main differences and similarities between sources for nutrients, trace 
elements (metals and metalloids), asbestos, and cyanide in urban soils.

 2. Explain how acid sulphate soils form in urban environments, and suggest some 
ways in which their formation could be avoided.

 3. Why does the mobility of cationic metals in soils approximately increase in the 
order Fe3+ < Pb2+, Hg2+ < Al3+, Cu2+, Cr3+ < Co2+, Mn2+, Ni2+, Zn2+, Fe2+ < Cd2+ 
Ca2+ Sr2+ < Na+, K+, NH4

+ (i.e. Fe3+ least mobile; Na+, K+, NH4
+ most mobile)? 

Explain in terms of chemical reactions.
 4. Explain the differences between total and partial analyses for inorganic contami-

nants in soils and the situations in which we would use each type of analysis.
 5. Describe the various methods for distinguishing natural ‘geogenic’ concentra-

tions of inorganic contaminants in soils and the amounts of inorganic contami-
nants added to soils by humans. Is any of these approaches the ‘best’ one to use?

6.7.2  Thinking About the Topics More Deeply

 6. Describe a sequence of events for a soil which begins in aerobic conditions and 
ends with long-term submergence of the soil.

6 Inorganic Contaminants in Urban Soils
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 7. Radionuclides (such as some isotopes of caesium or thorium) occur naturally in 
some soils in significant concentrations. Should we be concerned about this? 
Why (or why not)?

 8. Can we manipulate chemical reactions in soils to make inorganic contaminants 
less bioavailable or mobile? How might this work?

 9. If the bioavailability of some inorganic contaminants in urban soils decreases 
with increasing time, could one management strategy simply be to leave urban 
land unused or seal the surface? Explain why this might (or might not) be 
successful and/or practical.

6.7.3  A Question ‘Out of Left Field’

 10. Shouldn’t we just leave all the plastic waste from urban environments in land-
fills? Discuss the issues involved!
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Chapter 7
Organic Contaminants in Urban Soils

Andrew W. Rate

Abstract Organic pollutants are predominantly synthetic compounds made or 
extracted by humans, and it is therefore not surprising that they are common con-
taminants in urban soils. This chapter provides details of the immense range of 
potential organic pollutants in urban soils, including their types, physical properties, 
chemical structures, and sources. The behaviour of non-polar, polar, and ionic 
organic compounds in soils is explained in terms of their key chemical reactions, 
including abiotic and biological degradation, and transport phenomena are also 
addressed, before a brief discussion of toxicity. Sampling, extraction, and chemical 
analysis methods are covered briefly, together with background concentrations, 
regulatory contamination thresholds, and contamination indices. A comprehensive 
case study is focused on polycyclic aromatic hydrocarbons (PAH) in the highly 
urbanised Pearl River Delta region of China. This case study uses the PAH family 
of compounds to illustrate many of the concepts needed to understand the behaviour 
of persistent organic pollutants in urban soils, concluding with their fluxes and a 
conceptual PAH cycle.
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What you could learn from this chapter:

• The types of organic contaminants that are of concern are in urban soils and their 
sources.

• The processes controlling immobilisation, mobility, and bioavailability of 
organic contaminants.

• What the fluxes of organic contaminants are between air, water, sediment, and 
soil and the factors controlling these, including a case study of the Pearl River 
Delta, Guangdong, PR China.

• Being aware of chemical analysis methods for organic contaminants in soils.

7.1  Sources of Organic Contaminants in Urban Soils

An enormous diversity of organic compounds has been added to soils in urban envi-
ronments. Very few of these compounds are naturally occurring in soils, and there-
fore even low concentrations represent contamination. The much less common 
natural occurrence of organic pollutants is an important point of difference from 
inorganic pollutants such as metals. There is some natural occurrence of compounds 
in the PAH and dioxin categories from phenomena such as wildfires, but even for 
completely anthropogenic compounds, there are still ‘background’ concentrations 
in soils in minimally disturbed natural environments (Biasioli et  al. 2012). 
Background concentrations of organic contaminants represent widespread disper-
sion of anthropogenic compounds by global atmospheric circulation by the late 
twentieth century (Wania and MacKay 1996). For example, Fuoco et  al. (2009) 
describe the occurrence of persistent organic pollutants in Antarctica, derived from 
both remote sources and local use of fuels and other organic chemicals. Some 
important categories of organic pollutants and their main sources are listed on 
Table 7.1.
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7.1.1  Types of Organic Compounds

McBride (1994) identifies some important properties of organic compounds which 
affect their behaviour, such as retention or mobility, in soils. These include the type 
and chemical reactivity of organic functional groups, the size and shape of organic 
molecules, and polarity/polarisability or charge of organic molecules and ions. The 
susceptibility of an organic compound to oxidation or reduction is also important. 
These molecular properties also affect physical properties such as volatility (e.g. 
vapour pressure or boiling point), density, or solubility in water or other solvents 
which, in turn, affect their behaviour in soils and similar environments. One of the 

Table 7.1 Categories and sources of organic contaminants which may be found in urban soils

Category of organic contaminant Important sources Reference(s)

Petroleum hydrocarbons 
(subdivided into fractions based on 
number of C atoms)

Fuel/oil leaks; drainage and 
stormwater from impermeable 
surfaces; some pesticides

Kostecki et al. (2005)

Volatile organic chlorinated 
compounds (e.g. trichloroethylene 
(TCE), vinyl chloride)

Emissions from industrial use as 
solvents/cleaners, precursors for 
other products (e.g. plastics)

National Pollutant 
Inventory (2020)

Monocyclic aromatic 
hydrocarbons (MAH), e.g. BTEX 
(benzene, toluene, ethylbenzene, 
xylene)

Fuel/oil leaks; improper industrial 
solvent disposal; vehicle and 
industrial emissions

Kostecki et al. (2005)

Polycyclic aromatic hydrocarbons 
(PAH), e.g. naphthalene, anthracene, 
benzo(a)pyrene, etc.

Emissions from incomplete 
combustion of coal, petroleum 
hydrocarbons, wood, etc.; road 
bitumen

Johnson (2005)

Phenols and phthalates plastics; industrial products and 
wastes; landfills; oil refineries; 
coal conversion plants; spills

National Pollutant 
Inventory (2020)

Pesticides (e.g. organochlorine 
pesticides (OCPs), phenoxyacetic 
acid herbicides, triazines)

Pesticide usage and residues; 
leaks and spills

Bromilow (2005)

Polychlorinated biphenyls (PCB) Industrial and consumer products 
and wastes; electrical transformer 
leakage; e-waste

Johnson (2005)

Dioxins and dibenzofurans 
(PCDD/F)

Unintentionally produced from 
combustion (e.g. of waste) and 
some industrial processes

Weber et al. (2008)

Flame retardants (e.g. PBDEs, 
PFAS)

Flame retardant products; 
industrial and consumer products 
and wastes; e-waste; waste 
incineration

Barceló (2012)

Pharmaceuticals, cosmetics, 
household products, etc. (e.g. 
antibiotics, steroids, oils, detergents)

Biosolids; septic tanks; 
wastewater and wastewater 
treatment

Barceló (2012) and 
Rodríguez-Eugenio 
et al. (2018)

POPs – persistent organic pollutants Category includes PAHs, OCPs, 
PCBs, PCDD/F, PBDEs, PFAS

See Sect. 7.5
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more important aspects of the behaviour of organic compounds in soils is whether 
or not they are readily degraded by soil (micro)organisms, a distinction which con-
tributes to separating the persistent organic pollutants (POPs) from other organic 
chemicals.

7.1.1.1  Categories of Organic Contaminants Based on General 
Chemical Properties

Polarity and charge (ionisation) of organic molecules are some of the more impor-
tant properties affecting their behaviour (McBride 1994). We also distinguish 
organic molecules based on whether they consist of linear or branched chains of 
carbon atoms (aliphatic) or contain ring structures with carbon-carbon double bond-
ing that involves delocalisation of electrons (aromatic); some examples of chemical 
structures are shown in Table  7.2 together with information on ionisability and 
polarity and potential sources. In both aliphatic and aromatic compounds, carbon 
atoms are bonded either to other carbon atoms or to hydrogen atoms. Much differ-
entiation between organic compounds also depends on the presence in the mole-
cules of specific arrangements of atoms, or functional groups. These functional 
groups often define a class of organic compounds and may include atoms other than 
carbon and hydrogen: oxygen, nitrogen, sulphur, phosphorus, or halogens such as 
fluorine, chlorine, or bromine.

The chemical structure of organic pollutants is an important determinant of their 
toxicity and persistence in environments. Of the 12 ‘persistent organic pollutant’ 
(POP) compounds originally listed by the United Nations’ Stockholm Convention, 
all contain both chlorine atoms and rings of carbon atoms. In some cases, the com-
pounds were designed to be toxic (the original 12 POPs included 8 pesticides), but 
their effects on non-target species, including humans, were not initially considered. 
Other chemicals such as the PCBs, hexachlorobenzene, and the dioxins and diben-
zofurans (see Tables 7.1 and 7.2) were either intended for other uses or, in the case 
of the PCDD/F compounds, were unintentional by-products of other anthropogenic 
processes. In humans and other mammals, exposure to the Stockholm Convention 
POPs can result in adverse effects to multiple physiological systems including 
endocrine, immune, digestive, and reproductive systems. Many of the compounds 
are also known or suspected to increase the incidence of cancers and have been 
shown to produce birth defects.

Much of the risk associated with persistent organic pollutants relates to their 
tendency to bioaccumulate and biomagnify  – that is, they are not excreted effi-
ciently from the body, so they accumulate and also tend to increase in concentration 
towards higher levels in food chains which increases the risk to predators and humans.

Persistent organic pollutants (POPs) are anthropogenic organic chemicals which 
persist for many years once released into the environment. In addition, POPs tend to 
bioaccumulate and are toxic to humans and other organisms (Rodríguez-Eugenio 
et  al. 2018). The POPs (Table  7.3) are generally highly regulated, based on the 
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revised Stockholm Convention of the United Nations Environment Programme 
(Secretariat of the Stockholm Convention 2018).

7.2  Controls on Organic Contaminant Behaviour 
in Urban Soils

7.2.1  Non-polar, Non-ionic Compounds

The organic compounds which are both non-ionic and non-polar include the unsub-
stituted hydrocarbons (i.e. those composed of only C and H) and some halogenated 
hydrocarbons having molecules with high symmetry such as carbon tetrachloride, 
tetrachloroethylene, or 1,3,5-trichlorobenzene. Some molecules with low polarity 
(e.g. 1,2-dichlorobenzene, DCB) behave similarly and are also classified as non- 
polar in some contexts (Kile et al. 1995). A good operational measure of whether an 
organic compound behaves as polar or not is the octanol-water partition coefficient, 
Kow, (Eq. 7.1):

 
K

C

Cow
o

w

=
 (7.1)

where Co is the concentration of compound in n-octanol and Cw is the concentration 
of compound in n-octanol, both in contact and at equilibrium.

Table 7.3 List of the 28 persistent organic pollutants (POPs) recognised by the Stockholm 
Convention

Category of 
POP Recognised persistent organic pollutants

Pesticides Aldrin; chlordane; DDT; dieldrin; endrin; heptachlor; hexachlorobenzene; 
mirex; toxaphene; lindane; pentachlorophenol and its salts and esters; technical 
endosulfan and its related isomers

Industrial 
chemicals

Hexachlorobenzene; polychlorinated biphenyls (PCBs); decabromodiphenyl 
ether (commercial mixture = c-decaBDE); alpha hexachlorocyclohexane; beta 
hexachlorocyclohexane; chlordecone; dicofol; pentachlorobenzene; 
hexabromobiphenyl; hexabromocyclododecane; hexabromodiphenyl ether and 
heptabromodiphenyl ether (commercial octabromodiphenyl ether); 
perfluorooctanesulfonic acid, its salts, and perfluorooctane sulfonyl fluoride; 
perfluorooctanoic acid (PFOA), its salts, and PFOA-related compounds; 
short-chain chlorinated paraffins (SCCPs); tetrabromodiphenyl ether and 
pentabromodiphenyl ether (commercial pentabromodiphenyl ether)

By-products 
(where not 
included 
above)

Polychlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans (PCDD/ 
PCDF); hexachlorobutadiene; polychlorinated naphthalenes

A. W. Rate
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A very non-polar compound will be much more soluble in the low-polarity liquid 
n-octanol compared with water and have a large Kow (or, commonly, log10(Kow)) 
value compared with a polar compound.

Very non-polar organic compounds, if present in soils in large enough concentra-
tions (e.g. from a leak or spill), can be present as a separate liquid phase, commonly 
called a non-aqueous-phase liquid or NAPL. The NAPL group is subdivided on the 
basis of density relative to water into the LNAPL (light non-aqueous-phase liquid) 
and DNAPL (dense non-aqueous-phase liquid) subcategories (Fig. 7.1). The separa-
tion of LNAPLs and DNAPLs on the basis of density relative to water is important, 
since their density is one of the primary factors affecting how separate NAPL phases 
will behave in a soil-groundwater system. Light NAPLs, such as petrol/gasoline, 
will ‘float’ on top of the groundwater; conversely, dense NAPLs will sink through 
the groundwater until reaching a confining layer such as a clay lens or impermeable 
bedrock. This tendency to float or sink also affects how contamination with LNAPLs 
or DNAPLs is treated, as we discuss in Chap. 11.

Fig. 7.1 Schematic of the behaviour of light non-aqueous-phase liquids (LNAPL) and dense non- 
aqueous- phase liquids (DNAPL) in soils, sediment, and groundwater below release zones. 
(Graphic by Andrew W. Rate)

7 Organic Contaminants in Urban Soils
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7.2.1.1  Adsorption of Non-polar Organics

The Kow value is also extremely useful in explaining the retention of organic chemi-
cals by soils or sediments. Natural organic matter in soils and sediments behaves as 
an organic ‘solvent’ into which non-polar organic compounds preferentially parti-
tion into, by a related mechanism to their partitioning into n-octanol. The contents 
of soil organic matter and the associated black carbon are therefore the main factor 
affecting adsorption of non-polar organic compounds in soils. The partition coeffi-
cient for soil organic matter is related to Kow by a linear log-log relationship, and so 
retention can be predicted if the organic carbon content of soil or sediment is known. 
Retention of organic contaminants in soils is commonly described by KD, the 
adsorption (or partition) coefficient:

 
K

C

CD
s

w

=
 (7.2)

where Cs is the concentration of compound adsorbed to soil and Cw is the concentra-
tion of compound in water at equilibrium with soil.

The organic carbon normalised adsorption coefficient, KOC, is defined by 
(Eq. 7.3):

 
K

K

foc
D

oc

=
 (7.3)

where foc is the mass fraction of organic carbon in soil.
The affinity of an organic compound for soil can then, in theory, be estimated 

from Kow and foc, without the need for direct measurement of adsorption on soil. In 
real soils and sediments, the relationship between KOC and Kow is not perfectly linear, 
conferring some statistical uncertainty to estimation of KD. Figure  7.2 shows an 
example of a measured relationship between log KOC and log Kow, which illustrates 
this uncertainty (Li and Ran 2012). In this example, prediction of log KOC from any 
log Kow value may fall within a range 1.2–1.33 units wide, corresponding to a 16- to 
22-fold difference in possible log KOC values. For accurate prediction of adsorption- 
dependent behaviour such as leaching or degradation, therefore, laboratory mea-
surement of KD on the actual soil or sediment involved is likely to be necessary.

The dependence of pesticide adsorption on soil on the soil organic carbon con-
tent is shown by the example in Fig. 7.3. The positive slopes of the relationship 
between (log10)-KD and soil organic carbon suggest that, for a 1% increase in soil 
organic carbon content, the strength of adsorption as measured by KD increases by 
about fivefold. More recently, it has been recognised that organic matter in the form 
of [micro]plastic contamination can also act as an adsorbent for organic contami-
nants (Rodríguez-Eugenio et al. 2018). If the organic matter itself is mobile (as is 
the case for some naturally occurring humic macromolecules), adsorption may 
actually increase transport of organic pollutants (Enfield et al. 1989).

A. W. Rate
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Fig. 7.2 Relationship between log10Kow and log10Koc for PAH adsorption on sediment from the 
Pearl River, Guangdong, China, showing the prediction and confidence intervals for the linear 
regression model. (Redrawn from Li and Ran (2012); used under the terms of a CC-BY-3.0 license)

0.5 1.0 1.5 2.0 2.5
Soil organic carbon (%)

K
D

0.2

0.5

2

5

20

50

200

Pesticide
2,4-D
Acetochlor
Atrazine

Chlorotoluron
MCPA
Trifluralin

Fig. 7.3 Dependence of adsorption coefficient KD on soil organic carbon content for various 
organic pollutants (pesticides) on several soils. (Drawn by Andrew W. Rate from data in Hiller 
et al. (2008))
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7.2.1.2  Volatilisation

Many organic compounds, particularly those with low polarity and low molecular 
weight, evaporate readily at ambient temperatures. Such compounds are often called 
volatile organic hydrocarbons, or VOCs, and include common pollutants such as 
light petroleum hydrocarbons, trichloroethylene, and the BTEX group of com-
pounds. Volatilisation of these compounds is known to be an important mechanism 
for transfer of some pollutants from soils to the atmosphere (Petersen et al. 1996; 
Martí et al. 2014). As the case study later in this chapter (Sect. 7.5) will discuss, 
however, volatilisation from soil to air of organic compounds other than VOCs, such 
as PAHs, does occur and needs to be considered in order to fully understand their 
behaviour and fate in the environment.

7.2.2  Behaviour of Polar or Ionisable Organic Compounds

Compounds which have high polarity, or readily ionisable compounds, have much 
greater solubility in water (such as soil pore water) than do the non-polar com-
pounds discussed above. High polarity compounds tend to be those having short 
(1–4 atom) carbon chains, with functional groups in asymmetric positions contain-
ing atoms such as oxygen, nitrogen, or sulphur with different electronegativity than 
carbon, such as simple alcohols or ketones. Readily ionisable compounds include 
carboxylic acids, amides, and amines, and the tendency to ionise is related to acid- 
base reactions with water as a solvent.

Volatilisation of polar organic solvents tends to be less than for non-polar organic 
solvents, since intermolecular attraction of polar molecules lowers their vapour 
pressure. Polar compounds do volatilise, however, such as low molecular weight 
alcohols (e.g. methanol, ethanol) and ketones (e.g. acetone).

Ionisation. Organic molecules containing carboxylic, sulfonic, or phosphoric 
acid functional groups are able to ionise in water, by acid dissociation reactions, to 
form carboxylate or sulfonate anions, leading to high water solubility, since water 
can easily solvate most ionic chemical species. Similarly, organic molecules con-
taining amino functional groups are basic and can accept hydrogen ions from water 
to form cationic species. Ionisable pollutants include many pesticides (e.g. anionic 
2,4-D or metsulfuron-methyl; cationic triazine herbicides) (McBride 1994; Kah and 
Brown 2006). In addition, some organic compounds (e.g. glyphosate, the active 
ingredient of the widely used herbicide Roundup®) can form ‘zwitterions’, having 
combinations of functional groups which can allow molecules to have both positive 
and negative charge.
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7.2.3  Adsorption of Ionisable and Polar Organics

Organic compounds can accumulate as ions or molecules at the surface of finely 
particulate substances in soils, such as secondary minerals and organic matter, by 
similar mechanisms to those described for inorganic substances in Chaps. 4 and 6.

7.2.3.1  Cation Exchange

Organic compounds which are ionisable to form organic cations tend to be adsorbed 
onto the surfaces of negatively charged soil solids such as clays and organic matter 
by cation exchange (McBride 1994). Other mechanisms such as hydrophobic inter-
actions (i.e. non-polar partitioning as described in Sect. 7.2.1), hydrogen bonding, 
and charge transfer can also result in adsorption of cationic pesticides (Kah and 
Brown 2006). Adsorption of organic cations such as the triazine herbicides on soils 
generally increases with increasing soil organic carbon content, since much of the 
CEC of many soils is conferred by negative charge on soil organic matter and since 
adsorption by non-polar partitioning also increases with soil organic carbon content 
(Fig. 7.3). The effect of soil pH on organic cation adsorption is complex; generally, 
organic cations have decreased adsorption as pH increases, which is counter- 
intuitive if we only consider increasing pH as increasing the pH-dependent negative 
charge on soil colloids. The decrease in adsorption of organic cations with increas-
ing pH relates to the ionisation of the organic molecules themselves; at low pH the 
molecules are cationic since their weakly basic amino or pyridyl functional groups 
accept a hydrogen ion to become positively charged. As the pH increases beyond the 
pKa value (−log10 acid dissociation constant) of the organic cation, the molecule 
loses its charge and can no longer interact electrostatically with a negatively charged 
soil surface. Adsorption of organic cations on clay minerals such as smectites is 
probably by physical processes rather than chemical bonding. The ability of clays 
such as smectites with expanding interlayers to adsorb organic cations is restricted 
by the molecular size of the cations, such that larger cations (e.g. quaternary ammo-
nium compounds) are excluded from interlayer spaces (McBride 1994).

7.2.3.2  Adsorption of Anionic Organics

Molecules with weakly acidic functional groups (carboxylic acids, –NHSO2– acids, 
sulfonic acids) become progressively more dissociated as pH increases, producing 
organic anions and hydrogen ions. The acid dissociation constants of the undissoci-
ated acids are usually large enough, however, that the molecules are almost com-
pletely dissociated within normal soil pH ranges. Adsorption occurs by ion exchange 
if positively charged soil colloids such as ferric oxides exist, by ligand exchange on 
clays or oxide minerals, or by other mechanisms such as cation bridging (Kah and 
Brown 2006). Organic anion adsorption generally decreases with increasing pH, 
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due to the increasing negative charge on soil colloids as pH increases. Adsorption of 
anionic organic contaminants increases with increasing content of soil organic car-
bon, reactive ferric oxides, or cation exchange capacity (Fig. 7.4).

7.2.4  Chemical Degradation (Abiotic) of Organic Compounds

Organic contaminants degrade in soils, with the main cause of degradation being 
metabolism by soil microorganisms, a topic that will be addressed in sections of 
Chaps. 8 and 11. The biochemical degradation processes do not always convert 
organic contaminants directly to CO2, and intermediary degradation products, or 
metabolites, are produced which may have similar toxicity to the original com-
pound. For example, the organochlorine insecticide DDT (now banned in many 
jurisdictions) is metabolised to several products including o,p′-DDE, p,p′-DDE, and 
o,p′-DDD. The persistence and toxicity of DDE, the predominant DDT metabolite, 
is greater than for DDT itself; DDD has also been used as a pesticide. Conversely, 
the metabolites of 2,3,7,8-TCDD, the most toxic of the dioxin (PCDD/PCDF) group 
of compounds, are considerably less toxic than the parent 2,3,7,8-TCDD.

Many organic compounds are oxidisable or reducible, and chemical oxidation or 
reduction is pathway for abiotic degradation of organic pollutants in soils (Mulligan 
and Yong 2004). The principal oxidising agent, or electron acceptor, in soils is 
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Fig. 7.4 Association, based on component weightings from principal component analysis, of 
adsorption constants for anionic organic contaminants ( ) and soil properties ( ), with observation 
scores for individual soils 1–10 (◻). MSM metsulfuron-methyl, IMHP 2-isopropyl-4-methyl-6- -
hydroxypyrimidine (a metabolite of diazinon), TCP 3,5,6-trichloro-2-pyridinol (a metabolite of 
chlorpyrifos). The clustering of adsorption constants with organic carbon (OC), amorphous iron 
oxides (FeOx), and CEC in principal component space suggests that these soil properties exert the 
most control on adsorption. (Redrawn from Báez et al. (2015); used with permission from Springer)
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oxygen; other substances, such as FeIII or MnIV oxides, can also react as oxidising 
agents, and some clays can catalyse oxidation by oxygen by forming reactive oxy-
gen species (Yong and Mulligan 2003). In the presence of aluminosilicate clays, for 
example, reactive oxygen species can degrade phenols by oxidation to quinones. 
Barrett and McBride (2005) showed that glyphosate (N-(phosphonomethyl)gly-
cine) could also be degraded by an oxidation reaction where a manganese oxide was 
the electron acceptor. Reductive processes are perhaps better known in soils, espe-
cially reductive dechlorination of chlorinated hydrocarbons such as PCE (perchlo-
roethylene =  tetrachloroethene), TCE (trichloroethene), and carbon tetrachloride. 
Reduction of chlorinated organic contaminants can occur if other substances (e.g. 
polycarboxylic acids such as oxalate or citrate, which can be released by plant roots, 
or natural organic matter) reduce Fe3+ to Fe2+ at a ferric oxide surface; the surface 
Fe2+ ions can then facilitate the reductive degradation (Li et al. 2008a). Zerovalent 
(metallic) iron (ZVI) is a powerful reducing agent which can also reductively 
dechlorinate organic compounds, and the use of ZVI in remediation is discussed in 
Chap. 11. Other naturally occurring substances such as Fe2+ or pyrite can also reduce 
organic compounds; their presence in soil would normally require anoxic conditions.

Many organic molecules, including persistent and other pollutants, can be 
degraded by ultraviolet light derived from solar radiation (e.g. Zhong et al. 1994; 
John and Shaike 2015). The efficiency of photodegradation is lower in soil than in 
air or water (Kromer et  al. 2004), and the importance of photodegradation for 
organic pollutant removal in urban soils is essentially unknown, but not considered 
to be significant relative to other removal mechanisms.

7.2.5  Biological Degradation

Some soil microorganisms (including species of bacteria and fungi) can use con-
taminant compounds as a metabolic energy source and growth substrate, decompos-
ing the contaminants in the process. We call this biological decomposition process 
biodegradation, and the end products are carbon dioxide (or intermediary carbon 
compounds, or metabolites). We discuss the biodegradation process in more detail 
in Chap. 8, including explanations of the factors affecting bioavailability of differ-
ent organic compounds.

From a perspective of chemical kinetics, the biodegradation rates of organic con-
taminants in soils are commonly first-order processes, meaning that the degradation 
rate is dependent only on the concentration of the contaminant compound, and the 
half-life is constant. First-order behaviour was confirmed for a range of pesticides 
and soils by Jury et  al. (1987), whose analysis showed that the reaction rates 
observed were dependent on the half-life for a specific compound (i.e. related to the 
pollutant) and the KOC value (Eq. 7.3) for adsorption (i.e. related to soil properties). 
Other soil properties are also known to affect the rates (and therefore amounts) or 
biodegradation that occurs. In many cases, the ability of microorganisms to degrade 
pollutants is limited by the external supply of water and/or nutrients such as 
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nitrogen and phosphorus (Shahsavari et al. 2017). In many pollutant environments, 
organic contaminants coexist with other contaminants such as metals. The presence 
any one of several metals (e.g. Cd, Cr, Cu, Hg, Pb, or Zn) at sufficient concentra-
tions can inhibit biodegradation of compounds such as pesticides, PAHs, or petro-
leum hydrocarbons (Sandrin and Maier 2003).

As with inorganic contaminants (Chap. 6), the bioavailability of organic pollut-
ants is affected by their residence time in soil, and this is known as an ‘aging effect’. 
Biodegradation is slower and occurs to a lesser extent, for contaminants which have 
been in contact with soil for longer, compared with very recently added contami-
nants (Hatzinger and Alexander 1995). In processes such as composting, where 
microbial stabilisation of organic materials is the primary objective, the bioavail-
ability of organic pollutants is also known to decrease (Chen et al. 2015b).

7.2.6  Transport of Organic Contaminants

Organic compounds can be transferred within soils or between soils and other envi-
ronmental compartments (air, surface water, groundwater, biota) by a number of 
processes (Fig. 7.5). The existence of widespread diffuse pollution of Earth’s envi-
ronments with organic contaminants is strong evidence that transport of organic 
contaminants is a significant issue (Fuoco et  al. 2009; Rodríguez-Eugenio et  al. 
2018; Sect. 7.1). Some transport phenomena specifically related to polycyclic aro-
matic hydrocarbons (PAH) are described in Sect. 7.5 later in this chapter, with Sect. 
7.5.7 explicitly covering fluxes of PAH compounds to and from soils.

Fig. 7.5 Transport mechanisms for pesticides within and between environmental compartments. 
(Adapted from Rodríguez-Eugenio et al. 2018; reproduced with permission from UNEP)
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Fluxes from direct human use or production of organic compounds to soils (also 
called ‘primary emissions’; Wang et al. 2016) include:

• Accidental loss, leakage, or spillage (e.g. of fuel hydrocarbons or during manu-
facture or use of most classes of organic compound – see Table 7.1).

• Deliberate application to soils (e.g. pre-emergent herbicides).
• Incidental addition to soils from other deliberate activities (e.g. spraying of pes-

ticides onto crops, use of fire retardants).
• Unintentional generation during combustion (e.g. formation of PAHs or dioxins 

from coal or biomass burning).
• Entry of organic pollutants into wastewater streams which may eventually be 

deliberately or accidentally applied to soil (e.g. detergents or antibiotics in sew-
age sludge).

Atmosphere-soil fluxes include additions to soils from wet and dry deposition 
and emissions from soils by volatilisation. The additions to soils are from the 
primary emission processes described above. Secondary emissions from soil to 
atmosphere occur for volatile organic pollutants, depending on several factors. 
Higher temperatures favour volatilisation (Rodríguez-Eugenio et al. 2018), and 
greater soil water contents suppress volatilisation by reducing air-filled pore 
space and by Henry’s Law partitioning of organic compounds into soil water 
(Grathwohl 2011). Emissions from soil by volatilisation are also limited by 
adsorption of organic compounds (see Sect. 7.5.7) or if biodegradation is rapid 
(Grathwohl 2011).

Soil-surface water fluxes are mainly from run-off, although wind erosion and 
subsequent deposition of atmospheric particulates containing organic pollutants are 
also possible. The partitioning of organic pollutants into organic matter may increase 
the transport of these pollutants in the dissolved form by association with dissolved 
organic matter (Enfield et  al. 1989). Transport from soil to water can also occur 
when pollutants are adsorbed to particulate organic matter, by soil erosion or loss of 
soil during urbanisation (Wang et al. 2016).

Soil-groundwater fluxes occur via leaching, that is, vertical transport through 
soil by percolating water. As we would expect, leaching is greater for organic com-
pounds with greater water solubility (Mulligan et al. 2001) and depends on suffi-
cient precipitation or other water input to soil to allow transport of water through 
the soil matrix or preferential flow through macropores. Reactions between organic 
contaminants and soil sold phases suppress leaching to groundwater, as do biodeg-
radation (Grathwohl 2011). The partitioning of hydrophobic organic compounds 
into dissolved organic matter macromolecules may increase the transport of pol-
lutants in soil water, even if the pollutants have low water solubility (Enfield 
et al. 1989).
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7.3  Effects of Organic Soil Contaminants 
on Ecosystem Services

The toxicity of organic pollutants to a range of organisms is well established 
(Rodríguez-Eugenio et  al. 2018), and we address some of the effects and issues 
involved in Chap. 8, particularly for soil microorganisms. Organic pollutants such 
as petroleum hydrocarbons, PAHs, PCBs, organochlorine or organophosphate pes-
ticides, and PCDDs/PCDFs have also been shown to be toxic to organisms other 
than microorganisms in soils or sediments, including plants, insects, earthworms, 
crustaceans, and burrowing vertebrates. In addition, many of the persistent organic 
pollutants (POPs) are known to undergo biomagnification as pollutants taken up by 
organisms lower in food webs are consumed by predators (Rodríguez-Eugenio et al. 
2018). The toxicity of POPs varies widely with type and species of organism. While 
some plants show adverse effects such as reduced growth and photosynthetic activ-
ity (Ahammed et al. 2012), others are more resistant to toxic effects and may be able 
to take up organic pollutants to an extent that they can be used for phytoremediation 
(Wyrwicka et al. 2014). Similarly, while some microbial processes such as respira-
tion or nitrification may be affected by organic pollutants such as PAHs or pesti-
cides (Sverdrup et al. 2007; John and Shaike 2015), some microorganisms are able 
to degrade organic pollutants, a phenomenon which may also be used for remedia-
tion of contaminated soils (Chap. 11).

The toxicity of many organic pollutants to humans is well-known; for example, 
benzo[a]pyrene is a recognised human carcinogen. In contrast, however, 
benzo[a]pyrene in soil does not always show adverse effects on plants or inverte-
brate animals (Sverdrup et al. 2007). Vertebrates other than humans have negative 
responses to organic pollutants; for example, Gonzalez-Mille et al. (2013) showed 
DNA damage could occur to a toad (amphibian) species exposed to urban soil con-
taminated with POPs (mainly organochlorine pesticides such as hexachlorocyclo-
hexane and DDT and also PCBs).

7.4  Measurements and Data

7.4.1  Total and Partial Analyses

7.4.1.1  Soil Sampling for Organic Compounds

The sampling methods for hydrocarbons differ depending on whether the target 
organic compound(s) are volatile or semi/non-volatile. For volatile compounds such 
as C5–C10 alkanes, BTEX, and 2–3-ring PAHs (see Sect. 7.5.2), sampling tech-
niques must avoid the loss of target compounds by evaporation. Such methods 
include zero-headspace sampling in specialised containers, or solvent extraction 
(Sadler and Connell 2003). Less rigorous sampling procedures are required for 
semi- or non-volatile compounds.
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7.4.1.2  Extraction of Organic Compounds from Soil

Materials sampled for volatile organic compounds by zero-headspace or solvent 
extraction methods need no further extraction prior to analysis. Non-volatile or 
semi-volatile compounds, however, may be strongly adsorbed to soil materials 
(Sect. 7.2.1) and require extraction with a solvent able to remove target compounds 
from adsorbed forms. These include the commonly used Soxhlet extraction using 
solvents such as acetone/hexane or methylene chloride/acetone (US EPA 1996a) or 
extraction in specialised high-pressure vessels with supercritical fluids such as liq-
uid CO2 (e.g. US EPA 1996b). The supercritical fluid extraction methods may also 
be applied to volatile organic compounds. Adaptations of these methods are appli-
cable to several other categories of organic contaminants, such as organochlorine 
pesticides, phenols, PCBs, and so on.

It is worthwhile noting that solvent extraction procedures do not extract all of the 
organic contaminants present in soil or sediment samples. The extractability, for 
example, of PAHs, is controlled by organic carbon and black carbon content (Ma 
et al. 2010). He et al. (2008) found that between 34% and 57% of PAHs in soils and 
sediments was non-extractable in dichloromethane in a Soxhlet procedure, with 
between 235 and 1425 mg/kg of total PAHs not extracted in some samples.

7.4.1.3  Analysis of Organic Compounds in Extracts

Since soils usually contain a range of potential organic contaminant compounds, 
analytical methods usually involve a chromatography technique which separates 
compounds according to their polarity or other chemical property. The most 
common of these is gas chromatography (US EPA 2018), which may be coupled 
with a mass-spectrometer detector to increase the method’s ability to identify 
individual compounds unambiguously. This textbook does not have space to 
cover all the details of chemical analytical techniques, so readers are referred to 
a general analytical chemistry text such as the excellent open-access book by 
Harvey (2016).

7.4.2  Background Concentrations

Many potentially polluting organic compounds have natural sources, and so back-
ground concentrations in urban soils must be considered. Natural phenomena such 
as volcanism, forest fires, crude oil seeps, decomposition of organic residues, or 
plant emissions can emit organic compounds such as hydrocarbons including those 
in the BTEX and PAH categories, phenols, dioxins, and others. In contrast, numer-
ous organic compounds such as many chlorinated hydrocarbons including PCBs, 
PFAS, and most pesticides (i.e. most of the compounds identified as POPs in 
Table 7.3) have no known natural sources. Even for compounds which do not occur 
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naturally, however, measurable background concentrations may occur in urban soils 
due to the widespread use and emissions of these substances.

Any assessment of organic contaminants should therefore account for unavoid-
able background concentrations of potential pollutants caused by diffuse source 
emissions from urban areas. This type of background concentration is called the 
‘anthropic background’ by Biasioli et  al. (2012), who used the 90th percentile 
(excluding outliers) of multiple observations to calculate background concentra-
tions of benzo[a]pyrene (31.5  μg/kg), PCBs (8.9  μg/kg), and PCDDs+PCDFs 
(3.5 μg/kg). Most other studies which report background concentrations for organic 
pollutants in urban or peri-urban areas rely either on measurements at non-urban 
sites or concentrations cited in other scientific literature.

7.4.3  Regulatory Contamination Thresholds

Contamination thresholds for organic contaminants soil are based on an analysis of 
risk, including the desired level of protection, exposure pathways, and the types of 
organisms which may potentially be affected (e.g. National Environment Protection 
Council 2013a). More detail on risk assessment processes is presented in Chap. 9. 
Some examples of regulatory contamination threshold concentrations in soil, for 
organic contaminants, appear in Table 7.4, for compounds from the BTEX, PAH, 
and PCDD/PCDF categories.

Table 7.4 Examples of human health-based regulatory concentrations of organic pollutants from 
different jurisdictions

Country/region
Parameter Australia UK New Zealand Canada

Guideline type Trigger 
values

Guidelines Soil contaminant 
standards

Remediation 
criteria

Applicable land 
use

Residential Residential Residential

Reference 1 2 3 4, 5
Regulatory concentration in soil (mg/kg)

Pollutants
Benzene 0.5–0.8a 0.33 0.05
Benzo[a]pyrene 3 3.6b 10 20
Total PCDD/
PCDF

8 0.27 0.00001

References: 1. National Environment Protection Council (2013b); 2. CL:AIRE (2009-); 3. Ministry 
for the Environment (Manatū Mō Te Taiao) (2012); 4. Canadian Council of Ministers of the 
Environment (1991); 5. Canadian Council of Ministers of the Environment (2010)
aDepends on soil depth, soil texture, and residential density
bUrban background value
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7.4.4  Contamination Indices

The concept of contamination indices, as discussed in Chap. 6 for trace elements 
(metals and metalloids), is seldom used explicitly, probably because the practice of 
summing concentrations of pollutants in a particular category is so common. As the 
case study below (see Sect. 7.5.2) observes, it is normal for polycyclic aromatic 
hydrocarbon (PAH) concentrations to be presented as the sum of several (typically 
9–28) critical compounds (even though there are hundreds of PAH compounds). 
The same practice is used for other classes of compounds; for example, Biasioli 
et al. (2012) summed the concentrations of polychlorinated biphenyls (PCBs) and 
also polychlorinated dibenzo-dioxins and furans (PCDDs/PCDFs) rather than pre-
senting the concentrations of individual compounds. Similarly, summed concentra-
tions of phthalic acid esters (Mo et al. 2009) and organochlorine pesticides (You 
2015) have been reported instead of separate compounds. Effectively, a sum of con-
centrations of a class of contaminants (e.g. ∑PAH) is analogous to a simple additive 
contamination index, as presented in Chap. 6.

7.5  Case Study: Polycyclic Aromatic Hydrocarbons (PAHs) 
in the Pearl River Delta

The focus on the Pearl River Delta region of China in this textbook is quite deliber-
ate – we think that it is representative of many urban environments on Earth. As well 
as being one of the largest conurbations worldwide, it is also one of the fastest grow-
ing in terms of population, and like many large urban areas, it has a legacy of soil 
contamination with a range of substances including metals and persistent organic 
pollutants. Similarly, we have chosen to focus on polycyclic aromatic hydrocarbons 
(PAHs) as representative organic pollutants. This does not mean that other organic 
pollutants are less important or relevant, but PAHs have been studied now for a long 
time, and we think that many aspects of their behaviour in the Pearl River Delta are 
more widely applicable to other pollutants or other regions.

7.5.1  The Pearl River Delta

The Pearl River Delta (PRD) in Guangdong Province, People’s Republic of China, 
is a large (54,156 km2) and industrialised area which contains a series of interlinked 
megacities, including Guangzhou, Shenzhen, and Hong Kong. Table 7.5 shows the 
sizes of these urban areas in the PRD region in terms of their land areas and human 
populations. The area, extending from Yangjiang in the west to Shanwei in the east, 
to approximately Qingyuan and Heyuan in the north, and bounded in the south by 
the South China Sea (Nan Hai) (Fig.  7.6), is still rapidly urbanising, and an 
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Table 7.5 Population and projected population of large urban centres in the Pearl River 
Delta, China

City Land area (km2) Population (millions) Projected 2030 (millions)

Dongguan 2469.4 8.179 8.279
Foshan 3763 7.197 8.35
Guangzhou 7690.75 12.530 16.024
Hong Kong 1078.5 7.070 7.987
Huizhou 9187.73 4.451 –
Jiangmen 9183.55 4.451 1.956
Macao 30.3 0.540 –
Shenzhen 1944.36 10.136 14.537
Zhaoqing 14,822.17 3.805 –
Zhongshan 1783.9 3.121 3.302
Zhuhai 2202.27 1.563 2.12
TOTAL 54,155.93 63.043 72.7

Fig. 7.6 Location map of the Pearl River (珠江口, Zhujiang) Delta, showing the major waterways 
and urban centres. (Modified by Andrew W. Rate from Liang et al. (2019), used under the terms of 
a CC-BY-4.0 license)
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estimated 120 million people live in the greater Pearl River Delta area (UN-Habitat 
2016). The PRD region is known to be heavily polluted with a wide range of con-
taminants and other anthropogenic substances, including nutrients, trace metals, a 
range of organic pollutants including PAHs and many other POPs, as well as emerg-
ing contaminants such as pharmaceuticals, perfluoroalkyl compounds, and micro-
plastics (Wang and Rainbow 2020).

7.5.2  Polycyclic Aromatic Hydrocarbons

The polycyclic aromatic hydrocarbons (PAHs) are a group of persistent organic pol-
lutant compounds with chemical structures based on chemically bonded benzene 
(6-carbon aromatic) ring structures sharing at least two carbon atoms (see the exam-
ple of phenanthrene in Table 7.2). They range in molecular size from the smallest, 
naphthalene, with two rings, up to molecules with six to nine rings such as 
benzo[ghi]perylene (see Table  7.6) and numerous other compounds which are 

Table 7.6 List of the 16 US EPA priority polycyclic aromatic hydrocarbons (PAHs) with 
abbreviations and selected physico-chemical properties

PAH compound Abbreviationsa

Number of 
rings

Molar mass 
(g/mol)

Boiling point 
(°C)b

Log 
KOW

c

Naphthalene NAP, NA, NaP 2 128 281 3.35
Acenaphthene ACE, AC, ANA 3 154 278 3.92
Acenaphthylene ACY, CAN, ANY 3 152 265 3.94
Fluorene FLU, Flo, FL 3 166 295 4.18
Phenanthrene PHE, Ph, PHEN 3 178 339 4.46
Anthracene ANT, An 3 178 340 4.45
Fluoranthene FLA, Flu, FLT, FA 4 202 375 5.16
Pyrene PYR, Py 4 202 360 4.88
Benzo[a]anthracened BaA, B[a]A 4 228 435 5.76
Chrysened CHR, Ch, CRY 4 228 448 5.84
Benzo[b]
fluoranthened

BbF, B[b]F 5 252 481 5.78

Benzo[k]
fluoranthened

BkF, B[k]F 5 252 481 6.11

Benzo[a]pyrened BaP, B[a]P 5 252 495 6.13
Benzo[ghi]perylene BghiP, B[ghi]P 6 276 NA (>500) 6.63
Indeno[1,2,3-cd]
pyrened

IcdP, IP 6 276 536 6.70

Dibenzo[a,h]
anthracened

DahA, D[ah]A, 
DB(ah)A

6 278 524 6.75

aAbbreviations in the literature are not always case-sensitive; e.g. Pyr is equivalent to PYR; initial 
letters always capitalised
bBoiling points are from Joa et al. (2009)
cKOW is octanol-water partition coefficient; values are from Achten and Andersson (2015b)
dListed as probable human carcinogens (USEPA 2020)
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generally less common as environmental pollutants (Achten and Andersson 2015a). 
In some of the compounds, 5-membered rings are also present (e.g. acenaphthene, 
fluorene, indeno[1,2,3-cd]pyrene, etc.).

The concentrations of PAHs in soils may be reported individually, and it is very 
common for a sum of PAH concentrations to be reported, such as the 16 PAHs pri-
oritised by the US EPA (2020; see Table 7.6 and Fig. 7.7). The abbreviation Σ16PAHs 
is commonly used to represent the combined concentrations of the 16 US EPA pri-
ority PAHs (or Σ15PAHs since naphthalene is sometimes omitted), or a different 
number subscript may be used to show how many individual PAH compounds were 
analysed for (e.g. Σ28PAHs). Seven of the 16 US EPA priority PAHs are known to 
be carcinogenic: benzo[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]flu-
oranthene, benzo[a]pyrene, indeno[1,2,3-cd]pyrene, and dibenzo[a,h]anthracene 
(abbreviated variously as Σ7PAHs, Σ7CarPAHs, ΣcarcPAHs, etc.).

The PAHs occur naturally in many soils in small concentrations due to their pres-
ence in geogenic hydrocarbon deposits such as oil shales or crude oil and emission 
by natural wildfires or volcanic activity (National Pollutant Inventory 2020). In 
environments affected by urbanisation, however, PAHs are released in greater 
amounts into various environmental compartments due to their presence in fossil 
fuels and solvents and their release during combustion of coal, other fossil fuels, 
and biomass for energy production (Chen et al. 2005). Another source of PAH pol-
lution is waste disposal, especially disposal or burning of e-waste (Leung et  al. 
2006; Wang et al. 2017).

Lower molecular weight PAHs may volatilise significantly or be transported in 
the atmosphere by sorption to airborne particulates. Contamination of soils, surface 
water, and groundwater with PAHs is well known in many urban environments 
worldwide (Menzie et al. 1992; Wang and Rainbow 2020), and exchange between 
environmental compartments does occur, including uptake by plants from soils.

Fig. 7.7 Schematic chemical structures for the 16 US EPA priority PAHs, in increasing order of 
molecular weight
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7.5.3  PAH Concentrations in Soils of the Pearl River Delta

The concentrations of PAHs in soils are generally reported in units of μg/kg (or 
equivalently ng/g); both units correspond to parts per billion to reflect the low con-
centrations of PAHs in uncontaminated environments. In a range of studies across 
the PRD, in urban and peri-urban soils used for vegetable growing, parklands, urban 
forest, and even e-waste recycling, ∑16PAH concentrations ranged from undetect-
able (Li et al. 2007) to >12,000 μg/kg (Wei et al. 2014 and Fig. 7.8). The mean 
concentrations in urban surface soils, if presented, were generally in the range 
150–320 μg/kg. The focus on surface soils is reasonable since the risk of transfers 
by wind erosion, plant uptake, or direct soil contact is greatest in the soil surface. 
Some of the difference between findings of different studies may be caused by the 
differences in sampling depth for ‘surface’ soils; while most studies sampled 
0–20 cm depth, a few sampled 0–10 cm (e.g. Leung et al. 2006; Ni et al. 2011), and 
one study sampled soil from 0 to 5 cm (Zhang et al. 2016).

The concentration ranges measured in PRD soils are often lower than other 
urbanised areas worldwide (Ma et al. 2009; Cao et al. 2010), perhaps reflecting the 
shorter history of intense urbanisation. Chen et al. (2005) found that background 
concentrations of ∑16PAHs in vegetable-growing soils in Guangzhou were between 
1 and 10 μg/kg, lower than background concentrations between 20 and 50 μg/kg in 
the Netherlands. Menzie et al. (1992) reviewed 15 studies of PAHs in urban soils 
and found a median concentration of Σ7CarPAHs (carcinogens) of 1100 μg/kg with 

Fig. 7.8 Map of the distribution of ∑28PAHs in soils of the Pearl River Delta. (From Wei et al. 
(2014) showing PAH pollution centred on Foshan, Guangzhou, and Dongguan. Reproduced with 
permission from Elsevier)
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a range of 60–5800 μg/kg, suggesting that the Pearl River Delta soils are genuinely 
less contaminated with PAHs than elsewhere (especially since Σ7CarPAHs omits 9 
of the US EPA priority PAHs and so underestimates Σ16PAHs). Nevertheless, Ke 
et al. (2017) calculated that the PAH concentrations in urban parks in Guangzhou 
represented a ‘potentially high’ cancer risk for people using the parks, based on 
established exposure pathways and likely dosage for adults and children.

PAHs in street dust. Street dusts can contribute PAHs to air, water, and soils in 
urban areas and have been suggested to do so in the Pearl River Delta region (Mai 
et al. 2003; Liang et al. 2008; Wu et al. 2014). These dusts are not PAH sources in 
themselves but are a transitional reservoir of PAHs and other contaminants derived 
from traffic (e.g. liquid fossil fuel combustion, direct petroleum emissions) and 
other sources. The concentrations of PAHs are commonly greater in street dusts 
than in soils; Menzie et  al. (1992) gave a range of measured concentration of 
Σ7CarPAHs in street dusts between 8000 and 336,000 μg/kg and suggested that very 
high ΣPAHs measured in the literature for urban soils probably include a contribu-
tion from street dusts. Apart from emissions or incomplete combustion of vehicle 
fuels and oils, PAHS may also be derived from asphalt-based road materials (Abdel- 
Shafy and Mansour 2016).

