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Abstract

Soil functions are critical for ecosystem survival and thus for an ecosystem’s provision of
services to humans. This is recognized in the proposed EU Soil Framework Directive from
2006, which lists seven important soil functions and services to be considered in a soil
management practice. Emerging regulatory requirements demand a holistic view on soil
evaluation in remediation projects. This paper presents a multi-scale, structured and
transparent approach for incorporating the soil function concept into sustainability appraisal
of remediation alternatives using a set of ecological, socio-cultural and economic criteria. The
basis for the presented approach is a conceptualization of the linkages between soil functions
and ecosystem services connected to with the sustainability paradigm. The approach suggests
using (1) soil quality indicators (i.e. physical, chemical and biological soil properties) for
exploring the performance of soil functions at the site level, and (2) soil service indicators (i.e.
value-related measurements) for evaluating the performance of services resulting from soil
functions across all levels of the spatial scale. The suggested approach is demonstrated by
application ina Multi-Criteria Decision Analysis (MCDA) framework for sustainability
appraisals of remediation alternatives. Further, the possibilities of using soil quality indicators
for soil function evaluation are explored by reviewing existing literature on potential negative
and positive effects of remediation technologies on the functionality of the treated soil. The
suggested approach for including the soil function concept in remediation projects is believed
to provide a basis for better informed decisions that will facilitate efficient management of
contaminated land and to meet emerging regulatory requirements on soil protection.

Keywords: soil functions, ecosystem services, contaminated sites, remediation, sustainability
assessment, multi-criteria decision analysis

1. Introduction

Soil contamination continues to be a widespread threat to the soils throughout the world, and
has resulted in a wide array of remediation techniques and management options (FRTR,
2002). The land management practice reveals that remediation aimed at revitalization of
contaminated sites is at the core of achieving sustainable development in the built
environment (Bardos, 2003; Bardos et al., 2000; Schédler et al., 2011). Still, the remedial
action in itself needs to be sustainable in a wide context, taking into account the ecological,
the economic as well as the socio-cultural domains of sustainability (Bardos et al., 2011;
Rosén et al., 2009; SURF-UK, 2011, 2010). The current best practice for managing
contaminated sites, i.e. risk-based land management, is aimed at achieving “fitness for use”
appropriate to the location on the basis of risk reduction, taking into account environmental
effects and socio-economic consequences (Bardos et al., 2011; Vegter et al., 2003). It is,
however, evident that emerging regulatory requirements on soil protection advocate a holistic
view on future management of contaminated sites (Bone et al., 2010a, 2010b; Rodrigues et
al., 2009). Such a view holds that there is a crucial need for comprehensive assessment of the
soil in remediation projects, accounting for soil functions and services.

The soil functions and services as included in the proposed EU Soil Framework Directive are
(1) biomass production, including agriculture and forestry; (ii) storing, filtering and
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transforming nutrients, substances and water; (iii) biodiversity pool, such as habitats, species
and genes; (iv) physical and cultural environment for humans and human activities; (v) source
of raw materials; (vi) acting as carbon pool; (vii) archive of geological and archeological
heritage (COM, 2006). Since soil functions are critical for ecosystem survival and thus for
ecosystem’s provision of services to humans, it is critical to evaluate soil performance when
assessing sustainability in remediation projects.

Evaluation of the above mentioned soil functions and services includes handling of various,
sometimes conflicting, criteria accounting for multiple soil functions and uses, as well as
accounting for multiple stakeholder views (Lehmann and Stahr, 2010). A tool for handling
such a complex task is Multi Criteria Decision Analysis (MCDA). Critical literature reviews
of approaches to and methodologies for MCDA in natural resource management are provided
by Linkov et al. (2006) and Mendoza and Martins (2006). Usually, the main objective of an
MCDA is to assess to what degree a number of decision alternatives fulfil a set of
performance criteria (Mendoza and Martins, 2006). The criteria are typically evaluated for
each alternative so that all studied alternatives can be ranked. Thus, selecting criteria and
weighting their importance are fundamental parts of the MCDA. Criteria of the ecological,
socio-cultural and economic domains of sustainability form a common structure for appraisal
in soil remediation projects (e.g. Bardos et al., 2011; Brinkhoff, 2011; Postle et al., 1999;
Rosén et al., 2009; SURF-UK, 2010) and in sediment remediation projects (e.g. Linkov et al.,
2004; Sparrevik et al., 2011), usually assuming a risk-based approach to land and sediment
management. Further, a recent study by SURF-UK (2011) suggests a holistic approach to
management of contaminated sites accounting for ecosystem functions, goods and services
provided by soil resources. There are, however, no studies on sustainability appraisal of
remediation alternatives that explicitly explore the linkages between soil functions, ecosystem
services, and the sustainability domains.

2. Aim and scope

The aim of this paper is to provide a structured approach for incorporating the soil function
concept into sustainability appraisal of remediation alternatives and to demonstrate how this
approach to soil function evaluation can be used within an MCDA framework. The first step
in achieving this objective (aim) is to provide the reader with the terminology used in this
paper and suggest a hierarchy between soil functions, soil processes, soil services and
ecosystem services (Section 3). Thereafter, the paper presents a conceptualized hierarchy for
connecting soil functions and ecosystem/soil services with the ecological, economic, and
socio-cultural domains of sustainability (Section 4). Section 5 presents a suggested approach
for evaluation of soil function performance within the scope of sustainability appraisal of
remediation alternatives. Section 6 demonstrates application of the approach within an
MCDA framework. Section 7 details specific constraints of soil function evaluation with
respect to potential effects on soil quality caused by remediation. Finally, the last two sections
provide the reader with a discussion of the suggested approach as well as some brief
conclusions.
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The novelty of the presented study is the conceptualization of the linkages between soil
functions and ecosystem services connected to the three common sustainability domains
(Section 4). This is not generally discussed in existing literature and allows for scaling of soil
performance evaluation in an MCDA framework from site-specific observations to
assessment of global socio-economic effects. This study presents an approach for how to
operationalize the inclusion of the soil function concept in remediation projects in order to
provide a basis for better informed decisions, to facilitate efficient management of
contaminated land, and to meet emerging regulatory requirements on soil protection.

3. Terminology

This section defines the terms used in this paper and suggests a hierarchy between soil
functions and services, recognizing that some terms can be used differently in another field or
discipline. The suggested terminology is based on literature studies, mainly considering works
in environmental economics (e.g. Costanza et al., 1997; de Groot et al., 2002; de Groot, 2006;
Ekins et al., 2003; Fisher et al., 2009; Hein et al., 2006; Gibson et al., 2000), soil science (e.g.
Lehmann et al., 2008; Lehman and Stahr, 2010, Schindelbeck et al., 2008), and other
environmental fields (e.g. Blum, 2005; Bone et al., 2010a; Cash et al., 2006; Johnson et al.,
1997; Lamarque et al., 2011). Confusion about the specified terminology usually stems from
(i) interchangeable use of ecosystem services with such terms as ecological, landscape, and
environmental services (see e.g. the exhaustive literature study by Lamarque et al., 2011); (ii)
various definitions of soil quality (see e.g. the compiled definitions in Bone et al., 2010a), as
well as various interpretation of the term soil quality in relation to environmental change and
soil degradation (see e.g. a review of terminology by Johnson et al., 1997); (iii)
interchangeable use of the term scale with such terms as resolution, dimension, and level (see
e.g. reviews by Gibson et al., 2000 and Cash et al., 2006); and finally (iv) unclear differences
between soil functions and the services resulting from these functions. Sometimes the soil
function concept is used to describe the internal functioning of a soil system (e.g. Lehmann et
al. 2008; Lehmann and Stahr, 2010; Shchindelbeck, 2008) and sometimes it relates to the
benefits humans directly (or indirectly) gain from the soil systems (e.g. de Groot, 2006). The
proposed EU Soil Framework Directive (COM, 2006) combines both these aspects of the soil
function concept.

Soil function is here defined as a capacity of soil to fulfil the requirements assigned to it by
nature, i.e. what the soil does in its natural state. Based on the study of de Groot et al. (2002),
each soil function, being a subset of an ecosystem function, is recognized as the result of the
soil processes arising out of the complex interactions between living (biological) and non-
living (physical and chemical) soil components through the universal driving forces of matter
and energy.

Soil processes are equivalent to the definition of ecosystem processes by Groot et al. (2002).
For example, purification of water is a soil process that may provide several soil functions
such as filtration and degradation of contaminants.
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Soil quality is, in the context of soil remediation, defined as suitability in relation to the end
use of the soil (Johnson et al., 1997).