7.5.4  Fractionation of Individual PAHs

Fractionation refers to changes in relative amounts of related substances, such as 
individual PAHs as a result of environmental processes. The concepts of fraction-
ation are very well developed in inorganic geochemistry, with considerable focus on 
fractionation of isotopes of various elements, the rare-earth elements, and many 
others. The concentrations of different PAH compounds in urban soils will differ, 
since different PAHs will be released into receiving environments in various 
amounts depending on the nature of the source and physical and chemical proper-
ties of the PAHs themselves. For example, dominance of PAHs with two or three 
rings may suggest background additions (Li et al. 2007; Xiao et al. 2014) or more 
recent additions from a contaminant source (Cai et al. 2007). The tendency of lower 
molecular weight PAHs to be present at greater concentrations, when contamination 
is recent, probably reflects the greater volatilisation and water solubility (lower Kd 
values) of these compounds relative to the larger PAH molecules. Low molecular 
weight PAHs also have a greater tendency to be chemically reduced or oxidised 
(Abdel-Shafy and Mansour (2016), and see Sect. 7.5.7 for more information on fac-
tors affecting PAH fluxes). The smaller PAH molecules would therefore tend to 
persist for shorter times in soils, before being lost relative to heavier PAHs as the 
contamination ages. Biodegradation of PAHs is also more rapid for compounds hav-
ing lower molecular weight; for example, Zhu et al. (2019) found the degradation 
rate of phenanthrene (3 rings, MW  =  178  g/mole) to be much greater than for 
benzo[a]pyrene (5 rings, MW  =  252  g/mole). The same factors lead to greater 
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concentrations of 2–3-ring PAHs in water and in plant tissue following uptake from 
PAH-contaminated soil. You (2015) found that 2–3-ring PAHS were dominant in 
water and that in vegetable tissue 2–4-ring PAHs were most common. In relation to 
fractionation of PAHs by plants, Zhang et al. (2008) found that PAH uptake by veg-
etables from (peri)urban soils was greater for PAHs with lower KOC values, with 
4-ring PAHs being most common in soils but 2–3-ring PAHs taken up by vegetables 
in greatest amounts. The relative amounts of PAH compounds also reflect the source 
of contamination. At an e-waste recycling/disposal facility in Guiyu, Leung et al. 
(2006) found mainly 2–3-ring PAHs associated with a printer roller dump, but 
where wastes had been burned, 3–5-ring PAHs were the most common. In general, 
combustion yields PAHs with greater molecular weights than other sources (Chen 
et al. 2005). Most commonly, however, additional information is necessary to iden-
tify the probable source of PAH pollution, and the next section discusses how we 
can use PAH data to obtain information about their sources.

7.5.5  Sources of PAH Pollution in the Pearl River Delta

The sources of PAH pollution in soil can be assessed to some extent by analysing 
the relative concentrations of PAHs of different ring number or molecular weight. 
More commonly, however, additional information from the molar ratios of PAH 
isomers is used, where isomers are one or more compounds which share the same 
chemical formula (and therefore the same molecular weight) but have a different 
chemical structure (see Table 7.6 for molecular weights and Fig. 7.7 for chemical 
structures of PAHs). The sets of isomers commonly used are anthracene- 
phenanthrene (ANT-PHE, MW 178), benzo[a]anthracene-chrysene (BaA-CHR, 
MW 228), benzo[b]fluoranthene-benzo[k]fluoranthene-benzo[a]pyrene (BbF-BkF- 
BaP, MW 252), and benzo[ghi]perylene-indeno[1,2,3-cd]pyrene (BghiP-IcdP, MW 
278). For example, Cao et al. (2010) interpreted the ratios listed in Table 7.7 to infer 
a combustion source for PAH contamination of soil in Shenzhen. We should note 
that isomeric ratios of PAHs should always be interpreted with caution, since even 

Table 7.7 PAH isomeric ratios and their interpretation thresholds for source identification in soils 
of the Pearl River Delta (Cai et al. 2007; Li et al. 2007; Cao et al. 2010)

Ratio
Threshold and interpretation
Low Medium High

ANT/(ANT + 
PHE)

< 0.1 
petroleum

– > 0.1 combustion

FLU/(FLU + 
PYR)

< 0.4 
petroleum

0.4–0.5 liquid fuel 
combustion

> 0.5 coal, wood, grass 
combustion

BaA/
(BaA + CHR)

< 0.20 
petroleum

0.20–0.35 petroleum or 
combustion

> 0.35 combustion

IcdP/(IcdP + 
BghiP)

< 0.20 
petroleum

0.2–0.5 liquid fuel 
combustion

> 0.5 coal, wood, grass 
combustion
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PAHs which are members of the same isomer set can have different mobilities, 
transformation rates, or degradation rates in various environmental compartments 
(Zhang et al. 2005).

In most studies, two or more PAH isomeric ratios are plotted in bivariate ‘cross 
plots’, so that more than one ratio informs the identification of likely PAH source(s). 
Figure 7.9 presents an example of the plots from Ma et al. (2008), who used the 
PAH isomeric ratios to deduce that the PAHs in the Dongguan, Guangzhou, and 
Foshan areas of the PRD had multiple sources. These sources were mainly combus-
tion of solid fuels (coal, plant matter), with fewer samples suggesting that PAHs 
were derived from liquid fuel combustion or direct pollution by petroleum (Fig. 7.9). 
This interpretation was supported by relative concentrations of phenanthrene 
(3-ring) and other 4- or 5-ring PAHs accounting for, on average, 68% of PAHs by 
mass, also suggesting combustion sources.

In a variation on the analysis of PAH isomer ratios, source information can also 
be obtained from the concentrations of substituted PAHs, in which a hydrogen 
bonded to the PAH carbon framework is replaced by another atom or functional 
group (such as a methyl group, –CH3, or a hydroxyl group –OH). The ratio of 
methyl-phenanthrene/phenanthrene, for example, was used to infer a mainly 
petroleum- based origin for PAHs from vegetable-growing soils in urban Guangzhou 
(Chen et al. 2005). In a somewhat different context, Gao et al. (2019) concluded that 
the spatially different ratios between individual PAHs and their hydroxyl- substituted 
counterparts represented different degrees of microbial transformation depending 
on land use.

Multivariate statistical analyses (see Chap. 3) have also been used to identify the 
potential sources of PAHs in contaminated urban soils of the PRD. For example, Ke 
et al. (2017) used principal component analysis (PCA) in combination with multiple 
regression to assess the contributions of traffic emissions and coal combustion to 
PAH contamination in urban parklands in Guangzhou. Ma et al. (2009) also anal-
ysed data for PAHs in soils from Huizhou using principal component analysis, in 
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Fig. 7.9 Graphical analysis of PAH isomeric ratios using ‘cross plots’, implying a dominance of 
combustion sources for PAHs in urban soils in Dongguan and Foshan. (From Ma et al. 2008; used 
with permission from Springer)
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combination with hierarchical cluster analysis (another multivariate statistical 
method). The cluster analysis broadly grouped PAHs by ring number, which Ma 
et al. (2009) attributed to the trends in parameters affecting environmental behav-
iour of PAHs having different molecular weights (e.g. see Table 7.6 and Fig. 7.13).

7.5.6  Controls on PAH Concentrations and Fractionation

Soil organic carbon and ‘black carbon’. As we discussed in Sect. 7.2, soil organic 
carbon content strongly affects the adsorption of non-polar (or low-polarity) organic 
compounds such as PAHs. In many examples of PAH contamination of urban soils 
in the Pearl River Delta, a positive relationship between PAH concentration and soil 
organic carbon content is observed (Li et al. 2008b; Ma et al. 2008; Zhu et al. 2019). 
Similarly, there can also be a positive relationship between PAH concentration and 
black carbon content of soil, where black carbon is composed of partially com-
busted solid materials such as soot or finely divided charcoal (Ma et  al. 2008). 
Figure 7.10 shows examples of relationships of ∑16PAHs concentration with both 
total soil organic carbon and black carbon, in soils of the Pearl River Delta, which 
suggest that PAHs in these soils are adsorbed to one or both forms of organic car-
bon. (It is worth noting here that not all methods of measuring soil organic carbon 
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Fig. 7.10 Relationships between ∑16PAHs concentration and both total soil organic carbon and 
black carbon, in urban and peri-urban soils in Guangzhou, Dongguan, and Foshan (Pearl River 
Delta, Guangdong, China). (Redrawn from Ma et al. (2008); used with permission from Springer)
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measure total carbon. For example, the widely used methods employing wet oxida-
tion of soil organic matter with acid dichromate solution are known to exclude black 
carbon, so do not measure a true ‘total’ organic carbon content (TOC).)

In some urban environments, PAH concentrations are not (or poorly) correlated 
with either soil organic carbon or black carbon. The lack of a strong correlation 
between ∑16PAHs concentration and soil organic/black carbon is usually attributed 
to recent additions of PAHs or proximity to ongoing PAH sources, so that PAHs are 
not in equilibrium with the soil environment (Cai et al. 2007; Ke et al. 2017).

The microbial community composition of urban soil, although not strictly an 
effect of soil organic matter (which is usually defined as the non-living organic 
material), may also affect the concentrations of fractionation of PAHs. For example, 
Zhu et al. (2019) found shifts in bacterial community structure when exposed to 
phenanthrene and benzo[a]pyrene, suggesting that some groups of soil bacteria may 
be able to degrade PAHs more effectively than others.

Urban spatial and land use effects. The concentrations of PAHs in urban soils 
should reflect spatial factors such as distance from point sources or from the urban 
centre, since PAH concentrations into soils should be greater where industrial or 
traffic emissions are greater. For similar reasons, land use should also have an effect 
on PAH concentrations in urban soils. Unless there have been significant changes in 
land use, we would expect lower PAH concentrations in less urbanised environ-
ments, such as residential suburbs or peri-urban agriculture, than in industrial areas 
or in the urban centre.

In the Pearl River Delta, PAH concentrations in urban and peri-urban soils seem 
to follow these expected trends. For example, Liu et al. (2011), Xiao et al. (2014), 
and You (2015) all found that PAH concentrations decreased with increasing dis-
tance from urban centres across several cities in the PRD (Fig. 7.11). The greatest 
∑PAH concentrations observed in Shenzhen (Zhang et al. 2014) in traffic-affected 
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soils are consistent with the greater expected concentrations of PAHs in street dusts 
(Menzie et al. 1992). Low-intensity land uses such as gardens, urban woodland, and 
urban green space tend to have the lowest PAH concentrations (Fig. 7.11a).

When individual PAHs, or smaller categories based on ring number, are consid-
ered, the trends do not necessarily match those of the ∑PAHs. As the data from 
Xiao et al. (2014) show (Fig. 7.11b), the proportions of 2-ring and 3-ring PAHs (e.g. 
[2-ring PAHs] ∕ [∑16PAHs]) are both greater in soil in rural land than in urban land, 
tending to increase from urban, to suburban, to rural. In contrast, the proportions of 
4-, 5-, and 6-ring PAHs follow the same trend as ∑16PAHs in soil and decrease from 
urban, to suburban, to rural land. The combination of low ∑16PAHs and greater 
proportions of 2- and 3-ring PAHs in rural soils may represent small ongoing back-
ground additions from other environmental compartments such as wet or dry depo-
sition from air.

Uptake of PAHs from soil by plants. The concentrations of PAHs in plants are 
generally lower than in the soils they are grown in. Song et al. (2013) determined 
mean ∑16PAHs of 318 μg/kg in soil, which was approximately 1.4 times greater 
than the 234 μg/kg in vegetables. Similarly, Zhang et al. (2008) measured approxi-
mately 1.3-fold greater concentrations of ∑16PAHs in soils than in vegetables. In 
contrast, You (2015) found greater ∑16PAH concentrations in vegetable matter 
(Fig. 7.12), with mean ∑16PAH concentrations across 5–6 sites of 232 μg/kg in soils 
and 641 μg/kg in vegetables.

In addition, plant uptake is not the same for all PAH compounds, resulting in 
fractionation during the transfer between soil and plant. For example, Song et al. 
(2013) showed that vegetable tissues were depleted in 5- and 6-ring PAHs relative 
to soils (Fig. 7.12). The differences in uptake for different PAHs are consistent with 
their water solubilities. The PAH compounds with greater molecular weights (i.e. 
greater ring numbers) have lower water solubilities and larger KOW values, meaning 
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Fig. 7.12 (a) ∑16PAH concentrations in soils, vegetables, and water (drawn by Andrew W. Rate 
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that they are more strongly associated with soil solids (mainly soil organic carbon), 
a situation which restricts plant uptake.

Within plant biomass, PAHs partition differently between above-ground (shoots) 
and below-ground (roots) tissues. Transfer within plants is in water-based media 
(the phloem and xylem), so, being non-polar compounds, PAHs would be expected 
to have limited mobility in plants. Individual PAHs with greater water solubility 
(lower KOW) are more likely to move from soil to roots to shoots. For a range of plant 
species grown at e-waste recycling sites in Longtang, Guangdong, Wang et  al. 
(2017) measured mean ∑16PAH concentrations in shoots of 196 μg/kg compared 
with 284 μg/kg in roots. In addition, there was some evidence of differential accu-
mulation of individual PAHs in root and shoot tissues of plants.

7.5.7  Fluxes of PAHs to and from Soils in the Pearl 
River Delta

Emissions of PAHs from industry and other sources are mainly into the atmosphere 
from combustion processes, so that atmospheric deposition represents the dominant 
input flux into environmental compartments such as soils (Abdel-Shafy and 
Mansour 2016). The soil budget for PAHs in the Pearl River Delta region is not 
known completely, but the amounts are large; Ma et al. (2008) calculated values for 
Guangzhou of 920,000  kg, for Dongguan of 143,000  kg, and for Foshan of 
229,000 kg. In Shenzhen, Ni et al. (2011) calculated the soil ∑15PAH inventory to 
be 152,000 kg. With such large reservoirs of PAHs in urban and peri-urban soils of 
the PRD, the transfers to and from the soil environment are therefore very 
significant.

Atmosphere to soil fluxes of PAHs. The inputs of PAHs across the entire Pearl 
River Delta region are substantial (Table 7.8); for example, Li et al. (2010) sampled 
sites across the PRD including urban and rural locations and calculated that particle- 
phase deposition of ∑15PAHs was 2950 kg/y (excluding Hong Kong), with ∑15PAHs 
deposition of 86 kg/y in Hong Kong (both fluxes are possibly underestimates, given 
that only particle-phase deposition was measured). Including Hong Kong in the 
regional estimate, this represents 0.054 kg/km2/y over the 54,156 km2 of the PRD, 

Table 7.8 Atmosphere to soil fluxes of PAHs in the Pearl River Delta region, Southern China

Location in 
PRD Land use

Deposition 
type

PAH 
analysis

Air to soil PAH flux 
(kg/km2/y) References

Whole region Multiple Particulate ∑15PAHsa 0.054 Li et al. (2010)
Shenzhen Multiple Total ∑15PAHsa 0.56 Ni et al. (2011)
Guangzhou Urban 

forest
∑9PAHsb 0.206 Chen et al. 

(2015a)
aThe 16 EPA priority PAHs excluding naphthalene
bPhenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, benzo[b]fluoran-
thene, benzo[k]fluoranthene, and benzo[a]pyrene
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which includes both urban and non-urban land. In Shenzhen, Ni et al. (2011) calcu-
lated that total atmospheric fluxes (wet and dry deposition) accounted for inputs of 
1156 kg/y over the 2050 km2 area of Shenzhen (i.e. 0.56 kg/km2/y). The differences 
are likely to be due to more comprehensive measurement in Shenzhen, which 
included ‘rain washing’, wet deposition, and dry deposition; the rain washing flux 
was dominant, being about 98% of total atmosphere to soil transfer (Ni et al. 2011). 
In addition, the proportion of non-urban land in Shenzhen may be greater than in the 
PRD region as a whole. PAH fluxes to soil via precipitation were also important in 
a peri-urban forest in Guangzhou (Chen et al. 2015a); importantly, interception of 
precipitation by tree canopies decreased PAH inputs to soil by nearly 25% relative 
to the original precipitation.

Soil to atmosphere fluxes of PAHs. Despite the large atmospheric deposition of 
PAHs to soil, Ni et al. (2011) found that diffusion of PAHs from soil into air was 
also an important pathway, accounting for over 10,000 kg/y of ∑15PAHs over the 
2050 km2 area of Shenzhen (i.e. approximately 4.9 kg/km2/y). As Fig. 7.13 shows, 
the net flux may be positive or negative for individual PAHs (Wei et  al. 2014). 
Lower molecular weight PAH molecules such as acenaphthene or fluorene are more 
volatile and have less affinity for soil organic matter so have positive soil to air 
fluxes. In contrast, high molecular weight PAHs such as benzo[a]pyrene or 
indeno[1,2,3-cd]pyrene have net air-soil fluxes (Fig. 7.13).

Fig. 7.13 Relationship of soil-atmosphere flux for priority pollutant PAHs to their molecular mass 
(redrawn by Andrew W. Rate using data for central Pearl River Delta soils from Wei et al. 2014). 
Abbreviations for individual PAHs are from Table 7.6 and are followed by the number of rings in 
parentheses; the trend ellipse is just a visual guide. A similar plot is obtained for soil-air flux vs. 
log10KOW (octanol-water partition coefficient). Larger PAH molecules are less volatile and have 
greater affinity for soil organic matter so have small or negative soil to air fluxes
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Other soil fluxes of PAHs: run-off, leaching, and erosion. In their Guangzhou 
peri-urban forest study, Chen et al. (2015a) calculated a loss of ∑9PAHs in run-off 
of 0.034 kg/km2/y. In the same forest environment, leaching of ∑9PAHs through 
soil transferred 0.065 kg/km2/y to a depth of 30 cm and 0.008 kg/km2/y to 60 cm. 
The decrease in PAHs during leaching through soil was attributed to a combina-
tion of processes including biodegradation and adsorption (and presumably also 
volatilisation from surface soil, although the authors did not consider this). A 
component of the run-off flux was soil erosion, which also removed PAHs from 
the soil environment. Run-off was separated into water and particulate (i.e. ero-
sion) components by Ni et al. (2011), who estimated a water (dissolved) run-off 
flux of ∑15PAHs of 0.94 kg/km2/y and soil erosion (particulate run-off) flux of 
0.32 kg/km2/y.

7.5.8  Other Issues for PAHs in the Pearl River Delta

The PAHs released by combustion, petroleum, and other sources into urban soils 
may react to give new compounds which are not measured in routine PAH analyses. 
For example, small but significant concentrations of several hydroxylated PAHs 
were measured in 15 cities across the Pearl River Delta region by Gao et al. (2019). 
Ni and Zeng (2012) found non-negligible concentrations of a range of chlorinated 
and brominated PAHs in urban soils in Shenzhen. For hydroxylated, chlorinated, 
and brominated PAHs, the absence of correlations between concentrations of sub-
stituted PAHs and their probable parent compounds inferred that they were formed 
by reactions in the soil environment. The toxicity profiles of these compounds are 
not currently well understood, but both studies recommended that the potential risks 
to human health be considered.

The occurrence and behaviour of polycyclic aromatic hydrocarbons in China’s 
Pearl River Delta is a globally relevant case study. Based on the material covered in 
this chapter, Fig. 7.14 presents a generalised conceptual model for cycling of organic 
pollutants in urban environments.

7.6  Summary

• A wide range of organic compounds are potential contaminants in urban soils 
and sediments, with these compounds having widely varying structures and 
properties. Soils are one of the largest reservoirs of organic pollutants.

• Organic compounds can be highly toxic to a wide range of organisms, includ-
ing humans.
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• The behaviour of organic contaminants in soils is affected by the properties of 
the individual compounds, or categories of compounds, involved, including: 
polarity, volatility, density, ionisation, substitution with atoms other than C and 
H, and molecular weight.

• The natural organic carbon content of soils (including black carbon) is very 
important for the retention of organic contaminants by adsorption and cation 
exchange.

• Organic contaminants can degrade chemically in soils (as opposed to biologi-
cally mediated degradation), but the most effective and common form of degra-
dation is mediated by soil microorganisms such as bacteria and fungi.

• Using the behaviour of polycyclic aromatic hydrocarbons in soils of the large 
urban agglomeration of the Pearl River delta as a case study, it is apparent that:

• Categories of closely related organic contaminants such as PAHs can have 
systematic differences in properties which lead to fractionation in soils. This 
fractionation can provide information about the sources of contamination.

• Transfers of organic contaminants such as PAHs between urban soils and the 
atmosphere can be particularly important, as can transfers between soils and 
other environmental compartments.

Fig. 7.14 Fate of persistent organic pollutants such as polycyclic aromatic hydrocarbons (PAHs) 
in urban soil-plant-atmosphere systems, based on studies in the Pearl River Delta region, China
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7.7  Further Reading

Albanese S, Cicchella D (2012) Legacy problems in urban geochemistry. Elements 
8:423–428. https://doi.org/10.2113/gselements.8.6.423

Kah M, Brown C (2006) Adsorption of ionisable pesticides in soils. Rev Environ 
Contam  Toxicol 188:149–217. https://doi.org/10.1007/978- 0- 387- 32,964- 2_5

Berkowitz B, Dror I, Yaron B (2008). Contaminant geochemistry: interactions and 
transport in the subsurface environment. Springer, Berlin

Rodríguez-Eugenio N, McLaughlin M, Pennock D (2018) Soil pollution – a hidden 
reality. Food and Agriculture Organization of the United Nations, Rome

7.8  Questions

7.8.1  Checking Your Understanding

 1. Give as many examples as you can of non- or weakly polar organic pollutants.
 2. Which organic pollutants could be derived from use of solvents?
 3. Explain the acronyms LNAPL and DNAPL and how they relate to soil and 

groundwater contamination.
 4. What are the properties of persistent organic pollutants that distinguish them 

from other organic compounds?
 5. Why are KOW values of organic compounds useful – what do they represent, and 

what can they predict?
 6. What are the two main steps in analysis of organic compounds in soils, and what 

is involved in each step?

7.8.2  Thinking About the Topics More Deeply

 7. Explain how fractionation of polycyclic aromatic hydrocarbons occurs and what 
information that fractionation can provide.

 8. Why is biodegradation of organic pollutants usually more significant for attenu-
ation than abiotic degradation?

 9. The intensity of soil pollution with organic contaminants is often related to the 
intensity of land use, especially along a rural-urban gradient, with land in indus-
trial or urban-core zones being the most contaminated. Can you think of any 
scenarios where this may NOT be the case?
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7.8.3  A Question ‘Out of Left Field’

 10. Different countries have different limits for acceptable concentrations of 
organic contaminants in soils (even for the same organic compound). Do you 
think that there is a scientific reason for this or do other factors contribute to the 
diversity in contaminant limits?
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Chapter 8
Soil Biological Processes in Urban Soils

Deirdre Bridget Gleeson

Abstract Globally soils harbour a significant diversity and abundance of organ-
isms, ranging in size from nanometre- and micrometre-sized bacteria and archaea, 
to larger soil fauna such as mites, springtails, ants and earthworms. Together these 
organisms are responsible for a significant proportion of the ecosystem services 
provided by soils. Urban soils are a growing proportion of the global soil atlas, and 
thus it is critical that we understand key dynamics that sustain urban ecosystems. 
Urban soils can be highly variable in terms of the degree to which they have been 
influenced by anthropogenic activities; each of these differing urban soil types has 
its own unique challenges and thus differing impacts on the types of organisms pres-
ent and the functions they perform. In this chapter we discuss different types of 
urban soil environments and provide an overview of the diversity of organisms pres-
ent with a focus on how features of urban soils impact on soil biological diversity. 
We include an overview of the different methods available to measure soil organ-
isms as well as an insight into which soil organisms may benefit human health and 
well-being in the long term.
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What you could learn from this chapter:

• The general features of urban soils which affect the populations and diversity of 
soil organisms.

• The different types of urban soil environment and what their characteristics are.
• An overview of the diverse range of organisms present in soils, with definitions 

and examples of each group.
• The advantages and disadvantages of various methods for measuring soil bio-

logical populations and diversity, including advanced molecular techniques, and 
how to analyse soil biological data.

• How the diverse community of soil organisms interacts with different urban 
environments.

• New ways in which soil organisms may benefit human health and well-being.

8.1  Urban Soils

Urbanisation will have a significant effect on the biological properties and function-
ing of soils in urban environments. As discussed in Chap. 1, currently approxi-
mately 55% of humans reside in urban areas (Schmidt et al. 2019) with this figure 
projected to move closer to 70% by the year 2050 (United Nations 2018). Thus, 
urban land cover globally is projected to grow substantially indicating that the role 
of cities, and urban spaces more generally, in contributing to soil ecosystem services 
will increase (Seto et al. 2012; Norton et al. 2019).

Soils contain a huge diversity and abundance of organisms, and, with urban soils 
now encompassing more of the soil environment than ever before, it is critical that 
we understand the key dynamics at work in sustaining urban ecosystems (Mummey 
et  al. 2006; Maron et  al. 2011). Urban soils are highly heterogeneous with soil 
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conditions varying from relatively undisturbed soils, for example, older parks and 
remnant vegetation patches, to completely degraded soils, for example, those con-
taminated with pollutants. We also saw in Chap. 3 how this soil variability can occur 
over small spatial scales, even within patches of a particular land use type. Such 
soils are significantly impacted by local environments, local land uses and local 
anthropogenic conditions (Fig. 8.1). In terms of their ability to support soil biologi-
cal functions, urban soils can be characterised by (1) sealing via concrete, asphalt or 
bitumen, (2) significant compaction and potential to become anoxic, (3) contamina-
tion by a wide range of pollutants and (4) a potentially high degree of mixing and/
or movement (De Kimpe and Morel 2000; Lehmann and Stahr 2007). The concep-
tual diagram in Fig. 8.1 depicts a typical urban scene and forms the basis for our 
descriptors of soil biology in an urban context. Compaction and sealing (e.g. from 
roads and bitumen) both decrease infiltration of water and air, as well as organic 
matter decomposition and nutrient cycling, while contamination by pollutants can 
have a wide diversity of effects across the soil biosphere (McKinney 2002; Sikorski 
et al. 2013). Many soils in urban environments are deficient in nutrients such as 
nitrogen (N) and potassium (K) (Guilland et al. 2018). As a result the topsoil, the 
area of most biological activity, is usually the most impacted. As a consequence of 
soil physical and chemical constraints, there may be a decrease in habitat 

Fig. 8.1 Conceptual diagram highlighting the diversity of urban environments, the habitats they 
provide, organisms present in those habitats and their functions in relation to ecosystem service 
provision. Illustration by Ooid Scientific
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availability for soil organisms resulting in a decrease in overall soil function and soil 
quality (Didden et al. 1996; Amosse et al. 2016; Guilland et al. 2018). In addition, 
modified resource availability, human disturbance and competition between exotic 
and native species can influence the types of organisms present in urban environ-
ments and the ecosystem processes they mediate (McKinney 2006).

8.2  Ecosystem Services Provided by Urban Soils

As outlined in Chap. 4, soils provide critical ecosystem services that underpin 
human society (Fig. 8.2). These include, but are not limited to, regulation of water 
infiltration, provision of a physical matrix and nutrients for the growth of plants and 
soil biota, biogeochemical and nutrient cycling (e.g. nitrification and denitrifica-
tion, carbon sequestration and moderation of greenhouse gas emissions) as well as 

Fig. 8.2 Schematic diagram of soil ecosystem services. Ecosystem services are classically divided 
into four categories [MEA 2005: https://www.millenniumassessment.org/en/index.html]: (1) sup-
port services, e.g. supporting development of plant communities or construction; (2) provisioning 
services, e.g. food, fibre, etc.; (3) regulating services, e.g. regulation of air quality and climate; (4) 
cultural and social services, e.g. heritage and educational services. Soil organisms are critical for 
the functioning of soil ecosystems, and in fact the key to maintaining soil ecosystems and their 
functions is not simply the contribution of individual organisms, but rather the combined actions 
and interactions of the enormous diversity of organisms found in soil. Illustration by Ooid Scientific
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waste decomposition and pollutant decontamination (Devigne et  al. 2016; 
Rodríguez-Eugenio et al. 2018; Fig. 8.2). The delivery of these ecosystem services 
depends on the biodiversity contained within the soil, and even small or localised 
modifications to the soil environment can affect the provision of ecosystem ser-
vices. Although we understand quite well the links between biodiversity and eco-
system services in natural and agricultural environments, these are less well defined 
for urban soils which now make up 2.6% of the globe, with 0.65% in built-up areas 
and 0.45% impervious surfaces (Liu et  al. 2014). Thus knowledge that we have 
gained about rural and agricultural systems cannot be simply transferred to, and 
conclusions drawn about, urban environments. We should also acknowledge that 
any disruption of the soil ecosystem resulting in a degradation of these ecosystem 
services could have significant adverse effects on human well-being (European 
Commission 2006). The following material (Sect. 8.3) therefore addresses the 
important types of urban soil habitat and their characteristics.

8.3  Types of Urban Soil Environments and the Habitat 
they Provide

In urban environments soils are commonly formed during the urbanisation process 
and can be referred to as anthropogenic soils. That is, urban soils are modified by 
human activities (Chap. 2) and are fundamentally different, in terms of providing a 
biological habitat, from natural soils (Guilland et al. 2018). Such soils can be char-
acterised by the combination of a wide variety of substrates, for example, nutrient 
rich materials, sand and/or clay, brick debris and compacted rubble. Gradients in 
such substrates can result in heterogeneous soil characteristics, for example, mois-
ture, penetrability, pH or mineral content. Current and former industrial activities in 
urban environments include an array of potential contaminant sources such as fossil 
fuel combustion, industrial wastes and discharges of various chemicals. Urban soils 
are thus often enriched with trace metals and persistent organic pollutants (POPs: 
see Table 7.2) which can find their way into the food chain and bioaccumulate 
within distinct trophic levels (Wei and Yang 2010; Luo et al. 2012). Urban soil envi-
ronments are a patchwork of different sized habitats that are subject to varying 
degrees of environmental stress including, but not limited to, heat, pollutants, dis-
turbances and habitat fragmentation that can alter the resident organisms and their 
functions. Additionally, since many soils in urban environments can be highly com-
pacted, and/or deficient in major nutrients, they are often not able to support biodi-
verse communities. To restore soil fertility and suitable physical properties, urban 
soils may therefore require amendment, for example, the addition of fertile topsoil 
or composts. Such amendments enhance available soil nutrients and soil structure 
which can lead to increased colonisation by soil organisms (Guilland et al. 2018). In 
addition, the amendments themselves may contain a diverse soil biological 
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community which may prove to be beneficial to the already resident community 
(e.g. Meng et al. 2019).

In the urban context parkland soils are the most studied, but parklands do not 
always constitute the largest component of green space that houses soil organisms 
(Thompson and Kao-Kniffin 2019). Soils in built-up areas that are contained within 
or below impermeable surface cover, such as street medians and tree pits, can often 
constitute an understudied component of urban soil biodiversity (Reese et al. 2016). 
These spaces are often not considered to be relevant as they are unlikely to provide 
habitat to many vertebrates which are the focus of most urban biodiversity research. 
However, such habitats can support a variety of soil invertebrates and microorgan-
isms that contribute to ecosystem functioning, and thus they may be more important 
in that context. There are six main types of soil habitats generally found in urban 
environments. Each of these habitats provides a specific environment for soil fauna 
(invertebrates and microorganisms) with unique characteristics that influence the 
types of organism present, their diversity and abundance. The six habitat types we 
will consider are grasslands (including parks, gardens and sports grounds); urban 
gardens (including community and collective gardens); urban wastelands and unoc-
cupied land; road verges, street medians and tree pits; covered soils; and urban 
green infrastructure (including green roofs, bioswales and other engineered habi-
tats). See Fig. 8.3 for exemplar images of each of these different habitat types.

8.3.1  Grasslands (Parks, Gardens and Sports Grounds)

Urban grassland ecosystems are generally comprised of perennial grasses grown 
and managed for aesthetic, recreational or functional purposes. These grasslands 
range from extensively managed golf courses to infrequently maintained institu-
tional or residential grassed areas (Thompson and Kao-Kniffin 2019). Such spaces 
can provide functional and biodiverse green areas, depending on their individual 
management, that are essential for creating liveable cities. They can be heteroge-
neous in structure, depending on the type of vegetation present, and can provide 
favourable habitats for some invertebrates and soil microorganisms. Despite urban 
parks generally being dominated by a small number of grass species, these parks 
can be responsible for a significant proportion of urban plant diversity. It has been 
reported that per unit area lawns harbour a species richness (i.e. number of plant 
species) that is equivalent to some semi-natural grasslands (Bertoncini et al. 2012). 
However, some of these park grasses provide limited vegetation structure which can 
lead to a decrease in the diversity of many invertebrate species relative to the more 
structurally complex natural grasslands (Jerrentrup et al. 2015). This lower biodi-
versity results from direct effects of decreased habitat complexity, in addition to 
trampling by humans, fertiliser use, mowing and seed set (e.g., Humbert et  al. 
2010). The biodiversity of urban grassland habitats may be increased by introducing 
areas of ‘meadow’ vegetation, that is, areas of infrequently mown grasslands 
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Fig. 8.3 Above-ground views of the six main types of urban soil habitat: (1 = grassland; 2 = gar-
den; 3 = wasteland; 4 = road verge/tree pit, etc.; 5 = sealed; 6 = green infrastructure). (Photo credits 
(all CC-BY licences): 1 Ivan Rohovchenko on unsplash; 2 Linda on flickr; 3 Matt Brown on flickr; 
4 Tom Zimmerman on unsplash; 5 John Peterson on flickr; 6 Chuttersnap on unsplash)
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containing a mix of flowering natives which would replace conventional park grass 
(Norton et al. 2019).

8.3.2  Urban Gardens (Residential, Community 
and Collective Gardens)

Gardens in urban areas form a significant proportion (up to 36%) of urban green 
space, mainly in the form of private residential gardens (Farahani et  al. 2018). 
Gardening contributes to improved individual and community well-being, can be a 
significant source of food production and may introduce biodiversity which is 
absent from other urban habitats (Orsini et  al. 2013; Taylor and Lovell 2015). 
Despite the positive aspects of urban gardens, however, there may be constraints on 
their suitability as habitats for soil organisms. Many urban garden soils are known 
to be contaminated with a range of substances including metals and persistent 
organic pollutants from historical activities (Alloway 2004; Laidlaw et al. 2018). 
Contamination of urban gardens may also be ongoing, for example, if airborne path-
ways from contaminant sources exist (Clark et al. 2008). To overcome contamina-
tion issues for food production, imported and/or manufactured soil materials may be 
added and gardening performed in raised beds. Amendment with organic materials 
such as composts and manures is very common, and may result in increased nutrient 
contents and favourable soil physical properties, as well as avoiding legacy con-
tamination. In some cases, nutrient content in urban garden soils may be excessive 
(Gregory et al. 2016). The frequent cultivation and amendments applied to urban 
garden soil habitats create a particular physical structure which affects the range of 
habitats available for soil organisms. For example, mulching affects soil physical 
properties such as temperature and water content, with consequent effects on the 
abundance and activity of soil organisms (Byrne 2007). Soil temperature and water 
content are also expected to be modified in raised garden beds, with the increased 
surface area of soil exposed to air temperatures causing daytime warming with con-
sequent greater loss of soil water. Biodiversity of soil organisms may be decreased 
in urban gardens by the presence of large numbers of invasive species, such as 
weeds or introduced fauna. This in turn increases the abundances of invasive inver-
tebrates (e.g. garden snails). For example, Uno et al. (2010) found species richness 
of ants to be lower in urban gardens than in urban forests, and suggested that this 
may have been related to competition by an invasive ant species.
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8.3.3  Urban Wastelands and Unoccupied Land

Vacant land or wasteland represents a substantial and growing habitat globally that 
is potentially of great importance in terms of biodiversity, as they can contain a rich 
flora and fauna including rare or cryptic species (Bonthoux et al. 2014). Wasteland 
areas are usually dynamic across both space and time. That is, the location of the 
patches of wasteland harbouring biodiversity can change depending on the time 
scales of construction and demolition, and successional changes can take place 
within vegetated patches of long-term wastelands. Some wastelands have a greater 
species diversity than other urban green spaces, for example, lawns, managed park-
lands and some urban forests (e.g. Robinson and Lundholm 2012). One reason for 
this could be the minimal or absent management of urban wastelands which encour-
ages an enhanced plant diversity (bearing in mind though that some vacant plots 
may be mown semi-regularly for fire management purposes, for example). Vacant 
land is often ignored in conservation planning, possibly because many waste or 
vacant land areas in cities are also brownfield sites which may be contaminated 
(Thornton et al. 2008) and many are subject to complex land ownership issues. In 
addition to the acknowledged vegetative biodiversity, several invertebrate studies 
across Europe have reported that urban wastelands, if uncontaminated, can behave 
a little like so-called natural habitat analogues and thus could be valuable reservoirs 
of biodiversity (Eversham et al. 1996; Harrison and Davies 2002; Kattwinkel et al. 
2011). A number of studies have shown vacant lands or former industrial sites to 
harbour rare and vulnerable species (Eyre et al. 2003; Gardiner et al. 2013). For 
example, in the United Kingdom Eyre et al. (2003) reported 182 sightings of 46 rare 
beetle species across urban wasteland sites. Usually these beetle species have only 
been sighted in natural habitats, for example, grasslands, lake and river edges, and 
heathlands.

8.3.4  Road Verges, Street Medians and Tree Pits

Road verges, street medians and tree pits, often located next to paved, concreted or 
covered surfaces, are receptors for runoff and contaminants, and yet they can har-
bour significant soil faunal and microbial diversity (Kim and Yoo 2021; Guilland 
et al. 2018). Soils in these roadside areas usually suffer from compaction, erosion 
and potentially dumping of waste. Roadside soils are also usually confined in terms 
of individual area, meaning they are not often considered as valuable contributors to 
urban soil biodiversity due to their inherently degraded quality (Ow and Ghosh 
2017). The likelihood of contaminants being present in urban roadside soils has 
meant that research has primarily focussed on metals such as lead, cadmium and 
nickel, with less research focussing on biological properties (e.g. organic matter, 
microbial communities or even nutrients) of these soils. Classical lawns which are 
found alongside streets and roads are usually carefully structured and maintained by 
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regular mowing, fertilisation and watering. In contrast, other roadside verges are left 
to wild and maintained only by irregular mowing and provide a quite different habi-
tat for soil organisms. Ornamental flower cover or native vegetation is also used, 
particularly within roundabouts, or along highways and street verges – this type of 
plant portfolio will also influence the types of soil dwelling organisms. This is par-
ticularly the case for soil microorganisms, which will be influenced by fertilisation, 
soil amendments, plant root type and root exudate profile (Guilland et al. 2018).

8.3.5  Covered Soils

Soil sealing may involve total impermeability, as caused by concrete or asphalt, or 
soil may be sealed with a semi-pervious surface such as paving slabs, which allow 
partial penetration of water and air. Soil sealing has a significant impact on the func-
tioning of soil, causing an irreversible loss of its biological functions and loss of 
biodiversity through landscape fragmentation. Most previous studies have focussed 
on effects of sealed areas on water movement, gas diffusion and vertebrate biodiver-
sity (e.g. Morgenroth and Buchan 2009; Grella et al. 2018), while the effects of soil 
sealing on nutrient cycling and biological components, such as soil microbial diver-
sity, have seldom been investigated (Bhaduri et al. 2001; Peffy and Nawaz 2008; 
Zhao and Xia 2012). The sealing of soils prevents the exchange of gases, water and 
nutrients between the soil and the atmosphere, which results in a negative effect on 
their physicochemical properties (Zhao and Xia 2012). This, in turn, would be 
expected to have a negative influence on invertebrate and microbial activities. 
Piotrowska-Dlugosz and Charzynski (2015) showed that artificial sealing in urban 
areas significantly altered the soil environment, resulting in less favourable biologi-
cal and physicochemical properties where soils under impervious surfaces had 
lower water content, less soil carbon and nitrogen, and lower microbial biomass 
than adjacent unsealed soils. Recent innovations in using semi-permeable materials 
for roads, pavements, driveways and carparks to increase water infiltration can be 
expected to have a positive impact on soil biodiversity and functioning, but to date 
this technology has only been applied on a small scale.

8.3.6  Urban Green Infrastructure (Green Roofs, Bioswales 
and Other Engineered Habitats)

The growth of cities naturally results in a loss of green spaces; this may be over-
come via the use of green infrastructure (GI), defined as engineered green habitats 
(Francis and Lorimer 2011; Gill et al. 2020). Green infrastructure can include green 
roofs, bioswales (storm water runoff areas) and any habitat engineered to contain 
soil, improve stormwater infiltration and restore urban biodiversity. GI sites are 
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generally designed to provide semi-natural environments that could help increase 
the diversity of vegetation and fauna as well as that of soil dwelling invertebrates 
and microorganisms. GI installations are usually filled with engineered Technosols 
that have an optimum texture, nutrient content and pH (Joyner et al. 2019). Compared 
with other urban soils, GI sites are usually planted with specific vegetation, are 
protected from pedestrians and traffic, have prescribed resource and water fluxes 
associated with stormwater intake and specified monitoring and maintenance, 
depending on the type of GI installed (NYC Department of Environmental Protection 
2017). Bioswales and green roofs, as examples of typical GI installations, have been 
the subject of a number of studies of biogeochemical cycling (e.g. Berndtsson 
2010), although there has been a lack of studies on their potential as habitats for 
biodiversity (see Schrader and Böning 2006 as an example). Green roofs in particu-
lar are usually protected from the usual types of contaminants observed in urban 
soils due to their raised locations (Braaker et al. 2014). However, excluding green 
roofs, it has also been reported that other GI infrastructure soils have unexpectedly 
low concentrations of metal contaminants or organic contaminants such as petro-
leum derived polycyclic aromatic hydrocarbons (PAHs) despite their proximity to 
heavily used roads (Deeb et al. 2020).

8.4  Organisms Present in Urban Soils

Although there has been a significant accumulation of knowledge around soil biodi-
versity, research has focussed more on agricultural and natural systems with little 
work focussing on urban environments (De Kimpe and Morel 2000). This is despite 
urban soil habitats being among the most rapidly expanding biomes on Earth. We 
do, however, know that there is an enormous diversity of organisms, from animals 
and plants to microorganisms, present in urban environments (Fig. 8.4). Most bio-
diversity studies focus on above-ground organisms (e.g. Koh and Sodhi 2004; 
Cannon et al. 2005); however, the majority of terrestrial biodiversity is buried in the 
soil (Bardgett and van der Putten 2014). Thus, although urban soils support a variety 
of animals and plants, for the purposes of this text we will focus only on soil dwell-
ing fauna and the urban soil microbiome which includes bacteria, archaea, fungi and 
protists as well as non-living viruses that do not possess all of the traits of living 
organisms.

Soil organisms are generally divided by size into three categories (Fig. 8.5):

 1. Microfauna including nematodes and microorganisms (bacteria, archaea and 
fungi) that are only visible with a microscope (Fig. 8.5a, b, c).

 2. Mesofauna, for example, mites and springtails, that are visible with a magnify-
ing glass (Fig. 8.5d–h).

 3. Macrofauna such as ants and termites, which are visible with the naked eye 
(Fig. 8.5i-o).
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Fig. 8.4 This figure shows the three main domains of the Tree of Life: Bacteria, Archaea and 
Eukaryotes. There are seven main taxonomic ranks: kingdom (now regularly replaced by domain), 
phylum, class, order, family, genus and species. When an organism is given a species name, it is 
assigned to a genus, and the genus name is part of the species name, for example, Homo sapiens 
(humans): Homo is the genus name and sapiens indicates the species. Here the main structure of 
the Tree of Life has been adapted from Hug et al. (2016) and has been constructed using the total 
diversity represented by sequenced genomes. This includes the 92 named Bacterial phyla, 26 
named Archaeal phyla and all 5 of the Eukaryotic supergroups. The additional detail of the 
Eukaryotic branch is not phylogenetically coherent and has been provided by way of reference 
only to highlight some of the soil organisms that are covered in this text. Illustration by Ooid 
Scientific
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Please refer to the images displayed in Fig. 8.5 when reading the material pre-
sented in Sects. 8.4.1 and 8.4.2.

8.4.1  Soil Invertebrates

Invertebrate communities in urban soils include a wide variety of micro- and macro- 
invertebrates, for example, ants, earthworms, arthropods and nematodes. These 
organisms are generally between 25 μm and 4 cm in size (see Fig. 8.6) and play a 
significant role in the decomposition and redistribution of soil organic matter and 
cycling of nutrients as well as regulating the soil microbiome (bacteria, archaea, 
fungi and viruses) and interacting with plant roots (Table 8.1).

Earthworms and Potworms are soil dwelling worms with segmented bodies that 
both belong to the phylum Annelida (Domain: Eukaryote). Both are widespread in 
urban soils, and adverse effects on their populations and diversity are used exten-
sively as indicators of soil contamination. Potworms (enchytraeids) are generally 

Fig. 8.5 Examples of the range of organisms present in soils: (a) mycorrhizal fungi; (b) decom-
poser fungi; (c) bacteria; (d) nematode; (e) tardigrade; (f) collembola; (g) mite; (h) enchytraeids 
(potworms); (i) millipede; (j) centipede; (k) earthworm; (l) ant; (m) woodlouse; (n) flatworm; (o) 
wombat. Image credits: (a) Armen Phelps on Wikimedia Commons (CC-BY-4.0); (b) Marlon 
Winger (USDA); (c) CDC/PHIL on Wikimedia Commons; (d) K-State Research and Extension on 
flickr; (e) Philippe Garcelon on flickr; (f) Erop Kamelev on unsplash; (g) Jean&Fred on flickr; (h) 
Tamas Salanki (© used with permission); (i) Rashid Grey on unsplash; (j) Schizoform on flickr; 
(k) Katja Schulz on flickr; (l) Mikhail Vasilyev on unsplash; (m) Katja Schulz on flickr; (n) 
Jean&Fred on flickr; (o) Steven Penton on flickr. (All flickr licenses CC-BY-2.0; otherwise if no 
license is shown, images are in the public domain)
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smaller than earthworms and are less useful as bioindicator species as they have 
been reported to be more tolerant of environmental conditions (Didden et al. 1996). 
Potworms are similar to earthworms in their mode of action in soil: they modify 
their environment through burrowing and feeding activities, and they contribute sig-
nificantly to litter fragmentation and organic matter deposition, as well as aerating 
the soil. They make a substantial contribution to soil structure and aggregation and, 
in addition to earthworms, are often referred to as soil engineers (Amosse et  al. 
2016). Globally there are approximately 3500 described earthworm species, 
although most have a restricted distribution (Csuzdi 2012). One of the largest earth-
worms in the world is the Giant Gippsland earthworm (Megascolides australis) 
which is found in Victoria, Australia, and grows up to 2–3 m long. Due to their 

Fig. 8.6 Classification of soil organisms according to size (adapted from Decaens 2010). 
Illustration by Ooid Scientific

D. B. Gleeson



257

Table 8.1 Selected factors affecting invertebrates in urban soils; invertebrate response is to an 
increase in the factor (table adapted from Bray and Wickings 2019)

Factor Invertebrate Metric Response
Urban 
environment Reference

Soil pH Macroinvertebrates Species totals 
(Lumbricidae, 
Chilopoda, 
Diplopoda, 
isopoda, 
Formicidae)

Positive Horticultural 
borders, 
mown grass 
lawns

Smith 
et al. 
(2006)

Soil 
temperature

Springtails Total density and 
diversity

Negative Green roofs Rumble 
and Gange 
(2013)

Soil moisture Springtails Total density and 
diversity

Positive Green roofs Rumble 
and Gange 
(2013)

Soil bulk 
density 
(indicative of 
compaction)

Earthworms Total density 
(average number 
per unit area)

Negative Residential 
garden 
turfgrass, 
urban park 
turfgrass

Smetak 
et al. 
(2007)

Plant input 
chemistry 
(carbon/
nitrogen ratio)

Springtails Total abundance Negative Landfill, city 
garden

Vauramo 
and Setala 
(2010)

Springtails Total abundance Positive Landfill, urban 
park

Vauramo 
and Setala 
(2011)

Nematodes Abundance 
parasitic 
nematodes

Negative Landfill, city 
garden

Vauramo 
and Setala 
(2010)

Abundance 
fungal feeders

None Landfill, city 
garden

Vauramo 
and Setala 
(2010)

Management 
intensity

Nematodes Total, free-living, 
plant parasites, 
number of genera

Negative Community 
garden

Grewal 
et al. 
(2010)

Nematodes Total, free-living, 
plant parasites, 
number of genera

None Vacant land Grewal 
et al. 
(2010)

(continued)
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relatively long life spans (taking 5 years to reach sexual maturity), these worms are 
now listed as Endangered on the IUCN list.

Arthropods have an exoskeleton, segmented bodies and usually paired jointed 
appendages. They belong in the phylum Arthropoda (Domain: Eukaryotes) and 
include, but are not limited to, spiders; millipedes; ticks; mites; insects including 
ants, termites, and beetles; tardigrades; isopods; and springtails. Arthropods can be 
divided according to their function in soil, for example, decomposers such as mil-
lipedes consume dead plant matter, predators such as mites prey on a variety of 
small soil organisms including nematodes, while others feed on soil fungi, for 
example, springtails (Gobat et  al. 2004). Soil-dwelling ants and termites, which 
often replace earthworms in hotter drier habitats, disturb soils while making tunnels 
and nests and again are sometimes referred to as soil engineers. This soil movement, 
or bioturbation, has a major effect on horizonation, structure and distribution of 
organic matter as well as increasing aeration and water infiltration in soil (Gobat 
et al. 2004; Amosse et al. 2016).