Soil quality indicators are defined as the measurable properties of soil used to evaluate the
degree to which the soil quality matches the soil functions determined by the intended end use
of the soil, e.g. land use. These soil quality indicators for soil function evaluation may
encompass physical, chemical and biological parameters (Schindelbeck et al., 2008).

A soil service is a soil function which has been directly or indirectly utilized by an individual
or society to yield human well-being. As such, a soil function immediately turns into a soil
service once it has been delivered to and utilized by humans.

A soil service indicator is defined as a value-related measurement that indicates to which
degree a management action contributes to human well-being by preserving, restoring and/or
enhancing a soil service. These value-related measurements can be expressed in: (1)
community-based values which reflect attitudes, preferences, and intentions associated with a
soil service; (2) economic values revealed by market data (if any) about a soil service, or the
willingness to pay (WTP) for the service provided by the end use of the soil (SAB, 2009).

Soil use is in this study defined as a direct or indirect utilization of soil resources by humans.
For example, soil resources can be utilized as a construction material, a construction ground, a
basis for human activities, an archeological archive, or a source of inspiration and aesthetic
experiences.

Land use is defined as arrangements, activities and inputs humankind undertake in order to
produce, change or maintain the observed biophysical cover on earth’s surface, including
water, vegetation, bare soil, bare rock and artificial structures (FAO, 1997).

Ecosystem services are defined as ecosystem functions utilized by humanity, either directly or
indirectly, to produce human well-being (Fisher et al., 2009). As such, ecosystem services
include the services provided collaboratively by soil, air, water, and biota. It could hence be
argued that most soil services are in fact ecosystem services as soil seldom is the sole
contributor to a specific service.

The terms soil function and soil service are used in this study to specify the ecosystem
function and the ecosystem service resulting from ecosystem processes where the soil is the
dominant component or driving force.

The distinction between soil goods and soil services is ignored here, in analogy with Costanza
et al. (1997) for ecosystem goods and ecosystem services.

Scale is defined as analytical dimensions designed to observe and study any phenomenon in
space and time using levels as the units of analysis, which are located at different positions on
a scale (Gibson et al., 2000; Cash et al., 2006). For example, an organism, an ecosystem, a
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landscape, a biome, a biosphere can be considered as different observation levels on the
ecological scale.

4. Conceptualized hierarchy between soil functions and services aligned with the
sustainability paradigm

As the aim of a sustainability appraisal of remediation alternatives is to evaluate whether a
remediation alternative contributes to sustainable development or not, it is important to link
the hierarchy between functions, processes and services provided by an ecosystem, including
a soil system (see Section 3), with the three domains of sustainability. We suggest an
hourglass model to clearly illustrate the above mentioned linkages and the hierarchy (Fig. 1).

In the ecological domain the ecosystem processes are based on the ecosystem structure and
interactions between its biotic and abiotic components (de Groot et al., 2002). These
processes result in ecosystem functions. Ecosystem functions turn into ecosystem services
once they are used by humans and thus passing through the socio-cultural domain (Fisher et
al., 2009). When an ecosystem service has an economic value (Turner et al., 2000), this
service is transferred to the economic domain (Fig. 1).

The bottleneck in the hourglass model is utilization (Fig.1). Like sand grains are flowing
faster through a wider neck of an hourglass so are natural resources quickly depleting through
overuse, which is changing the potential of supplying ecosystem services. Safeguarding this
supply requires (1) ecosystems capable of properly regulating the essential ecological
processes through structures, functions, and biogeochemical cycles (Ronnbéack et al., 2007);
and (2) a sustainable utilization of the natural resources. The limits of such utilization (i.e. the
neck width of the sustainability hourglass in the suggested allegory) are usually defined on the
political level by developing and adapting a variety of regulatory requirements and
environmental laws, e.g. the proposed EU Soil Framework Directive (COM, 2006) for
sustainable use of soil resources.

When managing or governing natural resources, it is critical to keep the balance between the
ecological, socio-cultural and economic domains by supporting ecosystems’ functioning in
return for enjoying, consuming and utilizing ecosystem services. By flipping over the
hourglass of sustainability and placing the economic domain on top (Fig. 1), ecosystems’
functioning is sustained by investments aimed at compensating the degradation that human
utilization of natural resources might imply. However, some ecosystems’ components and
processes are unique and irreversible over relevant time horizons and thus cannot be
compensated (van den Bergh, 2010). This implies that although a total change in all three
sustainability domains might be positive as a result of a management action, a compensation
of a negative change in a certain domain by a positive change in another one would therefore
lead towards weak sustainability (Ekins et al., 2003; van den Bergh, 2010). A strong
sustainability perspective, in contrast, implies that a management action must generate only
positive changes in all three domains of sustainability without allowing for compensation.

5. A suggested approach to soil function evaluation within an MCDA framework
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A sustainability appraisal within a generic MCDA framework in remediation projects
typically includes six basic steps (see e.g. Sparrevik et al., 2011): (1) formulation of the
objectives and identification of an MCDA method, (2) generation of remediation alternatives,
(3) criteria and metrics development, (4) evaluation of the generated alternatives against
criteria in the ecological, the socio-cultural, the economic domains of sustainability,

(5) criteria weighting (i.e. identifying their relative importance), and (6) information
synthesis, comparison of remediation alternatives based on their overall performance on the
criteria, and sensitivity analysis of the obtained results (Fig. 2). The incorporation of the soil
function concept as included in the proposed Soil Framework Directive (COM, 2006) is
achieved by allocating the soil functions towards the ecological domain and the soil services
towards the socio-cultural and the economic domains of an MCDA. The effects of identified
remediation alternatives on the soil performance can be measured using soil quality and soil
service indicators (Fig. 2).

Soil quality indicators can be used to evaluate to what degree a quality of the remediated soil
matches soil functions relevant to intended land uses within the boundaries of the remediation
site. For example, the performance of the soil functions (i) storing, filtering and transforming
nutrients, substances and water and (ii) biodiversity pool, such as habitats, species and genes
as listed in the proposed Soil Framework Directive (COM, 2006) can be evaluated using the
correlations between the soil quality indicators and soil functions suggested by Lehmann and
Stahr (2010) or Schindelbeck et al. (2008). However, there are some challenges associated
with usage of these soil evaluation methods within an MCDA of remediation alternatives (see
Section 7).

Soil service indicators can be used to evaluate the degree a remedial action contributes to
human well-being by preserving, restoring and/or enhancing soil services provided by
intended land use. For example, the soil service indicators can be explored using the
framework for integrated assessment of ecosystem functions, goods and services (de Groot et
al., 2002; MA, 2005). In this study these soil service indicators are suggested to address: (1)
relevant criteria of the socio-cultural domain by examining community-based values, i.e. the
attitudes, preferences, and intentions of an individual or group of individuals towards the
effects associated with the remediation alternative; and/or (2) the criteria of the economic
domain by assessing the economic values associated with the change in the soil service
caused by remediation (Fig. 2). The soil-related criteria in the economic domain can be
addressed in terms of the effects caused by remediation on market and non-market priced soil
services. The soil’s abilities to serve as (i) a source of raw materials and (ii) as a basis for
biomass production including agriculture and forestry are valued in markets and are thus
market priced soil services. The same is true for a soil’s ability to serve as a basis for housing
and construction, where the development value of land is observable in a market place. This
ability of the soil to some extent corresponds to the soil service physical and cultural
environment for humans and human activities, as included in the proposed Soil Framework
Directive (COM, 2006). However, such soil services as (1) acting as carbon pool and (2)
archive of geological and archeological heritage can be defined as non-market priced soil
services, because they are freely available for humans as an element of nature.
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6. Demonstration example

This section presents a demonstration of the suggested approach to soil function evaluation
using an MCDA prototype for sustainability appraisal of remediation alternatives developed
by Rosén et al. (2009). The MCDA prototype uses the common three pillar sustainability
model: ecology, economy, and socio-culture. In the economic domain, costs and benefits are
measured quantitatively in monetary terms using Cost-Benefit Analysis (CBA) (Rosén et al.,
2008). The CBA addresses social profitability which is the only criterion in the economic
domain. In the ecological and socio-cultural domains, qualitative scores are assigned to a
number of key criteria (Table 1). Each criterion is scored between -2 representing “very
negative effect” and +2 representing “very positive effect” relative to a reference alternative.
A score of 0 represents “no effect”. Importantly, the effects of remediation alternatives are
measured relative to the reference alternative, e.g. when no remedial action is taken. The
MCDA prototype is currently being further developed and parts of this work can be found in
Norrman et al. (2012).