Table 8.1 (continued)

Factor Invertebrate Metric Response
Urban 
environment Reference

Addition of 
organic matter

Earthworms Total number Positive Lawn, 
mulched (bark 
or gravel)

 Byrne 
et al. 
(2008)

Earthworms Total density Positive Residential 
garden 
turfgrass, 
urban park 
turfgrass

Smetak 
et al. 
(2007)

Macroinvertebrates Species totals 
(Lumbricidae, 
Chilopoda, 
Diplopoda, 
isopoda, 
Formicidae)

Positive Horticultural 
borders, 
mown grass 
lawns

Smith 
et al. 
(2006)

Metal 
contamination

Earthworms Total abundance Negative Residential 
lawns

Pouyat 
et al. 
(2015)

Earthworms Species density 
(Aporrectodea 
caliginosa)

Negative Polluted 
(cadmium, 
zinc) site

Nahmani 
and 
Lavelle 
(2002)

Pesticides Springtails Total abundance Negative Golf turfgrass Gan and 
Wickings 
(2017)

Mites Total oribatid 
abundance

Negative Golf turfgrass Gan and 
Wickings 
(2017)

Springtails Total abundance Negative Residential 
lawn

Peck 
(2009)
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Nematodes are multicellular organisms with smooth unsegmented bodies. They 
belong in the phylum Nematoda (Domain: Eukaryotes) and consist of both parasitic 
and free living species. Nematodes are a key component of soil food webs. They are 
involved in nutrient cycling as well as regulation of the microbial biomass, and their 
structure and composition in soil are often used as indicators of environmental dis-
turbance (Gobat et al. 2004; Amosse et al. 2016).

Protozoa are single-celled eukaryotes that feed on organic matter found in soil 
such as organic debris, tissues, other protozoa or microorganisms including bacteria 
and archaea and less often fungi. They can be either free-living or parasitic, are 
grouped together and informally classified into three groups based on their shape: 
(1) Flagellates are the smallest of the protozoa and use a few whip-like flagella to 
move; (2) Amoebae are the next largest of the protozoa and move by means of a 
temporary foot or “pseudopod”; (3) Ciliates are the largest of the protozoa and move 
by means of hair-like cilia and can consume the other two types of protozoa as well 
as microorganisms.

8.4.2  Soil Microbiome

The urban soil microbiome is a diverse assemblage of microorganisms that includes 
bacteria, archaea, fungi and viruses that together are responsible for a vast number 
of ecosystem services, including both global and local biogeochemical cycling, 
decomposition and mediation of greenhouse gas emissions (Falkowski et al. 2008; 
Bray and Wickings 2019).

Bacteria are single-celled, microscopic organisms that inhabit virtually all envi-
ronments including soils, oceans, in and on animals, plants and humans. There are 
anywhere from 100 million to one billion bacteria in just a teaspoon (5–10 g) of 
moist, fertile soil (Churchman and Landa 2014). They are classified as prokaryotes, 
as they are single celled, have no nucleus and contain DNA that floats freely as a 
mass called the nucleoid, or as circular pieces of DNA known as plasmids. 
Ribosomes, small spherical organelles where proteins are made, are present in all 
bacterial cells. Most bacteria also have an outer cell wall and an inner cell mem-
brane, and some bacteria have flagella or short pili that allow them to move around 
and attach to surfaces. It is virtually impossible to estimate the number of different 
bacterial species on the planet, but it is generally accepted that there are likely over 
60,000 different species of bacteria, most which have yet to be even named. The 
advent of advanced molecular biology technologies has meant that bacterial phy-
logeny is now a rapidly moving field, and currently there are 89 formally recognised 
bacterial phyla within the global Silva database (https://www.arb- silva.de/) includ-
ing recognisable soil associated phyla such as Actinobacteria, Proteobacteria, 
Acidobacteria and Cyanobacteria as well as less well-recognised phyla including 
Dadabacteria, Woesebacteria and Torobacteria (Hug et al. 2016). It is estimated that 
as many as 72% of widely recognised bacterial phyla have no cultured 
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representative and these are referred to as “candidate phyla” (e.g. see Candidate 
Phylum Radiation – Fig. 8.4) (Hug et al. 2016).

Archaea are single-celled organisms with no nucleus or organelles but also con-
taining a nucleoid and ribosomes. It is the analysis of their ribosomes that identified 
them as a separate domain of organisms from the bacteria (Woese et  al. 1990). 
Originally they were thought to dominate in extreme environments such as hot 
springs and hypersaline salt lakes. New genetic analysis techniques, however, have 
identified these organisms across all environments on earth, although they are not as 
numerically dominant as the bacteria. Archaea have different cell membrane bio-
chemistry which separates them from bacteria, and they also possess a range of 
metabolic pathways that are more closely related to those of eukaryotes, in particu-
lar those involved in transcription (conversion of DNA to messenger RNA) and 
translation (conversion of messenger RNA to proteins). Again the identification and 
classification of archaea is a rapidly moving field, and estimates of the number of 
phyla range from 18 to 23, of which only 8 have cultured representatives (Castelle 
and Banfield 2018).

Fungi form part of the eukaryotic domain and are distinct from plants and bacte-
ria in that they have chitin (a polysaccharide, or long chain polymeric carbohydrate) 
in their cell walls. There are three main functional groups: (1) multicellular filamen-
tous moulds; (2) macroscopic filamentous fungi that form large fruiting bodies (e.g. 
mushrooms); and (3) single-celled microscopic yeasts. Classically, fungi were 
divided based on morphology (e.g. spore colour or other microscopic features). As 
for bacteria and archaea, however, advances in molecular genetics and DNA analy-
sis of fungi have resulted in new classifications that sometimes challenge historical 
groupings. There are now at least 7 recognised phyla and numerous subphyla 
including the Basidiomycota (mushrooms) and, for example, the well-known soil 
fungal phyla Glomeromycota (arbuscular mycorrhiza). Fungi are found in just 
about any habitat but most live on the land, mainly in soil and plant material. They 
perform an essential role in the decomposition of organic matter and play a signifi-
cant role in nutrient cycling in the environment, although some fungi are parasites 
of plants or animals that cause disease.

Viruses are infectious agents that replicate only when they are inside the living 
cells of an organism. They infect all life forms, from animals to plants, and includ-
ing microorganisms (bacteria, archaea and fungi). They have a wide diversity of 
shapes and sizes, but are generally much smaller than bacteria and require scanning 
electron microscopes to visualise them. Viruses consist of nucleic acid surrounded 
by a protein coat called a capsid. They do not have their own metabolic mechanisms 
and require a host cell to survive. Once infected, a host cell is forced to rapidly pro-
duce thousands of identical copies of the original viral genetic material. Viruses in 
the urban environment can exist in soil organisms, and, given close proximity of 
these organisms to human life, it is important to understand implications for impacts 
of viruses in urban areas.
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8.5  Measuring Soil Organisms

There is a general lack of clarity on defined methodologies to measure soil organ-
isms, including invertebrates and microorganisms, and there are a variety of meth-
odologies in general use. The issue of methodology is important, as there have been 
a number of efforts to review and establish a set of biological indicators of relevance 
to assist policy-makers in land management (Ritz et al. 2009; Pulleman et al. 2012; 
Faber et al. 2013). Monitoring of these biological indicators requires a consistent 
methodology to be used. The consensus, however, remains that major efforts are 
still required to standardise operational procedures and to validate them for different 
types of land use. This applies equally across land management types, but is particu-
larly relevant in the urban environment where there has been less effort applied to 
date. Some methods, for example, in situ trapping methods used to sample arthro-
pods, are easily transportable and widely used. However the number of individuals 
trapped, and variety of species trapped, depends on the sampling effort (i.e. number 
of traps used, the length of the trapping period as well as the expertise of the taxono-
mist in identifying the taxa present).

8.5.1  Measurement of Soil Fauna

To assess the types of soil fauna present in an urban soil sample, visual identifica-
tion, often using optical microscopy, is generally required (see Table 8.2). Although 
the types of methodologies involved are well established (even if not thoroughly 
benchmarked), they are usually time-consuming and require specialist skills in tax-
onomy and identification that have become more scarce in recent years (Ritz and 
Trudgill 1999; Lear et al. 2018). Using traditional identification methods, cryptic 
and/or rare species can sometimes be misidentified. In addition, whole taxa may be 
underrepresented or overlooked due to factors such as their small size; nocturnal 
habits; occurrence in areas which are difficult to access; or difficulty in obtaining 
representative samples of individual organisms against which to make comparisons 
(Lear et al. 2018). Additional factors that should be considered include the size of 
the sample needed, and the method of extraction that will give an unbiased count of 
the organisms present. More recent molecular methods involving the use of environ-
mental DNA (eDNA) have been developed to overcome these issues; however, these 
methods come with their own caveats and biases.

Deoxyribonucleic acid (DNA) is found in all organisms and is the genetic code 
formed by the association of nucleotides (adenine, guanine, cytosine and thymine) 
that constitutes the genome containing all the genes that code for proteins. The 
analysis of DNA extracted from any environment can be used to identify the organ-
isms present in an environmental sample as well as their physiological and meta-
bolic potential. There are a number of caveats that need to be considered; for 
example, when we extract DNA from an environment, we are capturing both living 
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Table 8.2 Standard methodologies described for surveying urban soil fauna and the soil 
microbiome

Invertebrate or 
microorganism Metric and title Methodology (ISO listed)a Reference

Earthworm (natural 
community, e.g. 
Lumbricidae, 
Glossocolecidae)

Combination of 
hand-sorting and 
formalin 
extraction

1. Dig-out and hand-sorting of 
the soil within an area of 
50 cm × 50 cm × 20 cm depth

Rombke et al. 
(2006)

Abundance, 
biomass, species 
composition

2. Application of 5–10 L (several 
times) of a 0.5% aqueous 
formalin solution into the 
dug-out hole, waiting 30 min 
until the worms appear at the soil 
surface

Smetak et al. 
(2007)

3. Collection and fixation in 
ethanol (70%) for 1–2 days, 
followed by 1–2 weeks in 4% 
formalin, then final storage in 
70% ethanol

Potworms
Natural enchytraeid 
field community

Extraction of 
animals from soil 
samples using 
behavioural 
methods

1. Collect soil samples with a 
soil-corer in the field

Rombke et al. 
(2006)

Abundance, 
species 
composition, 
dominance 
spectrum, biomass

2. Extract worms using a simple 
wet-extraction method

Amosse et al. 
(Amosse et al. 
2016)3. Perform microscopical species 

determination

Microarthropods
Natural community of 
springtails (Collembola) 
and different groups of 
mites (Acarina), e.g. 
oribatids or gamasids

Dry extraction of 
animals from soil 
samples using 
behavioural 
methods

1. Collect soil samples with a 
split-corer (diameter about 6 cm) 
in the field

Rombke et al. 
(2006)

Abundance, 
biomass, species 
composition

2. Extract arthropods in a 
modified Macfadyen apparatus 
for several days

Rumble and 
Gange (2013)

3. Fix in ethanol (70%)
Nematodes
Natural nematodes field 
community

Wet extraction of 
animals from soil 
samples using 
floatation, sieving 
and behavioural 
methods

1. Collect soil samples with a 
small soil-corer in the field

Oostenbrink 
(1960)

Abundance, 
species 
composition, 
functional groups, 
ecological indexes 
(maturity index)

2. Create composite samples Rombke et al. 
(2006)

3. Extract worms in a simple 
wet-extraction method based on 
the Oostenbrink method (1960)

Vauramo and 
Setala (2011)

4. Perform microscopical species 
identification

(continued)
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and dead organisms. This is due to the relatively long half-life of DNA which can 
remain in soil long after the organism has died. Although we might consider that, in 
assessing the DNA present in an environment, the majority of this DNA would most 
likely come from the most active organisms, this is not always the case. That is, a 
greater abundance of an organism’s DNA does not correspond to increased activity 
of that organism (Blazewicz et al. 2013). In addition, a large proportion of the DNA 
extracted from environmental samples has been shown to correspond to extracellu-
lar DNA that is actively excreted by organisms or passively released after cell death 
(although in some applications we actively harness this phenomenon – see text on 
eDNA). Care should always be taken to understand that detection of DNA in a soil 
sample does not imply that the organisms from which this DNA originates are liv-
ing, or that genes associated with the DNA are functional. DNA measures can also 
not be used to identify the genes being expressed in an environment at any particular 
moment in time, and thus cannot be used to determine the activity of the organisms 
or their functions. In terms of the application of DNA analyses to assess biodiver-
sity, DNA is useful for macro- and meso-soil fauna, as well as the soil microbiome.

Ribonucleic acid (RNA) is also present in all organisms and represents the trans-
fer of the genetic code (DNA) into a message that is used to create proteins in a 
process known as transcription. RNA is formed by a succession of nucleotides simi-
lar to DNA, with the exception that thymine is replaced by uracil. The uracil nucleo-
tide is much less stable than thymine, and thus RNA is not as stable in the 
environment as DNA, but has the advantage of being useful in establishing a more 
direct link between the presence of an organism and its activity. RNA analysis 
allows us to characterise the taxonomic diversity and composition of the active or 
viable organisms in a sample, which can provide information on the organisms 

Table 8.2 (continued)

Invertebrate or 
microorganism Metric and title Methodology (ISO listed)a Reference

Bacteria, Archaea and 
Fungi

DNA extraction 
and analysis

1. Collect soil samples with a 
small soil-corer in the field

Petric et al. 
(2011)

Relative 
abundance, 
community 
structure, species 
composition

2. Create composition samples 
and remove 250 mg for 
extraction

Martin- 
Laurent et al. 
(2001) 
(modified in 
ISO-11063)

3. DNA should be extracted using 
(i) microbial cell lysis by 
chemical (SDS) and physical 
(bead beating) action,
(ii) deproteination and (iii) 
alcohol precipitation and washing 
of the nucleic acids extracted (see 
ISO-11063)
4. Sequencing of DNA (see Sect. 
8.5.2 for details)
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involved in the cycling of nutrients or chemicals, or which organisms are involved 
in the degradation of pollutants. Although RNA analysis techniques have grown in 
popularity, they are generally applied only to the soil microbiome, rather than soil 
macro- or meso-fauna. The functional attributes of the soil microbiome are not 
always obvious, and thus require an understanding of the RNA and even protein and 
metabolite production (see Sect. 8.5.2 on the soil microbiome).

Environmental DNA or eDNA in the urban soil context can be defined as the 
complex mixture of DNA extracted from that urban soil whereby the DNA is rep-
resentative of the organisms present including macro (e.g. earthworms), meso (e.g. 
springtails) and micro (e.g. bacteria) organisms. The methodology which eDNA 
analyses are based on has its roots in the analysis of the soil microbiome, where 
this type of approach has been commonplace for the past 40 years or so. More 
recently eDNA and related tools have been used more to enhance biodiversity 
studies of larger soil organisms including invertebrates. The advantages of meth-
ods such as eDNA include the possibility for samples to be collected by non-spe-
cialists. Sampling of environmental materials for eDNA is less invasive, i.e. 
generally organisms themselves do not need to be collected, rather the environ-
ment in which they inhabit (e.g. soil or water). Many soil organisms excrete or 
shed large quantities of eDNA which can be used to detect their presence; thus 
DNA extracted from urban soils can be used to provide information on the occur-
rence, distribution and diversity of organisms across multiple branches of the tree 
of life (see Fig. 8.4). The detection of organisms from eDNA has the added benefit 
that it may allow an insight into transient or rare organisms that may be missed in 
more traditional faunal collection surveys, as well as help detect problematic inva-
sive species. Once collected, eDNA has the advantage that it can be stored long 
term, thus providing a library of samples that can be returned to in the future and 
re-investigated as new techniques become available. However, there are still a 
number of issues that need to be overcome in this area, for example, a better under-
standing of how much DNA individual organisms can shed across time, the lon-
gevity of DNA in the environment and the impact of environmental conditions, for 
example, pH and temperature, on the persistence of eDNA. Despite these issues it 
is likely that in the future eDNA may become the tool of choice to overcome time 
and personnel pressures in undertaking large monitoring programs across geo-
graphical or taxonomic scales.

8.5.2  Measuring the Soil Microbiome

The soil microbiome can be measured using a number of different methods, includ-
ing culture-dependent techniques based on growing microorganisms and culture- 
independent techniques based on nucleic acid or other cellular component 
extractions. Much of the work on developing methods for microbiome characterisa-
tion has been performed by private organisations, so this section will mention 
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several proprietary products. The mentions of these products do not constitute an 
endorsement, but the proprietary methods are presented as common and convenient 
solutions for analysis of the soil microbiome. Culture-dependent techniques involve 
isolating microorganisms from an environment and subsequent growing and identi-
fying individual colony-forming units (CFUs) that can be counted or fully charac-
terised (Hill et  al. 2000). Culture-dependent methods have the advantage that 
organisms of interest can be mass-produced once isolated and identified and their 
functions and metabolites studied in depth, or they may produce useful medical or 
pharmaceutical products that can be exploited for human use (see Sect. 8.7 on novel 
uses). Culturing is relatively inexpensive and easily performed, although it is labour 
intensive, and generally less than 5% of the soil microbiome can be cultured (Torsvik 
et al. 1998). There are a number of other traditional measures of the soil microbi-
ome that are based in culturing without explicit isolation of individual pure cultures. 
These include measurements of biological activity, for example, basal and substrate- 
induced respiration (carbon dioxide respired by soil organisms either naturally, or 
induced, e.g. via glucose addition) and enzyme activity, for example, measurement 
of denitrification enzyme activity (DEA). Others include the measurement of the 
size of the microbial community via chloroform-fumigation measurement of micro-
bial biomass carbon or nitrogen, or the use of fatty acid biomarkers (Bending et al. 
2004). Additional culture-based methods include community level physiological 
profiling (CLPP) techniques, such as the proprietary products MicroResp™ or 
Biolog™. In CLPP methods the response of the microbiome to specific substrates is 
measured creating an overview of the potential functional diversity of the microbi-
ome, i.e. the diversity of functions it can perform (Garland and Mills 1991; Campbell 
et al. 2003). Results from these types of assays can provide direct information on 
the ability of the soil microbiome to metabolise specific compounds of interest, for 
example, contaminants present in urban soils. All culture-dependent methods, how-
ever, are biased toward organisms that are fast growing and thus do not represent the 
microbiome as a whole. The soil microbiome may be altered during the culturing 
process, and the conditions under which physiological profiling is undertaken (e.g. 
pH, temperature, etc.) may have a profound impact on the response observed and 
thus results obtained may no longer represent the community that was present in the 
original environment.

Culture-independent based methods are performed by extracting DNA or RNA 
from the soil environment and utilising quantitative polymerase chain reaction 
(qPCR), barcoded sequencing (for specific domains, phyla or functions) or shot gun 
sequencing techniques (metagenomics or metatranscriptomics) to provide informa-
tion on diversity, abundances and functions within the soil microbiome. The extrac-
tion of nucleic acids from soil samples generally involves some form of in situ cell 
lysis: either chemical with a detergent, or physical with bead beating or a combina-
tion of both, followed by separation and purification of the nucleic acids from the 
rest of the sample constituents. This section will focus on DNA extraction (see sec-
tion on metatranscriptomics for RNA), in which proprietary DNA extraction kits 
are often used to extract DNA from soil samples (e.g. the DNeasy PowerSoil kit by 
Qiagen), giving users methodological consistency across samples and projects. For 
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example, the earth microbiome project (www.earthmicrobiome.org) has specified 
kits and protocols to use so that different groups can apply the same techniques. 
This consistency of techniques allows more detailed integration of data outputs, and 
may provide a good starting point for any methodology being developed in the 
urban soil space. Once DNA has been extracted, there are a number of possible 
options for analysis via either direct sequencing or polymerase chain reaction 
(PCR) targeted sequencing. The PCR method is used to amplify a target piece of 
DNA to potentially generate thousands of millions of copies, and is used in combi-
nation with primers (short pieces of DNA) that target specific regions with the 
extracted DNA. For example, primers can be designed that target different domains 
(Bacteria, Archaea, Eukaryotes), different phyla within those domains (e.g. 
Proteobacteria within the domain Bacteria) or even to genera or species. PCR can 
also be used to target functional attributes of the soil microbiome, for example, 
nitrogen or phosphorus cycling capacity, or the capacity to break down pollutants 
via production of specific enzymes. The use of PCR is widespread and provides 
opportunity to investigate, in detail, many elements of the same community. The 
use of quantitative PCR (qPCR) allows us the ability to quantify the abundance of 
specific populations or genes in an environmental sample. This can therefore reflect, 
for example, the abundance of bacteria if primers that amplify all bacteria in a given 
environment are used. PCR is additionally used as a mechanism to generate ampli-
cons that can be sequenced generating nucleotide combinations, and the sequencing 
data can then be compared with databases that allow us to determine the identity of 
the species or functions present. In generating amplicon sequencing data, a number 
of bioinformatics routines need to be employed to assign taxonomy to the sequences 
obtained. There are a number of freely available software packages that can be used, 
for example, within the R coding environment the DADA2 pipeline (https://benjj-
neb.github.io/dada2/index.html) or Mothur pipeline (https://mothur.org/) can be 
used, or within the python coding environment the QIIME pipeline (http://qiime.
org/) can be used, all free of charge, to assign taxonomy and generate datasets that 
can then be further interrogated using multivariate statistical tools. Care needs to be 
taken in the interpretation of data derived from PCR methods, as biases can be 
introduced during the amplification process that may affect the outcomes. Generally 
speaking, these biases are understood and data can still be interpreted 
meaningfully.

Options for DNA analysis which do not involve PCR are also available, in that 
the DNA extracted from the environment can be sequenced directly (metagenomics) 
without the need for PCR to amplify or target a region of interest. The costs involved 
in metagenome sequencing have been decreasing to an extent that they are now 
affordable to many working in this space. Metagenomics allows us a thorough 
understanding of the potential taxa and functions present in a typical urban soil 
community, and there are a number of sequencing platforms operating in this space. 
For example, second generation sequencing capabilities such as Illumina Hi Seq or 
Nova seq use a sequencing-by-synthesis approach to generate short read sequences 
(approximately 100–500 base pairs of sequence at a time). Other options include 
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third generation sequencing via single-molecule real-time (SMRT) by Pacific 
Biosciences, or nanopore sequencing developed by Oxford Nanopore, both of 
which offer longer sequence read lengths (see Nkongolo and Narendrula-Kotha 
2020 for a full review of advances in this area). Once DNA sequences have been 
generated, bioinformatic analysis needs to be applied – this can be via annotation 
using applications such as the MG-RAST server (www.mg- rast.org) which can 
automatically annotate phylogeny and functional attributes of submitted sequences. 
Alternatively, analysis can proceed via generation of a metagenome assembled 
genome (MAG) in which sequences are assembled and binned into contigs, a set of 
overlapping DNA segments that together represent a consensus region of DNA, 
allowing us to recover the genome sequences of abundant organisms which can then 
be further interrogated (Orellana et al. 2019; Schmidt et al. 2019).

Metatranscriptomics involves the extraction of RNA from an environmental 
sample and the use of RNASeq (RNA sequencing) technology to determine the 
sequence of expressed transcripts within a microbiome, under a specific set of 
environmental parameters, which provide a closer look at active members of the 
community at that particular point in time (Shakya et al. 2019). As with DNA, pro-
prietary RNA extraction kits are often used to extract RNA from soil samples (e.g. 
the RNeasy PowerSoil kit by Qiagen) with additional precautions being required to 
ensure quality and quantity of RNA yield. For example, all materials should be 
RNase free to ensure that this enzyme does not degrade any RNA that is isolated 
from a sample. RNA has widely been used in the past to quantify gene expression 
via qPCR, but the advent of cheaper sequencing technologies has led to significant 
interest in the use of RNA to provide an assessment not only of the active members 
of a community but more broadly of the active functions being expressed. In par-
ticular metatranscriptomics has been applied across a variety of environments 
(including soils and water) to discover novel functions and to track gene expression 
and to identify novel microbial interactions (Bikel et  al. 2015; Bashiardes et  al. 
2016; Moniruzzaman et al. 2017). However useful this methodology is, though, it is 
not without its drawbacks. RNA has a short half-life, and its extraction from soil in 
quantity and quality sufficient for metatranscriptomic analysis is challenging. 
Rigorous experimental design is critical to ensure activity can be sufficiently attrib-
uted, and samples require destructive analysis. In addition, due to the complexity of 
the soil microbiome (i.e. high diversity and abundance of particular species), the 
wide range of transcript expressions and technology-specific limitations, metatran-
scriptomics is not always able to capture the entire metatranscriptome.

Metaproteomics is an option to characterise the urban soil microbiome via the 
analysis of proteins that are produced via translation of the messenger RNA into a 
chain of amino acids and thus a protein (see Fig. 8.7). In contrast to DNA and RNA, 
most proteins have an intrinsic metabolic function, and thus, in a complex microbial 
environment such as an urban soil, proteins can be linked to specific organisms. 
However, methods for the extraction of proteins from soil lag behind those for 
nucleic acids. Protein extraction is challenging because of the presence of both 
organic (e.g. complex carbohydrates, lipids, phenolic compounds (e.g. lignin) and 
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humic substances) and inorganic (e.g. silt and clay minerals) compounds that can 
affect extraction efficiency. While co-extraction of humic substances has been an 
issue in DNA and RNA extraction, it has largely been overcome though ongoing 
optimisation work. Co-extraction of humic substances is an additional problem for 
metaproteomics, as humic substances interfere with the separation of peptides, and 
protein identification and quantification (Adamczyk et al. 2008; Bastida et al. 2009). 
Despite these issues, however, the identification of microbial proteins within a spe-
cific habitat, coupled with an analysis of their phylogenetic origin, could provide 
new insights into the role played by microorganisms in the urban environment 
(Schulze et al. 2005; Wang et al. 2011).

Metabolomics is the analysis of the many naturally occurring low molecular 
weight (< 1000 Daltons) metabolites, or molecules, such as sugars, organic acids, 
amino acids, lipids, etc. that are produced as part of an organism’s normal cellular 
metabolism for maintenance and growth (Jones et  al. 2013). Recent advances in 
spectroscopy have made it possible to both identify and quantify the relative abun-
dance of metabolites present in biological samples (Patti et al. 2012). This type of 
approach is considered to be similar in terms of data complexity and cost to genom-
ics and proteomics approaches; however it allows for more rapid sample processing 
and has the capacity to identify molecules involved in metabolic pathways includ-
ing intermediate metabolites and thus potentially can improve our understanding of 
biological processes in soil that involve soil organisms (Withers et al. 2020).

Fig. 8.7 This figure highlights links between nucleic acid, protein and metabolite methodologies 
for measuring the urban soil microbiome. Illustration by Ooid Scientific

D. B. Gleeson



269

8.5.3  Multivariate Analysis of Soil Organisms

You may be familiar with univariate statistics that are typically used to assess vari-
ability and to test for significant differences in univariate measures across experi-
mental treatments, for example, pH, temperature or even abundances of specific 
organisms, e.g. total abundance of earthworms. Some of the statistical methods we 
apply in these situations are described in Chap. 3. In ecological datasets multivariate 
statistics are used when the data collected are complex and information across a 
variety of different organisms has been collected. That is, multivariate statistics are 
used to assess high-dimensional data typically collected in ecological studies where 
multiple species data are collected – this applies equally to urban soils as well as 
other environment types. One example of this type of data collection is of DNA 
sequencing data across the bacterial or archaeal domains where the methodologies 
result in the collection of relative abundances of a large list of organisms, for exam-
ple, a typical soil microbial community analysis might yield data on the relative 
abundance of 400 different bacterial families. Analysing such data across multiple 
samples requires significant computational power, particularly when it comes to 
testing hypotheses involving not only multiple species data but also multiple 
response variables (i.e. a variety of environmental metadata is also collected such as 
soil pH, temperature, moisture, nutrients, contaminants, etc.).

A range of measures are used in the analysis of multivariate data. Alpha diversity 
is generally described as the ‘within sample’ diversity and is a measure of both the 
richness (i.e. number of species present) and evenness (i.e. variation in the abun-
dance of each species present) of species in a single sample. Alpha diversity can be 
simply viewed as the number of species present in a single sample and can easily be 
applied to species datasets that are constructed using traditional approaches. Alpha 
diversity measures such as the Shannon diversity index can be equally applied here 
to calculate the within sample species diversity (Shannon 1948). Although alpha 
diversity can be relatively easily determined for species that are assessed by tradi-
tional methods, it becomes more difficult to determine when we use DNA sequenc-
ing approaches as often we cannot be sure we have identified every single species 
present. In this case we need to calculate values known as estimated alpha diversity; 
one such example is the Chao1 estimator (Chao 1984). Both the traditional Shannon 
diversity type index and the estimator Chao1 index give equal weight to the pres-
ence of each species and do not take into account phylogenetic placement, i.e. this 
means that the same alpha diversity is yielded from a community consisting of 10 
species from a single genus as it would one composed of 10 different phyla. Other 
alpha diversity measures such as Faith’s phylogenetic diversity take into account the 
sum of the branches of the phylogenetic tree (refer to Fig. 8.4) and thus provide a 
more accurate measure of the within-sample alpha diversity (Faith 1992). Although 
the calculation of a diversity index results in a univariate value representing diver-
sity, it should not be forgotten that this value was calculated based on the collection 
of a multivariate dataset. Since the alpha diversity index is a univariate measure of 

8 Soil Biological Processes in Urban Soils



270

diversity, it can be analysed using standard univariate statistical methodologies just 
as you would pH or temperature (see Chap. 3).

Beta diversity is described as the ‘between sample’ diversity, i.e. the extent of 
change of community composition or diversity across an environmental gradient or 
set of experimental treatments. In other words beta-diversity can be described as the 
degree to which two samples differ in terms of the species present and their abun-
dances, i.e. richness and evenness. A variety of beta diversity indices have been 
developed including distance-based metrics such as Euclidean distance and dissim-
ilarity-based metrics such as Bray Curtis (Kuczynski et al. 2010). It is not the pur-
pose of this text to provide background on all the distance and similarity/dissimilarity 
measures available – please review Anderson (2001), Clarke and Warwick (2001) 
and Anderson and Willis (2003) for a more detailed overview of the area. Euclidean 
distance is widely used in the multivariate analysis of environmental data; however 
it requires very large effect sizes for statistical significance and doesn’t perform well 
with datasets containing many zeros, which inevitably species datasets will contain 
and thus it is not recommended or widely used for the analysis of species beta diver-
sity. Bray Curtis, a dissimilarity measure used to quantify the species compositional 
dissimilarity between samples based on species counts and abundances, is more 
widely used as it has a high degree of tolerance for zero-rich datasets. However, 
again Bray Curtis does not take into account phylogenetic diversity – in order that 
we assess sample’s differences based on the phylogeny of their communities, indi-
ces such as Unifrac should be applied (Lozupone and Knight 2005). In general a 
combination of non-phylogenetic and phylogenetic approaches can be useful in 
interrogating complex community datasets in order that we gain a deeper under-
standing of the similarities and differences contained within these communities.

To visualise the similarities or differences obtained using measures of similarity, 
whether they be phylogeny based like Unifrac or non-phylogeny based like Bray 
Curtis, ordination approaches are usually applied. One of the oldest approaches to 
visualise multivariate data is principal component analysis or PCA (Ringner 2008). 
In this type of approach variables are treated as axes in a Euclidean multidimen-
sional space, and the first principal component is by definition placed on the direc-
tion representing the largest variation of the data. The second component placed in 
a direction orthogonal to this that explains the largest remaining variation and so on 
(Chap. 3 has some additional explanations of principal component ordination). 
Usually the majority of variation is explained within the first few components, with 
the percentage of variation explained by each axis indicating whether they are the 
dominant drivers present or not. However, as mentioned previously Euclidean dis-
tance is rarely used for species data, and the related PCoA or Principal Coordinate 
Analysis method is used, in combination with Bray Curtis, Unifrac or other similar-
ity or dissimilarity measures suitable for species data containing zero-rich datasets. 
PCoA makes use of actual measures of similarity between samples; however, other 
methods such as multidimensional scaling (MDS) make use of ranked similarities, 
i.e. samples that are most similar to one another are given the rank of 1, the next 
most similar set of two samples is ranked second and so on until all samples have 
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been ranked against one another. This technique can be useful to decrease the com-
plexity of the data and can also be considered a mechanism to de-emphasise the 
absolute measure of similarity chosen to represent beta diversity. In addition to visu-
alisation of beta diversity a priori, there are also routines available that allow sam-
ples to be ‘grouped’ according to the experimental treatment applied (Canonical 
Analysis of Principal Components: CAP) or according to environmental measure-
ments collected (Distance based redundancy analysis: DISTLM).

In addition to visualisation of data, it is important to be able to test hypotheses 
within a multivariate environment in a similar way to the approach taken with uni-
variate data. For example, it might be useful to question whether an a priori group-
ing of samples (e.g. across environmental gradients or due to experiment treatments 
imposed) corresponds to the presence of statistically different biological or micro-
bial communities. You may be familiar with the analysis of variance approach 
(ANOVA) for univariate data, or due to lack of normality (usually the case for bio-
logical data) the application of the Kruskal-Wallis rank sum test. For multiple com-
parisons, permutational ANOVA where permutations are used to assess significance, 
called PERMANOVA, is usually applied. A review of these methods as they are 
applied to microbial datasets can be found in Hugerth and Andersson (2017). All of 
the analysis methodologies mentioned above can be implemented using free-to-use 
R packages such as ‘vegan’ (Oksanen et al. 2020), or the for-purchase Primer-E 
package (https://www.primer- e.com/).

8.6  Relationships Between Urban Habitats 
and Resident Organisms

There are numerous studies focussing on assessment of soil organisms against a 
rural-urban divide – generally the argument is made that urban environments har-
bour less biodiversity than their rural counterparts. However, this assessment may 
not always be true as it will depend on the urban habitat being considered, the scale 
of the habitat (μm2 to cm2 to km2) as well as the specific organisms in question 
(Szlavecz et al. 2006; Guilland et al. 2018). Given the great global variety of urban 
environments (See Sect. 8.3), in this text we will focus on the relationship between 
urban environments and their resident organisms and vice versa, rather than the dif-
ferences between urban habitats and other habitat types. Studies of urban soils have 
also generally focussed on disturbed anthropogenic technosols (i.e. soils constructed 
by humans; see Chap. 2), and thus such soils have been considered as being of low 
biodiversity (Deeb et al. 2020). However although there is no doubt that soil organ-
isms are vulnerable to many human induced changes in urban environments, for 
example, habitat disturbance, impervious surfaces, changes to land use and pres-
ence of pollutants such as metals, petro-chemicals and pesticides, there remains a 
vast unexplored biodiversity within urban environments (McIntyre 2000; Pavao- 
Zuckerman 2008; Jones and Leather 2012).
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8.6.1  Habitat Structure

Habitat structure can be described as (i) physical aspects of the landscape including 
buildings, tree canopy and grass cover which mediate habitat characteristics such as 
soil temperature; (ii) soil structure, that is, the arrangement of the physical compo-
nents of the soil; and (iii) vegetation, that is, the diversity of trees, shrubs and grasses 
in terms of both species and morphology or growth habit.

Physical aspects of the landscape can result in alteration of macroclimate condi-
tions, for example, changes in temperature (Chap. 5). Alteration of macroclimate 
conditions by urbanisation is defined as the ‘urban heat island’ effect where urban-
ised environments have a greater air temperature than the surrounding land. 
Therefore shaded areas within these environments, for example, those shaded by 
trees and shrubs, usually have a lower ambient temperature (Geiger et al. 2009). In 
fact belowground ‘heat islands’ have also been described in the context of direct soil 
cover, where, for example, soils beneath pavement and gravel are warmer than those 
underneath organic materials such as mulches, lawns and unmowed fields, due to 
decreased heat exchange between the soil and the atmosphere (Byrne 2007). This 
effect is temporal, with maximum habitat temperature differences at the hottest part 
of the day and the effect lessening overnight as aboveground temperatures cool. 
Organisms that inhabit these environments are directly impacted by this temporal 
variability. Generally speaking an increase in temperature will result in an increase 
in an organism’s biological activity. Most organisms have an ideal temperature 
range under which they optimally operate, for example, most soil organisms are 
active between 0 °C and 50 °C (although individual species will have optima that sit 
more tightly within this wide range). The temperature optimum for individual spe-
cies relates to the temperature at which biological functions perform best, and out-
side of these optimum ranges cellular processes are restricted both at the upper and 
lower bounds of the optimum range. Temperature both directly and indirectly affects 
soil organisms. For example, a direct effect of temperature might influence physio-
logical activity of an organism, e.g. enzyme activity, while indirect effects include 
those impacting local soil physico-chemical properties, e.g. nutrient diffusion and 
solubility and local evaporation rates. For example, increasing temperatures can 
result in an increased microbial activity, thus resulting in a shift in the microbial 
community in favour of organisms adapted to higher temperatures and faster growth 
rates (Zogg et al. 1997). In addition, there is a maximum temperature after which 
microbial activity will decrease again as the upper range of an organism’s physio-
logical activity is reached.

Habitat fragmentation and the theory of island biogeography can also explain 
some of the physical impacts on soil organisms in an urban context. Essentially 
island biogeography states that larger islands have more species than smaller more 
isolated islands. This can be applied to habitat fragments that exist as an ‘island’ 
within an urban setting, for example, it has been shown that arthropod communities 
were affected by the patch sizes of urban habitats with greater species richness 
observed in larger patches. However the effect was species-specific as some species 
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persisted in smaller patches but not larger ones and vice versa (Gibb and Hochuli 
2002). Species size can also play a role, for example, the body size of spiders influ-
enced which species survived in urban patches of forest of differing size, i.e. species 
with larger body size were not present in smaller forest patches (Miyashita et al. 
1998). It has also been suggested that the time since fragmentation was apparent is 
also an important physical factor, for example, Bolger et al. (2000) reported that 
arthropod abundance and diversity negatively correlated with fragment age.

Soil structure, incorporating elements of solid soil particles, plant roots and void 
spaces (Chap. 4), is an important driver of many ecological processes in urban envi-
ronments. It can regulate community structure of both macro and micro fauna by 
providing resources such as nutrients, moisture and niches for colonisation, as well 
as mediating interactions, for example, competition and predation, between organ-
isms (Byrne et al. 2008). Soil is structurally complex and consists of a matrix of 
solid mineral and organic components that are organised into aggregates. That is, 
soil structure is part of habitat structure, but they are not the same thing! This aggre-
gation creates a wide variety of microenvironments that offer distinct niches for soil 
organisms to reside in (O’Donnell et al. 2007). The soil mineral component influ-
ences micro-niche development and thus diversity of organisms in soil, and in par-
ticular the microbial component (Gleeson et al. 2005; Gleeson et al. 2006; Carson 
et al. 2007; Carson et al. 2009). The spatial arrangement of the solid soil matrix 
ensures the creation of a complex network of pores that vary in their connectivity 
and which contributes to the formation of diverse niches for colonisation (Carson 
et al. 2010). This pore structure can influence interactions between the various types 
of organisms found in soil, for example, predation of bacteria by protozoa can be 
influenced by soil pore size distribution. This soil pore geometry can be adversely 
affected, particularly in urban soils where compaction and sealing are an issue (see 
Fig. 8.8).

Fig. 8.8 Impact of soil pore structure on the interaction of soil microorganisms, organic matter 
accumulation and oxygen diffusion (adapted from Strong et  al. 1998). Illustration by Ooid 
Scientific
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Soil organisms themselves also contribute to soil structure in a meaningful way. 
Soil ecosystem engineers change the physical state of soil such as earthworms that 
burrow and tunnel through soil mixing soil layers and enhancing soil structure. 
Earthworms produce casts that assist in attaching soil particles together to form 
aggregates. The activities of earthworms leaving their casts on the soil surface, and 
isopods transporting their faecal pellets to the surface, contribute to the rebuilding 
of topsoil (Jones et  al. 2006). It is widely understood that organic matter in soil 
contributes to soil structure by decreasing bulk density and increasing water holding 
capacity. What is less well understood is the contribution to soil structure of the 
decomposition of organic matter by soil organisms. We do know that the process of 
microbial decomposition of organic matter contributes positively to soil structure 
and improvement of aggregation. During breakdown of organic matter, soil micro-
organisms secrete various carbohydrates and polysaccharides that enhance aggrega-
tion in soil and thus contribute to the formation of soil structure. These extracellular 
polymeric substances are present only in small quantities in soil (less than 0.1%) but 
are highly effective at binding soil particles (Costa et al. 2018). Aggregates help 
improve the fertility of soils, and thus the presence of microorganisms, for example, 
strains of Pseudomonas, Bacillus and Paenibacillus, that contribute to soil aggrega-
tion are important. Fungi contribute to soil structure via the production of hyphae 
that assist in anchoring soil particles. Polysaccharides on the surface of these hyphae 
also assist in binding soil particles together thus contributing to soil structure, with 
the greatest benefit observed in sandy soils (Tisdall et al. 2012).

Vegetation present in a habitat can have a variety of impacts on resident organ-
isms. For example, plants can have different rooting architectures, root exudate 
composition, or leaf/shoot nutrient contents. First, the rooting architecture of plants 
(density and depth distribution of roots) can moderate moisture availability in dif-
ferent soil layers as plants take up water from soil. Next, the composition of plant 
root exudates (i.e. the concentrations of low molecular weight organic molecules 
released by plant roots, such as organic acids) provides differing substrates for 
microbial communities in the rhizosphere (i.e. the soil zone immediately beside 
plant roots). Finally, different plant materials can have different nutrient profiles. 
Plants such as grasses have a relatively low carbon to nitrogen ratio in their tissues, 
meaning that they form easily decomposable litter. In contrast, tissues from sclero-
phyll plants such as eucalypt trees generally have high C:N ratios, yielding less 
easily decomposable litter. Litter from different plants is therefore decomposed at 
different rates by soil organisms. Heterogeneous vegetation may represent the envi-
ronment most likely to encourage belowground diversity, but a large amount of 
urban environments are effectively managed as monocultures (e.g. lawns, urban 
parks and playing grounds) which may not promote increased belowground diver-
sity. In addition to vegetation, the management of, for example, lawn clippings, 
leaves and mulches, can significantly impact nutrient availability to belowground 
soil organisms. These mulches can also assist in increasing soil water content via 
the addition of mulches to the soil surface which can decrease evaporation rates 
(Byrne 2007). The diversity of vegetation in urban environments can also impact 
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soil moisture patterns as they can impact local evapotranspiration rates (Eviner 
2004). An additional issue is the removal of native vegetation and replacement with 
exotic or new combinations of plant species that often focus on non-natives. 
Designed urban environments have not been extensively examined in terms of the 
influence of plant species richness and identity on soil organisms – it may transpire 
that these human designed environments have unique impacts on soil biodiversity 
and ecosystem functioning (Wolfe and Klironomos 2005).

8.6.2  Soil Characteristics (pH, Nutrients, Moisture)

As previously described for temperature, organisms have a pH range within which 
they are optimally active. Some organisms can tolerate extremes of pH, but most 
organisms have a pH optimum of around 7.0, with some microorganisms (bacteria 
and archaea in particular) tolerating pH values as low as 1.0 or as high as 12.0. 
Larger soil fauna, for example, earthworms, are less tolerant of extremes in pH and 
are not very active in, for example, forest soils where the pH can be lower than 5.0. 
The activity of earthworms in urban forests may be replaced by other organisms 
(e.g. enchytraeids, or potworms). In soil the solubility of elements is affected by pH, 
for example, at low (acidic) pH, aluminium-bearing minerals become more soluble, 
and dissolved aluminium ions are therefore more bioavailable, resulting in increased 
toxicity to soil organisms. Conversely some essential elements can become unavail-
able at high pH (alkaline), e.g. phosphorus and manganese. The urban soil microbi-
ome is similar to its rural counterpart, in that abiotic factors such as pH are important 
drivers of microbial diversity (Gleeson et al. 2016; Schmidt et al. 2017; O’Brien 
et al. 2019). In general, although not always, urban soils have a pH greater than 7 
which has been attributed to the use of filling materials contaminated with building 
waste (e.g. concrete and cement) which results in the release of carbonate-rich solu-
tions into the soil thus increasing the pH (Yang and Zhang 2015). Although soil pH 
has long been recognised as a driver of the soil microbiome in terms of the species 
present and their functions, differing effects have been reported across the bacteria, 
archaea and fungi. The highest bacterial diversity has been reported in soils around 
pH 7.0 (neutral pH) with diversity being significantly lower in acidic soils (Fierer 
and Jackson 2006), although there are numerous conflicting reports. For example, 
Roesch et al. (Roesch et al. 2007) suggested that forest soils (that generally have a 
pH less than 7.0) have higher microbial diversity than in three different agricultural 
soils that were also investigated. In the urban context there have been relatively few 
studies assessing the composition of the microbiome with some noteworthy excep-
tions. For example, in New York City (USA), research in Central Park has indicated 
that soil microbial composition is related to microsite differences, particularly soil 
edaphic characteristics like pH (Ramirez et al. 2014; Gill et al. 2020).

Water in urban soils is modified by limited infiltration and by increased run-off 
into storm drainage infrastructure (Chap. 5). Infiltration in urban soils is limited 

8 Soil Biological Processes in Urban Soils



276

both because of soil sealing and the compaction of soils that have not been sealed. 
Thus, runoff is increased by the existence of sealing, either via pavement, roads, and 
other surfaces that drain into storm sewers. Therefore it can generally be said that 
urban soils are drier than non-urban soils (Pickett et al. 2011). As always there are 
exceptions to this, specifically in the arid and semi-arid areas where irrigation is 
used meaning that soil water content can be higher in urban soils (Brazel et  al. 
2000). Soil water contents in urban areas can be further decreased due to local 
higher air temperatures (heat island effect), which generate higher evaporation and 
transpiration rates. Related to poor infiltration is the potential for excess water to 
run-off onto compacted soils (rather than into stormwater infrastructure) resulting 
in potential anoxic soil conditions (Pickett et  al. 2011). Thus, soil water content 
likely has a significant impact on soil organisms in urban environments – and this 
impact will not be uniform. Soil water content significantly affects soil organisms in 
a number of ways. Considering soil structure, the degree to which soil pores are 
filled with water affects the movement and predation of microorganisms in soil (see 
Fig.  8.9). Although it has been suggested that fungi have greater resistance to 
drought than bacteria and archaea, some bacteria do form endospores which allow 
these organisms to survive until more suitable conditions arise (for instance, there is 
a rainfall event). Water availability is also known to directly affect the osmotic status 
of microbial cells. Extended lack of water can affect soil microorganisms and induce 
osmotic stress, although some soil microorganisms, for example, Actinomyces, can 
produce chemicals, in this case the amino acid proline, which protects the osmotic 
balance of cells and allows survival under drought conditions (Griffiths et al. 2003; 
Drenovsky et al. 2004).

Plants require nutrients to be in a usable form and optimal concentration to foster 
strong growth. This is particularly important when attempting to restore and re- 
vegetate urban environments. However, concentrations of nutrients in urban soils 
can be highly varied across both city centre and suburban locations. Urban soils in 
city centre locations are relatively enriched in both nitrogen and phosphorus, for 
example, high levels of atmospheric deposition of both nitrate and ammonium have 
been reported in the urban forests of New York City (Lovett et al. 2000). This is 
likely due to atmospheric nitrous oxides from fossil fuel combustion that can react 
with dust from urban construction work. Other sources of urban pollution include 
leaky sewers, leaching from landfills, storm water runoff and industrial spills. 
Fertiliser use on lawns and city parks is likely to lead to higher nutrient availabilities 
in suburban locations and parklands (Paul and Meyer 2001). Soil nutrient status 
strongly influences microbial communities, and in natural ecosystems soil eutrophi-
cation has been linked to decreases in the number and abundance of microbial spe-
cies. It has been reported that there is a greater abundance of bacteria in the genus 
Nitrospira in residential areas, likely related to private lawns receiving greater nitro-
gen fertilizer than other soils thus promoting the growth of these nitrifying microor-
ganisms. In urban green spaces Verrucomicrobia, which are generally slow-growing 
and oligotrophic bacteria, were more abundant in nitrogen poor urban soils (Wang 
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Fig. 8.9 Flowchart illustrating steps involved in sampling of urban soils through to analysis of 
DNA extracted from that soil. This process can be applied to environmental DNA (eDNA) 
extracted to identify soil fauna or soil microorganisms. Illustration by Ooid Scientific
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et  al. 2018). The issue of nutrients in soil is also linked with pH as mentioned 
above – with elevated soil pH influencing the form and availability of most nutrients.