The MCDA prototype is based on a linear additive model (to rank the remediation
alternatives) in combination with a non-compensatory method (to exclude those alternatives
which are regarded as not leading towards sustainability). The most sustainable alternative is
the one which generates the highest sustainability index in the interval [-1; +1]. If the
remediation alternative generates a positive sustainability index, it is regarded as leading
towards weak or strong sustainability. It is considered as leading towards strong sustainability
if it performs positively on all key criteria, i.e. without allowing for compensation among key
criteria. The perspectives of strong and weak sustainability have also been adapted in an
MCDA model for sustainability assessment in regional planning projects (Boggia and
Cortina, 2010).

The soil service indicators can be used to address (a) the cultural environment, the recreation
and the land use on site criteria in the socio-cultural domain of the MCDA prototype (Table
1), as well as (b) the social profitability criterion in the economic domain in terms of the
effects caused by remediation on market and non-market priced soil services. For example,
WTP studies can be used to monetize the benefits associated with increased recreational
opportunities on the remediated site as suggested to be included in the CBA by Rosén et al.
(2008).

7. Challenges: using soil quality indicators within an MCDA framework

Since methods for soil function evaluation is typically based on interpretation of the effects on
a minimum data set (MDS) of soil quality indicators (e.g. Lehmann et al., 2008), the
indicators can provide an important input for the ecological domain of the MCDA framework.
However, there is no standardized MDS (Bone et al., 2006a). Further, there is a lack of
knowledge on the relationship between the soil quality indicators and the soil functions
(Lehmann and Stahr, 2010). Still, there are some known correlations that are used for soil
function evaluation. For example, the stagnic luvisol soil with pH of 7.5, humus content of 1-
3%, coarse material of 0-1%, bulk density of 1.3-1.6 g/cm®, soil depth of 1m corresponds to a

8
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very poor performance of the soil function biodiversity pool (Lehmann et al., 2008). To apply
the soil function evaluation method within an MCDA, there is a need not only to know how to
interpret the effects on a set of soil quality indicators but also to know how available in- and
ex-situ remediation technologies would impact these indicators. The state of the art and
available knowledge concerning the latter was in this study assessed by performing a review
of available literature (Tables 2 and 3). A brief description of identified studies aimed at
evaluation of the changes in soil functions after treatment, including the references and
examined remediation technologies, is presented in Table 2. Further, the impacts of these
technologies on the examined soil quality indicators are compiled in Table 3.

From table 3 it is clear that a successful MDS of soil quality indicators should include
physical, chemical and biological indicators. For such as set to be useful in practice, focus
should be on indicators that are easy to measure, e.g. water holding capacity, organic matter
content, pH, available nitrogen, available phosphorus, and microbial activity. Further research
is needed to propose a general MDS to be used in an MCDA, to study the interplay between
soil quality indicators, the relationship between indicators and the functions, and the impact
by remediation.

8. Discussion

This study presents a structured approach for incorporating the soil function concept into an
MCDA framework for sustainability appraisal of remediation alternatives. By exploring the
linkages between ecosystem functions and services provided by soil resources as well as the
sustainability domains, the presented approach suggests allocating soil functions to the
ecological domain, and soil services to the socio-cultural and the economic domains of the
appraisal. In contrast, in the recent study by SURF-UK (2011) ecosystem functions, goods and
services provided by the soil are suggested to be evaluated in the ecological domain.
However, as evident from the definitions of ecosystem goods and services usually used in
environmental economics (see Sections 3 and 4), the goods and services resulting from soil
functions might be more relevant to socio-economic effects of remediation. Admittedly, these
socio-economic effects have a multi-scale characteristic, because ecosystem services are
spread across all levels of the spatial scale (Hein et al., 2006). By using soil service indicators,
as suggested in this study, the socio-economic effects resulting from the performance of
remediated soil could be evaluated from the site to the global levels.