8.6.3  Soil Contamination (Metals, Pesticides, PAHs)

Soil contaminants can have differing impacts on resident organisms; for example, 
most invertebrates decrease in abundance in response to both pesticides and soil 
metal contamination (Peck 2009; Santorufo et al. 2012; Pouyat et al. 2015; Gan and 
Wickings 2017; Bray and Wickings 2019). There are reports, however, of metal 
contamination increasing the abundance of some soil macroinvertebrates such as 
isopods (Pouyat et al. 2015). Szlavecz et al. (2006) reported a greater abundance 
and biomass of earthworms in more urbanised sites, whereas Smetak et al. (2007) 
reported greater abundance and biomass in less urbanised sites. This lack of consis-
tency in reporting of earthworm communities may be related to the type of urban 
environment that is sampled and the context of the city in terms of population and 
level of industrial activity. Data collected from different types of urban land use 
suggest that earthworm abundance and diversity are highest in urban gardens with a 
gradient running from gardens to urban forests to grass covered road verges and 
other similar environments (Smetak et al. 2007; Amosse et al. 2016). Fountain and 
Hopkin (2004) found that for Collembola (springtails) in a range of contaminated 
and uncontaminated urban soils, the contaminated sites typically had a few domi-
nant species with many rare species. Soils in contaminated sites sometimes con-
tained more species than in uncontaminated sites. Pavao-Zuckerman and Coleman 
(2007) found that, while the functions performed by soil nematodes differed with 
varying degrees of urbanisation, the taxonomic diversity of nematodes was similar 
for urbanised and non-urbanised soils. In contrast, Uno et al. (2010) found that the 
diversity of ant species was greater in forested areas than in urban environments; 
however, the lower urban ant diversity may have been related to the colonisation of 
urban soils by an introduced ant species.

Grass verges located alongside freeways and motorways and in highly trafficked 
areas have notably high concentrations of contaminants such as metals and polycy-
clic aromatic hydrocarbons, as well as soil compaction and thus are the least rich 
environments in terms of macroarthropod abundance and diversity (e.g. Varet et al. 
2014; Devigne et al. 2016). Green roofs have also been reported as unfavourable 
habitats for the development of macroarthropod density or diversity (MacIvor and 
Lundholm 2011; Braaker et al. 2014). The very low levels of colonisation observed 
in green roofs may be due to the limited plant diversity on these surfaces and the fact 
that they are usually constructed from manufactured soils. Microarthropods (includ-
ing Collembla and Acari) are often considered as reliable bioindicators of urbanisa-
tion, for example, pollution and contamination (Joimel et  al. 2017) as they are 
abundant, relatively easy to sample and respond quickly to soil disturbance, and so 
have been selected as one of the main bio-indicators to be used in soil surveys 
(McIntyre 2000).
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One of the most important pathways for attenuation (i.e. removal) of organic 
contaminants in soils is biodegradation. The biodegradation process occurs where 
soil microorganisms use contaminant compounds as a metabolic energy source and 
growth substrate. Alternatively, pollutant removal can occur in a process of co- 
metabolism, in which organic contaminant compounds are degraded while microor-
ganisms are metabolising another (presumably less toxic) substrate (Alexander 
1981). Bacteria, archaea and fungi are involved in biodegradation of various con-
taminants, with fungi often being more effective at degrading persistent organic 
pollutants (Harms et al. 2011). For biodegradation to occur, the pollutant molecules 
must be in a chemical form, or physical location, that allows interaction with micro-
organisms. In other words, the organic pollutant compounds must be both bioavail-
able, in a form that allows biochemical processes to occur, and bioaccessible, in a 
location which allows microorganisms to come into contact with pollutant mole-
cules (Semple et al. 2004). If rhizosphere microorganisms, existing in association 
with plant roots are involved, then bioaccessibility also applies to the ability of roots 
or associated fungal hyphae to contact or closely approach the pollutant molecules. 
Numerous chemical forms of organic contaminants are not bioavailable, for exam-
ple, when contaminant molecules are physically or chemically bound to clay miner-
als or organic matter in soils. Biodegradation also occurs at different rates and to 
different extents depending on the types of organic contaminant involved (McBride 
1994). For example, among the pollutants in the petroleum hydrocarbon category, 
simple unsubstituted compounds such as alkanes and light aromatics (e.g. BTEX) 
are degraded more rapidly by microorganisms than more complex compounds 
(Shahsavari et al. 2017). Compounds with more complex or larger molecules such 
as PAHs, PCBs or PCDDs (see Table 7.2) are more slowly degraded, and their bio-
logical attenuation in soils may be mediated mainly by fungi (Harms et al. 2011). 
Slow or even negligible degradation is a defining property for the group of persis-
tent organic pollutants (POPs; see Table 7.3).

Some of the other issues around biodegradation have already been discussed in 
Chap. 6. You will recall that biodegradation is characterised by first-order kinetics, 
and that biodegradation rates depend on both the identity of the pollutant (as implied 
above), and soil properties such as temperature, soil water content, soil pH and 
nutrient availability. These are the factors that affect the activity of microorganisms 
in general. Since other toxic substances such a metals can affect biological activity, 
high concentrations of metals also decrease the rates and amounts of biodegradation 
that can occur. Finally, we should remember that in general bioavailability in soil 
decreases with increasing time since contaminant addition.

8.6.4  Urban Soils and Human Health

Most soil organisms are beneficial and present no risk to human health. However, in 
some instances soil can serve as a reservoir for human disease vectors, pathogens 
and parasites. These organisms represent a poorly studied group, and in fact the 
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World Health Organization does not even recognise soil-borne human diseases as a 
distinct group (with the exception of soil-transmitted helminths), as they do with 
food-borne diseases or zoonoses. Urbanisation can cause disturbances in the soil 
environment that may favour an increase in pathogenic microorganisms. For exam-
ple, as already noted, urban areas usually have higher temperatures due to the urban 
heat island effect. These higher temperatures have the potential to stimulate the 
growth of some pathogenic species (Charron et al. 2004). Some soil-borne patho-
gens such as Pseudomonas and Enterobacter are opportunistic, and, although they 
can infect and cause disease in humans, their main functions are as decomposers in 
the soil, antagonists against plant root pathogens and as plant growth promoters 
(Wall et al. 2015). In urban areas water can be contaminated with pathogens via a 
number of pathways ranging from pets, storm water run-off, wastewater effluent 
and urban agriculture. Water containing pathogens can often find its way onto the 
soil thus providing an additional source of potential soil pathogens (e.g. Walters 
et al. 2011). Other urban pathogens are obligate parasites that require a host in order 
to complete their life cycle. For example, many studies in urbanized landscapes 
have reported locally high tick abundance, the vector for lyme disease and tick 
typhus – both caused by different tick-borne bacteria (Diuk-Wasser et al. 2020). In 
general it can be observed that degraded, low biodiversity soils that perhaps may be 
typical of urban environments may favour more opportunistic and potentially patho-
genic microorganisms. One option to remedy this is to ensure that future urban 
developments incorporate novel technologies and planning such as Water Sensitive 
Urban Design (Chap. 5) (including increasing infiltration of impervious surfaces, 
reducing fertiliser use on green lawns and planting native trees). Sustainable man-
agement practices such as these promote a biodiverse soil community that ensures a 
fertile and healthy soil (Liddicoat et al. 2019; Mills et al. 2019).

8.7  Novel Uses/Metabolisms or Urban Soil Organisms

All soils, including urban soils, provide a diverse range of habitats for soil microor-
ganisms in particular. It is this diversity of habitat that likely leads to the develop-
ment of the adaption strategies that microorganisms require to survive and reproduce. 
Thus microorganisms produce a range of microbial products that enhance their sur-
vival. For example, Bacillus thuringiensis is a soil bacterium that produces insecti-
cidal crystal proteins (Bt toxin) that are toxic. The genes that encode the Bt toxin 
have now been engineered into many crop plants for use as a bio-insecticide, for 
example, Bt-corn. Use of these genetically engineered crop plants decreases the 
need for additional chemical insecticides to be applied in the field. However, we 
should not forget that there may be unintended consequences such as an impact of 
the Bt crop on root exudates which may in turn influence rhizosphere microorgan-
isms or horizontal gene transfer (HGT) whereby the Bt gene could be transferred to 
other organisms (see Turrini et  al. 2015 for a review of the area). The most 
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well- known antimicrobials produced by soil organisms are antibiotics. Soil bacteria 
can produce tetracyclines, streptomycins and β-lactams while fungi produce peni-
cillin and cephalosporin antibiotics – all of which are widely used in the medical 
field. However, blanket widespread use of antibiotics has given rise to a new issue – 
that of antibiotic resistance. Pathogenic microorganisms have developed a series of 
defence mechanisms over time that protect them from the action of antibiotics. 
Therefore new effective antibiotics should be a focus for those working in this area 
which includes better understanding of microbial natural products, their derivatives 
and synthetic analogues that are widely used in medicine (Rutledge and Challis 
2015). Microorganisms produce both generic and specialised metabolites with the 
majority of specialised metabolites resulting from metabolic pathways encoded by 
a suite of genes at the same chromosomal locus generally referred to as biosynthetic 
gene clusters (BGCs). These BGCs generally are difficult to express in laboratory 
culturing experiments, as they often require specific environmental triggers for their 
expression (Rutledge and Challis 2015). Despite this challenge, microbial metabo-
lites or synthetic analogues have been approved as drugs to treat emerging health 
threats, such as daptomycin (to treat life-threatening infections caused by methicillin- 
resistant Staphylococcus aureus (MRSA)), fidaxomicin (to combat gastrointestinal 
infection by Clostridium difficile) and carfilzomib (a chemotherapy drug for the 
treatment of relapsed or refractory multiple myeloma) (Rutledge and Challis 2015). 
In more recent years a wealth of metagenomic data have been generated, allowing 
us to identify novel biosynthetic gene clusters that do not have the same restrictions 
as culturing based experiments, and thus allow us to select promising BGCs for 
further research and exploitation (Loureiro et  al. 2018). The types of microbial 
products listed above have generally been produced using microorganisms and their 
DNA isolated from extreme environments, for example, hot springs, deep ocean and 
tundra. However, there has been a recent effort to investigate urban environments 
for potentially useful microbial products. For example, Charlop-Powers et al. (2016) 
reported that it is likely that urban environments, even small urban parks, could be 
significant reservoirs of natural bacterial product biosynthetic diversity. They report 
that many gene cluster families (that were first found in samples in extreme environ-
ments around the world) are predicted to be present in the collective urban soil 
microbiome. Soils also harbour an enormous diversity of viruses with a metage-
nomic and/or metatranscriptomic approach needed to understand viral community 
ecology because there is no universal marker gene for viruses as there is for bacteria 
(e.g. the 16S rRNA ribosomal subunit gene present in all bacteria). In marine sys-
tems, where viral ecology has been ongoing for the past 20 years or so, ecologists 
have reported that viruses can affect global ocean food webs, carbon cycling as well 
as climate. This type of research in the soil environment is only starting to take off – 
it is likely that viruses play a significant and as yet undiscovered role in our soils 
(Emerson 2019).
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8.8  Additional Reading

Bardgett RD, van der Putten WH (2014) Belowground biodiversity and ecosystem 
functioning. Nature 515:505–511

Byrne LB (2007) Habitat structure: a fundamental concept and framework for urban 
soil ecology. Urban Ecosyst 10:255–274

Guilland C, Maron PA, Damas O, Ranjard L (2018) Biodiversity of urban soils for 
sustainable cities. Environ Chem Lett 16:1267–1282

8.9  Review and Study Questions

8.9.1  Checking Your Understanding

 1. Soil biological functioning is affected by which four characteristics of urban 
soils? Explain why each characteristic is important.

 2. List as many ecosystem services as you can think of which are provided directly 
by soil-dwelling organisms.

 3. Give an example of the six main types of soil habitat found in urban 
environments.

 4. Discuss the advantages and disadvantages of culture-based vs. culture- 
independent methods for measuring microbiological properties of soils.

 5. How does soil pore structure affect soil microbial diversity and functioning?
 6. Identify the possible mechanisms for biodegradation of urban soil contaminants, 

and describe the factors affecting the effectiveness of biodegradation.

8.9.2  Thinking About the Issues

 7. What are the “–omics” methods used in soil biology, what information does each 
one provide, and what are the limitations of each technique?

 8. Describe the important components of soil habitat structure, and how these com-
ponents might be expressed in urban environments.

 9. Discuss some of the ways in which urban soils can adversely AND beneficially 
affect human health.

8.9.3  Contemplating Urban Soil Biology More Creatively

 10. It’s often stated that a handful of soil can contain many millions of organisms. 
How do we know this? What measurements and data have been used?
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Chapter 9
Urban Soil as a Source and Sink

Andrew W. Rate

Abstract Urban soils are well known to be receiving environments for material 
from other environmental compartments, particularly when human activity is 
involved. In this chapter, we start by discussing the transport of material to and from 
urban soils, and then consider urban soils as both sink and source for contaminants 
and other materials. Soils will act as a sink if the added materials persist in the soil 
environment. Urban soils can also be net contributors, or sources, of material to 
other environmental compartments, and the losses of material from soils are also 
strongly affected by human activities. In between these two extremes, soils (includ-
ing those in urban environments) can act as a temporary sink, or transient storage, 
for substances which persist long enough to affect some soil functions, but are lost 
from the soil at a rate where significant accumulation does not occur.

To obtain a more complete understanding of the role of urban soils as a source 
and sink of materials, we will first discuss the most common transport mechanisms, 
and then move on to some discussion and examples of urban soils acting as either 
sinks for, or sources of, material to or from other environmental compartments. The 
possibility of contaminant transfers to and especially from soils means that the soils 
themselves, and the processes occurring in them, need to be considered when esti-
mating the risk to humans or to receiving environments.
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What you could learn from this chapter:

• Various physical and biological mechanisms which transport materials in soils.
• What the external sources for materials or substances added to urban soils 

include.
• Different ways that urban soils can be a source of materials or substances to 

receiving environments.
• The basics of risk analysis as applied to soils in urban environments.

9.1  Transport Mechanisms Relating to Substances in Soils

9.1.1  Diffusion

Diffusion refers to the movement of substances down a concentration gradient of 
that substance, that is, from spaces with high concentration to spaces with low con-
centration. The process is driven solely by the concentration gradient (concentration 
÷ distance), and is generally slow and acts over short distances such as very fine 
pores within soil microaggregates, or in water films surrounding soil particles 
(Fig. 9.1); see also Carrillo-González et al. (2006). There may be some confusion 
with differing usage of terminology, since the term “diffusion” is sometimes used to 
denote the gradual spreading of substances such as contaminants from a source to a 
wider spatial scale. In this textbook we will consistently use the small-scale, physi-
cochemical definition above. Diffusion is only a significant transport process within 
fluid (air and water) phases in soils. For example, the transfer of low-volatility 
organic contaminants such as PAHs from soil to atmosphere is a process limited by 
diffusion in the vapour phase (Wei et al. 2014). In the aqueous (water) phase, diffu-
sion rates may control transfer of trace element contaminants from urban river 
sediments to the water column (Garban et al. 1996), or limit the rate of transfer of 
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trace elements from solids to pore water in contaminated urban soils (Dubé 
et al. 2003).

9.1.2  Advection (Mass Flow)

Mass flow can potentially transfer contaminants in any phase: gases by aeolian 
(wind) processes, or flow in soil pores down a gravitational or pressure gradient; 
liquids by streamflow, or water flow within soils (such as leaching of dissolved and 
colloidal material); and solids by wind or water erosion. Advective transport 
depends on the factors controlling movement of the medium carrying the material 
(e.g. contaminant) of interest, such as atmospheric pressure gradients for wind, and 
gravitational potential difference and/or matric potential difference for vertical 
water flow in soils, stream flow, or water erosion. Anthropogenic disturbance such 
as vehicle traffic or excavation of soil can increase the amount of material trans-
ported by any of these mechanisms. Figure 9.2 shows a water balance diagram with 
examples of the various water fluxes in an urban environment and explicitly consid-
ers anthropogenic fluxes such as flow into urban soil from impervious surfaces or 
leakage of piped water.

It is well known that mass flows of nutrients such as N and P can occur in urban 
environments, with soils contributing by leaching (vertical water flow) or erosion to 
other environmental compartments, commonly surface water or groundwater 
(Carpenter et al. 1998). Metals and other trace elements can leach from soils into 
water bodies, usually in low concentrations (Parker et al. 1978), but acidification of 
soil (e.g. by acid sulphate soil oxidation) can greatly increase the concentrations and 
amounts of metals leached due to mineral dissolution and release of adsorbed ions 
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Fig. 9.1 Transport processes for gases, water, and solutes on the micro-scale within aggregates of 
particles in soils. Mass flow can also be driven by gradients in gas pressure, matric potential, etc. 
(graphic by Andrew W. Rate)
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(Åström 2001). Some organic contaminants such as volatile hydrocarbons may be 
removed by soil-atmosphere fluxes or microbial degradation before leaching can 
occur, but less volatile or less degradable organic contaminants such as chlorinated 
hydrocarbons, pesticides, or pharmaceuticals may leach from soil into groundwater 
(Shepherd et  al. 2006; Al-Rajab et  al. 2008; Siemens et  al. 2010; Slavens and 
Petrovic 2012). Mass flow can also result in transport of microorganisms in soils, 
such as the potentially pathogenic Escherichia coli and intestinal enterococci from 
faecal matter (Garcia-Armisen and Servais 2007).

9.1.3  Adhering

Soil and associated contaminants can adhere to a range of surfaces, such as human 
skin or clothing, harvested plants and food items, and vehicles. Urban soil adhering 
to human skin can transport metals (Siciliano et al. 2009) or organic contaminants 
(Siciliano et al. 2010), with adhering soil typically composed of finer particles than 
the bulk soil, making it more enriched in contaminants (Yamamoto et al. 2006). Soil 

Fig. 9.2 Example of water fluxes, including into and out of storage in soils with no impervious 
surface cover, for an urban environment in Rastatt, Germany (Wolf et al. 2007; used with permis-
sion from Springer)
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adhering to vegetables is also known to transport metals (McBride et al. 2014) and 
plant pathogens (Ebrahimi et al. 2016). In some environments, soil adhered to vehi-
cles is an important vector of the spores of parasitic fungi such as Phytophthora spp. 
which may be important pathogens of trees in urban environments (Lyons 2008; 
Barber et al. 2013).

9.1.4  Bioturbation

The mixing of soil by organisms (bioturbation), such as burrowing invertebrates or 
mammals, or soil inversion by tree fall, can transport material within or even beyond 
the soil environment. For example, Lévêque et al. (2019) showed that earthworm 
bioturbation could transport metals such as Pb, Cd, Cu, and Zn, changing the bio-
availability of these elements in the process. Bioturbation was also an assumed pro-
cess in a model of fate and transport of TCDD (a dioxin, which is a persistent 
chlorinated aromatic organic pollutant) in urban soils and dusts by Thibodeaux and 
Lipsky (1985).

9.2  Urban Soil as Source and Sink of Material

9.2.1  Point and Diffuse Sources of Soil Contamination

Cities contain soil contamination from both diffuse sources, where a single location 
cannot be identified as the origin of soil contaminants, and point sources, where a 
discrete location can be isolated as the pollution source (Fig. 9.3). In a sense, entire 
cities or urban areas can be considered to be diffuse sources of contamination, based 
on regional-scale soil surveys (e.g. Cicchella et al. 2015). We more usually, how-
ever, consider defined types of human activities as diffuse pollution sources 
(Fig. 9.3), such as road traffic, fuel combustion for domestic heating, poorly con-
trolled waste disposal, weathering of metals and paints on buildings, and construc-
tion dusts (Norra et al. 2001; Manta et al. 2002; Fabietti et al. 2010; McIlwaine et al. 
2017; Laidlaw et al. 2018). Diffuse sources may represent the combined effect of 
multiple point sources (DEC 2006).

9.2.2  Dusts and Other Airborne Particulates

Material from soils becomes entrained or resuspended in air, forming airborne dusts 
which have the potential to enter other environments. Allott et  al. (1994) found 
mechanical transport of soil to be a significant source of dust to outdoor and indoor 
environments. While in some instances this dust can be transported long distances 
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from remote sources (Almeida et al. 2005), urban soil can also be a source of dust 
on a local scale (De Miguel et al. 1997). One of the sinks for dust derived from 
urban soil is house dust (Kelepertzis et al. 2016), and transfer of dust from soils to 
indoor living spaces is an important process, since the potential for exposure to 
humans is maximised. House dusts can also contain greater concentrations of trace 
elements than the local soils (Fergusson and Kim 1991). House dusts have been 
shown to represent a major pathway for human ingestion of potentially toxic con-
taminants such as lead (Lanphear et al. 1998) and some organic compounds (e.g. 
Jones-Otazo et al. 2005).

Dust from external sources can also enter soils; Fernández-Caliani (2012) 
describe dust from industrial sources contaminating soil in peri-urban Huelva, 
Spain. Similarly, Liu et al. (2014) concluded that dust from construction and demo-
lition contributed potentially toxic metals to soils in Nanjing, China.
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Fig. 9.3 Schematic urban landscape diagram showing some examples of diffuse and point sources 
of contaminants (graphic by Andrew W. Rate)
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9.2.3  Road Traffic

Vehicles travelling on roads can contribute contaminants to soils directly, via vola-
tile or particulate emissions from the vehicles themselves, or indirectly through 
accumulation and subsequent transport of road dusts (Fig. 9.4). The pollutants emit-
ted include:

• Combustion products (including those from partial combustion), such as carbon 
dioxide, carbon monoxide, nitrogen oxides, and “black carbon” (sooty) particles.

• Evaporative losses from fuels and oils (mainly hydrocarbons including aliphatic 
alkanes and the hazardous BTEX (benzene, toluene, xylene, and related com-
pounds) group).

• Abrasion losses from tyres, brakes, and other mechanical components, including 
the potentially toxic elements Al, As, Ba, Br, Cd, Cr, Cu, Fe, Mn, Pb, and Zn, 
poly-aromatic hydrocarbons (PAH), and also microrubbers and microplastics.

Combustion in vehicle engines, especially of diesel fuel, is a major source of 
black carbon in urban soils (Bucheli et al. 2004; Nehls and Shaw 2010). These black 
carbon particles may be associated with the toxic PAH family of persistent organic 
pollutants (see Chap. 7) and represent a significant human health issue on their own, 
being transported in air as very fine particles (Harrison et al. 1997; Castanho and 
Artaxo 2001).

Fig. 9.4 Emission of pollutants by vehicles (redrawn from European Environment Agency 2016) 
(used under the terms of a CC-BY-2.5-DK licence). CO2 = Carbon dioxide, HCs = hydrocarbons, 
VOC = volatile organic carbon (HCs and VOC include n-alkanes, benzene, toluene, xylene, etc.), 
CO = carbon monoxide, NOX = nitrogen oxides, PM = particulate matter (e.g. Al, As, Ba, Br, Cd, 
Cr, Cu, Fe, Mn, Pb, Zn, polyaromatic hydrocarbons (PAH), microrubbers, microplastics)
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9.2.4  Atmospheric Deposition and Emissions from Urban Soils

In Chap. 6 we introduced the idea that urban soils could generate fluxes of contami-
nants to the atmosphere. These fluxes are driven by biological processes such as 
respiration or denitrification, direct volatilisation of mainly organic contaminants, 
or from entrainment of fine particulate matter in air during wind erosion of soils. 
Volatilisation of organic contaminants was addressed in Chap. 7. Since biological 
respiration in soils produces carbon dioxide (predominantly) or methane, it is highly 
significant in the context of urban and global warming and anthropogenic cli-
mate change.

9.2.4.1  Carbon Fluxes to and from Urban Soils

Urban and peri-urban areas contribute more than 70% of global greenhouse gas 
emissions, which are dominated by fluxes of carbon dioxide. Of course, not all of 
these are related to urban soils; the largest urban fluxes of CO2 or CH4 to the atmo-
sphere are from power generation and transport (Bellucci et al. 2012). Soils in urban 
environments do emit CO2, however; for example, Byrne et al. (2008) and Livesley 
et al. (2010) (Fig. 9.5) both measured net CO2 emissions from urban soils. The path-
ways for carbon uptake by soils are not, however, by atmosphere-to-soil fluxes of 
CO2. Plants absorb CO2 during photosynthesis and return carbon to soils via litter 
fall. Based on the heat and CO2 islands in Phoenix, USA, Shen et al. (2008) con-
cluded that increased CO2 concentrations in air increased above-ground net primary 
productivity by plants (depending on water availability), which led to increased 
fluxes of organic carbon into soils. The increased temperatures in urban areas had 
less direct effect on soil organic carbon contents (Shen et al. 2008).

Soils are usually net sinks for methane (Livesley et al. 2010; Bellucci et al. 2012), 
but urban soils over landfills (and urban waste-related pathways in general, particu-
larly for putrescible waste) are net emitters of methane, depending on the ability of 
the soil biota (methanotrophs) to metabolise or oxidise methane (Weaver et  al. 
2019). Methane emissions are of particular concern, since CH4 is a more powerful 
greenhouse gas than CO2, by 28-fold on a mass basis over a 100 year time frame 
(IPCC 2013).

9.2.4.2  Nitrogen Fluxes to and from Urban Soils

Urban soils contribute significant fluxes of nitrous oxide (N2O) to air, similar in 
magnitude to fertilised agricultural soils which are the greatest anthropogenic 
source of N2O to the atmosphere (Bellucci et al. 2012). Conversely, the oxides of 
nitrogen (including N2O) in the atmosphere are precursors of nitrate, which is a 
source of nitrogen to soils through dry and wet deposition, and is one mechanism 
for enrichment of nitrogen in urban soils (Shen et al. 2008; Du et al. 2015).
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9.2.4.3  Sulphur Fluxes to and from Urban Soils

The phenomenon of sulphur deposition to soils, commonly as SO2, has been exten-
sively studied in relation to pollution from combustion of sulphur-rich fossil fuels in 
urban and industrial contexts. The consequences for soils are usually greater rates 
of acidification, described comprehensively by van Breemen et al. (1984). While 
degradation of natural soils due to atmospheric contributions of SO2 was the pri-
mary concern, sulphur deposition in urban environments and consequent soil acidi-
fication was described in a study by Du et  al. (2015). Around cities in China, 
approximately 700,000 km2 of land surface has soils which have acidified due to 
deposition of oxides of sulphur and nitrogen, with most acidification in a 70 km 
radius from urban centres (Du et al. 2015).

Fig. 9.5 Fluxes of greenhouse gases (B = N2O, C = CH4, D = CO2) from soil in an urban park in 
Melbourne, Australia (from Livesley et al. 2010; used with permission from Springer)
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Although the ability of soils to act as a sink for SO2 is well known, H2S and SO2 
emissions from soils have also been measured, showing that soils can be a source of 
atmospheric sulphur compounds. Early research on a wide range of soils in the USA 
(Adams et al. 1981) showed that, along with H2S, a number of other compounds 
(e.g. COS, CS2) were involved in sulphur emissions from soils. These reduced sul-
phur compounds were considered to be precursors for atmospheric SO2. Macdonald 
et al. (2004), however, measured direct emissions of SO2 from oxidised acid sul-
phate soils. Although Macdonald et  al.’s (2004) study was conducted outside an 
urban area, acid sulphate soils are known to occur in may urban environments 
(Fanning and Rabenhorst 1990; Appleyard et al. 2004; Clark and McConchie 2004). 
Emissions of H2S from urban soils are a recognised issue wherever disposal of 
putrescible wastes occurs (Muezzinoglu 2003), but background H2S emissions are 
also known from urban environments (Servant and Delapart 1982).

9.2.5  Soil as a Source of Nutrients

Concentrations of nutrient elements in soil in excess of the capacity of organisms to 
absorb them (for instance, uptake by plants or soil microorganisms) will often result 
in transfers out of the soil system, or losses. Nutrients can be lost from soils by 
leaching (mass transport with water), soil erosion, and for some elements by soil to 
atmosphere fluxes (such as volatilisation of gas-phase ammonia or hydrogen sul-
phide, or denitrification to produce nitrous oxide) (Carpenter et al. 1998; Groffman 
et al. 2002). Fig. 9.6 shows the contribution of various sources of nutrients, includ-
ing soil erosion and urban areas, to a watershed in China (Du et al. 2014).

The effects of loss of nutrients (especially N and P) into waterways are com-
monly to cause excess concentrations of nutrients in water, or eutrophication. The 

Fig. 9.6 Sources, including urban areas, of total nitrogen (TN) and total phosphorus (TP) in the 
semiarid watershed of a sub-basin of the Luan River in Hebei, China (recoloured from Du et al. 
(2014); used with permission from Springer). RLL is rural living and livestock
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high concentrations of nutrients remove limitations to biomass production for 
aquatic photosynthetic organisms such as algae, causing phenomena such as algal 
blooms. In aquatic systems (such as streams, rivers, lakes, and estuaries), productiv-
ity is most commonly limited by the supply of phosphorus or nitrogen (Carpenter 
et al. 1998; Peters and Donohue 2001). Export of nutrients from soils, including 
urban areas, has also been implicated in the degradation of sensitive marine areas, 
such as the Great Barrier Reef in tropical Queensland, Australia (Tsatsaros et al. 
2013). The specific practice of coastal soil reclamation may also result in nutrient 
export as soil conditions are substantially altered by drainage and other landscape 
modifications (Li et  al. 2014). Eutrophication and algal blooms have their own 
adverse environmental effects, such as oxygen depletion, toxicity, and formation of 
sedimentary organic oozes, which are beyond the scope of this book.

Gas phase losses of nutrients from soils have different types of environmental 
consequences. Volatilisation of ammonia or hydrogen sulphide can cause toxicity to 
plants but, especially at higher concentrations, they are more commonly a nuisance 
odour to humans (Iglesias Jiménez and Perez Garcia 1989; Muezzinoglu 2003). 
Denitrification is more insidious; in theory, the end product of denitrification is the 
environmentally benign nitrogen gas (N2). In reality, reaction intermediates such as 
oxides of nitrogen are released during denitrification in soils, in particular nitrous 
oxide (N2O) which is a powerful greenhouse gas (on a mass basis, 265 times more 
effective at trapping solar radiation than CO2 over a 100 year time frame (IPCC 
2013)). Nitrous oxide is also an ozone-depleting substance, and is the most impor-
tant ozone-depleting gas following the widespread international ban on use of halo-
carbons (the notorious “CFCs”) in the late twentieth century (Ravishankara 
et al. 2009).

9.2.6  Soil as a Source and Sink for Potentially 
Toxic Substances

Potentially toxic elements such as some metals and metalloids, and potentially toxic 
compounds such as pesticides, hydrocarbons (including BTEX, PAH, PCB etc.), 
PFAS, and cyanide can in some cases be transferred from the soil to receiving envi-
ronments by various pathways. Some examples of how urban soils can be a source 
of these contaminants are presented below.

9.2.6.1  Potentially Toxic Elements

The metals and metalloids usually have long residence times in soil, but their mobil-
ity can be enhanced by low pH, organic complexing agents, or colloid transport in 
coarse-textured soils. As discussed in Chap. 6, the intrinsic mobility of each element 
is different; for example, lead (Pb) and chromium (Cr) tend to be very immobile, 
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while cadmium (Cd) and strontium (Sr) can be highly mobile. Kabata-Pendias 
(2011) shows that the same concepts apply to trace element bioavailability to plants, 
although the order of mobility and bioavailability may differ. Plant uptake of con-
taminant trace elements decreases in the approximate order Cd  >  Zn, Hg, Cu, 
Pb > As, Co > Mn, Ni > V, Cr > Fe, Zr, Sc, Ti, Ba. Plant uptake is obviously another 
pathway for contaminants to be transferred from soil into another environmental 
compartment, with the potential for further transfer due to plant harvest or natural 
biological cycling.

Dusts derived from wind erosion of soils also represent a pathway for transfer of 
trace elements out of soils into other environmental compartments, especially given 
that trace element concentrations are commonly greater in the finer grain-size frac-
tions of soil (Harrison et al. 1997; Taylor et al. 2010), which are also the most easily 
transported in air. Metals and metalloids can leach into groundwater in low concen-
trations, as dissolved ions or complexes, or when associated with colloids or 
nanoparticles (Testa and Winegardner 2000; Appleyard et al. 2004; Grolimund and 
Borkovec 2005). The transport of metals in water is recognised, for example, in 
coastal soil reclamation, where practices such as drainage change redox and pH 
conditions (Li et al. 2014).

9.2.6.2  Hydrocarbons

Hydrocarbons such as fuels, solvents, and oils usually enter soil as a discrete phase, 
so the amount of contaminant can easily saturate the soil’s sorption capacity 
(Kostecki et  al. 2005). We have already discussed aspects of the environmental 
behaviour of hydrocarbons in Chap. 7. Liquid hydrocarbons with a density less than 
that of water (LNAPL, or light non-aqueous phase liquids) tend to travel vertically 
through soil and float at the upper surface of groundwater. In contrast, hydrocarbons 
with a density greater than that of water (DNAPL, or dense non-aqueous phase 
liquids) tend to travel vertically through soil and sink to confining layers below 
groundwater (Testa and Winegardner 2000). Many hydrocarbons have significant 
vapour pressures within ambient temperature and pressure ranges, so may volatilise 
from soils to air by simple evaporation (Kostecki et al. 2005). Hydrocarbons have 
low water solubility given their absence of significant ionisation and low polarity, 
but low concentrations may be present in groundwater (Riemann 1999; Testa and 
Winegardner 2000).

9.2.6.3  Persistent Organic Pollutants

The main groups of persistent organic pollutants (POPs – see Chap. 7) in soils are 
the polycyclic aromatic hydrocarbons (PAHs, such as naphthalene, anthracene, and 
chrysene), chlorobenzenes (CBs), polychlorinated biphenyls (PCBs), polychlori-
nated dibenzo-p-dioxins and furans (PCDD/Fs), with flame retardants such as poly-
brominated biphenyls (PBBs), polybrominated diphenyl ethers (PBDEs), and 
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per- and poly-fluoroalkyl substances (PFAS). These compounds can be transferred 
from soil to other ecosystem compartments by being taken up by plants, leaching 
into groundwater in low concentrations, or being transported by wind or water ero-
sion of soils (Johnson 2005; Rodríguez-Eugenio et al. 2018; U.S. EPA 2019). Other 
mechanisms for transfer of POPs are more specific to urban environments, such as 
fires and natural disasters which result in destruction of buildings and other struc-
tures (Plumlee et al. 2012). For example, Stec et al. (2019) describe the release of 
persistent organic pollutants such as dioxins, PAHs, fire retardants, and hydrocar-
bons during and following the tragically destructive Grenfell Tower fire in London, 
UK, in 2017.

9.2.6.4  Radionuclides

Radionuclides (i.e. radioactive isotopes of some elements including Cs, Ra, Th, U, 
Pu, and others) can be released into soils through nuclear accidents (Jacob et al. 
1987; Endo et al. 2012) or weapons testing and the atmospheric fallout from such 
events. Soil-covered areas may act to concentrate radionuclides such as 137Cs, as 
radioactive fallout is washed off impermeable surfaces by rainfall (Plumlee et al. 
2012). The extraction and use of some mineral resources such as mineral sands 
(Arogunjo et al. 2009) or phosphate fertilisers (Al-Hamarneh and Awadallah 2009; 
Fernández-Caliani 2012) may also add radionuclides to soils. Urban soils will 
always contain background concentrations of radionuclides due to their presence in 
parent geological materials, including those used for construction purposes such as 
granites and brick-making clays (Arogunjo et al. 2009). Radioactive isotopes can be 
taken up by plants, and subsequently animal products destined for human consump-
tion, which both represent a potential exposure pathway for humans (Rodríguez- 
Eugenio et al. 2018).

9.2.6.5  Mineral Contaminants Including Asbestos

The most hazardous transfer of asbestos involving urban soils is from soil to atmo-
sphere, if asbestos is present both as fine, transportable particles, and is within sur-
face layers of soil (Department of Health (WA) 2009). Disturbance of soil by 
construction or demolition activities can result in soil-atmosphere fluxes from 
deeper soil. Asbestos as atmospheric particulate material poses the risk of ingestion 
by inhalation by humans, with potentially severe health consequences. The inci-
dence of other potential hazards, such as silicosis, from airborne soil particles is 
currently unknown. Most cases of silicosis involve prolonged exposure to airborne 
silicate mineral dusts, such as in agriculture or mining.
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9.3  A First Look at Risk Analysis

9.3.1  The Conceptual Site Model Framework

This section will be framed around the concept of a conceptual site model used by 
environmental professionals to evaluate the risks of exposure to site contamination 
(including contaminated soils). We will not progress as far as formal Risk 
Assessment, but the widely used conceptual site model is a useful way to integrate 
many of the concepts covered so far.

A conceptual site model (CSM) is a text- or graphically based document that 
serves as a tool to allow people, involved in contaminated site assessment and reme-
diation, to summarise, understand, and visualise the available information about a 
site. This information can be derived from a variety of sources such as desktop stud-
ies, field measurements, and numerical modelling. A CSM is an essential compo-
nent of or complement to the Preliminary Site Investigation, described in Chap. 11. 
A CSM typically contains a source of contamination, receptor(s) which are affected 
by the contaminants, and pathways between source(s) and receptor(s), as follows 
(DEC 2006; NHBC 2008; U.S. EPA 2011).

In this respect, the Conceptual Site Model represents a story or narrative of a site, 
which has end points – the beginning and end that are common to all narratives. The 
beginning of the story of a contaminated site is the source (or sources) of contami-
nation, and the end is the set of receptors, the object or objects at risk from the 
contaminants present. Between the source and receptors are the processes and 
fluxes, the crucial elements of the plot connecting the beginning and end. The ele-
ments of the CSM story are very often formalised into a list like the one below.

 1. A source, or sources, of contamination (e.g. landfill, leaking fuel tank or sewage 
pipe, chemical spill, etc.), including the contaminant(s) of concern.

 2. A release mechanism (e.g. soil erosion, leaching to groundwater, volatilisation 
to the atmosphere).

 3. Retention in the transport medium (or media) (e.g. adsorption to soil, filtration 
by fine soil pores, residence time in water or air).

 4. An exposure point – a location where a receptor can come into contact with 
contaminated material (e.g. downwind of contaminated land which generates 
dust, or a groundwater-dependent wetland).

 5. An exposure route, also termed a “direct pathway” (e.g. plant root uptake, accu-
mulation on fish gills, human inhalation, etc.)

 6. Receptors – the human(s), or other biota, or ecosystem compartment (“receiving 
environment”) which may be affected by or receive the contaminants derived 
from the source. The receptors may be existing (e.g. flora and fauna on-site), or 
likely to exist in the future (e.g. occupants of dwellings in a planned residential 
development). In some guidelines, structures such as buildings can also be recep-
tors (NHBC 2008).
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Stages 2, 3, and 4 above may be aggregated into “indirect pathways” between 
source and receptors (e.g. NHBC 2008).

A conceptual site model is therefore an evolving summary, depending on the 
stage of investigation at a site. It is likely that a CSM will contain increasingly quan-
titative rather than conceptual or qualitative information as it evolves, and the pur-
pose may change from characterisation through remediation to final land use (US 
EPA 2011). The diagram in Fig. 9.7 is an example of an early-stage conceptual site 
model, and diagrams and tables are commonly used to tell specific CSM stories. 
The initial CSM should identify and record any uncertainties, for example, in the 
source(s) or process(es) involved, which can be clarified as the CSM is refined. 
Some features of the initial CSM may be omitted after revision, or new sources, 
fluxes, and receptors added.

9.3.2  Risk Analysis: Dosages and Hazard Indices

A thorough analysis of risk often involves complex modelling of the bioavailable 
proportions of contaminants from different environmental compartments (US EPA 
1996; DEC 2006). Since there is an emphasis on bioavailability, the chemical spe-
cies of contaminant(s) present need to be considered. Risk assessment (of which 
hazard assessment is a subset) includes four main steps (from IPCS 2004, with 
wording made specific for contaminants):

Fig. 9.7 Idealised and simplified initial conceptual site model for a contaminated site in diagram-
matic form
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 7. Hazard identification: the identification of the type and nature of adverse effects 
that a contaminant has an inherent capacity to cause in an organism, system, or 
(sub)population.

 8. Hazard characterization (or dose–response assessment): is the description of 
the inherent ability of a contaminant to cause potential adverse effects. Ideally 
this would include a quantitative dose–response assessment, including the 
uncertainties of any dose–response relationship. In more simple terms hazard 
can be characterised as a factor by which contaminant concentrations are mul-
tiplied (e.g. De Miguel et al. 2007).

 9. Exposure assessment: evaluation of the exposure of an organism, system, or 
(sub)population to a contaminant (and its derivatives).

 10. Risk characterization: the determination, including any uncertainties, of the 
probability of occurrence of known and potential adverse effects of a contami-
nant in a given organism, system, or (sub)population, under defined exposure 
conditions.

The exposure routes (as in a conceptual site model) are used to calculate dosages 
per day, for example, by ingestion, inhalation, skin (dermal) contact, and inhalation 
of vapour or atmospheric particulates. Calculation of dosage requires contaminant 
concentrations in each material, ingestion rates, frequency and duration of exposure 
to contaminated material, exposed skin area, and so on (De Miguel et al. 2007). 
Estimates of daily dosages can then be used to generate hazard quotients, by com-
parison with acceptable daily intake (also called “reference dose” or “tolerable 
daily intake”) set by health authorities (where human exposure is involved) or envi-
ronmental regulators (for other biota). In some assessment protocols the hazard 
quotients for different exposure pathways are combined into an overall hazard 
index. Proprietary software, such as the “Risk-Based Corrective Action” evaluation 
process, is available for formal risk assessment (e.g. Connor et al. 2001).

9.3.3  Soil-Based Guidelines: Threshold-Based 
Risk Assessment

A preliminary risk assessment which is less sophisticated, but much easier to imple-
ment, can be based on a simple comparison with health-based soil guideline con-
centrations (e.g. the health-based investigation levels from National Environment 
Protection Council 2013). Using this approach, some risk pathways are implied by 
different threshold concentrations for different land uses, since the risk of exposure 
is different for each land use, as shown by the example in Table 9.1. The data in 
Table 9.1 also reinforce the widely different toxicities of different contaminants; 
very toxic contaminants such as PCBs have low threshold concentrations, whereas 
contaminants which have lower toxicity such as Zn have greater threshold concen-
trations. Threshold-based risk analysis can also account for differences in bioavail-
ability, or conceptual site model pathways such as retention or exposure routes, by 
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making threshold values dependent on soil properties such as texture, pH, and cat-
ion exchange capacity (CEC) (see the example in Table 9.2 which also requires 
knowledge of the site-specific background concentration). Soil with low pH or low 
CEC is likely to have a greater proportion of total metal concentration bioavailable, 
so the concentration threshold needs to be lower (e.g. Table 9.2). Different bioavail-
ability is also observed for aged and fresh contamination, with fresh contamination 
generally having greater contaminant bioavailability (Smolders et al. 2009).

Soil guideline concentrations may best be considered to be “trigger values”, or 
concentrations above which action needs to be taken. Examples of the types of 
responses that are triggered include more detailed sampling and analysis leading to 
a more thorough characterisation of the extent of soil contamination at a site; reme-
dial action to reduce risk from the urgent contamination (e.g. fine-grained asbestos 

Table 9.1 Examples of health-based concentration thresholds from the Australian regulatory 
guidelines for selected contaminants in soil under different land uses (from National Environment 
Protection Council 2013). Used under the terms of a CC-BY-4.0 license

Health-based investigation levels (mg/kg)

Chemical

Residential 
(accessible 
soil)

Residential 
(low soil 
access)

Recreational 
(public open 
space)

Commercial/ 
industrial

Metals and inorganics

Arsenic 100 500 300 3000
Cadmium 20 150 90 900
Chromium (VI) 100 500 300 3600
Copper 6000 30,000 17,000 240,000
Lead 300 1200 600 1500
Mercury (inorganic) 40 120 80 730
Methyl mercury 10 30 13 180
Nickel 400 1200 1200 6000
Zinc 7400 60,000 30,000 400,000
Cyanide (free) 250 300 240 1500
Polycyclic aromatic hydrocarbons (PAHs)

Total PAHs 300 400 300 4000
Pesticides

DDT + DDE + DDD 240 600 400 3600
Aldrin and dieldrin 6 10 10 45
2,4,5-T 600 900 800 5000
Atrazine 320 470 400 2500
Other organics

PCBs 1 1 1 7
PBDE flame retardants 
(Br1-Br9)

1 2 2 10
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in surface soil, or potentially flammable landfill gas). The most common response is 
for additional investigation of a site to be performed.

9.4  Further Reading

Carrillo-González, R., Šimůnek, J., Sauvé, S., Adriano, D.C., 2006. Mechanisms 
and pathways of trace element mobility in soils. Advances In Agronomy, 91: 
111–178.

Rodríguez-Eugenio, N., McLaughlin, M., Pennock, D., 2018. Soil Pollution  - A 
Hidden Reality, Food and Agriculture Organization of the United Nations Rome, 
Italy. (http://www.fao.org/3/I9183EN/i9183en.pdf).

Swartjes, F., 2015. Human health risk assessment related to contaminated land: state 
of the art. Environmental Geochemistry and Health, 37: 651–673, doi:https://doi.
org/10.1007/s10653- 015- 9693- 0.

9.5  Summary

Within any soil, transport of substances occurs by processes such as diffusion and 
mass flow (advection), which are driven by gradients in chemical concentration or 
potential energy, or mixing of soil by organisms (bioturbation).

Soil may also be transferred by adhering to surfaces, such those on humans, ani-
mals, plants, and vehicles (these pathways may be enhanced in urban 
environments).

Various external environments can contribute material to urban soils. We distin-
guish both diffuse sources, where a discrete source location cannot be identified, 

Table 9.2 Australian regulatory guidelines for added contaminant limits for aged zinc in soils of 
varying pH and cation exchange capacity (CEC) (National Environment Protection Council 2013). 
Used under the terms of a CC-BY-4.0 license

Zn added contaminant limitsa (mg/kg) for urban residential/public open space
CEC (cmolc/kg)

pH 5 10 20 30 40 60
4.0 70 85 85 85 85 85
4.5 100 120 120 120 120 120
5.0 130 180 180 180 180 180
5.5 180 270 270 270 270 270
6.0 230 400 400 400 400 400
6.5 230 400 590 590 590 590
7.0 230 400 700 880 880 880
7.5 230 400 700 960 1200 1300

aConcentration in soil after background concentration subtracted
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and point sources, where the external source of material can be attributed to a dis-
crete location.

Important sources of material and substances to urban soils include dusts, vehi-
cle emissions, atmospheric deposition other than dusts, and the various sources dis-
cussed in Chaps. 6, 7 and 8.

Soils may also contribute material to other environmental compartments, or 
receiving environments. The mechanisms include atmospheric emissions (respira-
tion and volatilization), leaching in soil pore water, soil erosion by wind or water, 
plant uptake, and fire.

At a basic level, risk of hazards from substances in urban soils can be assessed 
using a Conceptual Site Model. The Conceptual Site Model framework includes 
identification of sources and receptors, plus the pathways connecting source(s) to 
receptor(s): release mechanism(s), retention, exposure point(s), and exposure 
route(s). Conceptual Site Models are site-specific and can be expressed in graphical 
or text form.

Both more sophisticated (e.g. dosage-based risk analysis) and more simple 
(comparison with guideline values) methods also exist for the assessment of risk 
from potential hazards associated with urban soils.

9.6  Questions

9.6.1  Checking your Understanding

1. Explain how (e.g. what causes diffusion to occur) and where (e.g. in which 
phases, and at which scale) transport of material by diffusion occurs in soils.

2. Identify the different types of mass flow that can occur in urban soils and explain 
why mass flow occurs in each instance.

3. Give three examples of diffuse sources, and three examples of point sources, 
listing the types of substances contributed by each source.

4. Draw a diagram showing the possible fate, through multiple environmental com-
partments, of nitrogen and phosphorus applied as fertilisers to urban soils.

5. Compare and contrast the ability of soil to be a sink and source for potentially 
toxic substances.

6. What are the end points and pathways for a Conceptual Site Model? Give exam-
ples, relevant to urban soils, of each stage in a conceptual site model.
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9.6.2  Thinking about the Topics more Deeply

 7. Can transport of soil material by adhering or bioturbation be considered as 
forms of diffusion and/or mass flow? If so, explain the chemical or potential 
gradients that are involved.

 8. Given that urban soils are commonly found to emit carbon dioxide and meth-
ane, is it still possible that urban environments can function as carbon sinks? 
Explain your reasoning.

 9. Discuss how a Conceptual Site Model could be used to guide sampling of an 
urban soil and its surrounding environment.

9.6.3  Thinking Creatively about Urban Soils

 10. Which group(s) of people are at most risk of ingestion of soil-borne contami-
nants? Which group(s) of organisms will be affected most by soil contamina-
tion? Does the answer to either or both of these questions depend on the 
contaminant being considered?
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Chapter 10
Urban Soil and Human Health

Andrew W. Rate

Abstract In cities, human health and well-being, socioeconomic status, food secu-
rity, education, gender equity, employment, climate change, and biodiversity are 
interlinked, and one perhaps surprising common factor is urban soils. In this chapter 
we explore how a unifying framework for these interrelationships is presented by 
the United Nations’ Sustainable Development Goals (SGDs). The analysis in this 
chapter suggests that soils have a role to play in the first fifteen of the seventeen 
Sustainable Development Goals. We suggest ways in which the knowledge and use 
of soils by urban inhabitants can help to address poverty, maintain a stable food sup-
ply, sustain physical, emotional, and social health, provide opportunities for educa-
tion, promote gender equality and empowerment of women and girls, generate 
employment, maintain water quality, moderate climate change, and slow biodiver-
sity and habitat loss. The chapter also addresses other soil-related effects on human 
health such as soil remediation and acid sulfate soils and has a particular focus on 
environmental justice issues related to urban soil contamination.
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What you could learn from this chapter:

• How the relationship between urban soils and human health can be understood in 
the context of the United Nations’ Sustainable Development Goals, especially 
the goals related to poverty, food security, human health and well-being, educa-
tion, gender equality, water quality, employment and economic growth, climate 
change, and non-human ecosystems.

• How soil contamination and degradation, and soil remediation, can affect 
human health.

• What environmental justice means in the context of urban soils, and the types of 
environmental benefits and services that are inequitably distributed in cities.

10.1  Urban Soils and Sustainable Development

A highly relevant framework for considering the relationships between urban soils 
and human health are the seventeen Sustainable Development Goals (United 
Nations (2015) and Table 10.1). The United Nations Environment Program acknowl-
edges that environmental issues underpin all seventeen Sustainable Development 
Goals (UNEP n.d.). An analysis of the role of urban soils in the context of the 
Sustainable Development Goals allows us to develop a holistic view of the multiple, 
interlinked components of human health and well-being (Table 10.1).

The remainder of this chapter will discuss the relationships between urban soils 
and human health by addressing some of the UN Sustainable Development Goals 
(SDGs): 1 No Poverty; 2 Zero Hunger; 3 Good Health and Well-Being; 4 Quality 
Education; 5 Gender Equality; 6 Clean Water and Sanitation; 8 Decent Work and 
Economic Growth; 13 Climate Action; and 15 Life on Land. This discussion is not 
intended to be a social or political agenda, but only to present what might be pos-
sible roles of urban soils in achieving international goals for sustainable 
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Table 10.1 How urban soils are related to the UN Sustainable Development Goals

Sustainable Development Goal
Opportunities related to 
urban soils Threats related to urban soils

1 End poverty in all its forms 
everywhere

Soil as an income source, 
e.g. growing food, 
pottery

Soils tend to be more 
contaminated in less 
advantaged urban areas, so 
potential for perpetuation of 
poverty

2 End hunger, achieve food 
security and improved 
nutrition, and promote 
sustainable agriculture

Contributions of urban 
agriculture to food 
security (Siegner et al. 
2018)

Soil continues to be lost to 
urbanization processes: Waste 
disposal, surface sealing

3 Ensure healthy lives and 
promote Well-being for all at 
all ages

Community and 
individual emotional/ 
psychological/relational 
Well-being

Soil contamination and 
associated risks to human 
health (Chaps. 6, 7, 8 and 9)

4 Ensure inclusive and equitable 
quality education and promote 
lifelong learning opportunities 
for all

Focus on urban soils for 
environmental, health, 
and related education 
(Wortman and Lovell 
2013; Kim et al. 2014; 
Gregory et al. 2016)

Without appropriate education, 
risks from soil contamination, 
etc. may be greater (Fett et al. 
1992; Dietz et al. 2004; Lioy 
2010), or adoption of 
sustainable practices may be 
less (Dhakal and Chevalier 
2017)

5 Achieve gender equality and 
empower all women and girls

Women are commonly 
leaders of urban 
soil-related enterprises 
(Hovorka et al. 2009; 
Orsini et al. 2013; 
Wozniacka 2019)

Poverty related to urban soil 
loss may have more impact on 
women and girls; they may 
bear burden of soil-related 
work (Hovorka et al. 2009)

6 Ensure availability and 
sustainable management of 
water and sanitation for all

Permeable urban soils 
can act as physical/ 
chemical/biological 
filters for groundwater

Transfers of contaminants can 
occur between urban soil and 
potable surface- or ground- 
water sources

7 Ensure access to affordable, 
reliable, sustainable, and 
modern energy for all

Urban soils used for 
insulation or heat 
exchange. Urban soils 
used to grow sustainable 
energy crops. Landfill gas 
extraction

–

8 Promote sustained, inclusive, 
and sustainable economic 
growth, full and productive 
employment, and decent work 
for all

Employment 
opportunities in urban 
agriculture, extension, 
environmental 
consultancy, urban soil 
remediation

Soil continues to be lost to 
urbanization

9 Build resilient infrastructure, 
promote inclusive and 
sustainable industrialization, 
and foster innovation

Disseminate soil 
knowledge to developers 
and engineers. Landfill 
mining

–

(continued)
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Table 10.1 (continued)

Sustainable Development Goal
Opportunities related to 
urban soils Threats related to urban soils

10 Reduce inequality within and 
among countries

Also through urban 
agriculture (Orsini et al. 
2013) and restoration of 
degraded soil in 
low-socioeconomic areas

–

11 Make cities and human 
settlements inclusive, safe, 
resilient, and sustainable

Exposed urban soil can 
reduce urban heat island, 
especially when 
vegetated. Urban 
agriculture

–

12 Ensure sustainable 
consumption and production 
patterns

Urban agriculture and 
WSUD often emphasize 
practices such as 
recycling (Gathuru et al. 
2009; Wortman and 
Lovell 2013)

Contamination or poor 
availability of urban soils may 
limit urban agriculture

13 Take urgent action to combat 
climate change and its impacts

Urban soils can provide a 
sink for carbon (with 
intentional management), 
and growth medium for 
urban forests to reduce 
urban heat islands

Urban soils (e.g. landfills, but 
also others) can be net GHG 
emitters

14 Conserve and sustainably use 
the oceans, seas, and marine 
resources for sustainable 
development

Urban soils can minimize 
downstream losses (with 
intentional management), 
e.g. rain gardens, 
constructed wetlands

Transfers of contaminants can 
occur between urban soil and 
potable surface- or ground- 
water sources

15 Protect, restore, and promote 
sustainable use of terrestrial 
ecosystems, sustainably 
manage forests, combat 
desertification, and halt and 
reverse land degradation and 
halt biodiversity loss

Urban soil rehabilitation, 
use of urban land for 
urban forests (Keesstra 
et al. 2018)

Soil continues to be lost to 
urbanization (sealing, 
compaction, contamination, 
etc.) causing loss of fertility, 
biodiversity, and soil itself. 
Poorly applied, UA may 
degrade soil

16 Promote peaceful and inclusive 
societies for sustainable 
development, provide access to 
justice for all and build 
effective, accountable, and 
inclusive institutions at all 
levels

– –

17 Strengthen the means of 
implementation and revitalize 
the global Partnership for 
Sustainable Development

– –
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development, and acknowledges that some authors have considered different com-
binations of the Goals (e.g., Keesstra et al. 2018).

As we progress, it will become clear that practices that address one Sustainable 
Development Goal also address others (e.g. urban agriculture can address poverty, 
food security, climate change adaptation, and so on).

10.1.1  Poverty and its Relationships with Urban Soil

Ending poverty in all its forms everywhere (Sustainable Development Goal 1) is 
perhaps the most noble of the SDGs, and the Earth’s urban soil resource, although 
significant, is just a part of any solution. The role of urban soils perhaps fits most 
neatly into two components of SDG Target 1.4, which addresses equal rights to 
economic and natural resources, and SDG Target 1.5 which aims to build resilience 
of poor people to extreme environmental, economic, and social risks (including 
those derived from climate extremes).

Soil management and use has the potential to provide an ongoing income source. 
For example, urban agriculture is a soil-based enterprise in which the primary 
objective is growing food, creating an economic advantage by savings in food 
expenditure, or by selling surplus produce (Hovorka et al. 2009). Other soil-based 
economic activities are possible; for example, Oladimeji et al. (2015) describe the 
use of clay collected from soil to make and sell pottery in a peri-urban area of Ilorin 
city in Nigeria.

In contrast, many studies in the discipline of environmental justice have shown 
that soils tend to be more contaminated in less economically or socially advantaged 
urban areas, such as those predominantly occupied by people who are poor or 
belong to a minority group (e.g. Mielke et al. 1999; Aelion et al. 2012; Zhuo et al. 
2012; McClintock 2015). This uneven distribution of soil contamination limits the 
ability of poor people to use soil for food production or other enterprises (or may 
cause adverse health issues if the soil is used), and so polluted (or otherwise 
degraded) urban soils have the potential for perpetuation of poverty.

10.1.2  Food Security and Its Relationships with Urban Soil

Sustainable Development Goal 2 is to “End hunger, achieve food security and 
improved nutrition and promote sustainable agriculture,” and so has clear links to 
soil use and management in urban environments. These links are most well-defined 
in SDG Target 2.3, which deals with increasing agricultural productivity of small- 
scale food producers. Just as it does for poverty (SDG 1), urban agriculture can 
make significant contributions to food security. For example, Siegner et al. (2018) 
concluded that urban agriculture could provide a number of benefits to communities 
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in the USA, including food security, when allied with intentional policies to improve 
social justice and equity.

The rapid pace of urbanization in many parts of the world does create some 
threats to urban food security, in the form of limits to food access and safety, and 
effective distribution of food (Lal 2017). Urbanization will continue to remove soils 
from potential for food production. Inevitably, the pressures to develop more land 
for residential and commercial use will decrease the area of productive land by sur-
face sealing. It is also likely that productive land will be compromised by ongoing 
soil degradation and contamination related to urban development, such as compac-
tion and the need to dispose of ever-increasing amounts of wastes.

10.1.3  Physical Health and Well-being and Urban Soils

Sustainable Development Goal 3, which aims to “Ensure healthy lives and promote 
well-being…,” has numerous connections to urban soils, most notably in SDG 
Target 3.9 which addresses health issues relating to pollution and contamination of 
soil and other environmental compartments. Some of the direct and indirect risks to 
human health were associated with soil contamination and have been addressed in 
Chaps. 6, 7, 8 and 9, and we present more details in this chapter. It is also important, 
however, to be aware of the positive effects on human health which relate to a con-
nection to urban soils.

Nutrients Elements which are essential macronutrients are not generally consid-
ered to have direct human health effects when present as soil contaminants, although 
there may be deficiency symptoms in cases of insufficient supply by soils. However, 
in soils with high concentrations of nitrogen and phosphorus, for example, due to 
over-fertilization (Taylor and Lovell 2015) or organic waste disposal, leaching of 
nitrate and phosphate to groundwater and surface water can occur (Carpenter et al. 
1998). Nitrate, in particular, can have adverse health effects if ingested at high con-
centrations, the most concerning of which is the potentially fatal blood disorder 
methemoglobinemia or “blue baby syndrome” in human infants (Croll and 
Hayes 1988).

Metals Contamination of soils with metals and metalloids may cause human health 
issues if a plausible pathway exists. Some metals or metalloids (e.g., As, Cd, Cr, Ni) 
can be carcinogens (Morgan 2012). Most metals or metalloids can also cause a wide 
range of chronic health effects if humans are exposed to contaminated soil (Morgan 
2012; Pepper 2013). Historically, considerable concern has been raised about lead 
contamination in soils, since lead exposure in children can cause a range of neuro-
logical disorders, and children have a greater risk of direct or indirect soil ingestion 
than do adults (e.g., Aelion et al. 2009; Oliver and Gregory 2015; Li et al. 2018). 
Soil in public open space, including children’s playgrounds, may be contaminated, 
and children deliberately or accidentally ingest more soil than adults (De Miguel 
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et al. 2007). More recently, however, arsenic and cadmium have emerged as con-
taminants of concern, including issues of soil contamination with As and Cd in 
urban environments (De Miguel et al. 2007; Rodríguez-Eugenio et al. 2018).

Organic Contaminants There is a very wide range of organic contaminants to 
which humans may be exposed if they are present in soils. Several organic sub-
stances (PAH, PCB, PCDD, etc.) generate considerable concern due to their known 
potential as human carcinogens (Oliver and Gregory 2015; Rodríguez-Eugenio 
et al. 2018). Similarly to metals, exposure of humans to organic contaminants in 
soils is also believed to have several other adverse health effects; for example, expo-
sure to organic pesticide compounds can cause hormone disruption, asthma, aller-
gies, hypersensitivity, and even cancers. The wide range of persistent organic 
pollutants (POPs) have long residence times in soils; combined with their known 
carcinogenic and toxic properties, and widespread occurrence in urban soils world-
wide, they pose significant risk to human health (Rodríguez-Eugenio et al. 2018).

Asbestos and Other Mineral Contaminants The fibrous minerals in the asbestos 
group are serious threats to human health, because of their ability to be ingested by 
inhalation, the very long lifetimes of asbestos minerals in soils, and the severity of 
their adverse effects. The severe effects of asbestos exposure include forms of can-
cer such as lung cancer and mesothelioma (and other cancers), and other potentially 
fatal respiratory ailments such as asbestosis (Frank and Joshi 2014). The only direct 
exposure route for asbestos is by inhalation, so contact with asbestos-contaminated 
soil and consumption of plants grown on such soil are not necessarily indirect path-
ways. Asbestos adhering to skin or clothing can, however, generate airborne asbes-
tos fibers, as can soil exposed to wind erosion or soil disturbance (USEPA 2008).

Chronic (long-term) exposure to non-asbestos silicate minerals can also lead to 
human health effects. Inhalation of quartz particles less than about 4 μm in size can 
lead eventually to silicosis, a non-cancer lung disease similar to asbestosis 
(Derbyshire 2007; Pepper 2013).

Radionuclides The radionuclides that may be present in soil can be transferred to 
humans via inhalation (as radon gas, or atmospheric particles), or by ingestion, 
since radioactive elements may leach into groundwater; this has been documented 
in some urban environments (Lee 2011). The most likely human exposure route is 
through the seepage of radon gas from underlying soil material into confined living 
spaces such as buildings (U.S. EPA 2008). Human exposure to radionuclides can 
result in serious adverse health effects; radon and uranium can both cause cancers, 
and uranium can also cause kidney damage. Some of the toxic effects of uranium 
are chemical rather than derived from the radiation it emits (Bjørklund et al. 2017).

Establishing a causative relationship between urban soil contamination and 
human health is difficult, because indirect exposure and the common time lags 
between exposure and symptoms serve to decouple soil and humans in space 
and time.
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Pathogens A range of potentially pathogenic organisms can be found in urban 
soils, especially if organic wastes containing fecal material such as biosolids, ani-
mal manures, or incompletely treated wastewater have been applied to soil (Alloway 
2004; Amoah et al. 2005). There has been a resurgence in interest in using biosolids 
as a “zero-waste” recycling strategy; one of the strategies to minimize the incidence 
of pathogens is with more rigorous pre-treatment of waste materials (Alvarez- 
Campos and Evanylo 2019; Chakravorty 2019). This is of particular relevance for 
many poor people in developing countries, where residential structures often lack 
constructed floors (Pickering et al. 2012); the soil floors can be contaminated with 
bacteria and viruses. Pathogens can also be transmitted to humans who consume 
vegetables grown on contaminated urban soil (Amoah et al. 2005).

Health Benefits Community and individual well-being is considered to derive ben-
efits from soil-related activities such as gardening and urban agriculture. These ben-
efits are manifested as improvements in physical health, related to improvements in 
nutrition and increases in physical exercise. In addition, emotional, and/or psycho-
logical, and/or relational health improvements occurred for a range of reasons 
including the calming, meditative nature of gardening; increased connection to 
nature; increased mental activity; and connections with like-minded others 
(Wakefield et al. 2007; Kim et al. 2014).

10.1.4  Education and Urban Soils

Soil science is a highly integrative subject, requiring skills across the STEM spec-
trum including literacy and numeracy, and specialized skills and knowledge relevant 
to geography, geology, hydrology, biology, chemistry, and physics. The access to 
urban soils afforded by the concentration of population in urban centers therefore 
means that Sustainable Development Goal 4 focus on “…inclusive and equitable 
quality education…” and “…lifelong learning…” can be facilitated by learning 
experiences based around soils. In particular, urban soils can be used as a focal point 
for environmental, health, and related education (Wortman and Lovell 2013; Kim 
et al. 2014; Gregory et al. 2016).

In the absence of appropriate soil-focused education, the risks from urban soil 
contamination may be exacerbated (Fett et al. 1992; Dietz et al. 2004; Lioy 2010), 
or adoption of sustainable practices may be less (Dhakal and Chevalier 2017). Some 
of the types of information required by individuals and communities who use urban 
soil to grow food are summarized in Table 10.2.
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10.1.5  Gender Equality and Empowerment and Urban Soils

Sustainable Development Goal 5 contains Target 5.5, to “Ensure women’s full and 
effective participation and equal opportunities for leadership…,” and Target 5.a to 
“Undertake reforms to give women equal rights to economic resources, as well as 
access to ownership and control over land….” In this context, it is important to rec-
ognize that women are commonly leaders of urban soil-related enterprises (e.g., 
Hovorka et  al. 2009; Orsini et  al. 2013; Wozniacka 2019). Conversely, poverty 
related to urban soil loss may have more impact on women and girls, who may bear 
a disproportionate burden of soil-related work while still expected to perform 
domestic duties, or who provide mainly the labor for urban agriculture while men 
retain financial control (Hovorka et al. 2009).

10.1.6  Healthy Water and Urban Soils

Sustainable Development Goal 6 is to “Ensure availability and sustainable manage-
ment of water and sanitation for all.” In an urban soil context, Target 6.3 which 
addresses water quality and pollution reduction is clearly relevant, as is Target 6.6 
to protect water-related ecosystems.

Permeable urban soils can act as physical/chemical/biological filters for ground-
water (Pepper 2013). The filtration ability of soils is partly physical; the transport of 
particulates and microorganisms (including pathogens) can be suppressed by soil 
pores which are too fine to allow passage of solid particles or microbial cells (Voisin 

Table 10.2 The main types of information, related to contamination risks in urban soil, needed by 
people conducting urban agriculture (from Kim et  al. 2014, used under terms of CC-BY-4.0 
license)

Category Specific information

Site history How to find information about past uses of a plot of land
Which contaminants to test for, given specific past land uses
Geographic areas of the city where there are likely to be high levels of 
contamination

Soil testing Importance of obtaining a soil test prior to gardening
Which contaminants to test for
Why to test for certain contaminants and not others
Where to get soil testing done
How much soil testing costs
How to correctly take a soil sample for a soil test

Remediation Best practices for remediating contaminated urban soils
Minimizing 
exposure

How to reduce exposure risks when gardening

Contamination risks associated with imported materials such as compost 
or mulch
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et al. 2018). Chemical immobilization, such as ion exchange, adsorption, or precipi-
tation of contaminants, can also occur (Abiye et al. 2009), along with biological 
processes to remove contaminants, such as denitrification (Bettez and Groffman 
2012). Managed Aquifer Recharge (Fig. 10.1), from surface infiltration basins (not 
injection wells), deliberately relies on the filtration ability of urban soils and the 
underlying regolith to safely recharge groundwater (Misra 2014). The input water 
for Managed Aquifer Recharge can either be stormwater (Voisin et  al. 2018) or 
treated wastewater (Abiye et al. 2009).

It is usually thought that the amount of impervious surface cover in urban areas 
decreases recharge to groundwater, but this is not always the case. In an urban 
catchment with shallow groundwater and very permeable soils, recharge increased 
following urban development, since the impervious surface cover served to substan-
tially decrease evaporation losses of water (Barron et al. 2013). In other urban envi-
ronments, excess runoff caused by impervious surface cover can be decreased by 
rainfall interception by the canopies of large street trees (Livesley et al. 2014). Other 
factors related to urbanization can alter hydrological processes; for example, the 
loss of wetlands due to urbanization decreases hydrological buffering and can lead 
to flooding and soil erosion (Rashid and Aneaus 2019).

Urban soils, if contaminated, can also represent a threat to supplies of safe drink-
ing water. Transfers of contaminants such as nutrients, metals, and organic pollut-
ants can occur between urban soil and potable surface- or ground-water sources by 
leaching (Carpenter et al. 1998; Zhang et al. 2001; Imperato et al. 2003; Rodríguez- 
Eugenio et  al. 2018). Leaching of contaminants is more pronounced if they are 
present in forms which are minimally retained by soils. For example, nitrate is very 
weakly retained by under most soil conditions and is a commonly encountered 
groundwater contaminant with potentially serious health consequences as described 

Infiltration
structure Injection

well

Abstraction
well

Groundwater
Recharge Recovery

Recharge Original water table

Preferential 
flow  around 

buried
infrastructure

Biological, chemical, 
and physical 
attenuation of 

contaminants by soil

Attenuation 
by aquifer 
material

Transport of weakly-
retained species such 

as NO3
−, ²²²Ra 

Fig. 10.1 Idealized schematic of Managed Aquifer Recharge. Structures such as infiltration basins 
or trenches (but not wells) utilize urban soil properties for passive treatment of wastewater and 
stormwater, causing concentration decreases (i.e., attenuation) for contaminants such as nutrients, 
metals, organics, and pathogens. (Based on Department of Water and Environmental Regulation n.d.)
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above (“Physical health and well-being and urban soils” section). Similarly the 
radionuclide 222Ra (radon) can leach into groundwater (Lee 2011). The physical 
properties of urban soils can also influence leaching of contaminants to groundwa-
ter. Preferential flow around the smooth surfaces of underground infrastructure such 
as pipework can increase leaching in urban soils, a phenomenon known as the 
“urban karst” effect (Bonneau et al. 2017), named after the preferential water flow 
observed in soils in dissected limestone, or “karst” landscapes (see Chap. 5).

Climate change is also predicted to increase flooding, which may severely affect 
some urbanized areas and have detrimental effects on water quality and access to 
safe water (Whitehead et al. 2015). Since urban flooding can be managed to some 
extent by modification of urban soils and landscapes, soils have a role to play in 
responses to climate change. We will discuss the future of urban soils, specifically 
in relation to climate change and other environmental threats, in the final chapter 
(Chap. 12).

10.1.7  Urban Soils and Employment

Sustainable Development Goal 8 is to promote sustained, inclusive, and sustainable 
economic growth, full and productive employment, and decent work for all. In par-
ticular, soil-related employment can help to achieve Target 8.5, to “…achieve full 
and productive employment and decent work for all women and men, including for 
young people and persons with disabilities.”

Employment opportunities which relate to urban soils exist in field such as urban 
agriculture and forestry, extension, environmental consultancy, and urban soil reme-
diation. As with other SGDs, one of the main barriers to employment related to use 
and management of urban soil is that soil continues to be lost to urbanization.

10.1.8  Climate Change and Urban Soils

Sustainable Development Goal 13 exhorts humanity to take urgent action to combat 
climate change and its impacts; the urgency reflects the status of anthropogenic 
climate change as possibly the most serious hazard to affect life on Earth. The 
adverse effects of climate change are more likely to be experienced in faster- growing 
cities, mainly present in the developing world (Verisk Maplecroft 2018). Urban 
areas are major contributors of greenhouse gases, with soils playing a part in emis-
sions (Bellucci et al. 2012). Climate change is predicted to cause severe adverse 
health effects (WHO 2018), for example, increases in deaths from cardiovascular 
and respiratory disease, and longer transmission seasons for diseases transmitted 
via other organisms such as mosquitoes.

It is often assumed (Lal 2011) that soils, including those in urban environments, 
can provide a sink for carbon (with intentional management). The success or 
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otherwise of soil management to address the primary cause of anthropogenic cli-
mate change, the emission of greenhouse gases into Earth’s atmosphere, depends on 
the answers to these questions:

 1. Can we add carbon to [urban] soils that otherwise would have entered the 
atmosphere as CO2 or CH4?
For example, diverting organic waste streams from landfill to compost (or even 

biochar) destined for urban soils; could a strategy as seemingly mundane as com-
posting be a viable carbon sequestration technique? It is certainly true that urban 
environments are significant sources of organic waste materials which could be re- 
used beneficially (Lehmann 2011). Other ways to add carbon are to modify urban 
land uses, such as developing urban agriculture or urban forestry (FAO 2019). A 
special report of the Intergovernmental Panel on Climate Change relating to land- 
based processes (IPCC 2019) concluded that urban and peri-urban agriculture, 
along with other forms of “green infrastructure,” can contribute to mitigation of 
climate change. Urban forests, another important form of urban green infrastruc-
ture, can store up to three times more carbon in the underlying soil than in the trees 
themselves (Lorenz and Lal 2012). In addition, lawns and other urban turf grass 
environments can store considerable quantities of carbon as soil organic matter 
(Brown et al. 2012).

It also has been suggested that inorganic carbon sequestration could represent a 
carbon capture mechanism in urban soils, since urban soils commonly contain 
finely particulate silicate minerals in the form of construction and demolition dusts 
which can consume atmospheric CO2 during chemical weathering reactions (Jorat 
et al. 2015; Kolosz et al. 2019).

 2. Will the added carbon remain in urban soils for long enough to represent its 
removal from the short-term carbon cycle, and/or promote other mecha-
nisms for removal of CO2 or CH4 from the atmosphere (such as increased 
carbon fixation by plants)?
A common process used to stabilize organic waste material produced in urban 

environments is composting. Composting of urban organic wastes, followed by 
application to soils, has considerable advantages over disposal of organic wastes in 
landfill (Biala 2011). Composting is ideally an aerobic process for decomposition 
and stabilization of organic materials; this is in contrast to the predominantly anaer-
obic decomposition of putrescible wastes in landfills. Composting should emit only 
CO2 and not result in significant emissions of methane and nitrous oxide to the 
atmosphere, as landfills do (Lou and Nair 2009). This is an advantage since the 
global warming potentials of both CH4 and N2O are substantially greater than for 
CO2. Another stabilized carbon product applied to soils, biochar, is also believed to 
be able to sequester carbon (Singh et al. 2014). The use of biochar in some urban 
soils may provide additional benefits, for example, in maintaining soil fertility and 
an adequate soil water content range in the soil-limited “green roof” substrate stud-
ied by Chen et al. (2018). In the cases of both composts and biochar, rigorous qual-
ity control of the initial organic substrate is important, given the contamination of 
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some urban organic waste sources with potentially toxic inorganic and organic con-
taminants (Rodríguez-Eugenio et al. 2018).

Urban soils can also represent suitable environments to grow trees which, apart 
from being able to sequester carbon, also offer several other benefits to urban resi-
dents (Fig. 10.2). Globally, it is possible that sufficient tree planting could sequester 
enough carbon, in combination with other strategies such as reduction in fossil fuel 
consumption, to capture more than two-thirds of all historical anthropogenic carbon 
emissions (Bastin et  al. 2019). The other benefits of increased urban tree cover 
include shading, food production, wildlife habitat, filtration of particulates and pol-
lutants, and even improved mental health, so urban and peri-urban forestry (FAO 
2019) is an excellent use of urban soil resources. Of course, people living in urban 
environments also enjoy open spaces, and lawns and other turf grass environments 
such as sports facilities are also known to be able to sequester soil carbon, with the 
soil organic carbon persisting since turf grass environments are subject to minimal 
disturbance (Zirkle et al. 2012). In some urban environments, the carbon storage in 
soils exceeds that in vegetation (Fig. 10.3).

The sequestration of atmospheric carbon by abiotic mineral weathering has not 
been widely considered in the context of soils. This is despite the finding that 
silicate- based waste materials in soils containing calcium and magnesium, such as 
demolition and construction wastes, can remove considerably more carbon from the 
atmosphere than is possible by biotic processes alone (Washbourne et  al. 2012). 
Enhancement of CO2 concentration in the air-filled pore space of soils by microbial 
and root respiration suggest that shallow burial of construction and demolition 
wastes would promote more rapid chemical weathering of the silicate minerals by 
carbonic acid. Interestingly some researchers suggest that cement-based wastes, 
which also consume CO2 as they chemically weather, are less important since the 
cement manufacturing process produces CO2 emissions equivalent to consumption 
by weathering (Jorat et al. 2015). While this is true, the opportunity to improve the 
carbon footprint of cement manufacture should not be ignored.

The amount of atmospheric carbon realistically able to be sequestered by soils is 
controversial, and some scientists argue it be minimal, partly due to socioeconomic 
and political barriers (e.g., Amundson and Biardeau 2018). However, there are 
numerous additional benefits when urban enterprises, communities, and individuals 
are involved in soil carbon sequestration. For example, Christie and Waller (2019) 
outline how composting projects in residential apartment buildings generated a 
desire to create positive global change toward sustainability in participants, who 
also felt more connected to each other and nature. These environmental education 
outcomes can also provide strong momentum toward more widespread activism and 
adoption of sustainable practices by regulators and the wider community (Waller 
et al. 2018). In addition, the biodiversity and productivity of urban soils are also 
improved by deliberately increasing soil organic matter content (e.g., Basta et al. 
2016; Huang et al. 2019).

Soils can also be involved in modifying urban microclimates, moderating the 
effect of urban heat islands (Alcoforado and Andrade 2008). Coutts et al. (2013) 
describe how increased soil water contents, in the context of Water Sensitive Urban 
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Fig. 10.2 Benefits of urban trees (modified detail of an infographic by FAO 2016)
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Fig. 10.3 Carbon storage in vegetation and soils in urban forests in Chinese cities (re-drawn from 
data tabulated in Wang et al. 2013)
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Design, provide a cooling effect. Wetter soils, where the additional water may come 
from sustainable re-use of urban stormwater or appropriately treated wastewater, 
increase the capacity of the soil to absorb heat and allow for greater evaporative 
cooling (Coutts et al. 2013).

Urban soils overlying landfills are well known to emit greenhouse gases, mainly 
carbon dioxide and methane (Blume 1989). Greenhouse gas (GHG) emissions in 
urban soils are not limited to those on or near landfills, however; soils under urban 
turf can be net greenhouse gas emitters, especially of N2O and CH4 (Livesley et al. 
2010; Townsend-Small and Czimczik 2010). In particular, urban soil respiration 
causes CO2 emissions much greater than surrounding non-urbanized soils, and 
emissions depend on land use. In urban soils of Boston, USA, urban forest soils had 
the lowest carbon losses by soil respiration, with more CO2 loss from lawns and the 
greatest losses from garden and landscaped soils (Decina et al. 2016). The losses of 
greenhouse gases from urban soils are also dependent on management; for example, 
where agricultural soils are very intensively managed, as in eastern China, urbaniza-
tion may actually result in an increase in soil carbon storage (Xu et al. 2011).

10.1.9  Terrestrial Life and Urban Soils

The overall aim of Sustainable Development Goal 15 is to “Protect, restore and 
promote sustainable use of terrestrial ecosystems, sustainably manage forests, com-
bat desertification, and halt and reverse land degradation and halt biodiversity loss.” 
There are many ways that urban soils are related to the targets within SDG 15, such 
as (among others) Target 15.1 “…conservation, restoration and sustainable use of 
terrestrial and inland freshwater ecosystems…”; Target 15.5 “…reduce the degrada-
tion of natural habitats, halt the loss of biodiversity…”; and so on. SDG 15 is not 
specifically related to human health, but we will take the holistic view that human 
health is closely linked to ecosystem health, especially for the terrestrial and inland 
freshwater ecosystems specifically referred to in Target 15.1. If this is a valid view-
point, then any function or management outcome related to urban soil that promotes 
healthier terrestrial ecosystems, therefore, promotes human health. There is cer-
tainly evidence that a connection to nature, of which a large proportion would be 
soil-dependent ecosystems, is beneficial for people’s mental health and also physi-
cal health by providing places for exercise (Wakefield et al. 2007; Soga et al. 2017; 
Laidlaw et al. 2018).

The functioning of terrestrial ecosystems is vital to their resilience to external 
pressures such as climate change and soil pollution (Pavao-Zuckerman 2008; Nero 
and Anning 2018). Healthier urban ecosystems can promote better human health by 
diversifying dietary intake through urban agricultural ecosystems (Werner et  al. 
2019), or by allowing foraging for “wild” food in urban environments (McLain 
et al. 2014). The landscape diversity of cities is also important for human health; 
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Arnold and Gibbons (1996) assert that one indicator of urban quality of life and 
environmental health is the proportion of impervious surface cover. A low propor-
tion of impervious surface cover means greater proportions of a city’s land with 
unsealed soil, and therefore the existence of urban ecosystems such as gardens, 
grassland, and urban forests. Urban quality of life is therefore greater in areas of 
cities having less impervious surfaces.

Keesstra et al. (2018) explicitly address Target 15.3, which has the general aim 
of land restoration, in the context of soils. They discuss a number of ways in which 
soils (considered in this chapter to mean urban soils) can be part of Nature-Based 
Solutions to land degradation, including promoting infiltration of water and increas-
ing soil organic matter which are expected to have multiple benefits including 
increases in biodiversity.

Biodiversity in urban environments depends to some extent on the soil, and 
commonly the extent to which soil is degraded or restored. Urban soils are often 
considered to support a less diverse plant community, which is related to the dif-
ferences in ability of plant species to adapt to urban conditions (Vallet et  al. 
2010). In contrast, some anthropogenically modified urban soils may also pro-
vide specific habitats, not present in undisturbed sites, in which threatened plant 
species can survive (Albrecht and Haider 2013). An important issue for urban 
biodiversity is that urban environments can be hotbeds of invasive non-native 
species such as weeds, with urban soils containing large weed seed banks from 
their prior existence as degraded areas (Lake and Leishman 2004; Pavao-
Zuckerman 2008). Even soil restoration in the form of urban agriculture can, in 
some instances, increase urban biodiversity (Orsini et al. 2013). Similarly, urban 
forests may also contain highly diverse plant communities, as shown in a study 
by Stewart et al. (2009) in the city of Christchurch, New Zealand.

Fewer studies have investigated the biodiversity of soil fauna in urban soils. 
Fountain and Hopkin (2004) found that for Collembola (springtails) in a range of 
contaminated and uncontaminated urban soils, the contaminated sites typically had 
a few dominant species with many rare species. Soils on contaminated sites some-
times contained more species than at uncontaminated sites. Pavao-Zuckerman and 
Coleman (2007) found that, while the functions performed by soil nematodes dif-
fered with varying degrees of urbanization, the taxonomic diversity of nematodes 
was similar for urbanized and non-urbanized soils. In contrast, Uno et al. (2010) 
found that the diversity of ant species was greater in forested areas than in urban 
environments; the lower urban ant diversity may have been related to the coloniza-
tion of urban soils by an introduced ant species. We have discussed soil biodiversity 
and related issues in more detail in Chap. 8.

Soil continues to be lost to urbanization (compaction, sealing, contamination, 
etc.) causing loss of fertility, biodiversity, and soil itself. Poorly implemented, even 
urban agriculture may degrade soil (Taylor and Lovell 2015).
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10.2  Other Human Health Issues Related to Urban Soils

10.2.1  Urban Soil Remediation

Remediation of urban soils, a topic we will address in detail in Chap. 11, offers 
multiple direct and indirect benefits to human health. The direct benefits are lower 
exposure to contaminants such as potentially toxic elements (“metals”) and persis-
tent organic pollutants (Thornton et al. 2008), and consequent lower risk of inges-
tion, especially for children (Ottesen et  al. 2008). Urban soil remediation has 
benefits from several perspectives. Remediated soil should result in cleaner ground 
water and surface water (Van Wezel et al. 2008); there may also be improved infil-
tration and reduced runoff of precipitation (Olson et al. 2013). Cleaner soil, or soil 
with improved physical properties, facilitates urban agriculture (Wortman and 
Lovell 2013) – community gardening itself is a practice that can be used to remedi-
ate soil (Al-Delaimy and Webb 2017). Soil biological properties are also affected by 
remediation, which improves soil ecosystem functioning (Kumar and Hundal 2016). 
Further indirect benefits may be educational (Kim et  al. 2014), for example, the 
opportunity to promote phytoremediation and other “nature-based” solutions (Song 
et al. 2019) which also lack the adverse effects of more conventional soil remedia-
tion, such as dust generation from excavation.

Urban forests. We have discussed the benefits of urban trees earlier in this chap-
ter; remediated urban soils improve the growth of trees (Layman et al. 2016). Urban 
forests can be an outcome of soil remediation and rehabilitation, or may represent 
remnant vegetation. The soils supporting remnant forests sequester more carbon 
than soil under other urban land uses (Pouyat et al. 2002), which is also an indirect 
benefit for human health. Livesley et  al. (2016) summarized multiple ecosystem 
services provided by urban forests: at the scale of individual trees, the street scale, 
and for whole cities. The benefits to human health included cooling, carbon seques-
tration, energy savings, increased biodiversity, lower water losses by runoff, and 
reductions in particulate air pollution.

10.2.2  Acid Sulfate Soils and Human Health

There are a number of human health issues associated with acid sulfate soils, with 
public concern about living in areas known to contain acid sulfate soils (Thomas 
et al. 2016). The low pH in acid sulfate soils can cause declines in quality, or con-
tamination, of groundwater (Appleyard et  al. 2004; Salmon et al. 2014; see also 
Chap. 6). Acid sulfate soils cannot support a dense plant community, and the result-
ing susceptibility to wind erosion and generation of atmospheric dust can have 
health effects (Ljung et al. 2009). The acidic water associated with acid sulfate soils 
may be toxic to aquatic life such as fish (Powell and Martens 2005), but mosquitoes 
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are often tolerant of acidic conditions and may thrive in acid sulfate soil landscapes 
(Soukup and Portnoy 1986; Alsemgeest et al. 2005), and so the risk of mosquito- 
borne diseases can increase.

Contact with water acidified by acid soil processes can result in skin irritation 
(DER 2015). One study has shown some evidence for increased uptake of metals 
(arsenic, cadmium, lead, copper, and zinc) by individuals who consume groundwa-
ter from acid sulfate soil areas (Hinwood et al. 2008). The higher concentrations of 
bioavailable aluminum and other metals may have the potential to cause human 
health problems (Fältmarsch et al. 2008). Food production, such as the growth and 
survival of agricultural crops (Khuong et al. 2018) and fish or crustaceans grown in 
aquaculture (Widyatmanti and Sammut 2017), can also be adversely affected.

10.2.3  Environmental Justice Issues

Environmental Justice emerged in the 1980s as a grassroots social activist move-
ment, in response to concerns about the tendency for waste facilities to be located in 
areas populated with ethnic minorities. Such issues are compounded in low socio- 
economic neighborhoods, since the residents’ overriding concerns are often eco-
nomic, and the regulation or closure of polluters may result in loss of employment 
opportunities (Checker 2002). Inequitable access to a healthy environment, how-
ever, consists of more than just exposure to water, air, or soil pollution, however. In 
many cases, people of low socio-economic status, or those outside the dominant 
ethnic group, have less access to environmental benefits such as good-quality urban 
infrastructure, “green” infrastructure, urban green space, or opportunity to grow 
food locally (Rowan and Fridgen 2003; Baker et al. 2019; Siegner et al. 2019). The 
United States Environmental Protection Agency (USEPA 2008) defines environ-
mental justice broadly to allow application of the concept to all aspects of healthy 
environments, stating that environmental justice is:

… the fair treatment and meaningful involvement of all people regardless of race, color, 
national origin, or income, with respect to the development, implementation, and enforce-
ment of environmental laws, regulations, and policies.

A number of international studies have shown that environmental inequity occurs in 
urban areas. For example, Zhuo et al. (2012) and Aelion et al. (2013) found that 
concentrations of potentially toxic elements (Pb, As) in soils were spatially corre-
lated with socioeconomic status and/or predominant ethnic background in urban 
areas in the USA. Similar relationships between soil pollution and socioeconomic 
measures have been identified in several other countries, including cities in Australia 
(Cooper et al. 2018), Canada (Lambert et al. 2006), and the UK (Morrison et al. 
2014). The risk of environmental injustice was also recognized as a possible conse-
quence of introducing more stringent environmental regulations for soils in China 
(Hou and Li 2017) and in an analysis of the aftermath of the Fukushima nuclear 
accident in Japan (Otsuki 2016). These and other studies reinforce the need for the 
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principles of environmental justice to be incorporated into environmental legal 
frameworks.

The United Nations’ Sustainable Development Goals address issues of social 
and environmental justice on a global scale, with clear implications for local 
instances of inequity. Despite the SDGs including aims to achieve both “…sus-
tained, inclusive and sustainable economic growth” (SDG 8) and “Build resilient 
infrastructure, promote inclusive and sustainable industrialization…” (SDG 9), the 
SDGs also mandate conservation and sustainable use of water and marine and ter-
restrial resources (SDGs 6, 14, and 15) and promote “…urgent action to combat 
climate change and its impacts” (SDG 13). The Sustainable Development Goals 
also clearly aim to achieve just societies, including equitable access to education 
(SDG 4), gender equality (SDG 5), reduction of inequality within and among coun-
tries (SDG 10), and “…access to justice for all…” (SDG 16). The common ground 
occupied by environmental justice and the SDGs was analyzed by the Center for 
International Environmental Law (2002), who identified the most important com-
mon issues to be the right to life, including the right to a healthy environment; 
property rights of indigenous communities; and the rights of communities to make 
decisions related to their livelihoods and survival (Newton 2009).

10.2.4  Case Studies of Environmental (in)Justice 
in Urban Soils

Warren County Landfill, North Carolina, USA. In 1982, actions which precipitated 
the birth of the environmental justice movement as a significant social force (at least 
in the USA) began in Warren County, North Carolina, USA (Fig. 10.4). The trigger-
ing event was the proposal to develop former farmland as a landfill for ca. 180,000 m3 
of soil material contaminated with polychlorinated biphenyls (PCBs), at concentra-
tions up to 500 mg/kg (Hirschhorn 1998; Burnwell 2007). It is significant for this 
book that this incident involved soil, both as the source and disposal site of contami-
nated material, even though the environment was predominantly rural. The local 
residents, mostly African-Americans with low incomes, conducted a series of pro-
tests which greatly raised the profile of environmental justice issues in the USA, 
with a Presidential Executive Order establishing a national office of Environmental 
Justice in 1994 (Checker 2002). Although the protests were not successful in pre-
venting the landfill, they did prompt a commitment from the state Governor to 
assess remediation options once technology became available. The site was fully 
remediated in 2003 using base-catalyzed decomposition (Burnwell 2007; 
Lyons 2007).

New Orleans: lead-contaminated soils and children’s health. The relationships 
between lead (Pb) concentrations in soils and population variables, in New Orleans, 
Louisiana, USA, were studied by Campanella and Mielke (2008). The relevance of 
this study is that lead pollution is widespread in soils, potentially being derived from 
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a number of sources, including lead-based paints, lead additives in vehicle fuel, and 
other industrial uses such as roofing or batteries. The most significant sources in 
soils for human health are leaded gasoline due to the presence of added Pb in very 
fine particles, although fine paint fragments can also be important (Mielke and 
Reagan 1998). Humans can be exposed to lead by ingestion of soil, via soil adhering 
to plant produce, or inhalation of soil-derived house dusts; children are at greater 
risk since some younger children ingest soil directly (Clark et al. 2008). Lead poi-
soning causes neurological effects in humans, and in children has adverse effects on 
their cognitive and learning abilities.

Campanella and Mielke (2008) found that, in areas of New Orleans having soil 
lead concentrations greater than 100–200  mg/kg, people of African-American 
(“black”) ethnicity represented the greatest proportion of the population 
(Figure 10.5a). The median income for residents was negatively correlated with soil 
lead concentration. Significantly, there were significant proportions of children 
exposed to soil Pb concentrations greater than the EPA guideline of 400  mg/kg 
applicable at the time (Figure 10.5b). The risk may have been compounded by sig-
nificant resuspension of soil during flooding caused by the catastrophic Hurricane 
Katrina in 2005.

Soil metal pollution and deprivation in Glasgow, Scotland. Glasgow, a major city 
in Scotland (UK), has been urbanized and industrialized for several centuries, and 
was studied by Morrison et al. (2014) since its history has resulted in widespread 
soil contamination. They measured selected soil metal and metalloid concentrations 
(As, Cr, Cu, Ni, Pb, Se, Zn) which were combined into an average index value for 
each map polygon (see Fig. 10.6a). A “deprivation index” was also calculated from 
population demographic data in each map polygon, based on health, education, 
employment, housing, income, access to services, and crime (Fig. 10.6b). Each map 
polygon contained approximately equal numbers of households having similar 
socioeconomic attributes.

Fig. 10.4 Scenes from the construction of the Warren County landfill, NC, USA: (a) dumping of 
PCB-contaminated soil (from Burnwell 2007); (b) protesters attempting to block access to the 
landfill site (from Lyons 2007)

A. W. Rate



339

Morrison et al.’s (2014) data showed a statistically significant correlation between 
soil metal index and deprivation index, which is illustrated in map format in 
Fig. 10.6. The correlation was explained in terms of the lower cost of rehabilitated 
former industrial land, which supported lower cost housing, but on which the soil 
also contained a legacy of trace element contamination from historical metal- 
processing industries. The authors recommended that assessments of communities 
in the context of deprivation and environmental justice should include information 
on soil chemical quality.
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Fig. 10.5 (a) Racial composition of New Orleans population as a function of soil lead (Pb) con-
tent; (b) proportions of young children (< 5 years old) in New Orleans exposed to different con-
centrations of lead (redrawn from Campanella and Mielke 2008; used with permission from 
Springer)

Fig. 10.6 Comparison of (a) soil metal contamination index (red/darker colors are most contami-
nated) and (b) socioeconomic deprivation index (darker colors are most deprived) in Glasgow, 
Scotland, UK (redrawn from Morrison et al. 2014 and used with permission from Springer)
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10.3  Further Reading

Brevik EC, Burgess LC (eds) Soils and Human Health. CRC Press (Taylor & 
Francis), Boca Raton, FL, USA

Li G, Sun G-X, Ren Y, Luo X-S, Zhu Y-G (2018) Urban soil and human health: a 
review. European Journal of Soil Science 69:196–215. https://doi.org/10.1111/
ejss.12518

10.4  Summary

• With appropriate use and management, urban soils have crucial roles to play in 
complete achievement of the United Nations’ Sustainable Development Goals. 
The links between the Sustainable Development Goals and urban soils represent 
a link between urban soils and human health in multiple contexts.

• The main Sustainable Development Goals requiring an understanding of urban 
soil processes are as follows: 1 No Poverty; 2 Zero Hunger; 3 Good Health and 
Well-Being; 4 Quality Education; 5 Gender Equality; 6 Clean Water and 
Sanitation; 8 Decent Work and Economic Growth; 13 Climate Action; and 15 
Life on Land.

• Urban soils are increasingly used for food production by urban communities, 
with an opportunity to address poverty and food security.

• Many of the adverse human health effects of urban soils are related to soil 
contamination with nutrients, potentially toxic trace elements, organic con-
taminants, mineral contaminants such as asbestos, radionuclides, and patho-
gens. Soil has a role in maintaining water quality as well, where contaminants 
are also an issue.

• An urgent human health issue in a holistic sense is that of the effects of climate 
change. Urban soils have the capacity to directly (through sequestration of car-
bon) and indirectly (by supporting urban vegetation especially trees) affect pro-
cesses relevant to climate change.

• Environmental (in)justice issues are highly relevant in cities; for example, many 
studies show that communities having lower socioeconomic status also live in 
environments where soil contamination is more severe.

10.5  Questions

10.5.1  Checking Your Understanding

 1. What are the risks and benefits, in term of the Sustainable Development Goals, 
of growing food for human consumption in urban soils?
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 2. How can soils in cities affect water quality?
 3. Recall the various adverse human health effects that might occur if urban soils 

are contaminated with potentially toxic trace elements, organic contaminants, 
asbestos, radionuclides, and pathogens.

 4. What are the ways in which urban communities can be involved with urban soils?
 5. List some benefits to urban communities of being involved with urban soils. 

Which of the Sustainable Development Goals could be addressed from commu-
nity involvement with soils?

10.5.2  Thinking About the Topics more Deeply

 6. Discuss the benefits and risks of managed aquifer recharge in the context of 
human and ecosystem health.

 7. Identify the mechanisms by which urban soils can be either a source of, or a sink 
for, atmospheric carbon.

 8. What do you think the factors are, which result in environmental injustice involv-
ing soil or land in urban environments?

 9. What are the barriers to urban communities having access to the information that 
they need about urban soils? How might these barriers be overcome?

10.5.3  Thinking Creatively About Urban Soils

 10. Design a soil-based activity for an urban community, and show how the pro-
posed activity addresses three or more of the Sustainable Development Goals.
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Chapter 11
Urban Soil Remediation
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Abstract The high incidence of contamination and other forms of degradation of 
urban soils means that soil remediation is an important issue in cities. In this chap-
ter, we first discuss the factors affecting choice of remediation method, including 
the common types of objectives for soil remediation. Numerous categories of soil 
remediation techniques are described and discussed, in the order of methods based 
on physical, chemical, and finally biological processes. Where data are available, 
each remediation technique is presented in terms of the underlying principles, appli-
cability to different environments and contaminants, time frame, and effectiveness. 
We then cover soils themselves as treatment media for water in applications such as 
constructed wetlands and Water Sensitive Urban Design. Case studies for the reme-
diation of asbestos, an organic pollutant, and metals in urban soils are presented, 
with reference to the techniques described in previous sections. The chapter closes 
with a description of some examples of regulatory frameworks for urban soil reme-
diation, in the USA, Europe, and Australia.
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What you could learn from this chapter:

• The range and categories of soil remediation techniques available, and the crite-
ria we need to consider to choose the most suitable method.

• The science behind physical, chemical, and biological remediation methods, the 
contaminants they are effective for, and any constraints imposed by soil proper-
ties. The methods include bioremediation, phytoremediation, and in situ physical 
and chemical remediation methods.

• Some ways in which urban soils can be utilised to treat urban water.
• Real examples of where urban soil remediation has occurred, and how.
• Some examples of regulatory frameworks for soil remediation from around 

the world.

11.1  Introduction

There is much more to soil remediation than simply cleaning up ‘brownfields’ or 
contaminated land. This chapter discusses issues relating to remediation projects, 
the factors affecting the choice of remediation technology that is applied, some of 
the remediation methods that are available, and whether the soil remediation meth-
ods being considered have been used successfully in actual urban soil remediation 
projects. This chapter will also consider how some regulatory frameworks for soil 
remediation are constructed.

Soil remediation, in its most general sense, is treatment or management of 
degraded soil in order to make it suitable for an intended land use (Hodson 2010). 
In the common case of contaminated soil, soil remediation involves (the partial or 
complete) removal, or containment and/or immobilization, of contaminants to 
acceptable levels (Meuser 2012). Caliman et al. (2011) and the Federal Remediation 
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Technologies Roundtable (2020) identify different ways in which remediation tech-
nologies are applied, and we will consider the following three categories:

 a) In situ, where treatment occurs at the actual location of contamination without 
removal of soil or groundwater

 b) Ex situ, where soil is removed, treated, and replaced or contained
 c) Off-site, where soil is removed to another location for treatment or disposal

Remediation can also be categorised as being active, where external energy (such as 
excavation or pumping) or materials (such as chemical reactants) are imposed on 
soil to achieve remediation, or passive, in which natural processes alone such as 
solar energy or biological metabolism provide a soil remediation effect.

Contaminant removal is achieved, in general, by chemical separation, phase 
(physical) separation, chemical destruction, or biodegradation (Rulkens et al. 1998). 
Remediation may also, of course, be necessary for uncontaminated soil, for exam-
ple, if it has lost its organic matter, is severely compacted, or if the soil surface 
is sealed.

11.2  Remediation Criteria

11.2.1  Factors Affecting the Selection of Remediation 
Method(s)

There are a range of factors which form the basis for choosing one soil remediation 
method over another (Table 11.1). The compilation in Table 11.1 is based on infor-
mation presented by the Danish Environmental Protection Agency (2002), Meuser, 
(2012), Cappuyns (2013), and the Department of Environment Regulation (2014).

More recently the concept of life cycle assessment has been applied to soil and 
groundwater remediation, where all of the resources used, and environmental 
impacts generated, are accounted for in the total lifespan of remediated land, from 
planning to closure (Favara et al. 2011). For example, a life cycle assessment would 
account for the environmental benefits of reducing or eliminating contaminants, but 
also account for the environmental harm from vehicle emissions and energy usage 
during the active phases of a project (Lemming et al. 2009). In addition, other con-
taminants can be released during remediation of target substances, as conditions 
such as anoxia change in the soil or groundwater being treated (Mulligan and Yong 
2004). The carbon footprint is of particular contemporary concern in soil remedia-
tion, with the most immediately straightforward or economical method not neces-
sarily being the process that minimises carbon emissions to the atmosphere in the 
long-term (for an example, see Jing et al. 2018). The trend in many European states, 
for example, has been towards in situ biological remediation and away from more 
energy-intensive methods such as excavation and removal (Fig. 11.1). Implementation 
of life cycle assessment is related to the practices of ‘Sustainable Remediation’, for 
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Table 11.1 Factors affecting the choice of soil remediation method in urban environments

Environmental factors Examples of factors or constraints

Soil and landscape properties Soil: hydraulic conductivity; organic matter 
content
Landscape: slope, proximity to water bodies

Geological and hydrological properties of site Depth to groundwater; groundwater flow rate 
and direction; rock type and fracturing; depth 
to rock

The type of contaminant(s) present, or type of 
degradation

Hydrocarbons, metals, nutrients, persistent 
organic pollutants, compaction, loss of fertility

The concentration of contaminants present, 
especially in relation to guideline 
concentrations

Threshold concentrations for specific soil 
conditions (e.g. pH, CEC) and proposed land 
use

Logistical factors
Previous performance of the options for 
remediation

If the preferred option is landfarming, but this 
has not been proven in the environment 
considered

The availability or feasibility of suitable 
remediation methods (including technical and 
logistical constraints)

If the best theoretical option is ISCO, but 
expertise is unavailable or the site properties 
do not allow it

The time frame over which remediation must be 
implemented

Phytoremediation may be unsuitable if 
cleanup is required within several months

Social factors
The history or traditions of use of different 
remediation techniques by practitioners, or in 
the contaminated site’s geographic or regulatory 
environment

A technique is not considered because it has 
not been used by a company, or in that city, 
before (whether or not the technique is 
effective)

Cultural or social values of the land (e.g. for 
indigenous peoples)

Sacred sites such as burial grounds precluding 
ex situ remediation

The impacts of the rehabilitation process itself 
on environments, amenity, health, social issues, 
etc.

Emissions of fine dust during excavation of 
contaminated soil; evacuation of residents

The current and intended land users Current or future land users are committed 
environmentalists, and prefer a ‘green’ 
biological remediation approach

Risk factors
The calculated risk of various options 
(including doing nothing) to both human health 
and different environmental compartments (air 
quality, surface water, groundwater, and so on)

A scenario where doing nothing may create 
immediate risk to a few people, whereas in 
situ remediation may generate long-term risk 
to a sensitive environment

Economic and regulatory factors
The current and intended land use (‘fit for 
purpose’ principle)

The intended use of the land is a car park, 
which itself serves as remediation by 
containment

The cost of suitable methods Encapsulation or vitrification may be the most 
effective options, but are uneconomic or 
wasteful

The remediation targets (e.g. the permissible 
concentration of contaminant(s) remaining in 
soil)

Some remediation methods (e.g. natural 
attenuation) may not be able to decrease 
contaminant concentrations sufficiently
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the promotion of which various multiple-stakeholder organisations exist worldwide. 
Smith and Nadebaum (2016) provide an excellent summary of the framework for a 
sustainable remediation approach, focused on Australia and New Zealand where 
well-developed regulatory frameworks control remediation and management of 
contaminated sites.

11.2.2  Objectives for Urban Land/Soil Remediation/
Rehabilitation

Depending on the factors listed in Sect. 11.2.1, an urban soil rehabilitation project 
will have objectives or targets which indicate the success of, or progress towards, a 
soil remediation end-point (EPA WA 2006). These end-points may be numerical 
targets such as:

• Decreasing the concentration or bioavailability of a contaminant (or soil physical 
property like compaction) below a maximum threshold

• Increasing a soil fertility parameter such as porosity, organic matter, or phospho-
rus content above a minimum threshold

• A biodiversity parameter such as the number of plant species successfully estab-
lished on the soil

There may also be qualitative objectives, such as creating an aesthetically pleas-
ing landscape.

There are numerous ways in which urban soil can be, and has been, remediated 
(Table 11.2). The field of contaminated soil remediation in urban areas is continu-
ally evolving, and the relative importance of the drivers listed above changes with 
changes in community, practitioner, and regulatory attitudes towards environmental 
protection.
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Fig. 11.1 Soil remediation techniques applied at contaminated sites in various European countries 
in 2006 or 2011. (European Environment Agency 2020)
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11.3  Physical Soil Remediation Methods

11.3.1  Natural Physical Attenuation

Physical processes such as dilution are recognised as important processes to con-
sider in the context of remediation of contaminated soils (Mulligan and Yong 2004). 
The outdated adage that ‘the solution to pollution is dilution’ has, however, been 
refuted widely in recent times by highly reputable organisations (such as the UN 
Environment Programme (see Carr and Neary 2006); US Department of State 
2011). In the context of urban soils, therefore, practices that simply allow contami-
nants to leach into surface water or groundwater, or to spread more widely 

Table 11.2 Generalised categories of soil remediation methods

Remediation technology/ 
management strategy Mode of operation

Monitored natural attenuation Relies on natural abiotic or biological processes to volatilise or 
degrade contaminants, and/or reduce their bioavailability

Excavation and removal Contaminated material removed to lower-risk environments 
(e.g. geologically stable secure landfill, disused mine shafts) or 
recycled (e.g. for road base)

Barrier and containment 
methods

Include surface covers, sealing, grouting, lateral barriers, 
encapsulation using clays, geotextiles, etc.

Bioremediation Microbial activity is stimulated for degradation or 
transformation of contaminants, especially hydrocarbons – 
often large volumes of soil are remediated using biopiles or 
landfarming

Phytoremediation Plants that accumulate toxic metals, or biodegrade organics in 
root zone

Vapour extraction Removal of volatile hydrocarbons in soil, sometimes 
simultaneously with groundwater remediation by 
pump-and-treat

Soil washing Treating soil with liquid or dissolved chemicals to remove 
contaminants in situ, or by excavation-washing-replacement

Solidification-stabilisation Amendment of soil with cementing substances to decrease 
contaminant mobility and bioavailability, or (electro)thermal 
solidification/melting of soil

Electrokinetic Application of a low-intensity current that creates a gradient for 
ions to move from either cathode to anode or vice versa

Ultrasonic Ultrasonic energy applied to soils may enhance the 
performance of some other remediation techniques, or enhance 
degradation of some organic compounds

Thermal Soil can be heated to high temperatures for 
melting/solidification, or heat can be applied to enhance 
volatilization or desorption of contaminants

Administrative Thorough documentation, restricting human activities on or 
near a site, and/or placing constraints on future land use

Source: Meuser (2012), Naidu (2013), CRC CARE (2018b)
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throughout a larger volume of soil, are unacceptable. Monitored natural attenuation 
which relies on chemical or biological processes can, however, be effective, and 
these approaches are discussed in the following sections.

11.3.2  Soil Excavation and Removal

Excavation of contaminated soil, followed by transport to a disposal at another site, 
is generally considered to be one of the least sustainable soil remediation options 
(Smith and Nadebaum 2016). Nevertheless, excavation, sometimes called ‘dig and 
dump’, is probably the most common method for soil remediation worldwide, pos-
sibly because there were no feasible alternatives prior to approximately 1990 
(Danish Environmental Protection Agency 2002; U.S.  EPA 2012a; CRC 
CARE 2018e).

Although it is superficially a simple procedure, there are several issues that need 
to be considered if excavation of contaminated soil is performed. Contaminated dust 
or vapours may be released into the surrounding environment, and excavated soil is 
at risk of leaching or erosion by rainfall (U.S. EPA 2012a). These secondary pro-
cesses, which are caused by excavation, represent new migration and exposure path-
ways for contamination. Buried infrastructure needs to remain undamaged, and 
deep excavations can themselves represent a safety hazard. In addition, in most 
regulatory frameworks consider contaminated soil to be a potentially hazardous 
waste, requiring purpose-built facilities for transport and disposal (Meuser 2012; 
CRC CARE 2018a).

Soil excavation and removal is a viable option where in situ remediation methods 
will be too expensive or too slow to implement, or where small volumes of contami-
nated soil are present (U.S. EPA 2012a). In some cases, excavated material can be 
re-used rather than disposed of; for example, moderately contaminated material, 
which is too contaminated for residential land use, may be appropriately used as fill 
material for industrial development (Meuser 2012).

11.3.3  Soil Containment: Covering, Surface Sealing, 
and Encapsulation

Covers prevent transport of contaminants from soil by wind erosion, or vertical 
and lateral leaching (Meuser 2012; CRC CARE 2018d). There may be varying 
complexity of covers depending on the severity and type of risk(s) present. For 
example, if dust generation is the only anticipated risk, simply allowing the con-
taminated soil to remain at depth, or promoting additional vegetation, may be 
sufficient. The more severe the contamination, the more technically sophisticated 
the cover above contaminated material needs to be. For the most severe 
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contamination covers need to prevent water (and sometimes oxygen) entry, verti-
cal transport (upward or downward), lateral migration (in any direction), and soil 
deformation by thermal stress or bioturbation. Figure 11.2 shows some examples 
of barriers pre- or post-construction.

Cover construction may involve (from bottom up): a synthetic impermeable 
membrane; compacted swelling clay (especially close to the groundwater table); a 
drainage layer; a permeable geotextile; clean fill; and finally clean topsoil with 
growing plants (see Fig. 11.3). The thickness of clean material depends on the fol-
lowing land use; e.g. while for parks or sports fields, 10 cm might be sufficient, 
60–100 cm can be required for soil in which food plants are grown. Covers may 
require a positive (constructional) anthropogenic landform, depending on the close-
ness of the contaminated material to the current land surface.

Surface sealing is mainly used for highly contaminated soil; the impermeable 
cap needs to direct water off-site. Capping of contaminated soil seals the soil sur-
face completely. If there is no risk of vapour generation, building construction fol-
lowing surface sealing (or the building itself forming the surface seal) is an 
appropriate land use (Meuser 2012; CRC CARE 2018d).

Encapsulation Sealing of soil in more than one dimension, including complete 
encapsulation of contaminated soil, is used if there are risks of vertical and/or 
lateral transport of contaminants. Encapsulation can range from lateral barriers 
(which may include a cap), to systems where contaminated soil is enclosed on all 
sides. Lateral barriers alone extending above the soil surface may be used to sup-
press soil erosion by water. The lower boundary of contaminated soil can be con-

Fig. 11.2 Examples of soil containment (a) lateral ‘silt’ barrier to prevent erosion (from epa.vic.
gov.au); (b) installing a geotextile barrier at a residential development in Perth, Western Australia 
(from der.wa.gov.au; used with permission); (c) large containment cell at a contaminated railway 
site, Hunter Valley, Australia purecontracting.com.au
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strained by pre-existing impermeable layers below the contamination, by injection 
of a cementing agent, or by excavation and replacement after construction of a 
lower barrier (Mulligan et al. 2001a; Meuser 2012). A form of encapsulation is 
effectively achieved by ‘surcharging’, or adding excess fill material over contami-
nated material so that compression and settlement causes compaction and dewa-
tering of  contaminated soil (Patel 2019). Surcharging relies on the simultaneous 
removal of pore water using vertical drains (PVDs or ‘wick drains’), which may 
be enhanced by applying a partial vacuum, as shown by Indraratna et al. (2011) in 
Brisbane, Australia. The lower porosity and hydraulic conductivity caused by sur-
charging creates a lens or aquitard of low-permeability soil, suppressing contami-
nant migration.

11.3.4  Soil Solidification

Cementation Contaminated urban soil can be solidified to immobilise contami-
nants by mixing with a cementing agent after complete or partial excavation, fol-
lowed by replacement or capping. In situ cementation methods can also be used 
(e.g. grouting, which is also used to produce lateral and lower barriers for in situ 
containment of soil, or vertical injection as shown in Fig.  11.4) (Meuser 2012). 
Cementation can be used to increase soil strength and stability as well as decrease 
the mobility and risk of transfer of contaminants (Wang et al. 2014). A wide range 
of cementing materials can be used, including Portland cement, lime, ash from 
power generation, clays, thermoplastics, resins, or combinations of these. Lime and 
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Fig. 11.3 Schematic cross-section through encapsulation for contaminated soil (or secure land-
fill). (Graphic by Andrew W. Rate)
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cement-based solidification is applicable to contamination with cationic metals or 
asbestos; polymer or resin-based solidification can be used for persistent organic 
pollutants (Meuser 2012; Wang et al. 2014).

Thermal Solidification Also termed vitrification, heating of soil to produce a 
glassy solid mass can be used in cases where the risks associated with transfer of 
soil contamination are high, for example, if high concentrations of radionuclides 
are present (Oma et  al. 1982). Solidification by heating can be performed on 
excavated soil (e.g. the vitrification plant at the Hanford Nuclear site in the USA; 
see hanfordvitplant.com). In situ vitrification can be achieved by application of 
high electrical voltage and current via two or more electrodes inserted into soil, 
with addition of a flux material to increase the initial electrical conductivity. 
Another in situ soil vitrification method involves insertion of a plasma torch, 
capable of generating temperatures up to 7000 °C, into a series of vertical bores 
through contaminated soil. Volatile materials emitted by the intense heating are 
captured, and the vitrified soil is then capped and covered with clean fill 
(Fig. 11.5).

Rotating
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injection
nozzles

Contaminated
soil

Binder supply

Fig. 11.4 In situ soil solidification by cementation. (Redrawn from Burlakovs and Vircavs 2012, 
CC-BY licence)
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11.3.5  Phase Separation

Vapour Extraction and Sparging (also for groundwater) Soil vapour extrac-
tion is conducted where a volatile contaminant (e.g. petroleum hydrocarbons) is 
present in soil (related contamination is most commonly also present in the 
underlying groundwater). The soil vapour extraction technique is based on in 
situ extraction of the soil gas phase by mechanical vacuum, which is passed 
through a treatment plant which may have two streams, one to treat the contami-
nated vapour and the other to treat any condensed liquid (CRC CARE 2018g). 
The efficiency of soil vapour extraction can be increased by heating soil by vari-
ous methods, as described below. In  addition, pumping of air into contaminated 
soil (usually below the water table), or air sparging, is used as a supplement to 
soil vapour extraction to increase extraction efficiency. As with some other 
pumping or vacuum-based methods, air sparging is more effective in permeable 
soils, and preferential flow paths can decrease the removal of contaminants. 
Additional flow paths for contaminant removal can be created by hydraulic or 
pneumatic fracturing (U.S. ACE 2002).

Ongoing production of volatile or gas-phase products such as methane by land-
fills is a related but separate issue, encompassing the emission of landfill gases in 
general (mainly methane and carbon dioxide, but also many other volatile organic 
compounds). Landfill gas may be captured for re-use and energy generation, or 
released safely into the atmosphere by flaring or venting away from enclosed struc-
tures (Omar and Rohani 2015). A more thorough discussion of landfill gas treatment 
is beyond the scope of this textbook.

Pump-and-Treat (Groundwater Pumping) Groundwater and soil remediation can 
be combined using multi-phase extraction (MPE), which can target contaminants in 
separate liquid phases, in the aqueous phase (dissolved or emulsified/suspended in 
water), and in the vapour phase (U.S. ACE 2002). It is applicable to soils with mod-
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Fig. 11.5 Sequence of stages in an in situ vitrification procedure for contaminated soil. (Redrawn 
from Oma et al. 1982). TRU = transuranic elements (e.g. plutonium)
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erately high permeability, so some clay and/or highly compacted soils are not suit-
able for treatment by MPE. A high vacuum is applied to an extraction well as in soil 
vapour extraction, with mechanical separation of gas and liquid phases at the sur-
face followed by separate treatment streams (Fig. 11.6).

Thermal Desorption
Soil heating can be achieved by steam injection, direct application of heat using 
heating elements, radio-frequency radiation, or by electrical resistive heating 
(U.S. ACE 2002). Heating is effective in increasing the efficiency of soil vapour 
extraction, since heat increases the vapour pressure of volatile compounds, pro-
motes desorption of organics from soil particle surfaces, and is one factor that can 
stimulate biological degradation (see also the section on Biological Soil Remediation 
Methods below). Steam injection creates an upward convective flux which also 
assists vapour extraction.

Fig. 11.6 Dual-phase pump-and-treat system, for simultaneous removal of volatile contaminants 
from soil and groundwater (modified from U.S. ACE 2002). The system combines soil vapour 
extraction in the unsaturated (vadose) zone and the cone of depression of groundwater caused by 
pumping, with groundwater pumping in the saturated zone below the water table
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11.4  Chemical Soil Remediation Methods

11.4.1  Abiotic Natural Attenuation

Removal of contaminants from soil can occur naturally if there is transfer to another 
environmental compartment, such as groundwater or the atmosphere – neither being 
a preferred or desirable outcome, since the pollution is then simply shifted from one 
medium to another. Volatilisation of organic compounds in soils is well-known to 
result in soil-to-atmosphere transfers, particularly for volatile organic compounds 
(VOC) which have significant vapour pressures in the vadose zone (see Chap. 7; 
Mulligan and Yong 2004; Shepherd et al. 2006). Even less volatile organic contami-
nants such as PAHs can be transferred from soil to atmosphere, particularly in 
warmer climatic zones (Liu et al. 2011). Transfer into groundwater is also common, 
especially for dense organic liquids (DNAPLs) (Shepherd et al. 2006).

Volatilisation can also occur for inorganic contaminants such as arsenic, sele-
nium, or mercury (Mulligan and Yong 2004). All three of these elements (As, Se, 
and Hg) can occur as volatile methylated species such as dimethyl arsine, dimethyl 
selenide, or dimethylmercury which form mainly under reducing conditions 
(Alloway 2012). In the extremely reducing conditions created in landfills, other ele-
ments such as Sn, Sb, Te, Pb, Bi, Mo, and W may form volatile compounds which 
are released into the atmosphere (Feldmann and Cullen 1997).

While fire is usually considered to provide a source of organic contaminants such 
as PAHs and PCBs to soils via incomplete combustion of organic materials, fire may 
also result in the emission of some inorganic contaminants. Nriagu (1989) calcu-
lated that forest fires were a source of trace metals to the atmosphere, and several 
inorganic forms of various trace elements (e.g. Hg, Pb, Se, Tl) are volatile at high 
temperatures (Alloway 2012).

Abiotic attenuation processes, in contrast with biological natural attenuation, do 
not always decrease the total amount of a contaminant in soil. Transformations of 
both organic and inorganic compounds can occur abiotically, but in the case of inor-
ganic contaminants this predominantly does not remove the contaminant, because 
they exist mainly as elements. The bioavailability of elemental contaminants, 
though, may be changed by chemical transformations, as discussed below. An 
exception among inorganic contaminants is cyanide, for which toxicity depends on 
the existence of a specific molecule or ion (CN−); cyanides can be degraded abioti-
cally under both aerobic and anoxic conditions (Kjeldsen 1999).

The toxicity of organic compounds is always related to specific molecules rather 
than elements, and so abiotic degradation removes organic pollutants without trans-
fer to other environmental compartments. Organic compounds, depending on the 
properties of the molecules, can be degraded abiotically by photolysis, hydrolysis, 
dehydrohalogenation, or reduction-oxidation reactions (Yong and Mulligan 2003; 
Duarte et al. 2017). Hydrocarbons containing only C and H are less vulnerable to 
chemical degradation than are organic molecules containing other atoms in addition 
to carbon and hydrogen (commonly halogens such as chlorine, oxygen, or 
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nitrogen). Photolysis (or photodegradation) occurs only at the soil surface, and 
ultraviolet light is more effective than visible or longer-wavelength radiation.

Abiotic Decreases in Contaminant Bioavailability The attenuation of the effects 
of a range of pollutants by natural, abiotic (non-biological) processes is related to 
the common observation of a decrease in bioavailability with increasing time since 
contamination – the ‘ageing effect’.

For organic pollutants, Alexander (2000) argued that resistance to biodegrada-
tion of compounds, such as PAHs and DDT, showed evidence of a decrease in bio-
availability with age since pollutant addition. The ageing effect for organic pollutants 
has been explained by movement of their molecules into ultra-fine soil pores which 
excluded microorganisms, or to partitioning of organic compounds into soil organic 
matter (Semple et al. 2003, and see also Chap. 7). In both cases the process leading 
to the decreased bioavailability would need to be effectively irreversible, so that re- 
equilibration did not continue to expose pollutant molecules to accessibility by soil 
microorganisms.

Smolders et al. (2009) showed compellingly that ageing effects are important for 
metals and metalloids, with decreasing bioavailability with increasing time since 
contamination related to slow continuing chemical reactions and/or soil diagenetic 
processes (e.g. Backes et al. 1995). An example of this effect is shown in Fig. 11.7 
where the toxicity of nickel in soil to springtails (Collembola) is lower in aged soil 
than in soil in which contamination was added recently (Liu et al. 2015).

11.4.2  Soil Amendments

Liming Metal contaminants existing as cations (e.g. Cd, Pb, Zn) generally become 
less bioavailable and less mobile as soil pH increases (Harrison and Alloway 1999), 
and this assumption is implicit in some regulatory guidelines for assessing contami-
nation which allow greater contaminant concentrations at higher soil pH (e.g. 
National Environment Protection Council 2013). The risk to humans and other 
urban ecosystem components, of pollution with cationic metals, can therefore be 
decreased by amending soil with a substance that increases soil pH, such as lime 
(usually in the form of crushed calcitic limestone, mostly composed of CaCO3). The 
chemical reactions involved in treatment with lime are based on addition of alkalin-
ity and carbonate ions to soil, and include (see Chap. 6):

• More favourable adsorption of cationic metals on soil clays, oxide minerals, car-
bonate minerals, and organic matter at higher soil pH

• Conditions favouring formation of insoluble oxides, hydroxides, and carbonates 
of cationic metals (more likely at very high contaminant metal concentrations)
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Raising soil pH is not a remedial option if the main soil contaminants are ele-
ments present as oxyanions, such as arsenic (As), hexavalent chromium (Cr), 
molybdenum (Mo), or selenium (Se). The bioavailability of these elements may 
increase as soil pH is raised to values achievable by liming. For organic contami-
nants, chemical and biological reactivity is affected by pH, but whether bioavail-
ability and mobility increase or decrease is highly dependent on the particular 
compounds involved. The behaviour of non-ionisable contaminants such as 
hydrocarbons is relatively insensitive to changes in soil pH, but many other com-
pounds such as pesticides, surfactants, etc., are weakly acidic or basic. Such com-
pounds change their ionisation and therefore water-solubility, adsorption, and 
photo- or bio- degradation depending on their degree of ionisation (see Chap. 7 
and McBride 1994).

Fig. 11.7 Reproduction (juveniles) and survival (adults) of the springtail Folsomia candida in 
soils contaminated with nickel (Ni) which has been either field-aged (left) or freshly added (right). 
The lower numbers of juveniles and adults in the freshly contaminated soil, compared with equiva-
lent concentrations in aged soil, indicate that ageing decreases Ni toxicity. (Redrawn from Liu 
et al. (2015); used with permission from Springer)
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(continued)

Box 11.1 Liming and other treatments to prevent acidification in 
potential acid sulphate soils
When potential acid sulphate soils (PASS) are disturbed, for example, by 
installation of buried infrastructure or other construction activities, the pre-
ferred option is to prevent acidification of the material exposed to the atmo-
sphere. The concepts in this Information Box are mainly based on the thorough 
guidelines prepared by the Western Australian Department of Environment 
Regulation (2015).

The most commonly used neutralizing agent, as discussed in Sect. 11.4.2, is 
limestone (CaCO3, or [Ca,Mg]CO3) ground to a fine particle size. The applica-
tion rate necessary to avoid the production of acid must be based on an accu-
rate measurement of the net total acidity of the PASS. This is given by:

Net acidity = potential acidity + existing acidity – acid neutralizing capacity

The potential and existing acidity needs to be measured by techniques that 
account for oxidation of reduced sulphur minerals in the soil, and options for 
measurement methods are presented by Ahern et al. (2004). In very poorly 
buffered soils, as little as 0.005% sulphur may result in net acidification. The 
acid neutralizing capacity accounts for any alkaline materials such as calcite 
already present in the soil. Sufficient samples must be taken at the site to 
assess the range of net acidity values, and a conservative measure (e.g. the 
maximum net acidity measurement) is used in calculations.

The lime requirement is calculated by:

Lime requirement = Net acidity × 1.02 × SF × 100/ENV

where:

Lime requirement is in kg lime / 103kg soil (the weight of actual liming 
material used)

Net acidity is in kg of H2SO4 / 103kg soil
The factor of 1.02 converts the mole ratios of CaCO3 and H2SO4 to mass ratios
SF is a safety factor (recommended to be ≥ 1.5)
ENV is the effective neutralizing value of the liming material relative to pure 

CaCO3, expressed as a percentage, which takes into account grain size 
and purity

Lime is applied to PASS material as a powder or slurry and thoroughly 
mixed mechanically, preferably on an impermeable treatment pad. 
Re-sampling and analysis of the limed material is performed to assess treat-
ment effectiveness.
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Other options for treatment of potential acid sulphate soils

Other less common methods to manage acid generation by PASS include:

Submergence: placement of ASS in an excavated void below the water table, 
which excludes oxygen

Hydraulic mechanical separation: techniques such as sluicing and cycloning 
to separate fine sulfidic materials from sandy soil or sediment (usually 
applied in dredging procedures)

Stockpiling: short-term storage of excavated PASS material before oxidation 
can occur

Offsite treatment and disposal

Box 11.1 (continued)

Immobilising Chemicals Like lime, a wide range of other chemical amendments can 
be added to contaminated soil to decrease contaminant bioavailability. The chemical 
mechanisms allowing these amendments to remediate soil contamination include 
decreasing bioavailability/mobility by ion exchange, adsorption, or (co)precipitation 
(see Chap. 6). Mineral phases added as solids such as aluminosilicates (clays and zeo-
lites), zero-valent iron, or ferric oxides are strong adsorbents for inorganic contami-
nants such as metals (both metal cations and metal(loid) oxyanions). Activated carbon 
and charcoal, and in some cases zeolites, are strong adsorbents for many organic con-
taminants. Apart from lime, a commonly used immobilising chemical is phosphate, 
which forms solid precipitates with some metal cations, particularly lead (Pb) which 
forms the very insoluble mineral pyromorphite (Pb5(PO4)3[OH,F,Cl]). Addition of 
phosphate to Pb-contaminated soil has been shown to significantly reduce lead bio-
availability in animals and humans (Scheckel et al. 2013).

Manufactured nanomaterials such as nanoscale zero-valent iron or carbon nano-
tubes have also been considered as amendments to remediate contaminated soils 
(Mueller and Nowack 2010; Unrine et al. 2010; Rodríguez-Eugenio et al. 2018). 
Nanomaterials have the potential advantage of very high surface area available for 
reactions, due to the very small size of the particles. The ecological and human 
health effects, however, of the manufactured nanomaterials themselves are not well- 
known, so there may be considerable unknown risk associated with using such 
materials for soil amendments.

Organic Amendments Manufactured organic materials such as activated carbon can 
be used as amendments for soil contaminated with organic compounds (O’Day and 
Vlassopoulos 2010). The use of organic waste materials, however, can be beneficial 
from the perspective of both waste minimization (since the organic waste is re-used) 
and soil remediation (since many organic materials can decrease the bioavailability 
and mobility of inorganic and organic contaminants) (Jones and Healey 2010) includ-
ing chemical reduction of toxic chromium (VI) to non-toxic chromium (III).
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In situ Chemical Oxidation Resistant or non-volatile organic contaminants in 
soils, which are not remediated using techniques like soil vapour extraction, can be 
oxidised using in situ chemical oxidation (ISCO) with various reagents. Solutions 
containing permanganate (MnO4

−), ozone (O3), catalysed hydrogen peroxide (e.g. 
Fenton’s reagent = hydrogen peroxide, H2O2, plus ferrous iron, Fe2+), and persulfate 
(S2O8

2−) are injected into soil via a well or bore (Santos and Rosa 2016). Hydrogen 
peroxide can oxidise organic contaminants without a catalyst if ferrous iron miner-
als are present in the soil environment. The efficiency of oxidation can be enhanced 
by applying ultrasonic energy or heat. In situ chemical oxidation is considered to be 
a rapid soil remediation technique (CRC CARE 2018f), with time frames for treat-
ment from months to a few years (U.S. EPA 2012b; Regenesis 2019), depending on 
factors like soil properties such as hydraulic conductivity, textural homogeneity, 
groundwater flow or water table, and the rate of consumption of the chemical oxi-
dant injected into soil.

Monitoring bores are usually installed to verify contaminant removal, but there 
is no need for removal of a contaminated solution. The products of the oxidation 
reactions in ISCO are generally not considered to be harmful; the organic contami-
nants are oxidised to yield carbon dioxide and water (and chloride in the case of 
chlorinated hydrocarbons). Most of the reagents also produce non-harmful products 
such as water, sulphate, and iron oxides; the exception is permanganate, since man-
ganese is not common in all soils, but the MnO2 which is ultimately produced is 
largely benign. An emerging issue with ISCO is the potential for oxidation of PFAS, 
if these contaminants are present. The oxidation of PFAS by conventional ISCO is 
ineffective, and the oxidation products may have greater solubility in water and thus 
greater mobility (NGWA 2018).

In situ chemical reduction (ISCR) is used for a few particular contaminants, usu-
ally hexavalent chromium (CrO4

2−/Cr2O7
2−, or ‘chromium 6’) and trichloroethylene 

(C2HCl3, a DNAPL). The reducing agent most commonly used is zero-valent iron 
(nanoparticulate metallic iron, Fe0, or ZVI) usually injected into soil as an aqueous 
slurry. Hexavalent chromium is reduced to Cr3+, which forms mineral solid phases 
such as Cr2O3 of very low solubility. Trichloroethylene is reductively dechlorinated 
to eventually form ethane (C2H6) via a series of intermediate reaction products; the 
ethane is lost from soil as a gas. Like ISCO, in situ chemical reduction is a relatively 
rapid remediation technique, with significant decreases in contaminant concentra-
tions within months. The ISCR technique can be implemented as a permeable reac-
tive barrier (see Sect. 11.4.6), in which case remediation is slower, requiring time 
frames of several years (U.S. EPA 2012c).

11.4.3  Soil Washing

Excavation of soil, and extraction of contaminants with different cleaning fluids 
or solutions, comprises the technique of soil washing. Derived from processes 
developed for the mineral processing industry, soil washing is usually performed 

A. W. Rate



369

with mechanical agitation in a purpose-built washing plant (Meuser 2012). The 
solutions used are usually aqueous (water-based); solutions of acids and complex-
ing agents are generally used to remove metals from soils. Non-polar organic 
compounds such as hydrocarbons, PAHs and PCBs (including NAPLs) have low 
water-solubility, so their dissolution or emulsion in aqueous solutions is increased 
using surfactants, co-solvents, cyclodextrins, and other agents. The substances 
added to enhance contaminant removal should ideally be of low toxicity and/or 
rapidly biodegradable, and have minimal interaction with the soil matrix (Mulligan 
et al. 2001b; Mousset et al. 2014). The effectiveness of soil washing theoretically 
can be enhanced with ultrasonication by generating locally high pressures and 
temperatures as cavitation occurs in the washing fluid (Kim and Wang 2003). 
Large volumes of soil can be treated relatively rapidly using soil washing technol-
ogy; at a site in New Jersey, USA, contaminated with Cu, Cr, and Ni, approxi-
mately 180 tonnes/day were treated over a period of approximately 3 months 
(U.S. EPA 1995a).

11.4.4  Soil Flushing (In Situ Soil Washing)

Soil washing conducted in situ is also termed soil flushing to distinguish it from 
washing of excavated soil, but the principles are similar except for constraints 
imposed by the in situ soil properties. The flushing solution is injected into one or 
more input wells and captured in an extraction well (Fig. 11.8). The recovered con-
taminants are removed from the solution (e.g. by adsorption or precipitation), and 
the purified solution is recycled back into the injection well.

Fig. 11.8 Schematic of an in situ soil flushing procedure. (From Burlakovs and Vircavs 2012, 
CC-BY licence)
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The effectiveness of soil flushing depends on conduction of water through the 
soil matrix, and therefore fine-textured soils (≥ 30–40% silt + clay) are likely to be 
unsuitable. Similarly, soils with high capacity to adsorb target contaminants (e.g. 
high organic matter, clay or iron oxide content) will significantly reduce soil flush-
ing remediation effectiveness (Lombi and Hamon 2005; Meuser 2012). Soil flush-
ing has been conducted at very large sites, such as landfills. Completion of 
remediation at large sites by soil flushing can be a very lengthy process; in part of a 
Superfund landfill site in New Jersey, USA, remediation was completed in approxi-
mately 15 years (U.S. EPA 2017).

11.4.5  Electrokinetic Migration

The migration of ions in an electric field has been used in the soil remediation tech-
nique of electroremediation, or electrokinetic migration (Meuser 2012). A direct 
current is applied to an array of electrodes in soil (e.g. between a single cathode and 
multiple anodes, with a potential between 20–500 V/m and current of a few mA/
cm2) (see also Naidu 2013). The soil water content needs to be high enough (≥ 
50–70% of field capacity; see Chap. 4) to maintain an electrical circuit; however, 
electroremediation can be used in low-permeability (fine-textured and/or dense) 
soils, unlike some other in situ remediation methods (Kim et al. 2011). Cationic 
contaminants such as metal ions or ammonium (NH4

+) will migrate towards the 
negatively charged cathode, and anions such as cyanide, chromate, or nitrate towards 
the anode. The electrical migration also causes mass flow and ‘electro-osmosis’, 
which allows non-ionic contaminants to be treated. In situ electroremediation also 
includes bores within hollow electrodes which are pumped out to remove and treat 
the resulting contaminated solutions. The relatively high electrical potential applied 
also causes electrolysis of water, with migration of the resulting hydrogen ions 
towards the cathode and hydroxide ions towards the anode. The changes in soil pore 
water pH help to maintain the ions in solution (e.g. there will be low pH at the cath-
ode due to migration of H+, which helps to suppress precipitation or adsorption of 
metal cations which also accumulate at the cathode). The pH changes are, however, 
undesirable side effects of electroremediation technology which have potentially 
adverse effects on the soil ecosystem, and require additional management (Meuser 
2012). The effectiveness of electroremediation can be enhanced by adding solubilis-
ing chemicals to the solution around the electrodes, or with ultrasonication (Kim 
et al. 2011). The time required for completion of electroremediation of soil varies 
with amount and type of contamination and soil properties, but can range from 2 to 
18 months (U.S. EPA 1997).
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11.4.6  Permeable Reactive Barriers

Permeable reactive barriers combine elements of chemical and biological treatment 
of contaminants. They are mainly used for treatment of contaminants such as 
DNAPL and nitrate in groundwater, but are included here since they are installed in 
soil materials through which contaminated groundwater passes and is treated by the 
barrier. The barrier may be a simple trench filled with reactive material such as 
wood waste or compost; more complex designs include a well to inject a carbon 
source such as vegetable oil or molasses to stimulate microbial activity (Fig. 11.9), 
or use of in situ chemical remediation such as zero-valent iron (U.S. EPA 2012c and 
Sect. 11.4.2).

The contaminant removal processes in permeable reactive barriers usually 
depend, at least indirectly, on soil microbial processes. For example, removal of 
nitrate can be achieved by denitrification, by providing denitrifying organisms with 
a carbon source following depletion of oxygen by anaerobic decomposers. A carbon 
source can also be used to promote sulphate reduction in permeable reactive barriers 
used to decrease cationic metal ion bioavailability/mobility, by formation of insolu-
ble metal sulphides (Patterson et al. 2005). In theory, permeable reactive barriers 
can provide ongoing treatment of low-level groundwater contamination, particu-
larly if resupply of a carbon source is possible. The life span of permeable reactive 
barriers has been estimated conservatively at ≥ 10 years (Higgins and Olson 2009), 
and treatment effectiveness may continue for 20–30 years.

Fig. 11.9 Simplified permeable reactive barrier with an injection well design, constructed in soil 
down-gradient of contaminated groundwater. (Redrawn based on U.S. EPA 2012d)
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11.5  Biological Soil Remediation Methods

Organisms present in soil  – in particular, the various groups of microorganisms 
(Chap. 8) – but also plants, are able to interact with a wide range of potential con-
taminants. These biological interactions include processes such as transformations 
and degradation of organic compounds; changes in chemical speciation; and uptake 
and sequestration. The synthetic organic compounds which are potential contami-
nants are particularly susceptible to transformations mediated by heterotrophic bac-
teria and fungi in soils and sediments (Alexander 1981). For remediation to occur, 
the products of biological transformations must have low or zero toxicity to recep-
tors in soil and receiving environments. The following categories of biological soil 
degradation, or bioremediation, methods are recognised (with examples expanded 
on in the following sections):

Natural bioremediation: where the indigenous soil microorganisms and/or plants 
are able to treat contamination in situ without human modification.

Enhanced bioremediation: in which soil microorganisms and/or plants are supple-
mented with essential substances, such as water, nutrients, or oxygen, that might 
be limiting their ability to treat contamination. Enhanced bioremediation can be 
performed in situ, or on-site using excavated soil. In some cases the bioavailabil-
ity of organic contaminants can be enhanced by the addition of surfactants 
(Mulligan et al. 2001b).

Augmented bioremediation: where specific organisms, which are known to be able 
to treat the contaminant(s) of concern, are added to soil or groundwater. 
Augmented bioremediation most commonly refers to addition of microorgan-
isms, but phytoremediation (Sect. 11.5.5) using a specific plant species would 
fall into this category as well.

11.5.1  Natural Biological Attenuation

The concentrations, or mobility and bioavailability, of contaminants in soil can 
decrease naturally by abiotic processes (Lombi and Hamon 2005), but many of the 
natural attenuation mechanisms involve biological processes.

Inorganic contaminants: Nutrients can be attenuated biologically by plant 
uptake, their bioavailability decreased by incorporation into organic forms via 
microbial metabolism or, for nitrogen and sulphur, or  lost by different forms of 
volatilisation. For example, plants in constructed wetlands can be harvested to 
remove nitrogen, phosphorus, and other nutrients taken up from wetland soils or 
water (Malaviya and Singh 2012). The ionic, bioavailable forms of nitrogen and 
phosphorus, ammonium (NH4

+), nitrate (NO3
−), and phosphate (HPO4

2−) can all be 
assimilated by microorganisms and recycled into organic forms which have lower 
bioavailability and potential environmental impact. In addition, plants can convert 
phosphate to phytates which enter soil in plant residues and have very low 
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bioavailability (Lung and Lim 2006). Finally, nitrate present in soils subject to spa-
tially heterogeneous or temporally fluctuating redox conditions can be lost to the 
atmosphere as gaseous species such as dinitrogen (N2) or nitrous oxide (N2O) 
(Groffman et al. 2002).

Inorganic contaminants: Metals and metalloids are clearly not biodegradable, 
being elemental contaminants, and are not always considered in biological natural 
attenuation (Mulligan and Yong 2004). A few elements, notably arsenic and mer-
cury, can undergo biological methylation in reducing (anoxic) soil environments, 
following which they can be lost from soils by volatilization (Alexander 1981).

Organic contaminants: Organic pollutants in soils are mainly attenuated by natu-
ral biological processes, rather than by the abiotic mechanisms described in Sects. 
11.3.1 and 11.4.1 (Megharaj et al. 2011). As described by Alexander (1981), the 
processes involved in remediation of organic pollutants by microorganisms include 
direct metabolism, where the heterotrophic microorganisms use organic compounds 
as a source of carbon and energy, and co-metabolism, where some organic com-
pounds are degraded along with another organic substrate, but cannot themselves 
sustain microbial growth. In most soils, degradation of organic compounds occurs 
aerobically, with oxygen as the electron acceptor (oxidizing agent) for metabolism; 
aerobic degradation is faster than anoxic (anaerobic) processes (Yong and 
Mulligan 2019).

The existence and progress of natural biological attenuation of degradable 
organic contaminants (e.g. BTEX) in groundwater can be measured by monitoring 
chemical changes relating to oxidation-reduction reactions. The degradation of 
organic compounds to produce CO2 is an oxidative process, so that degradation will 
initially deplete dissolved oxygen which is required for metabolism of carbon com-
pounds by aerobic microorganisms. Once oxygen is depleted, microorganisms 
which can use nitrate as an electron acceptor for metabolism of carbon compounds 
(i.e. the denitrifiers) become the predominant degraders of contaminants. Similarly, 
manganese oxides (if present), sulphate, then ferric iron oxides are consumed (in 
that order) as electron acceptors, until finally bicarbonate is consumed and metha-
nogenesis occurs (Yong and Mulligan 2019).

11.5.2  In Situ Enhanced Bioremediation

The conditions required to optimise contaminant treatment soils by microbial biore-
mediation reflect the conditions required generally for microbial growth and sur-
vival of microorganisms. Ideally, then, enhanced bioremediation aims to achieve: a 
suitable range of soil temperature, pH, and redox potential; adequate water, oxygen 
(or alternative electron acceptors), and nutrients; and the amounts and bioavailabil-
ity of organic substrates including the contaminant(s) present (Megharaj et  al. 
2011). Enhanced bioremediation therefore relies on the stimulation of the existing 
indigenous soil microbial community by artificial addition of water, nutrients, and 
sometimes amendments such as composts or lime. Amendments other than water 
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can be applied as solutions, or as solid fertiliser and/or lime materials which may be 
mixed into surface soil by cultivation, which also allows enhanced entry of oxygen 
(N.S.W. EPA 2014). Temperature can be controlled by the installation of bores with 
heat exchangers (e.g. solar-heated water) or soil covers such as temporary plastic 
tunnel houses (Moradi et al. 2018).

Since in situ bioremediation relies on the indigenous microorganisms in the soil, 
it can be a slow process with remediation typically being completed in 1–4 years. It 
has been shown to be effective for volatile organic compounds, including haloge-
nated hydrocarbons, but enhanced bioremediation methods can also degrade persis-
tent organic pollutants such as PAHs (FRTR (Federal Remediation Technologies 
Roundtable), 2020). For any application of enhanced bioremediation, a site-specific 
feasibility study (usually laboratory-based) is required to demonstrate that contami-
nant treatment is possible, and monitoring during and after treatment is essential 
(EPA 2010).

The microbial population changes during the course of enhanced bioremediation 
(Wang et al. 2016). The microbial community structure (i.e. the balance of microor-
ganism species) changes in response to the selection pressure imposed by the con-
taminant (Kozdrój and Van Elsas 2001). Microorganism species also show different 
responses to the changes in trophic state and soil properties introduced by addition 
of amendments such as nutrients, lime, surfactants, and organic materials (Sarkar 
et al. 2016).

11.5.3  Bioventing and Biosparging

Bioventing and biosparging are further examples of in situ enhanced bioremedia-
tion, in which the main strategy is to supplement the indigenous microbial popula-
tion with oxygen. This is to switch the microbial processes to become fully aerobic, 
which increases degradation rates.

Bioventing is implemented by using pumping to apply pressure or suction to the 
soil and/or vadose zone to allow the entry of atmospheric oxygen (Fig.  11.10). 
Since the objective is to treat contamination with potentially volatile organic com-
pounds, suction may be preferred so that gas-phase contaminants can be captured 
(FRTR (Federal Remediation Technologies Roundtable), 2020). Pumping is most 
commonly mechanical, but passive pumping which relies on changes in atmo-
spheric pressure has also been successful, and minimises energy consumption 
(Larson 2000). In all cases, wells are installed in the soil to allow air entry, and the 
objective of mechanical or passive pumping is to increase the oxygen concentra-
tion in soil pores space to ≥ 5%. The pumping needs to occur at rates which allow 
stimulation of indigenous microorganisms, but are not so high that volatile con-
taminants are lost by direct volatilization, but instead are degraded in situ 
(U.S. ACE 2002).

Bioventing requires soils or vadose zone materials with relatively high permea-
bility to gases, and is not applicable for water-saturated materials including 
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groundwater. Soil permeability can decrease during treatment due to increased 
growth of microorganisms in pores, in which case pulsed pumping can be beneficial 
(CRC CARE 2018c). Since, unlike soil vapour extraction (Sect. 11.3.5) bioventing 
does not rely on volatilization of contaminants, it can be effective for both volatile 
and non-volatile organic contaminants such as PAHs (Larson 2000).

Biosparging mainly relies on accelerating volatilization for its effectiveness, 
and is therefore similar to the soil vapour extraction technique discussed in 
Sect. 11.3.5.

11.5.4  Bioremediation Using Biopiles, Landfarming, 
or Bioreactors

Biopiles and landfarming systems are both examples of techniques where soil is not 
treated in situ; since soil is excavated before treatment, they are categorised as ex 
situ methods (Sect. 11.1). They are similar to enhanced bioremediation in that the 
excavated soil is treated under conditions which optimise biological degradation of 
contaminants by controlling air entry, water content, and other factors.

A biopile is a mound or row of contaminated soil installed on an impermeable 
pad to minimise and capture leachate, and in mounded configuration may have per-
forated pipes installed to pump air into the pile or capture the evolved gases (FRTR 
(Federal Remediation Technologies Roundtable) 2020). Windrows are rows of con-
taminated material (again on an impermeable base) which are aerated periodically 
by turning using specialised mechanical equipment.

(b) 

Contaminated 
Soil 

Monitoring 
Points 

Air Injection 
Blower 

O2 O2 

(a) 

Fig. 11.10 Simplified bioventing setup for promoting oxidative degradation of soil contaminated 
with organic compounds (redrawn from U.S. ACE 2002); (b) ambient-pressure bioventing setup at 
an airport in California, USA. (Public domain image from Larson 2000)
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Landfarming is configured as a thin layer of contaminated soil (e.g. ≤30 cm) 
spread over a large area (N.S.W. EPA 2014). The soil is cultivated to introduce oxy-
gen into the soil to promote degradation of contaminants by aerobic microorgan-
isms (Figs. 11.11 and 11.12a). Volatilization of contaminants and odours cannot be 

Contaminated soil

Sand layer

Clean soil or lay bunds and liner

HDPE liner Perforated piping

Water application
(± surfactant)

Fertilization (± cultivation)

Optional tunnel-house cover to 
optimise temperature and evaporation

Fig. 11.11 Landfarming schematic. (Graphic by Andrew W. Rate)

Fig. 11.12 (a) Hydrocarbon-contaminated soil being placed in a land-farming bioremediation cell 
lined with an impermeable geomembrane, Casey Station, Antarctica (used with permission from 
Australian Antarctic Division 2012); (b) bioreactor being constructed to promote denitrification 
for nitrate removal in SE Queensland, Australia. (From Wegscheidl et  al. 2018 used under 
CC-BY-4.0)
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controlled easily in landfarming operations, so given the large land area required, 
this method may not be as suitable as a biopile for all urban scenarios.

Amendments as well as oxygen are added to landfarming systems and biopiles: 
they are watered to a specified fraction (e.g. 40–85%) of field capacity, and fertilis-
ers or organic amendments are added to maintain fertility. The temperature within 
the pile usually increases due to the metabolism of microorganisms and the thermal 
insulation of the pile, but without reaching the temperatures achieved in conven-
tional composting (CRC CARE 2018c). It is possible to employ landfarming or 
biopiles with less permeable soils, often with addition of organic materials to 
improve permeability to water and gases. Treatment times may be up to 2 years, 
depending on site-specific factors (N.S.W. EPA 2014).

Bioreactors combine aspects of biopiles and permeable reactive barriers (see 
Fig.  11.12b and Sect. 11.4.6) and are an anaerobic in situ treatment method for 
groundwater or surface water in drains (Wegscheidl et al. 2018). We discuss biore-
actors here because they are excavated into soil and may be composed of soil mate-
rials – essentially they are a below-ground volume of materials such as mixtures of 
mulch, compost, sand, and/or ZVI with a microbial growth substrate such as vege-
table oil (FRTR (Federal Remediation Technologies Roundtable) 2020). The sub-
strates are selected to maintain anoxic conditions, so only applies to contaminants 
which can be treated by anoxic processes, such as halogenated hydrocarbons, PAHs, 
nitrate, or chromium (VI). Pumped groundwater is recirculated into the top of the 
bioreactor to maximise treatment of contaminants; surface water treatment relies on 
a flow-through design. Treatment times are long, but in many cases bioreactors are 
designed for long-term treatment of ongoing sources (plumes or drains) and can be 
effective for decades with periodic replenishment of growth substrate (FRTR 
(Federal Remediation Technologies Roundtable) 2020).

11.5.5  Phytoremediation

Phytoremediation refers to the use of plants to treat contaminated soil, either by 
uptake or by decreasing the bioavailability of contaminants. Most attention related 
to phytoremediation has been focused on remediation of trace element contami-
nants such as metals, although plants and their associated rhizosphere can also 
decrease the concentrations or bioavailability of organic pollutants. Phytoremediation 
is often an attractive option for remediation because of its relatively low cost (Tack 
and Meers 2010), and because the use of living plants gives an impression of being 
a green technology, ostensibly less harmful to the environment, compared with 
other remediation techniques (Cundy et al. 2016).

Phytoremediation Without Chemical Treatment The use of plant uptake to 
decrease total concentrations, that is, phytoextraction, of trace element contami-
nants relies on one of two scenarios (Dickinson et al. 2009). The first relates to the 
ability of certain plant species to be hyperaccumulators (i.e., to take up unusually 
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high concentrations) of potentially toxic trace elements such as arsenic, nickel, cad-
mium, or zinc from soils. Alternatively, the plant species used are rapidly growing, 
with high biomass and moderate tissue concentrations of potentially toxic trace ele-
ments, which therefore have relatively high trace element uptake from soil. 
Successful remediation of contaminated soils using phytoextraction requires that 
the plants be harvested and removed from the site. The resulting plant biomass can 
be used for energy generation (Bert et al. 2013), depending on the ability to dispose 
of ash which is enriched in trace elements. For very metal-rich plant biomass, phy-
tomining has been proposed, where the biomass is first combusted for energy pro-
duction, and the ash used as feedstock for a smelter or other metallurgical extraction 
process (Anderson et al. 1999).

Plants may be used to reduce the risk of contaminant transfer by removing met-
als from bioavailable forms (Hamon and McLaughlin 1999) (a process called ‘bio-
available contaminant stripping’), leaving only less mobile or available forms of 
metals in the soil. For example, Jacobs et al. (2017) showed that one harvest of the 
hyperaccumulator plant Noccaea caerulescens was able to decrease exchangeable 
Cd and Zn concentrations by about 20% in contaminated urban soils.

Alternatively, phytostabilisation aims to reduce contaminant bioavailability via 
combinations of plants, amendments, and rarely microorganisms (Bert et al. 2013). 
An important effect of phytostabilisation is to reduce export of contaminated soil by 
wind erosion (Dickinson et al. 2009). The amendments used to establish plant cover 
on contaminated land may also act to immobilise contaminants: for example, 
organic composts adsorb both metals and organic pollutants, or lime and phosphate 
compounds such as fertilisers can immobilise metals (see Sect. 11.4.2 above).

Enhanced Phytoextraction Very few species of plants have the combination of 
high uptake and large biomass yields that would make phytoextraction occur over 
reasonable time frames (e.g. a few years). One solution to this is to increase the 
bioavailability of metals using compounds (ligands) which can form complexes 
with metal ions and thereby increase the total dissolved metal concentration. The 
ligands used are often those which can form chelates, containing multiple binding 
sites and able to form very stable complexes; this is the ‘chelate-assisted phytoex-
traction’ technique (Huang et  al. 1997). Chelating ligands disrupt the equilibria 
between metal ions in soil solid phases and metal ions in solution, by reducing free 
metal ion activities to very low values. This promotes dissolution of metal-bearing 
solid phases, or desorption of adsorbed metal ions, which form a stable dissolved 
complex with the ligand which can be taken up by plants (see Tack and Meers 
2010). Chelating ligands such as EDTA have been shown to increase plant metal 
uptake in contaminated urban soils (an example is shown in Fig. 11.13).

Effectiveness of Phytoextraction Even though considerable attention has been 
given to phytoremediation in the research community, particularly phytoextraction, 
there are also realistic doubts about its practical effectiveness. For example, McGrath 
and Zhao (2003) calculated that only hyperaccumulator plants would significantly 
reduce concentrations of metals in soils in authentic soil remediation, since non- 
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hyperaccumulator species would require tens or even hundreds of crop cycles to 
cause significant reductions, depending on yield. Many authors recognise short-
comings with the use of hyperaccumulator plants as well; Tack and Meers (2010) 
list limitations such as a restricted range of hyperaccumulated elements, slow 
growth, and low biomass production. Other issues include the commonly observed 
decreases in metal bioavailability with time since contamination, and potentially 
poor survival of plants in contaminated soils. Many reviews of phytoextraction con-
clude that this technique is not yet sufficiently developed to have wide application 
for remediation of contaminated soils — particularly with the contaminant concen-
trations found in many urban soils (see McGrath et al. 2002; Dickinson et al. 2009; 
Wenzel 2009; Mench et al. 2010).

The early stage of development of phytoextraction means that there are very few 
published accounts of authentic field applications in which successful remediation 
of metal contamination has been achieved using a phytoextraction technique. One 
report of successful field soil remediation by phytoextraction was made by Blaylock 
(2000), who found that, in 1 year, three crops of Brassica juncea (Indian mustard – 
not a hyperaccumulator) with EDTA addition were able to decrease soil Pb concen-
trations by a factor of < 0.5. Another evaluation of field phytoextraction showed the 
ability of tobacco and sunflower plants to remove bioavailable fractions of zinc in 
soil by 45–70% (Herzig et al. 2014).

Fig. 11.13 Uptake of copper, iron, lead, and zinc from soils at former chemical manufacturing 
sites in the UK by common dandelion (Taraxacum officinale) plants with different soil treatments: 
D = plants only; DE = plants plus the chelating ligand EDTA; DN = plants plus NPK fertiliser; 
DEN = plants plus EDTA plus fertiliser. EDTA increased uptake of Cu, Pb, and Zn, but not Fe. 
(Diagram redrawn from Mossop et al. (2009); used with permission from Springer)
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A number of practical issues with phytoextraction remain unresolved (Blaylock 
2000; McGrath et  al. 2002; Dickinson et  al. 2009; Marques et  al. 2009; Wenzel 
2009; Tack and Meers 2010), including:

• Variability in the amounts of metal uptake, even within plant species
• Understanding of plant physiology relevant to hyperaccumulation
• Heterogeneity of metal concentrations and root distributions in soils
• Food chain risk of increased metal concentrations in plants
• Toxicity of chelating ligands used to enhance phytoextraction (e.g. EDTA) 

to plants
• Enhanced leaching of metals, as aqueous complexes, if ligands are used to 

enhance phytoextraction

Phytoextraction may be more effective in treating water in the context of con-
structed wetlands, and we discuss this in Sect. 11.6.1.

‘Rhizostabilisation’ and ‘Rhizovolatilisation’ of Inorganic Contaminants These 
are both applications in the general category of rhizoremediation. Plants are able to 
stabilise soil against erosion by intercepting rainfall, and decreasing the kinetic 
energy of wind and water, reducing their velocity at the soil surface. Additional 
benefits occur as plants improve infiltration rates in surface soils, further decreasing 
runoff (Durán Zuazo and Rodríguez Pleguezuelo 2008). These benefits in soil stabi-
lisation mean that contaminants are much less likely to be transferred from 
 contaminated soils to receiving environments. In addition, the bioavailability of 
trace elements can be decreased in the rhizosphere, as some plants and their associ-
ated microbial community can cause precipitation of immobile solid phases in soil 
(Wenzel 2009).

The reactions which form volatile species of inorganic contaminants, such as 
dimethyl arsine, in soils (see Sect. 11.4.1) are facilitated by rhizosphere processes. 
According to Wenzel (2009), rhizosphere microorganisms can convert As, B, Sb, 
Se, Sn, Te, Pb, and Hg to volatile methylated or hydride forms. Given that the vola-
tilised species must be lost to the atmosphere for soil remediation to occur, however, 
it is unlikely that rhizovolatilisation would be an acceptable technique for remedia-
tion of soils in urban environments due to the potential for airborne human 
health risks.

Plant-Based Remediation of Organic Contaminants The rhizosphere is the thin 
zone of soil which is directly influenced by the functioning of plant roots, including 
gradients in the concentrations of chemical compounds exuded by roots, and popu-
lations of root-specific microorganisms including rhizobial bacteria and mycorrhi-
zal fungi (McNear Jr. 2013). There are numerous features of, and processes in, the 
rhizosphere which contribute to rhizoremediation (the attenuation of organic con-
taminants), including (Wenzel 2009; Mench et al. 2010):

• The ability of plants to take up organic pollutants from dissolved or vapour 
phases in soil (Bell and Failey 1991), including bioconcentration of organic pol-
lutants above soil concentrations by some species (McKone and Maddalena 2007)
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• Modification, by plants and/or associated microorganisms, of chemical condi-
tions such as pH or Eh in rhizosphere soil which affect the rates and amount of 
abiotic degradation processes such as hydrolysis

• Degradation of organic pollutants via metabolic processes of plants and/or their 
associated microorganisms (Wenzel 2009)

11.6  Urban Soils as Media for Remediation of Water

The ability of soils to improve water quality by various mechanisms was discussed 
in Chapter 10 in relation to human health and the Sustainable Development Goals. 
Soil can remove a range of contaminants from water by physical filtration, chemical 
immobilization and transformation, and biological (mainly microbial) transforma-
tion or degradation. In some cases, the water-treatment capacity of soils is utilised 
in intentional remediation techniques, and we discuss some key examples of these 
below. In addition, water treatment technologies such as permeable reactive barriers 
(Sect. 11.4.6) and anaerobic bioreactors (Sect. 11.5.4) have already been considered 
in this chapter. Treatment of wastewater by soil-based media is also one strategy 
within Water Sensitive Urban Design (Wong 2006).

11.6.1  Constructed Wetlands

The soil in wetlands can perform the same physical, chemical, and biological func-
tions as upland soils, and therefore the soil substrate in wetlands can decrease con-
taminant concentrations in water. Wetlands can be constructed to enhance or 
optimise the surface water flow pathways to enable this treatment to occur. For 
example, adding curvature or meanders to an otherwise straight stormwater drain 
(Fig. 11.14a) increases drain surface area and decreases water velocity, enhancing 
contaminant removal. Surface-flow wetlands mimic natural wetland environments, 
and subsurface-flow wetlands (Fig. 11.14b) are also constructed to maximise con-
tact between water and the substrate.

Some treatment processes in wetlands are related to their hydrological character-
istics, and we will not cover those in this book (see Kadlec and Wallace 2009 for 
detailed coverage of constructed wetland hydrology). As discussed in Chap. 2, how-
ever, wetland soils have distinctive properties that favour the immobilisation of 
some types of contaminants. For example, the chemically reducing conditions com-
mon in wetland sediments promote both the formation of non-bioavailable metal 
sulphides, and the microbiological reduction of nitrate with subsequent loss of gas- 
phase forms of nitrogen such as N2O and N2 to the atmosphere (Vepraskas et al. 
2016). Uptake by wetland vegetation may be able to remove excess nutrients 
(Nagabhatla and Metcalfe 2017), and the wetland soil and/or plant root network 
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may act as a filter for particulate contaminants including undesirable microorgan-
isms such as pathogens (Vymazal 2011).

11.6.2  Infiltration Beds

Infiltration beds constructed from local or imported soil have been used for a long 
time to capture the excess water from septic tank storage of urban household sew-
age. Their effectiveness in treating water may be limited, however, unless they are 
installed with additional treatment features, such as the horizontal permeable reac-
tive barrier systems described by Robertson and Cherry (1995). Similar systems 
have also been used to remove excess nitrogen from landfill leachate (Robertson 
and Anderson 1999).

11.6.3  WSUD (Swales, Rain Gardens, Wetlands, Green Roofs/
Walls, Etc.)

Water-sensitive urban design (WSUD), also called ‘sustainable urban drainage sys-
tems’ (UK) or ‘low impact development’ (USA), aims to minimise the adverse 
hydrological effects of urbanization by capture or re-use of stormwater (Coutts et al. 
2013). The structural elements of WSUD which include a soil component include 
rain gardens, sediment ponds, natural and constructed wetlands, swales, and green 
roofs/walls. All of these soil-containing systems are also bio-retention systems 

Fig. 11.14 (a) Constructed surface wetland in Welshpool, Western Australia, formerly part of a 
stormwater main drain, and re-formed from a deep compensating basin to reduce nutrient fluxes to 
the estuary downstream; (b) constructed subsurface wetland in Cannington, Western Australia, in 
the early stages of vegetation establishment. (Photographs by Andrew W. Rate)

A. W. Rate



383

which depend to some extent on the phytoremediation or rhizoremediation ability 
of the urban soil-plant environment.

Green roofs primarily capture precipitation before it enters stormwater, but in 
some cases have been used to receive and treat domestic wastewater such as septage 
(Zapater-Pereyra et al. 2016). By necessity, green roofs have limited soil volume, 
and so recycling of water in this way not only treats wastewater but meets some of 
the water requirements of the green roof vegetation and microbiota. In many envi-
ronments, water retention by manufactured soil in green roofs is a limiting factor for 
growth and survival of vegetation. Amendments such as organic waste materials (or 
their derivatives such as biochar) can be added to improve water storage and avail-
ability, which both improves the manufactured soil and provides a final treatment 
for the waste material (Gascó et al. 2018).

Rain gardens are examples of ‘bioinfiltration systems’ in which a topographic 
(micro)depression is re-filled with permeable material (e.g. a mixture of existing 
soil and coarse sand). They vary in size from < 10 to > 5000 m2 and are planted with 
suitable vegetation, often waterlogging tolerant species since the rain garden may 
remain inundated for long periods. They have a dual function of controlling storm-
water flow, and treatment of stormwater contaminants. For example, Komlos and 
Traver (2012) showed that a larger (0.53 ha) rain garden was successful at removing 
phosphate from urban stormwater for at least 9 years after establishment.

11.7  Case Studies in Brief: Effectiveness of Urban 
Soil Remediation

This section presents the choices of remediation method for various urban soil con-
tamination scenarios, some of the issues involved, and their outcomes. The choice 
of remediation method will clearly depend on the preliminary and detailed site 
investigations, and the evolution of the conceptual site model for each contaminated 
urban soil environment. We do not present that ‘back-story’ here, so care must be 
taken not to generalise the case studies to other sites, since urban soil remediation is 
always highly site-specific.

11.7.1  Asbestos in Soil in an Urban Land Development, 
Canberra, Australia

This case study is taken from a detailed summary in Genever et al. (2017).
The site was an 8.5  ha parcel of land in the suburb of Campbell in central 

Canberra. Most of the contamination, originally thought to contain about 10,000 m3 
of asbestos-contaminated soil up to 2.4 m deep, was in the 4.2 hectares of the site to 
be redeveloped. The remainder of the site was largely reserved for open space. 
Remediation was mainly by excavation and disposal, which reflected the human 
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health risks associated with asbestos and the sensitivity of the urban environment, 
and also the proximity of licensed secure landfill 22 km from the site. Some of the 
low-risk contaminated soil material was excavated and placed in an on-site 
10,000 m3 containment cell covered with a geotextile marker layer and ≥ 0.5 m of 
clean fill (mainly from excavation of the cell). In addition, a small volume of 
asbestos- contaminated soil close to infrastructure could not be remediated by exca-
vation, and was capped and covered. During remediation, however, more asbestos- 
contaminated soil was discovered, and the final excavation volume was 40,000 m3 
of soil to a depth of 5 m. The remediation process took 70 weeks at a cost of $AUD 
15 million in 2015. The site is now being developed for commercial use.

11.7.2  Polycyclic Aromatic Hydrocarbons (PAHs) in Timber 
Treatment Site Soil, Florida, USA

This case study is taken from a detailed summary in a report by the US Environmental 
Protection Agency (U.S. EPA 1995b).

This 21 ha site, in a peri-urban area of Live Oak, northern Florida, USA, oper-
ated as a timber treatment business prior to 1978, using creosote (a source of PAHs) 
as a preservative. Approximately 6,200 m3 of stockpiled soil was contaminated with 
PAHs (∑carPAHs in the range 100–208 mg/kg; see Chap. 7). The target for remedia-
tion was ∑carPAHs ≤ 100 mg/kg. The method selected for treatment was landfarm-
ing, on a 1.6 ha section of the site with a 30–90-cm-thick clay liner and clay berm. 
A bacterial inoculum containing PAH-degrading organisms was applied to soil in 
the first of three stages of the landfarming treatment, so bioaugmentation was also 
part of the remediation strategy. Each stage added 4–30 cm depth of contaminated 
soil, which was watered to 10% by volume and cultivated every 2 weeks. Additional 
stages were not added until the previous soil had reached the target of ∑carPAHs ≤ 
100 mg/kg. Remediation was complete in 18 months over 1988 and 1989, with 
∑carPAHs in the remediated soil between 23 and 92 mg/kg. Total costs were $US 
565,400 in 1989. The site was removed from the National Priorities List in 1995; it 
is now designated for unrestricted use but remained undeveloped in 2020.

11.7.3  Trace Elements (As, Cd, Cu, Pb, Tl, Zn) from a Mine 
Tailings Spill, Guadiamar River valley, Spain

This case study is based on various sources cited in the text below. A large spill of 
sulfidic tailings (approximately 6 million m3 of water/mud) from the Aznalcóllar 
mine, Spain, in 1988 contaminated about 2700 ha of riparian, peri-urban, and agri-
cultural land. The tailings were acidic and acid-producing, decreasing the local soil 
pH by up to 2 pH units, and increasing trace element concentrations to up to 80 cm 
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depth depending on soil texture (Cabrera et al. 1999). Remediation was in a conser-
vation area, so the goals were to ensure that ecosystem services were maintained, 
and that cultural and recreational value was preserved. The remediation methods 
could not be harmful or invasive. Soil and vegetation were rehabilitated by remov-
ing tailings where possible, using soil amendments of sugar beet lime (a food pro-
cessing by-product), iron-oxide-rich soil, and biosolids compost, and by planting 
native tree species (Frelih-Larsen et al. 2018; Madejón et al. 2018). The remediation 
led to significant ecosystem recovery in terms of increased vegetation cover and soil 
microbial functioning, although concentrations of some trace elements remained 
above regulatory thresholds. Continued monitoring of trace element uptake by veg-
etation, even 20 years after the tailings spill, was recommended. The total costs of 
remediation were approximately € 170 million (Madejón et al. 2018).

11.8  Regulatory Frameworks for Contaminated Sites 
and Soil Remediation

A comparison of international frameworks for management of contaminated sites 
(excluding African countries, Australia and New Zealand) has been presented by 
Gong (2010). In general, regulatory frameworks are consistent with or based on 
scientific procedures to assess and manage contaminated sites (Fig.  11.15). For 
example, many guideline documents include a Conceptual Site Model approach 
similar to that discussed in Chap. 9. Preparation of a Conceptual Site Model com-
monly occurs in parallel with preparation of some form of site investigation, for 
example, the initial, largely desktop-based, Preliminary Site Investigation approach 
presented by the Australian National Environment Protection Council (2011). If 
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Fig. 11.15 Generalised and simplified flow diagram for assessment and remediation of contami-
nated sites
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necessary sampling and analysis of contaminated soils occurs in a subsequent stage, 
the Detailed Site Investigation. The results of sampling and analysis may be used to 
update and refine the Conceptual Site Model, specifically to identify if plausible 
exposure pathways between the receptor and the source exist, which will drive the 
need for remediation if the risks are deemed unacceptable. The ‘best’ Conceptual 
Site Model will ultimately inform practitioners whether or not remediation is 
required, and the choice of soil remediation method. The choice of remediation 
method is seldom prescribed, since it will be dependent on multiple factors includ-
ing the nature of the site and contamination, receiving environment(s) and socioeco-
nomic factors. More recently the concept of life cycle assessment has been applied 
to soil and groundwater remediation, where all of the resources used, and environ-
mental impacts generated, are accounted for in the total lifespan of remediated land, 
from planning to closure (Favara et al. 2011). For example, a life cycle assessment 
would account for the environmental benefits of reducing or eliminating contami-
nants, but also account for the environmental harm from vehicle emissions and 
energy usage during the active phases of a project (Lemming et al. 2009). In addi-
tion, other contaminants can be released during remediation of target substances, as 
conditions such as anoxia change in the soil or groundwater being treated (Mulligan 
and Yong 2004). The carbon footprint is of particular contemporary concern in soil 
remediation, with the most immediately straightforward or economical method not 
necessarily being the process that minimises carbon emissions to the atmosphere in 
the long-term (for an example see Jing et al. 2018). The trend in many European 
states, for example, has been towards in situ biological remediation and away from 
more energy-intensive methods such as excavation and removal (Fig.  11.1). 
Implementation of life cycle assessment is related to the practices of ‘Sustainable 
Remediation’, for the promotion of which various multiple-stakeholder organisa-
tions exist worldwide. Smith and Nadebaum (2016) provide an excellent summary 
of the framework for a sustainable remediation approach, focused on Australia and 
New Zealand where well-developed regulatory frameworks control remediation and 
management of contaminated sites, Table 11.1). In most cases, regulatory frame-
works also require ongoing monitoring and reporting to be conducted.

11.8.1  United States of America

A formal process for soil remediation in the USA effectively started with the pass-
ing of the Comprehensive Environmental Response, Compensation and Liability 
Act in 1980 (the ‘Superfund’ Act) (Gong 2010). This federal-level (i.e. nationwide) 
legislation provided a framework to fund remediation efforts, and identify the par-
ties liable for and contamination and consequent removal and/or remediation. A 
number of amendments in subsequent years allowed for greater participation by 
state-level authorities, while still providing federal funding – the most recent legis-
lation being the Brownfields Utilization, Investment, and Local Development Act 
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(BUILD Act) in 2018 (U.S. EPA 2019). While still upholding the ‘polluter-pays’ 
principle that underpinned the Superfund Act, the BUILD Act allows for manage-
ment of contaminated sites by state and local governments while still being eligible 
for federal funding.

The United States Environmental Protection Agency (US EPA) maintains overall 
responsibility for contaminated sites guidelines in the USA. The key guidelines are 
the Soil Screening Guidance (U.S.  EPA 1996) and the various Preliminary 
Remediation Goals, which may be based on the relevant Soil Screening Levels. The 
Soil Screening Levels are a set of tiered values which can trigger a definite response 
or, at lower concentrations, site-specific actions. They are based on a structured risk 
analysis procedure for human exposure which includes (see Chap. 9):

• Potential exposure pathways, such as ingestion or inhalation
• Source size (i.e. volume of contaminated soil)
• Identification of site-specific factors
• The nature of the contaminant(s) (e.g. whether or not they are carcinogens)

11.8.2  Europe

The European ‘Thematic Strategy on Soil Protection’ was a key guiding document 
which was designed to give soils the same degree of protection as air and water 
(Commission of the European Communities 2006). The main objectives are, firstly, 
to prevent further soil degradation in order to maintain soil functions and, sec-
ondly, to restore degraded soils to allow them to support the existing or planned 
land use. The Thematic Strategy recognises urbanization as one of the multiple 
causes of soil degradation, against a background of increasing urbanization across 
the EU. The Thematic Strategy attempted to provide consistency in soil-related 
practices across the member states (European Commission 2006). The Directive 
(legislation) proposed on the basis of the Thematic Strategy, however, was opposed 
by key member states in the EU and was withdrawn in 2014, leaving the EU with-
out a consistent soil protection strategy. The European Union (EU) consists of 
member states which do not necessarily delegate legislation for environmental pro-
tection to EU governance, and the specific legislation of member states is now still 
the most relevant.

Example: Germany In Germany, a Federal Act, the ‘Federal Soil Conservation 
Act 1998 (Bundes-Bodenschutzgesetz)’ and its associated ‘Federal Soil 
Protection and Contaminated Sites Ordinance 1999 (Bundes-Bodenschutz- und 
Altlastenverordnung)’ govern protection and remediation of soils and are based 
on essentially the same principles as the EU Thematic Strategy. That is, there are 
two main objectives: to protect the soil resource and to remediate soil at degraded 
sites (Umweltbundesamt 2009). Soil remediation is performed as a result of a 
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phased assessment process similar to others in use worldwide. The phases of this 
investigation include:

• Validity check and historical investigation
• Exploratory investigation
• Detailed investigation
• Remedial investigation (which may include a remediation plan)

The investigations are informed by contaminant trigger values set by the 
Ordinance, which also defines acceptable sampling and analysis methods for soils 
and related materials. The trigger values have been established by a procedure simi-
lar to that used by the US Environmental Protection Agency in Sect. 11.8.1 above. 
Measures to prevent or remediate contamination may be initiated at any phase of the 
investigation process. The choice of remediation measure(s) is required to be based 
on the ‘principle of proportionality’, which balances the necessity, suitability, and 
reasonableness of available methods (Umweltbundesamt 2009).

11.8.3  Australia

In Australia the states and territory governments are responsible for regulating the 
assessment and management (including remediation) of contaminated sites. In all 
cases, state-level guidelines are consistent with the National Environment Protection 
(Assessment of Site Contamination) Measure (National Environment Protection 
Council 2013). Broadly, this Measure follows similar procedures for assessment of 
site contamination to the US and German systems described above, and while pro-
viding an assessment framework, does not prescribe any remediation methods. For 
example, the German validity check and historical/exploratory investigations, and 
initial stages of the USA’s structured risk analysis procedure, are matched in 
Australia by the requirement to conduct a Preliminary Site Investigation and pre-
pare a Conceptual Site Model (Chap. 9). As well as the legislative framework, the 
National Remediation Framework (CRC CARE 2018b and associated documenta-
tion) attempts to define a nationally consistent set principles by which contaminated 
site remediation occurs, and these are:

• The Precautionary Principle (erring on the side of caution if necessary; always 
minimizing risk)

• Prevention (of further contamination and risk)
• Risk Management (for all environmental compartments, including human 

exposure)
• An Options Hierarchy (i.e. an order of preference of remediation options)
• Sustainability (avoiding impacts on future generations)
• National and International Obligations (e.g. agreements, treaties, etc., including 

compatibility with the national legislation defined by the National Environment 
Protection Council (2013))
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11.9  Further Reading

Antizar-Ladislao B (2010) Bioremediation: working with bacteria. Elements 6: 
389–394. Doi: https://doi.org/10.2113/gselements.6.6.389.

Gong Y (2010) International Experience in Policy and Regulatory Frameworks for 
Brownfield Site Management, Sustainable Development – East Asia and Pacific 
Region: Discussion Papers, The World Bank, Washington, DC, USA. worldbank.
org/.../578900ESW0P11910BOX353785B01PUBLIC1.pdf

Mulligan CN, Yong RN, Gibbs BF (2001) Remediation technologies for metal- 
contaminated soils and groundwater: an evaluation. Engineer Geol 60: 193–207. 
Doi: https://doi.org/10.1016/S0013- 7952(00)00101- 0.

Tack FMG, Meers E (2010) Assisted phytoextraction: helping plants to help us 
Elements 6: 383–388. Doi: https://doi.org/10.2113/gselements.6.6.383.

Yong RN, Mulligan CN (2019) Natural and Enhanced Attenuation of Contaminants 
in Soils, Second edition. CRC Press, Taylor & Francis Group, Boca Raton, 
FL, USA.

11.10  Summary

Multiple factors, environmental, logistical, social, risk-based, and economic/regula-
tory, affect the choice of remediation method at any one urban site containing 
contaminated soil. The overarching objective for urban soil remediation is always 
to render land fit for an intended use.

Many remediation techniques are available, based on some combination of physi-
cal, chemical, and biological processes. Remediation may be active or passive 
and performed in situ or with soil removed for treatment.

Physical soil remediation methods are based on either restricting the movement of 
contaminants to receptors, or based on spatial separation of contaminants by 
removal or various phase separation techniques.

Chemical soil remediation methods may be based on degradation of contaminants; 
transformation of contaminants to immobile or non-bioavailable forms; or chem-
ical separation methods.

Biological soil remediation techniques rely on microorganisms and/or plants to 
degrade, immobilise, or transform contaminants.

Soils in urban environments may also provide important environments for remedia-
tion of water such as stormwater or wastewaters.

11 Urban Soil Remediation

https://doi.org/10.2113/gselements.6.6.389
http://documents1.worldbank.org/curated/ar/105931468218106615/pdf/578900ESW0P11910BOX353785B01PUBLIC1.pdf
http://documents1.worldbank.org/curated/ar/105931468218106615/pdf/578900ESW0P11910BOX353785B01PUBLIC1.pdf
https://doi.org/10.1016/S0013-7952(00)00101-0
https://doi.org/10.2113/gselements.6.6.383


390

11.11  Review and Study Questions

11.11.1  Checking Your Understanding

 1. Categorise each remediation technology in Table 11.2 as being either in situ, ex 
situ, or off-site (also try categorising each technology as active or passive).

 2. List the various types of physical barrier remediation methods from least to most 
sophisticated.

 3. What types of contaminants can be treated using (i) soil vapour extraction; (ii) 
abiotic natural attenuation; (iii) liming; and (iv) in situ chemical oxidation.

 4. List the various materials that can be added to soil for chemical treatment of 
contaminants, with a brief explanation of how each amendment works.

 5. Explain the difference between natural, enhanced, and augmented 
bioremediation.

 6. Identify the various mechanisms by which plants can contribute to the remedia-
tion of contaminated soils.

11.11.2  Thinking About the Topics More Deeply

 7. Which aspects of a soil remediation process are involved in a comprehensive life 
cycle assessment, but are not usually considered in a conceptual site model for 
remediation?

 8. What are some scenarios for soil remediation which do not involve treatment of 
contaminants? How would we judge the need for such measurements (e.g. is risk 
still an issue)?

 9. Identify the similarities and differences between the regulatory frameworks for 
soil remediation described in Sect. 11.8. If your home country is not included in 
this Section, think about how and or if your country’s soil remediation frame-
work resembles the examples given.

11.11.3  Thinking About Urban Soil Remediation with Your 
‘Left Brain’

 10. How do the concepts of environmental justice apply to soil remediation 
in cities?
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What you can learn from this chapter:

• How climate change, arguably the most pressing issue for humanity, could affect 
urban soils and the processes and ecosystem services occurring in them.

• How soil-based land use may change in cities as a result of increasing urbanisa-
tion and environmental change.

• What the ongoing and emerging concerns for urban soils are now, and are likely 
to be in the future.

• Some of the issues relating to urban agriculture, gardening, and forestry.
• Why urban soil remediation is likely to require a thorough assessment of the 

complete life cycle of remediation activities.
• Why issues related to urban soils will remain an important component of envi-

ronmental justice.
• That there are different ways of knowing about urban soils, not restricted to the 

purely scientific.

12.1  Introduction to the Future of Urban Soils

There is slow, but increasing recognition of the importance of soil in urban environ-
ments. Soil allows the existence of worthwhile public open spaces; supports the 
practice of urban agriculture, horticulture, and private and public gardens; modifies 
urban hydrology; and is crucial in urban carbon cycling. In many cases, official 
recognition of urban soils has not considered soil in the context of ecological func-
tions or sustainability (Teixeira da Silva et  al. 2018; Calzolari et  al. 2020). The 
gradually emerging awareness of soil’s essential functions, however, is demon-
strated by the increased consideration of soil resources in official urban planning 
documents. A good analysis of the awareness of soils in urban planning was con-
ducted by Blanchart et al. (2019), who found that reference to a “soil resource” in 
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urban planning documents for 15 cities in France increased significantly in the 
period from 2000 to 2015. Of course, soils have been considered for a long time in 
formal urban planning schemes, mainly from the perspective of their suitability for 
infrastructure development (Morris 1966). We also know from preceding chapters 
that soil contamination limits urban development in many jurisdictions.

The need to conserve urban soils for their ability to provide essential ecosystem 
services is an even more pressing issue given the continuing and projected global 
trend for human populations to increase in cities relative to non-urban areas (United 
Nations 2018). As cities grow in geographical extent, soil and associated green 
spaces are replaced in many instances by impermeable surfaces, and extraction of 
water increases (Alcoforado and Andrade 2008). Larger areas of soil become dump-
ing grounds for urban wastes (Asabere et al. 2018), and fertile land used for food 
production is commonly lost (Schneider et  al. 2012; Du et  al. 2014). There is 
increasing evidence that urban green space, underpinned by functioning urban soil, 
has many beneficial effects on human health and well-being (Li et al. 2018), so a 
clear argument exists for ethical stewardship of urban soil. There are many ways of 
preserving ecosystem functioning, in its most holistic sense, in urban soils; Fig. 12.1 
and the following sections address some of these.

In many cases the awareness of soils by urban authorities is biased towards the 
engineering properties of soils, and their potential risks such as those from con-
taminated sites and acid sulphate soils. The future of urban soil lies in our ability 
to move beyond seeing soil as an inert substrate or a threat, and building a general 
awareness of the ecosystem services provided by soils and the opportunities that 
soils create for more healthy and harmonious urban communities. In Chap. 1 we 
discussed the idea that soil knowledge was not widespread, nor was it widely 
used, in urban communities. It seems, then, that the story of living, functioning 
soils in cities will need to be told by soil enthusiasts and educators. This narrative 
will come in many forms; formalised in academic literature and textbooks like 
this one; passed down from the original, indigenous inhabitants of the lands our 
cities are built on; and in the years of practical experience of home gardeners and 
(peri-) urban farmers.

Urban
forest

Urban
horticulture

Green infrastructure Soil
remediation

Soil
education

Fig. 12.1 A selection of entities and activities sustaining the future of soils in urban environments
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12.2  Climate Change Effects

Anthropogenic climate change is arguably the most pressing environmental chal-
lenge currently facing humanity (Steffen et al. 2015). The potential for global cli-
mate change to affect humans is likely to be exacerbated in cities, which present 
environmental challenges of their own in the form of increasing urbanisation and 
urban population growth (Grimm et al. 2008).

Urbanisation is known to have caused historical declines in soil fertility and 
organic matter content (based on a study of Mayan cities by Douglas et al. 2018). 
Although these declines were not caused by climate change, they represent pro-
cesses which decrease the resilience of urbanised ecosystems to climate change 
effects. The effects of urbanisation on soils persist and continue to occur into con-
temporary times, and climate change is likely to cause soil fertility and organic 
carbon decline as warmer temperatures promote microbial decomposition of soil 
organic matter (Lal 2017). There is evidence from several studies, though, that soil 
organic carbon can increase with urbanisation. For example, Asabere et al. (2018) 
measured greater soil carbon contents in Kumasi, Ghana, in long-term urbanised 
environments than in recently urbanised or even rural soils, related to waste disposal 
practices (Fig.  12.2). While Asabere et  al. (2018) focused on urban horticulture, 
similar effects were found by Pouyat et al. (2002) for forest soils, with urban oak 
forests having greater organic carbon contents than their suburban and rural coun-
terparts. The greater soil carbon storage in urban forests was attributed to lower leaf 
litter quality in urban forests, leading to less decomposition by soil fauna and micro-
organisms. In addition, we have already mentioned (in Chap. 10) how urban soils 
can accumulate large amounts of inorganic carbon, in the form of carbonate 

Fig. 12.2 Comparison of soil organic carbon content in the ≤ 2 mm fraction of soils from rural, 
forest, short-term urban, and long-term urban locations in Kumasi, Ghana (from Asabere et al. 
2018, used under terms of CC-BY license). Solid red circles on box plots are arithmetic means 
(standard errors of mean are smaller than symbols)
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minerals from construction and demolition wastes (Rawlins et  al. 2015; Kolosz 
et al. 2019). In some city environments, however, urban forest soils may be more 
sensitive to the effects of climate change, and may lose carbon and nitrogen more 
rapidly than forests in rural areas (Hosseini Bai et al. 2015). Overall, urban soils 
collectively can contain large amounts of carbon, which should be accounted for 
and which are important in terms of the direction of their carbon fluxes to or from 
the atmosphere (Pouyat et al. 2006; Dorendorf et al. 2015; Calzolari et al. 2020). In 
particular, urban parklands can accumulate soil carbon (Wang et al. 2013).

The effects of a warming climate may be exacerbated in urban environments, due 
to the urban heat island effect which we discussed in Chap. 5 (Coutts et al. 2013). 
Warmer temperatures are also predicted to promote increased transfer of lower- 
volatility pollutants such as many POPs and Hg from soil to atmosphere. This 
increased volatilisation may in turn promote increased pollutant deposition into 
soils at higher latitudes. Higher temperatures may also, however, result in increased 
degradation rates of organic pollutants in soils (Nadal et al. 2015). Climate change 
is also expected to affect the behaviour of inorganic contaminants such as metals, 
such as increased fluxes of metal-bearing dust, or increases in metal bioavailability 
in drying soils (Paltseva and Neaman 2020).

Climate change is not restricted to increased temperatures, and changes in pre-
cipitation patterns are expected to alter hydrology and soil water contents. Most 
future climate scenarios are characterised by more frequent storm events which may 
be of greater intensity. Intense storm events have been known to increase the risk of 
pollutant transfer, for example, by flooding contaminated sites or increasing soil 
erosion (Maco et al. 2018). Combined with the observed and expected rises in sea 
level, flooding in coastal cities may also salinise soils, or result in longer seasonal or 
even permanent inundation of soils in low-lying areas.

The likely effects of climate change in some regions are decreased precipitation, 
and the effects of a drying climate on the water balance in soils are also important. 
Drying of soils and sediments and lowering of groundwater levels will obviously 
decrease plant productivity. Soil drying also allows greater aeration of soils, and 
may lead to increased acidification of potential acid sulphate soils (Devito and Hill 
1999). The situation of many cities in coastal zones underlain by recent marine or 
estuarine sediments, the frequent disturbance of urban soils, and the extraction of 
groundwater may make acid sulphate soil formation an even more likely outcome in 
urban environments (for an example see Appleyard et al. 2004). Drying of soils and 
sediments may also have favourable outcomes, in that greater rates of aerobic 
decomposition of organic pollutants are possible (Noyes et al. 2009).

It is clear that more needs to be known about climate change and its effects 
before we can predict its effects on urban soil environments with any certainty. 
Nevertheless, it is very likely that climate change presents risks to urban environ-
ments, and that proper management of urban soils can have various roles in limiting 
those risks.
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12.3  Urban Soils and Biodiversity

The loss of biodiversity on Earth is sufficiently critical that it exceeds the “safe 
operating space for humanity” defined by the planetary boundary concept (Steffen 
et al. 2015). Urban environments, including soils, are commonly thought to have 
less biodiversity than comparable natural environments (Foley et al. 2005; Albrecht 
and Haider 2013). These losses in biodiversity are related to habitat loss from urban 
land use change, altered hydrology, food consumption with its concomitant land 
requirements for production, and waste generation (McDonald et  al. 2019). The 
conclusion of lower biodiversity of soil organisms in urban or contaminated envi-
ronments is supported by some studies (e.g. Kozdrój and Van Elsas 2001; Uno et al. 
2010), but not by others (e.g. Pavao-Zuckerman and Coleman 2007); the large num-
ber of potential controls on soil biodiversity means that it is hard to generalise 
results. Some studies have found that while the total numbers or biomass of organ-
isms was lower in urban soils, the taxonomic diversity was not significantly differ-
ent from non-urban soils (Pavao-Zuckerman and Coleman 2007; Santorufo et al. 
2012). It may also be true, however, that urban environments present opportunities 
for conservation of biodiversity (Knapp et al. 2009). In some urban areas, biodiver-
sity can increase in situations such as residential gardens or urban agriculture which 
include non-native plant species (Low 2003; Orsini et al. 2013), although whether 
or not this extends to soil organisms is uncertain.

Vegetated, unsealed urban soil is clearly more common in sports grounds, parks, 
gardens and reserves (Calzolari et al. 2020), and even wastelands (Bonthoux et al. 
2014), and so these land use categories represent sanctuaries or refugia for soil bio-
diversity. For example, as mentioned in Chap. 8, Ramirez et al. (2014) found a rich 
diversity of soil microorganisms and invertebrates in the soil of Central Park, 
New York City. The distribution of soil organisms in Central Park was also signifi-
cantly related to soil properties such as soil pH. In Paris, France, the diversity of soil 
environments in urban public gardens was found to contribute to the diversity of 
above-ground plants and animals (Shwartz et al. 2013). It should be noted, however, 
that soil preparation prior to creation of parklands has significant effects on soil 
biodiversity; for example, imported topsoil can result in greater diversity (Vergnes 
et al. 2017).

Urban soil biodiversity can even be linked to human health outcomes, in terms of 
its effect on the diversity of human microbiomes and the consequent immune sys-
tem functioning (Li et al. 2018). In contrast, undesirable biodiversity exists in urban 
soils in the form of increased populations of potentially pathogenic organisms in 
areas where inadequate sanitation exists or where wastewaters are used for irriga-
tion (Pickering et al. 2012; see Chap. 8).

While plant and animal biodiversity in urban environments has received consid-
erable attention, with much being known about how these organisms are affected by 
urbanisation, much less is known about soil organisms. Nevertheless, soils are 
unquestionably an essential part of any urban ecosystem, and their biodiversity 
affects their functioning. Since humans are also intimately linked to the urban 
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ecosystem, there will be an ongoing need to learn about and understand both the 
effects of urbanisation on soil organism diversity, and the consequences of soil bio-
diversity and its dynamics for other organisms and compartments in urban 
ecosystems.

12.4  Urban Agriculture and Gardening

12.4.1  Urban Gardening for Food Production and Wellbeing

Urban agriculture – used in a general sense here to mean the growing of plants in 
cities to produce food crops – has significant potential to contribute to food produc-
tion, particularly for urban inhabitants (Edmondson et  al. 2020). The land area 
available in cities worldwide is sufficient to meet plant-based food requirements for 
the global urban population (Martellozzo et al. 2014), but there may be limitations 
in terms of the availability of a suitable water supply (Mawois et  al. 2012), and 
balancing sustainable energy and water usage (Eriksen-Hamel and Danso 2010; 
O’Sullivan et al. 2019). Urban agriculture has the potential to increase urban biodi-
versity in the form of agro-biodiversity (Orsini et al. 2013; Taylor and Lovell 2015).

Apart from water availability, the main constraints on the expansion of urban 
agriculture may be the possibility of urban soils already being contaminated with 
potentially harmful chemicals or pathogens, and a need for soil information in urban 
communities. Since urban soils are commonly contaminated or degraded in some 
way (Kessler 2013; Wortman and Lovell 2013), the concern about contamination is 
a real one, for example, with metals such as Pb (Brown et al. 2016; Jacobs et al. 
2017) or organic pollutants such as pesticides (Margenat et al. 2018). Importing soil 
materials and amendments can address this problem if the imported materials have 
low or negligible concentrations of contaminants (Jones and Healey 2010; 
Chakravorty 2019), but this is not always the case (Gómez-Sagasti et  al. 2018). 
Amendment of soil used for urban agriculture with solid wastes can also improve 
soil properties, particularly organic wastes (Chap. 11, and Anikwe and Nwobodo 
2002), but solid waste re-use can also result in risks of contamination (Clarke and 
Smith 2011). Similarly, although beneficial re-use of wastewater to irrigate crops is 
a strategy to improve sustainability, Amoah et al. (2005) found that, in urban agri-
culture in Ghana, wastewater re-use resulted in contamination of vegetables with 
bacteria and parasites. Wastewater irrigation to support urban agriculture can also 
cause leaching of nutrients to groundwater (Werner et al. 2019). Another option for 
increasing the sustainability of water supply to soils used for urban agriculture is to 
capture precipitation from the roofs of buildings. For a large sample of urban gar-
dens in Roma, Italy, Lupia et al. (2017) showed that rainwater harvesting from roof-
tops could supply between 19 and 44% of urban food garden water requirements, 
depending on garden type and water use efficiency.
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In Chap. 10 we discussed the benefits of urban agriculture and gardening for 
human health and the wellbeing of individuals and urban communities. Although 
the most critical need globally is food production, other common factors also appear 
to inspire urban gardening worldwide, and some examples of beneficial urban green 
spaces are presented in Fig. 12.3. For example, Home and Vieli (2020) who studied 
a selection of cities in Switzerland and Chile found that, in order of importance, the 
common factors which motivate urban residents to tend gardens were ecological 
restoration, social connection, and food production. In other words, as well as grow-
ing food, urban citizens are inspired by desires to (re)create natural environments, 
and connect with one another around a soil-plant-nature-based activity.

Soil-less urban agriculture is possible (e.g. variations on hydroponic systems) 
but is unlikely to offer the same community cohesion and mental health benefits as 
soil-based gardening. The soil-less gardening systems which are proposed, or even 
highly water-efficient partially soil-based systems such as vertical gardens, seem to 
be more suited to commercial urban food production (Bradley and Marulanda 
2001). As such they fulfil a need to provide food, but are not likely to foster ecologi-
cal restoration or community-building.

12.4.2  Urban Forestry

In addition to urban food production, one of the most beneficial uses of vegetated 
urban soils is for different forms of urban forestry, ranging from isolated street trees 
to larger nature reserves. The “urban forest” refers to the collective tree cover in a 

Fig. 12.3 Examples of urban green spaces and green infrastructure: (a) urban agriculture, 
New York, USA; (b) suburban garden, Blackheath, UK; urban forest, Berlin, Germany; (d) road-
side stormwater swale, Greenfield, WI, USA; (e) suburban rain garden, Chicago, USA; (f) mean-
dered and revegetated stormwater drain, Perth, Australia. (Photo credits (all flickr images are 
CC-BY-2.0): (a) Preston Keres, USDA, public domain; (b) monoclepix on flickr; (c)  Tomasz 
Baranowski on flickr; (d) Aaron Volkening on flickr; (e) Linda on flickr; (f) Andrew W. Rate on flickr)

A. W. Rate

https://www.flickr.com/photos/monocle/5132242842
https://www.flickr.com/photos/155376904@N07/43945743361
https://www.flickr.com/photos/87297882@N03/14276305441
https://www.flickr.com/photos/22748341@N00/267076758
https://www.flickr.com/photos/183004942@N05/50728854157


407

city environment. Trees in urban environments fulfil multiple functions, many of 
which are addressed in Chap. 10. The constraints common to many urban soils may, 
however, restrict tree growth and survival, and particular attention needs to be paid 
to making urban soils suitable for trees (Jim 1998). Urban forests favour conserva-
tion of biodiversity by providing habitat, food sources, and travel corridors for urban 
wildlife, from insects to birds and mammals. Humans benefit from the urban forest 
as well, since trees provide cooling by evapotranspiration and shading. The inter-
ception and infiltration of stormwater is also improved by trees in urban environ-
ments, reducing runoff and decreasing the likelihood of flooding. The future of 
urban forests seems to be hopeful in more economically prosperous nations, with 
widespread and increasing adoption of urban forest strategies by city-wide and local 
governments. There is less information about urban forestry or urban greening in 
developing nations, and the economic constraints in less prosperous countries often 
lead to an emphasis of development over protection of ecosystems (Jim 2013). 
Despite this, urban trees of many so-called developing nations are important assets.

One of the ways in which the urban forest provides services is by direct provision 
of food in the form of fruit and nuts. Street and garden trees form an important food 
source, especially for poorer residents in developing countries and also in the devel-
oped world (Kaoma and Shackleton 2014). Some studies have shown that as well as 
producing large yields, trees may take up less contaminants into their fruit than do 
vegetables from soil in urban areas (Colinas et al. 2019).

Since soils in cities are most commonly left unsealed in areas such as parks, 
gardens, sports grounds, and so on, a wide range of tree and other plant species are 
cultivated, including those native to an area but also introduced species. There is 
some concern about the disadvantages of non-native tree species, for example, their 
invasiveness or the changes in soil properties that they can cause (Barker 2008; 
Useni Sikuzani et al. 2019). In contrast, tree species which are not native to an area 
can also represent significant food sources, and have more rapid growth and conse-
quently earlier achievement of urban cooling and rain interception effects. It should 
be noted that the needs of urban forestry and urban agriculture are not always com-
patible, since trees compete with food crops for solar radiation and water (Johnson 
et al. 2015). Urban trees themselves, however, can provide food for urban residents, 
through deliberate harvesting or informal foraging (McLain et  al. 2014; Colinas 
et al. 2019).

12.4.3  Manufactured Soils

As cities grow and physical space becomes increasingly limited, green infrastruc-
ture features such as green roofs, vertical gardens, rain gardens, and constructed 
plant beds are likely to become more common features of urban environments. In 
many cases these green infrastructure features will contain manufactured soils – 
materials which may behave like, or be derived from, natural soils but which have 
different composition or layering from in situ soils. Such soils are classified as 
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Isolatic Technosols (IUSS Working Group WRB 2014), meaning that they are 
emplaced by humans, contain anthropogenic materials, and are located in some sort 
of container (i.e. the infrastructure).

Urban soil science will need to expand to more fully understand how such mate-
rials behave and change, in the situations in which they are placed. Some research 
has already addressed green infrastructure materials (e.g. Komlos and Traver 2012; 
Bouzouidja et al. 2018), and both commercial suppliers of manufactured soil mate-
rials and designers of green infrastructure also maintain a body of knowledge on 
this topic. Many issues will need clarifying; for example, whether or not organic soil 
amendments, which are commonly used in green infrastructure, will need screening 
for contamination (Gómez-Sagasti et  al. 2018; Rodríguez-Eugenio et  al. 2018). 
Green infrastructure projects will probably need to be subject to the same level of 
scrutiny (including life cycle assessment) as currently is required for brownfield 
redevelopment.

12.5  Water-Sensitive Urban Design

Water-Sensitive Urban Design (WSUD) aims to allow, as far as possible, all the 
components of natural water cycles to occur in urban environments (Wong 2006). 
One of the most important components of WSUD is that of maintaining a more 
natural balance between runoff and infiltration, given that impermeable surfaces are 
an unavoidable feature of urban systems (Jacobson 2011). This hydrological bal-
ance, and other components of urban water cycles such as evapotranspiration and 
groundwater recharge, will be dependent to a large extent on the exposed area of 
urban soils and their properties and management.

The principles of Water-Sensitive Urban Design are being incorporated into 
planning guidelines by government entities, particularly in Perth, Western Australia, 
where Water-Sensitive Urban Design originated in the 1990s (Whelans et al. 1994). 
Perth is a seasonally dry city (Köppen-Geiger Csa) having a mean annual excess of 
potential evapotranspiration over precipitation of 716 mm, and the city is reliant on 
groundwater for a large proportion of its water supply. In addition, Perth’s location 
on a sandy coastal plain is reflected in its mainly highly permeable soils, with only 
about 12% of urban stormwater generating excess runoff (Cargeeg et  al. 1987). 
Since Perth has such permeable soils, it is an urban environment that facilitates 
WSUD, but the low retention capacity of its soils mean that contaminant transport 
is likely. The drivers of WSUD in Perth include the need to decrease export of nutri-
ents to sensitive environments such as rivers and estuaries, and the benefits of 
increasing infiltration to recharge groundwater (which is a valuable resource for 
metropolitan water supply). Favouring infiltration of stormwater into soil rather 
than exporting stormwater as runoff also increases evapotranspiration, cooling 
urban environments (Coutts et al. 2013) – a desirable outcome for seasonally hot 
cities such as Perth and many others worldwide.
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In cities with less permeable soils, WSUD strategies are potentially even more 
essential, since the excess runoff generated by impermeable surfaces can cause soil 
and stream-bank erosion, affecting receptors such as waterways (Paul and Meyer 
2001). Large proportions of impermeable surfaces also lead to increased risks of 
flooding, with subsequent public health and contaminant mobilisation issues 
(Jacobson 2011).

There is considerable awareness of the beneficial effects of WSUD (or 
“Sustainable Drainage Systems” (SuDS), or Low Impact Development (LID)) in 
many cities worldwide (Zhou 2014). This awareness has not yet led to full imple-
mentation of WSUD and related strategies, even though it can be more cost- effective 
than conventional stormwater infrastructure (Eckart et al. 2017). In the developing 
world, even more barriers to the adoption of green infrastructure such as WSUD 
exist (Jiusto and Kenney 2016), even though adoption of WSUD offers substantial 
improvements to many aspects of urban populations and environments (Mguni 
et al. 2016).

In terms of urban soils, green stormwater management strategies such as WSUD 
are about retaining (or re-introducing) soil processes into urban water cycles. 
Through benefits such as flood control, groundwater recharge, increased green 
space, and increased evapotranspiration, such strategies offer options to improve 
public health and liveability in cities worldwide. As discussed in Chap. 10, WSUD 
and related green urban water management systems address several of the 
Sustainable Development Goals, such as Goal 3 to ensure health, Goal 6 relating 
explicitly to sustainable water management, and Goal 9 which includes building of 
resilient infrastructure (United Nations 2015). Implementation of green stormwater 
management, which depends to a large extent on urban soils, will not necessarily fix 
global issues such as climate change and biodiversity loss, but it presents numerous 
opportunities to improve the quality of life for the world’s increasing urban 
population.

12.6  Soil Contamination

Contamination of urban soils is, of course an ongoing problem by itself, indepen-
dent of the imperatives of environmental justice. Many pollutants, as we have seen 
in previous chapters, persist in soils for very long times or even indefinitely, and soil 
remediation is costly and may not be performed at all. As a result, historical soil 
contamination continues to be a concern in urban environments, especially as land 
uses change to accommodate burgeoning urban populations. Humanity is also very 
accomplished at unearthing or releasing existing hazardous materials, creating new 
contaminants, or simply recognising that substances we previously thought were 
harmless are almost certainly not. The topic of “emerging contaminants” has effec-
tively become a research field in its own right.
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12.6.1  Ongoing and Legacy Contamination and Brownfields

Legacy contamination is contamination that continues to be an issue after long time 
periods have elapsed. Of course, some legacy contamination has been used to gener-
ate archaeological information, as discussed in Chap. 2. The phenomenon of lon-
gevity means that legacy contaminants are persistent, such as trace elements or 
persistent organic pollutants (POPs), and the term particularly applies to substances 
where regulation has substantially restricted their use, but where they still present a 
potential risk. The legacy contaminant of most ongoing concern is probably lead 
(Pb), but legacy issues also exist for persistent organic compounds such as polycy-
clic aromatic hydrocarbons (PAHs), and asbestos.

Brownfields are sites, commonly in urban areas, where an industrial source of 
contamination such as a smelter or factory previously operated but is currently der-
elict or has been demolished, leaving vacant but contaminated land. As described by 
Albanese and Cicchella (2012), increases in urban populations also increase the 
demand for land for residential purposes. Effective remediation then needs to be 
conducted to avoid putting residents at risk of exposure to brownfield pollutants. 
Even before development, brownfields have been used for activities such as garden-
ing, in which cases risks still existed. For example, concentrations of As and Pb in 
allotment gardens at a former industrial site in Newcastle, UK, exceeded environ-
mental guidelines (Pless-Mulloli et al. 2004).

As we discussed above, in the context of environmental justice, lead pollution in 
soils still persists. This is despite complete bans on the use of leaded paint beginning 
in 1909 in France and in most other countries by the early twenty-first century, and 
similar bans on the leaded fuel additives such as tetraethyl lead by the late 1990s in 
the USA (with later complete bans in Europe and other countries). Soils in many 
cities worldwide have been found to have legacy lead contamination, and several 
examples are shown in Table 12.1. (Note that Table 12.1 has notable omissions from 
developing countries, such as on the African continent, partly since use of leaded 
fuels is still widespread (Maas et al. 2010; Sellami et al. 2020)).

Although we have focused on lead, legacy contamination with other pollutants is 
also, unfortunately, relatively common (Nadal et al. 2015). For example, Qu et al. 
(2019) found substantial contamination of urban soils of Napoli, Italy, with organo-
chlorine pesticides, polychlorinated biphenyls (PCBs), and polycyclic aromatic 
hydrocarbons (PAHs). From Table 12.1 it is also apparent that, while the expected 
sources of legacy contaminants may be common (traffic and pigments for Pb), there 
are other sources which need to be considered, some of which (like shooting ranges 
or archaeological artefacts) may be unexpected. The same caveat would apply to 
contamination of urban soil with any persistent substance, and that is one good rea-
son that a Preliminary Site Investigation (Chap. 11), which would include a site 
history, is essential for management of any projects involving use of disturbance of 
urban soil or sediment.
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12.6.2  Emerging Contaminants

A wide range of synthetic chemicals are manufactured in contemporary human 
societies to meet the demand for health and medical products, personal care, pack-
aging, industrial uses, and so on. As a result, many of these compounds are entering 
receiving environments such as soil, water, and air. In many cases involving recently 
developed compounds or materials, though, there is currently insufficient knowl-
edge of their human health or ecological effects. Advances in technology have intro-
duced many new materials into widespread use, and a proportion of these are 
potential contaminants. In parallel, advances in chemical analysis techniques have 
made it possible to detect and measure a wide range of new and existing compounds 
at trace concentrations. The term emerging contaminants (or “contaminants of 
emerging concern”) was used as early as the 1980s (and somewhat later for soils) to 
describe substances that were not usually considered when assessing contamination 

Table 12.1 Examples of contamination of urban soils with lead with sources identified as “legacy” 
or “historical”

Urban area Country Assumed legacy Pb source References

Melbourne Australia Lead-based paints in older buildings; 
traffic sources of leaded fuel emissions

Laidlaw et al. 
(2018)

Sydney Australia Lead-based paints in older buildings; 
traffic sources of leaded fuel emissions

Rouillon et al. 
(2017)

Copiapó Chile Mining (e.g. tailings) and smelting; 
industries

Carkovic et al. 
(2016)

Beijing China Pigments; traffic sources of leaded fuel 
emissions

Xia et al. (2011)

Nanjing China Industries, pigments (cultural layer); 
industry, traffic (contemporary surface)

Zhang et al. 
(2005)

Lefkosia Cyprus Older developed areas in the city Zissimos et al. 
(2018)

Athens Greece Former shooting range Urrutia-Goyes 
et al. (2017)

Napoli, Roma Italy Road traffic Cicchella et al. 
(2015)

Mexico City Mexico Traffic sources of leaded fuel emissions Morton-Bermea 
et al. (2011)

Dunedin New 
Zealand

Lead-based paints in older buildings; 
traffic sources of leaded fuel emissions

Turnbull et al. 
(2019)

London UK Lead-based paints in older buildings; 
traffic sources of leaded fuel emissions

Kelly et al. (1996)

Newcastle UK Ash from power-from-waste generation Pless-Mulloli 
et al. (2004)

Multiple urban 
areas in California

USA Lead-based paints in older buildings; 
highway sources of leaded fuel emissions

Mielke et al. 
(2010)

New York USA Lead-based paints in older buildings; 
automobile emissions

Mitchell et al. 
(2014)
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of environmental compartments. Of course, many of the early emerging contami-
nants are now well-known and, in some jurisdictions, regulated as pollutants (e.g. 
PBDE flame retardants, or neonicotinoid pesticides). The types of materials consid-
ered include plasticisers, pharmaceuticals including endocrine-disrupting chemi-
cals, chemicals used in cosmetics, nanoparticles, preservatives, plastics and 
microplastics, flame retardants, antibiotic-resistant bacteria, by-products of water 
treatment, and numerous others (Sauvé and Desrosiers 2014).

Given the large concentrations of human population in urban centres, it is not 
surprising that many emerging contaminants have been found in urban soils. In 
some cases, an anthroposequence of contamination has been observed, with con-
centrations of PBDEs in soils decreasing from intense urban to rural areas (Mahmood 
et al. 2015). In other examples, there is no clear effect of land use on the distribution 
of emerging contaminants (Karpuzcu et al. 2014). Similarly, microplastics in urban 
soils have not, so far, shown a consistent effect of urban land use. Rafique et al. 
(2020) found similar concentrations of microplastic particles across a range of 
urban and peri-urban land uses in Lahore, Pakistan. In contrast, Choi et al. (2020) 
found that land use did have an effect on microplastic concentrations in urban and 
adjacent soils (Fig. 12.4). Similarly, Lutz et al. (2021) showed an effect of land use 
on the concentrations of microplastics in urban stormwater drains. The findings of 

Fig. 12.4 Microplastic concentrations in soils for different land use types in Yeoju City, Republic 
of Korea. Different letters above each box mean a significant difference (p ≤ 0.05) between mean 
values in each land use category (redrawn from Choi et al. (2020); used with permission from 
Springer)
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Choi et al. (2020) and Lutz et al. (2021) suggest that more attention should be paid 
to examining the interaction of urban soils and land use as controls on terrestrial 
inputs of microplastics into oceans.

Considerable worldwide attention has been given recently to the issue of soil and 
groundwater contamination with poly- and perfluorinated alkyl sulfonates (PFAS). 
The concern with PFAS relates to their uncontained usage in large amounts in 
flame-retardant firefighting foams (especially at aviation facilities), a use for which 
they are very effective. The PFAS represent a large group of related compounds 
which resist environmental degradation, and therefore persist for long periods of 
time in soil and groundwater (EPA 2017). PFAS can also bioaccumulate and trans-
fer up the food chain, and so behave like many other persistent organic pollutants 
(POPs) which were discussed in Chap. 7 (Conder et al. 2010). An additional con-
cern with PFAS and related compounds is their high water-solubility – and for some 
PFAS compounds, relatively high volatility  – both properties allow PFAS com-
pounds to be mobile between environmental compartments (EPA 2017). PFAS-type 
compounds are known to affect the health of animals, but human health effects are 
poorly understood (U.S. EPA 2019).

The phenomena of legacy and ongoing contamination, and of continuing emer-
gence of new contaminants, mean that urban soil science will evolve to meet these 
challenges. In order to manage urban soil contamination correctly, the risks need to 
be known. To understand these risks, scientific and regulatory communities will 
need to collect data on the occurrence, distribution, and controls on the environmen-
tal behaviour of the contaminants. Importantly, we will also need to be able to mea-
sure the toxicological responses and identify and quantify the exposure pathways, 
for all receptors. Given that we have an incomplete knowledge of soil biodiversity, 
we may also need to identify a more complete range of receptors.

12.7  Life Cycle Assessment of Soil Remediation

There is an opportunity for longer-term planning around urban soil remediation if 
the cost-benefit analysis extends over longer time frames, and includes a life cycle 
assessment. The relevance of considering the longer-term impacts of remediation 
options is related to fossil fuel and energy consumption by many commonly used 
remediation methods such as excavation and disposal. Energy usage obviously has 
implications for carbon budgets, atmospheric warming, and climate change, but 
there are other factors which are relevant as well. Urban soil remediation decisions 
are based on multiple, often opposing, factors such as environmental protection and 
potential for income from redevelopment. As with any decision having multiple 
standpoints and stakeholders, there will also be differing and potentially opposing 
values placed on the various forms of amenity involved, whether these be ecologi-
cally, commercially, or socially motivated.

12 The Future of Urban Soils



414

The increasing awareness of the importance of soil remediation which is sustain-
able is illustrated by the US Sustainable Remediation Forum, which produced a 
guidance document for remediation practitioners to conduct life cycle analyses and 
footprint analyses for remediation projects (Favara et  al. 2011). The guidance is 
structured into nine steps, of which one of the most relevant here is the establish-
ment of system boundaries. What this means is to identify which components of, or 
processes in, the life cycle of a project are relevant to include. The life cycle com-
ponents and processes considered include energy (including transport), materials, 
processing, and waste treatment factors. Spatial boundaries are also considered, 
under on-site, local, regional, and global categories. The time frame over which 
impacts are considered also needs to be defined, as do any restrictions on the choice 
of remediation technology (e.g. restrictions resulting from availability or regulatory 
constraints) (Favara et al. 2011). The main innovations of completing a life cycle 
assessment for soil remediation are that (i) the environmental impact of the reme-
diation itself is considered, and (ii) the environmental effects considered are 
expanded in scope to account for impacts from a more comprehensive spatial and 
temporal influence of the remediation project.

Perhaps independently of the trends towards life cycle and footprint assess-
ments, there are indications that more sustainable, less energy-intensive remedia-
tion methods have recently been chosen in favour of less advanced methods. For 
example, the compilation of European data summarised in Fig. 11.1 show that, in 
several European states, in situ remediation is used for contaminated soils 
(European Environment Agency 2020). It is a reasonable assumption that a sub-
stantial proportion of these sites would be in urban environments. Similarly, an 
analysis of groundwater remediation choices for the “Superfund” sites in the 
United States of America (Simon 2020) shows several interesting trends which are 
apparent in Table 12.2. Energy-intensive remediation methods such as pump-and-
treat have declined in use (from approximately 98% of sites in 1982 to 19% in 
2017), whereas in situ groundwater remediation techniques became more com-
monly used (from 0% of sites in 1982 to 53% in 2017). Similarly for soils, in situ 
remediation such as chemical treatment and amendments increased in use over 
time, whereas soil vapour extraction, soil flushing, and somewhat surprisingly ex 
situ bioremediation decreased in usage between 1988–2002 and 2003–2017 
(European Environment Agency 2020).

If life-cycle assessment of urban soil remediation or urban development projects 
becomes the norm, a potential benefit may be to introduce and normalise processes 
for non-market valuation of urban soil resources. So far, this has not been attempted 
widely, perhaps due to the difficulties in assigning monetary values to ecosystem 
services in heterogeneous urban soil environments (Saad et al. 2011; Greenhalgh 
et al. 2017).
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12.8  Urban Soil and Environmental Justice

The issue of environmental justice issues is becoming increasingly important, even 
developing into a key concern during the United States of America’s contentious 
Federal election campaign in 2020 (Redd et al. 2020). Instances of inequity in envi-
ronmental quality or access are still emerging, however. For example, lead poison-
ing in children in the city of Baltimore, USA, was recognised in the 1940s (Schucker 
et al. 1965). Segregation of Baltimore neighbourhoods by race and income, how-
ever, still means that some socioeconomic groups – residents who are poor, and/or 
have non-European ethnic backgrounds – still suffer the most from lead pollution 
(Zaleski 2020). In the specific case of lead toxicity, soil pollution is just one compo-
nent of the problem, with issues such as legacy infrastructure and household dust 
contaminated with historical lead-based paint also needing to be addressed.

Forms of environmental injustice other than soil contamination are also relevant, 
and the issues are not restricted to the global north. In the Limpopo Province, South 
Africa, increasing urbanisation is a factor contributing to soil erosion, which ineq-
uitably affects the rural poor (Musakwa et al. 2020). On a more global scale, indig-
enous people have historically been subjected to colonisation or land appropriation 
from other ethnic groups, and in many instances this has led to environmental injus-
tice with urbanisation as one of the drivers. Pollution of soil and other media is 
known for many indigenous peoples, with poverty decreasing indigenous people’s 
capacity to address environmental injustice (Fernández-Llamazares et  al. 2020). 

Table 12.2 Soil and groundwater remediation trends at Superfund contaminated sites in the 
United States of America (modified from Simon 2020 and used with permission from John Wiley 
and Sons)

Treatment category

Treatment technologies compared between 1988–2002 and 
2003–2017 a

Increased frequency of use
Decreased frequency of 
use

Ex situ source treatment Physical separation Soil flushing
Recycling Incineration
Solidification/stabilisation Aeration
– Thermal desorption

In situ source treatment Soil amendments Flushing
Chemical treatment Bioremediation
– Soil vapour extraction
– Solidification/stabilisation

In situ groundwater 
treatment

Chemical treatment Vapour extraction
Thermal treatment Air sparging
Bioremediation –
Permeable reactive barriers –

aThe 4 technologies showing the greatest increases, and the 4 technologies showing the greatest 
decreases, but limited to technologies used to remediate ≥ 10 U.S Superfund sites between 1998 
and 2017
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Urban biodiversity, which depends to some extent on the area of exposed urban soil 
and its properties, can be linked to socioeconomic measures such as a deprivation 
index (Stewart et al. 2009). Urban residents’ access to urban green space (which 
represents vegetated urban soil) is also unevenly distributed among different socio-
economic zones of cities such as Berlin, Germany (as described by Kabisch and 
Haase 2014). Inequity in access to urban green space could potentially be addressed 
by provision of green stormwater infrastructure, which would logically be needed 
in all socioeconomic zones of a city (Wendel et al. 2011).

Environmental justice as a social movement, as discussed in Chap. 10, had its 
origins in soil contamination issues. Degraded or contaminated soils and their 
uneven socioeconomic distributions in cities can foster an awareness of environ-
mental justice. Part of the mandate for soil enthusiasts and educators, then, could be 
to highlight environmental justice inequities at the same time as empowering citi-
zens to address soil degradation and pollution issues.

12.9  Indigenous, Traditional, and Local Soil Knowledge

Practitioners of any scientific discipline can find it difficult to acknowledge that 
non-scientific knowledge can stand on an equal footing with the understanding 
gained from the “scientific method”. At the same time, people untrained in science 
commonly believe scientific principles to require an unreachable level of intellect 
and erudition, or may even become suspicious of science and scientists themselves. 
The intellectual detachment required to achieve the scientific method’s ideal of 
objectivity may also have contributed, ironically, to self-reflection by some scien-
tists and a questioning of the primacy of scientific knowledge over knowledge 
obtained in other ways. Fortunately, a recent trend in academia is to value both sci-
entific, technical understanding and local, indigenous, or traditional forms of know-
ing. The argument over which form of knowledge, or which way of obtaining it, is 
superior then becomes irrelevant, in a worldview that considers all forms of knowl-
edge to have some validity.

Soil knowledge is an excellent example of a discipline in which information and 
understanding can have multiple valid origins. The various types of soil knowledge 
have been considered in academia for a few decades. In one of the earlier studies, 
Winklerprins (1999) concluded that sustainable land management could be planned 
more effectively if “local soil knowledge” was considered. She defined local soil 
knowledge as “…knowledge of soil … possessed by people living in a particular 
environment for some period of time”. The advantages of considering such knowl-
edge reflect the close relationship that local inhabitants have with particular areas of 
land and the soils underlying them. In contrast, scientific or technical knowledge 
often has an overview of issues, and detailed process-based understanding, both of 
which may be generalisable to specific situations. It makes sense, then, to combine 
both local and scientific soil knowledge, and integrate the generalisable mechanistic 
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understanding with the intimate knowledge of specific soil environments gained 
from a local perspective.

Local soil knowledge is also called “ethnopedology” (or “indigenous soil knowl-
edge”, “traditional soil knowledge”, or “folk soil knowledge” (Winklerprins 1999)). 
Barrera-Bassols and Zinck (2003) studied how academia has reacted to diverse 
forms of soil knowledge, and many of the academic responses seem to try to fit such 
knowledge into a scientific mould, for example, by looking for soil or landscape 
classification schemes within a body of local soil knowledge. More recent work 
acknowledged the detail inherent in local soil knowledge (e.g. a soil or landform 
classification), and that the knowledge was both practically oriented and did not 
require technical inputs in the form of laboratory analyses. A technical soil classifi-
cation scheme is based on soil-forming processes and rigorous identification of cer-
tain features, but use of classifications based on local knowledge are more pragmatic 
and easily implementable, having their origins in the lived experience of land use 
and soil management (Barrera-Bassols 2015). Indigenous people have, by defini-
tion, the longest history of inhabiting a particular land area and interacting with its 
soils. In particular, many indigenous peoples have a belief system that explicitly 
considers soils and their origins and role in the cosmos (Pauli et al. 2016). A cos-
mology which includes soils would presumably also favour soil conservation, but 
we do not yet know of any evidence for the existence, in urban environments, of a 
credo which explicitly includes soils.

Much of the published work on local soil knowledge relates, understandably, to 
rural agriculture. Some studies on the importance of local soil knowledge in urban 
agriculture and gardening are emerging. In Chap. 10 we discussed the multiple 
health, social, and ecological benefits of urban agriculture and gardening. These are 
often community-building activities: as Teuber et al. (2019) point out, gardens are 
“… social ecological systems …” in which “… humans interact with the ecological 
environment through soil and plant cultivation”. Local soil knowledge allows urban 
gardeners to understand soil-plant relationships, conserve their soils, and implement 
novel soil management practices. A beneficial collaboration between stakeholders 
in urban soils would place local knowledge on an equal footing with scientific/tech-
nical knowledge and knowledge of urban policy (Teuber et al. 2019).

As an increasingly urbanised species, humanity still has an opportunity to 
develop a more holistic and compassionate attitude towards all of our urban neigh-
bours: human, animate and inert, sentient and reflexive. Those of us who breathe, 
breathe the same air; we depend, every part of our ecosystems on the same water, 
the same land, the same soil. Urban soils stand at a multivariate intermingling of the 
traditional environmental compartments; and of human creativity, endeavours, fol-
lies, anxieties, and longings. The soils in cities, then, are one hub around which we 
can centre our collective efforts to preserve Earth’s fragile yet exquisite ecology, 
and build a kind and just society.

The soil is the great connector of lives, the source and destination of all. It is the healer and 
restorer and resurrector, by which disease passes into health, age into youth, death into life. 
Without proper care for it we can have no community, because without proper care for it we 
can have no life. ― Wendell Berry (1996), The Unsettling of America: Culture and 
Agriculture
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Press/Taylor & Francis Inc., Boca Raton, FL, USA, 416 pp.

Maco, B., Bardos, P., Coulon, F., Erickson‐Mulanax, E., Hansen, L.J., Harclerode, 
M., . . . Wick, W.D., 2018. Resilient remediation: Addressing extreme weather 
and climate change, creating community value. Remediation (New York, N.Y.), 
29: 7–18, https://doi.org/10.1002/rem.21585.

O’Sullivan, C.A., Bonnett, G.D., McIntyre, C.L., Hochman, Z., Wasson, A.P., 2019. 
Strategies to improve the productivity, product diversity and profitability of 
urban agriculture. Agricultural Systems, 174: 133–144, https://doi.org/10.1016/j.
agsy.2019.05.007.

Rawlins, B.G., Harris, J., Price, S., Bartlett, M., 2015. A review of climate change 
impacts on urban soil functions with examples and policy insights from England, 
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12.11  Summary

• The future of urban soils will involve substantial change due to increasing urban-
isation, larger urban populations, changes in climate, and changes in societal 
attitudes towards issues like food production and soil remediation.

• Climate change will change urban soils. There are likely to be some significant 
risks for the soils in cities, such as contaminant mobilisation and soil erosion, 
associated with climate change. There may be some positive effects as well, such 
as increased degradation of organic pollutants. The response of urban soils to 
climate change is very complex, and not enough is yet understood.

• There is not yet enough knowledge about urbanisation effects on soil 
biodiversity.

• Use of soils in cities for urban agriculture and urban forestry is likely to increase 
to meet humanity’s requirements for food, sustainable water management, and 
climate moderation.

• Soil contamination will persist in urban environments, in many cases with new 
or as-yet undiscovered substances. Remediation of this contamination is likely to 
require thorough assessment of the complete life cycle of remediation and devel-
opment projects, requiring a better knowledge of how to value urban soils.
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• As humanity continues to address the Sustainable Development Goals, access to 
soil-based ecosystem services will remain an important component of strategies 
to achieve urban environmental justice.

• Knowledge about urban soils will need to reflect a functional partnership between 
all stakeholders including scientists and technologists, regulators and policy- 
makers, and indigenous and local communities.

12.12  Review and Study Questions

12.12.1  Checking Your Understanding

 1. List biological, chemical, and physical changes that might be expected in urban 
soils as a result of climate change.

 2. What are some direct and indirect effects of urban soil management on 
biodiversity?

 3. List the possible constraints on the utilisation of urban soils for growing plants 
to feed humans.

 4. What is meant by Water-Sensitive Urban Design? What are its advantages and 
disadvantages?

 5. What is “legacy contamination” of urban soil? For which contaminants is it rel-
evant, and why?

 6. Why do “emerging contaminants” become apparent? List as many examples as 
you can of emerging contaminants which have (i) become mainstream pollut-
ants, and (ii) are emerging now.

12.12.2  Thinking About the Topics More Deeply

 7. Consider a typical urban soil remediation project. If you were asked to prepare a 
Life Cycle Assessment for the project, what inputs of materials and energy, and 
broader environmental impacts, would you need to consider?

 8. What are some ways in which we could use soil knowledge to work towards 
achieving environmental justice in urban environments?

 9. What points would you include in an argument to support ethical stewardship of 
urban soils?
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12.12.3  Thinking About Urban Soil Remediation with Your 
“Left Brain”

 10. In which instances might local or traditional knowledge about soils enhance a 
purely scientific approach in the context of urban environments?
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Glossary

A

A priori A Latin phrase meaning ‘from the former’, often used to mean ‘indepen-
dent of later or additional information’

Acidification (soil acidification) The addition of acidic substances (containing 
either free or un-dissociated H+), resulting in decreased soil pH and less acid 
buffering

Adsorption The accumulation of ions or molecules at the surface of a colloid by 
any mechanism (see chemisorption, and exchangeable cations)

Aeolian In soils, material transported and/or deposited by wind
Aerosol Solid or liquid particles suspended in air
Aggregates (peds, soil aggregates) Cohesive fragments of soil composed of many 

individual grains held together by a range of forces and separated by pores and 
planes of weakness

Aliphatic Organic compounds or fragments with only linear, branched, or non-
aromatic ring structures

Alkane(s) Organic compounds or fragments of only C and H, where C atoms are 
connected in linear or branched geometry with single bonds

Alluvial Relating to rivers (e.g. an alluvial sediment has been transported by a river 
and deposited on a river floodplain)

Amino acids Simple organic compounds containing both –NH2 and –COOH func-
tional groups, 22 of which combine to form proteins

Amphoteric (Of a chemical substance) able to accept or release hydrogen ions, 
i.e., act as either an acid or a base

Amplicons A fragment of DNA or RNA which is the source or product of natural 
or artificial amplification, e.g. by PCR

Annotate (in DNA analysis) To identify the locations and functions of genes, which 
contain biologically significant information, on a DNA sequence or genome
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Anoxic In the absence of oxygen, anoxic conditions occur in saturated soils in the 
presence of any decomposable organic compounds

Anthropocene The most recent geological period, defined by profound human 
impact on Earth systems

Anthropogenic Generated by human activity
Anthroposequence A soil sequence in a landscape with varying properties due 

mainly to a gradient in human influence (e.g., urbanisation)
Anthrosol, Anthroposol A soil having human influence(s) dominating its origins 

or formation processes
Aromatic Containing 5- or 6-carbon ring structures with delocalised (conjugated) 

electron bonding (relating to organic chemical compounds)
Artefact An object (or fragment of one) created by humans
Atmosphere The Earth sub-system comprised of gases above or near the 

Earth’s surface
Attenuation Decreases in the concentration and/or bioavailability of contaminant(s) 

by natural or (un)intentional anthropogenic processes
Atterberg limits Soil water content thresholds between soil acting as a brittle 

solid, elastic solid, plastic solid, or viscous liquid

B

Background concentration(s) The concentration of a potential contaminant sub-
stance in an uncontaminated soil, against which a valid comparison can be made 
with a potentially contaminated soil

Basin, geological A major area of sedimentary rocks which is a current or histori-
cal sink for terrestrial sediment (may be terrestrial or submarine)

Binned (in DNA analysis) In relation to sub-sequences of DNA, grouped by frag-
ment length and/or composition

Bioaccessible In relation to substances in soils, capable of being released into a 
bioavailable form

Bioaccumulate (bioaccumulation, biomagnification) (Of pollutants) To increase 
in amount/concentration in an organism, especially organisms higher in food 
chains; caused by faster intake than catabolism or excretion

Bioavailable (bioavailability) Immediately able to be taken up or to interact with 
organisms

Biochar A carbon-rich, solid material produced by thermal decomposition of 
organic material in the absence, or limited supply, of oxygen

Bioconcentration Accumulation of a substance (e.g. pollutant) in living biological 
tissue at concentrations greater than in the growth medium (e.g. soil)

Biodegradation Conversion of organic pollutant compounds to non-toxic products 
by microorganisms, which use the pollutant as a substrate

Biodiversity The range or number of different types (species, genotypes) of organ-
isms in an environment or environmental compartment

Glossary
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Biogeochemical cycle The various transformations and fluxes by which an ele-
ment moves within and between environmental compartments

Bioindicator An organism which has a measureable response to contamination or 
other change in an environment

Bioinformatics The acquisition, storage, analysis, and dissemination of biologi-
cal data, specifically genetic (i.e. DNA and RNA) and protein (i.e. amino acid) 
sequence information

Biomagnification See Bioaccumulate
Bioremediation Degradation, transformation to non-toxic products, or uptake of 

contaminants by soil microorganisms or plants
Bioswale A shallow excavation in permeable material, which is vegetated and is 

designed for stormwater infiltration
Bioturbation Mixing or churning of soil by organisms
Black carbon Pyrogenic carbon-rich material comprising partially combusted 

solid materials such as soot or finely-divided charcoal
Brownfields Contaminated sites prior to any remediation (often vacant, disused 

industrial land)

C

Carbon footprint The equivalent amount of CO2 released into the atmosphere as a 
result of a human activity (see Life cycle assessment)

Carbon sequestration Removal of atmospheric carbon (CO2 or CH4) into another 
ecosystem compartment (e.g. soil, trees)

Carboxylates Organic molecules containing the fragment (‘functional group’) –
COOH which is a weak acid and dissociates to –COO− + H+

Chemical composition [Of a soil] The concentrations of chemical elements and 
compounds in a soil

Chemisorption The accumulation of ions or molecules at the surface of a colloid 
by formation of electron-sharing chemical bonds

Chronosequence A sequence of soils with similar soil-forming factors (parent 
material, climate, etc.), except having started forming at different times

Clay mineral Minerals in the phyllosilicate group
Co-metabolism Conversion of organic pollutant compounds to different com-

pounds by microorganisms, while metabolizing a non-pollutant substrate
Colloid (colloidal) In soils, solid particles in the clay-sized range or smaller (≤ 2 

× 106 m)
Colony-forming units (CFUs) The number of microorganisms in a sample which 

form a colony on culture media, used for counting populations in an environment
Competition In ecology, an interaction between organisms in relation to scarce 

resource(s) which results in harm (e.g. population decrease) to one or both 
organisms
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Composting Biological degradation and stabilization of organic waste materials 
for re-use, by incubation in conditions favouring aerobic mesophilic bacteria

Conceptual site model A formal description of a contaminated site which consid-
ers source and receptors of the contaminant(s), and the mechanisms for contami-
nant transfer

Contamination The presence of any substance in an environmental compart-
ment (such as soil) in amounts of concentrations that could harm ecosystem or 
human health

Contigs Contiguous sequences of DNA constructed from a set of overlapping 
DNA sub-sequences. The outcome of binning

Coordination complex A molecule or molecular fragment formed by sharing of a 
donor ‘ligand’ atom’s non-bonded electron pair with another atom (commonly 
a metal ion)

Critical zone The zone at the Earth’s surface from the lowest accessible ground-
water to the upper vegetation canopy responsible for sustaining terrestrial life

Cultural layer An anthropogenic soil horizon which contains artefacts derived 
from human occupation and disposal of materials

D

Denitrification The biochemical reduction of nitrogen species under oxygen- 
deficient conditions, ultimately leading to loss of dinitrogen gas

Depth profile The relationship between the amount or concentration of a soil com-
ponent (including contaminants) and soil depth

Diffuse source(s) Sources of contamination which are not limited to a discrete 
location (e.g. road traffic, lawn fertilisers)

Diversity The range or number of different types of items in a category, including 
their abundance or evenness (see biodiversity)

Domains The highest rank of taxonomic classification of organisms: the Archaea, 
Bacteria, and Eukarya (formerly called superkingdoms)

Dredge spoil Sediment removed from submerged freshwater or marine environ-
ments to aid water flow or boat transport

E

e-waste Electronic and electrical waste (also called techwaste) – discarded appli-
ances such as mobile phones, computers, televisions, etc.

Ecosystem engineers Organisms that create a measurable change in their habitat 
or environment

Ecosystem services The benefits for humans and other organisms derived from the 
natural environment and from properly functioning ecosystems
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Effect size A standardised measure of (1) the difference between means, or (2) the 
relationship between variables

Environmental compartment A subset or sub-system of any environment 
being studied

Environmental DNA (eDNA) DNA collected for analysis from an environmental 
compartment such as soil or water, rather than directly from an organism

Environmental guideline A threshold concentration of a contaminant that triggers 
a regulatory action

Environmental justice Fair treatment of all people with respect to access to a 
healthy environment, and the development, implementation, and enforcement of 
environmental legislation

Enzymes Biochemicals (often proteins) which act as catalysts to regulate the rate 
of biochemical reactions

Eutrophic Having much greater than adequate concentrations of nutrients (in 
water or soil)

Evenness The similarity of population sizes or abundances of different organisms 
in an environment (see richness)

Exchangeable cations Cations held on negatively charged soil colloids by elec-
trostatic forces

Exploratory data analysis The use of statistical and graphical methods to dis-
cover [often unexpected] patterns, trends, and relationships in a dataset

Extracellular polymeric substances Polymeric compounds (such as polysaccha-
rides or proteins), produced and exuded by various microorganisms

F

Fine earth The soil material excluding grains greater than 2  mm in diameter 
(e.g. gravel)

Flagella Tiny hair-like organelles which can oscillate to provide motion for 
microorganisms

Footprint analysis An accounting of the ongoing resource requirements and envi-
ronmental impacts of a human activity (e.g. soil remediation), often expressed 
as a land area

Fractionation (Of chemical substances) Changes in the relative amounts of related 
substances such as isotopes, the rare-earth elements, or PAHs due to environ-
mental processes

Free ion activity model A theory of biological uptake where the amount of uptake 
of an element is related mainly to the activity (concentration) of its free ions in 
solution

Functional group(s) Specific arrangements of atoms in the structure of organic 
molecules or mineral crystal structures
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G

Geochemical Relating to the chemical composition of materials that make up the 
Earth, including chemical reactions and cycles

Geochemical signature In soils: a chemical composition of soil (combination of 
concentrations of chemical elements) that is characteristic of a certain type of 
environment

Geogenic Derived from the soil parent material (referring to concentrations of a 
potential contaminant); not added to soil by human activity

Geomembrane (geotextile) A low-permeability manufactured polymer or textile 
sheet used to limit the transfer of liquids or gases in soil engineering. Sometimes 
refers to a porous textile used to suppress weeds or reduce erosion

Geomorphology The landforms or ‘shape’ of the Earth’s surface, and the study of 
landforms and the phenomena which shape them

Green infrastructure Vegetation, soils, in constructions deliberately used to 
restore natural processes for water management, climatic cooling, and human 
health in urban environments

Green roof A soil substrate with planted vegetation installed on the roof of a 
building

Green technology Technology designed, or considered, to be less harmful to the 
environment than ‘conventional’ technology

H

Half-life The time taken for half of a reactant in a (bio)chemical reaction to be 
consumed; often applied to the time taken to halve the amount of an organic pol-
lutant remaining in soil

Heat island (urban heat island) The warmer microclimate in cities due to absorp-
tion of solar radiation and emission of heat by constructed surfaces, and greater 
greenhouse gas concentrations in cities

Heterogeneity Variation in properties, such as composition, of an environmental 
compartment

Horizon (soil horizon) A recognizable layer in a soil profile caused by soil- forming 
processes

Hotspot (hot spot) An area in soil that is localised, or small, relative to the scale 
of observation in which the concentration of contaminant(s) is high (e.g. exceeds 
an environmental guideline)

Hydrosphere The sub-system of the Earth comprised of free water in any phase
Hyperaccumulator A plant species which is able to take up high concentrations of 

potentially toxic elements (e.g. As, Cd, Pb, Zn)
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I

Immobilization The uptake of inorganic forms of elements (N, P, S) by soil micro-
biota and reincorporation into organic molecules

Isotope An atom with a specific atomic mass (the same element can have differ-
ent mass atoms due to different neutron numbers, e.g. carbon-12, carbon- 13, 
carbon-14)

K

Köppen-Geiger A widely used global climate classification system (sometimes 
just called Köppen)

L

Life cycle assessment An assessment accounting for environmental impacts asso-
ciated with all stages in the life of a project, process, or product

Ligand An ion, molecule, or functional group that can form a coordination com-
plex with chemical bonds to a central metal ion

Ligand exchange Adsorption of anions (‘ligands’) which displace another ligand 
such as OH− already coordinated to a metal ion at the surface of an oxide or clay 
mineral structure

Lithosphere The sub-system of the Earth comprised of rocks and related materials
Lysimeter A device such as a specialised soil core or subsoil installation for mea-

suring leaching of water or solutes in soil

M

Macronutrient The elements N, P, K, S, Ca, and Mg which are required by organ-
isms in concentrations ≳ 0.1% by dry weight

Macropore Relatively large continuous soil pores, caused by root penetration, ani-
mal burrows, cracking, buried infrastructure, etc.

Magnetic susceptibility The extent to which a material will become magnetised in 
an applied magnetic field

Managed Aquifer Recharge (MAR) Deliberate addition of water, including 
stormwater or wastewater, to groundwater via infiltration structures or injec-
tion wells
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Metabolites Products of biochemical (e.g. degradation) processes derived from 
primary substrates such as pollutants (e.g. DDE from DDT)

Metagenomics The study of a collection of genetic material (genomes) from a 
mixed community of organisms and/or from environmental samples

Metatranscriptomics The study of gene expression from a mixed community of 
organisms and/or from environmental samples by RNA sequencing

Microbial respiration Utilization of carbon compounds by microorganisms to 
produce energy and CO2

Micronutrient The elements Fe, Mn, Zn, Cu, B, Mo, Cl, Ni Co, Cr, I, and Se 
which are required by organisms in concentrations ≲ 0.1% by dry weight

Mineralization Release of elements contained in organic molecules (e.g. N, P, S) 
as inorganic forms during soil organic matter decomposition

N

Nitrification The oxidation of ammonium under oxygen-sufficient conditions to 
produce nitrate (through a nitrite intermediate) by bacteria and archaea

Nucleic acid A biopolymer such as DNA or RNA, composed off linked chains of 
nucleotides, which stores genetic information

O

Ordination analysis A numerical/statistical method which calculates new vari-
ables which contain information from multiple actual variables, such as factor, 
principal component, dissimilarity, or correspondence analyses

Organic amendment An organic (carbon-based) material added to soils to improve 
chemical and/or physical properties, and/or add nutrients

Oversaturation Concentrations of the ions in a solution, making up a potential 
solid, which exceed that solid’s solubility product

P

PAH Polycyclic aromatic hydrocarbon (a class of persistent organic pollutants)
Parent material The starting material for a soil, such as rock, sediment, land-

fill, etc.
PCB Poly-chlorinated biphenyl (a class of persistent organic pollutants)
Pedogenesis The process of formation of soils which differentiates it from its par-

ent material(s)
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Pedology The study of soils in their [natural] environment: soil formation, soil 
characteristics, and soil distribution

Peds See aggregates
Perched water table A layer of saturated soil caused by a low-permeability layer 

(e.g. Fine-textured or compact soil, or a barrier) underneath
Peri-urban Within an urban-rural transition zone; the ‘urban fringe’
Persistent organic pollutant(s) (POP(s)) Toxic organic chemicals which do not 

degrade readily in the environment
Photosynthesis The process by which plants synthesise more complex carbon 

compounds from CO2 captured from the atmosphere, and soil water, using 
energy from sunlight

Phyllosilicate Aluminosilicate minerals characterised by a chemical structure 
comprising sheets of interlinked Al-O(-OH) octahedra and Si-O tetrahedra

Phylum (plural Phyla) A high-level taxonomic category that ranks above class 
and below Domain

Phytoextraction A form of phytoremediation where plant uptake and biomass 
removal decreases contaminant concentrations in soil

Phytolith A mineral particle formed within a living plant, tens of μm in size, which 
can persist in soils for millennia and preserve (historical) information on plant 
communities

Phytomining A proposed form of phytoremediation where the extraction of metals 
from plant residues is economically viable

Phytoremediation The use of green plants to treat soil contamination
Phytostabilisation A form of phytoremediation where growing plants decreases 

contaminant mobility or bioavailability in soil
Point source(s) Sources of contamination which are traceable to a discrete location 

(e.g. Smelters, chemical spills)
Pollution Introduction of undesirable substance(s) into and environment or envi-

ronmental compartment
Porosity The space between grains and aggregates of solid material in a soil, usu-

ally expressed as a fractional (e.g. Percentage) volume
Predation In ecology, an interaction between organisms in which one organism 

kills and consumes another
Preferential flow Flow of soil water and solutes in zones of soil with greater 

hydraulic conductivity such as macropores
Profile (soil profile) The vertical cross-section of a soil differentiated into separate 

horizons
Protein A biopolymer composed off linked chains of amino acids which has a 

specific function within organisms
Priming effect An increase in mineralization of C and nutrients in pre-existing soil 

organic matter caused by addition of fertiliser or an organic amendment
Pyrogenic Generated by fire (see Black carbon)
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R

Receiving environment An environmental compartment (e.g. Surface water) 
which receives material (e.g. Contaminants) from another (e.g. Soil)

Redox potential Reduction-oxidation potential: the ability of soil to act as a chem-
ically reducing or oxidizing environment (more accurately, the ability of a soil to 
lose or accept electrons in chemical reactions)

Regolith The unconsolidated material overlying unweathered rock (may be devel-
oped in place, or deposited as a sediment)

Rhizosphere Soil adjacent to plant roots which is influenced by root exudation and 
specific root-related microorganisms

Ribosomes Complex intracellular structure which translates genetic code into 
chains of amino acids to form proteins

Richness See species richness
Root exudates A range of organic compounds released by plant roots into soil e.g. 

organic acids, biopolymers, root-cell material

S

Secondary mineral A mineral formed in the soil environment by chemical weath-
ering or other mechanism

Sequencing Determination of the sequence of nucleotides (i.e. the order of base 
pairs) within nucleic acids such as DNA and RNA

Smectite (smectite clay) A group of related 2:1 phyllosilicate clay minerals having 
2 SiOn and 1 Al[OOH]n layers in their structure, high cation exchange capacity, 
and which swell when wet

Soil classification A system for categorizing soils based on their properties and 
[assumed] formation processes

Soil engineers Ecosystem engineers, in the specific context of soils, which change 
soil properties by modifying their habitats

Soil fluxes Changes in the location or composition of material in soils, such as 
additions, losses, transformations, and translocations

Soil pH The acidic or alkaline property of soil, defined as −log10(H+), where (H+) 
is hydrogen ion activity in the soil pore water (soil solution)

Soil physical conditions Soil properties related to states of matter, arrangement of 
solid particles and pores, internal and external forces, energy balance, etc. (e.g. 
density, water retention)

Soil remediation Improvement of soil health to make it suitable for a desired pur-
pose (may include contaminant removal, revegetation, etc.)

Soil sequence A sequence of geographically separated soils (e.g., along a transect), 
ideally which differ in only one state factor such as relief or time

Soil solution The water in soil pores containing dissolved ions and molecules
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Solubility product The equilibrium constant for a solid substance dissolving in an 
aqueous solution: the product of the component ion concentrations each raised 
to the power of their stoichiometric coefficient

Spatial analysis A mathematical analysis of the relationships between measure-
ments made in different locations

Speciation (chemical speciation) The existence of various chemical forms of an 
element or compound

Species richness The number of different species within a given environment or 
environmental compartment (see evenness)

State factor A descriptor of the state of an Earth subsystem (such as a soil or 
biome) which is expected to affect the properties of and processes in that subsys-
tem. These descriptors include climate, organisms present, geological materials 
and age, etc.

Statistical analysis Examination, summarization, manipulation, and interpretation 
of numerical data to discover any underlying differences, patterns, relationships, 
and trends

STEM Science, technology, engineering, and mathematics
Stratified sampling Sampling within predefined areas, based on soil type, land 

use, census district, etc.
Structure (soil structure) Organisation of soil grains into aggregates, and the size 

and geometry of the aggregates and their associated pore spaces
Surface complexation Adsorption of ions at a colloid surface where the bonding 

has characteristics of a coordination complex

T

Taxa Units of any rank (domain, phylum, class, order, family, genus, species) des-
ignating an organism or a group of organisms

Technosol An anthropogenic soil having ≥20% by volume of artefacts in upper 1 
m, or containing a hard layer of industrial origin

Terrestrial Relating to the land surface(s) of Earth
Texture (soil texture) A category based on the relative proportions of grains of 

different sizes in a soil
Texture triangle A triangular plot where the 3 axes show the proportions of sand-, 

silt-, and clay-sized grains in soils. The plot area is subdivided into polygons 
defining texture categories

Toposequence A soil sequence in a landscape with varying properties due mainly 
to a gradient in relief (e.g., position on a hillslope)

Transcripts Messenger RNA sequences produced by conversion of DNA to mes-
senger RNA

Trophic level A level in a ‘food chain’; the lowest level includes the photosynthetic 
organisms; energy is transferred to the next level when these organisms consume 
plants, etc.

Glossary



440

U

Univariate Referring to a single variable in a dataset (usually in the context of 
statistical analysis)

Upland soil A soil which is never submerged during normal seasonal cycles
Urban heat island See heat island
Urbanisation The increase in human population in cities relative to non- urban areas
Urban karst The combination of impervious surfaces and below-ground infra-

structure and cavities that result in preferential water flow
Urbosphere The sub-system of the Earth showing a dominant influence of urban 

development

V

Vadose zone The vertical extent of soil and sediment which is above groundwater 
and has unsaturated conditions

Volume relationships The proportions of the soil volume occupied by solids, liq-
uids, and gases (and derived parameters such as density)

W

Water Sensitive Urban Design (WSUD) Integrated water management for urban 
environments to improve sustainable water use, environmental protection, and 
urban aesthetics

Weathering Chemical or physical changes to rocks or other solid materials due to 
exposure to air and water, heating/cooling etc.

Wetland soil A soil which is submerged for at least part of the year during normal 
seasonal cycles
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