The approach allows scaling of soil performance assessment from site-specific observations
for the appraisal of global socio-economic effects. Scaling is suggested to be achieved by
using the soil quality indicators in the ecological domain of the MCDA and soil service
indicators in the socio-cultural and the economic domains. At what level of the spatial scale
the performance of the soil is evaluated in the ecological domain will depend on the size of
the remediation site. Even though the area of the contaminated site in question is relatively
small (less than one square kilometre), the changes in the physical, chemical and biological
properties of the soil on the local level can impact the whole ecosystem on the regional level
(Schindelbeck et al., 2008). Thus the size of the site should be taken into consideration with
respect to the potential ecological effects of a remedial action on the ecosystem at the regional

9
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level. For example, an altered capacity to drain and store water as a result of soil treatment
within the boundaries of the site on the local level can affect the groundwater recharge
potential on the regional level.

Sometimes the same soil service can be evaluated twice: when addressing the socio-cultural
and the economic domains of sustainability. This introduces a problem of double-counting
only in the special case when economic values are considered to reflect all other types of
values. Assigning economic values hinges on the individualistic view that well-being is
determined by the degree of preference satisfaction, which typically is monetized through
willingness to pay (WTP) (Hausman and McPherson, 1996). For example, if the provision of
drinking water is a soil service restored by the remedial action, the WTP for drinking water
can be a money-related expression of the environmental change associated with remediation
of the contaminated soil. WTP is the economic value people place on the service based on
what they think is appropriate for them as individuals rather than what is beneficial for society
as a whole since the choice is directly connected to, and constrained by, personal income
(SAB, 2009). However, the same individuals taking a community well-being perspective can
place another kind of value, e.g. ethical value, on the same service, denoting the degree of its
importance for humanity, which is not necessarily reflected in their WTP. Thus, there might
be a fundamental difference between their roles as consumers and citizens (Sagoff, 2007).

In general, soil remediation is performed to reduce risks of negative impact on health and the
environment posed by contaminants in the soil. The level of reduction is usually linked to the
intended land use, i.e. the allowable concentration levels of contaminants in the soil after
treatment with respect to the end use of the site. For example, chemical soil quality
requirements for residential areas are stricter than for industrial areas, parking spaces or roads
(van Hees et al., 2008). The end use of the site will also have a direct impact on the targeted
soil functions (Lehmann and Stahr, 2010). There is, however, a need for a project-specific soil
assessment for evaluating the effects of remediation alternatives on soil functions, as there are
still few studies on impacts on soil functions by remediation technologies (Table 2). The
research results on the effects of remediation on soil quality in terms of its functionality
(Table 3) are difficult to generalize for application in an MCDA, since these results are
relevant only for some technologies, some soil types, and some soil functions. The rather
limited results from the scarce literature sources can still be used within the MCDA. For
example, if the identified remediation alternatives within an MCDA are (1) immobilization of
contaminants with biosolids combined with lime, and (2) phytoextraction by Lolium perenne
with organic amendments, then according to the results in Table 3, the effects of these
alternatives on the soil function biodiversity pool would be very positive.

In turn, the end use of the site will also impact the targeted soil services resulting from the
functions. This implies that a site designed for residential redevelopment will provide
different soil functions and services compared to a site for recreation or biomass production.
Accordingly, different end uses of the remediated site will result in different sets of soil
functions and services. The land use scenarios should be identified at an early stage of the
sustainability assessment. Once land uses and a corresponding set of the soil functions and
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services are identified, relevant soil quality indicators and soil service indicators can be used
to evaluate the effects associated with available remediation alternatives.

Evaluation of the soil performances should be included into sustainability appraisal of
remediation alternatives in order to stringently assess remediation alternatives as to whether
they lead to sustainable development and thus safeguard the soil functions and services.
Considering the importance of soil functions and services for ecosystems and humans,
additional costs accrued by the inclusion of the soil function concept in an MCDA of
remediation alternatives might be motivated from a social perspective and be compensated by
implementation of more cost-effective and innovative remediation alternatives.

9. Conclusions

The following main conclusions were drawn from this study:

= Soil performance evaluation is achieved on different spatial scales by using (1) soil quality
indicators (i.e. physical, chemical and biological soil properties) that reflect effects on soil
functions at the site level, and (2) soil service indicators (i.e. value-related measurements) that
reflect effects on services resulting from soil functions across all levels of the spatial scale.

= The conceptualized hierarchy between soil functions and services, as well as the suggested
approach for soil performance evaluation can be generalized to application in various land
management projects using MCDA approaches to sustainability assessment of decision
alternatives based on the three pillar model.

= Identification of suitable soil quality indicators and soil service indicators for evaluating
the performance of soil functions in remediation projects is recognized as a priority topic for
future research. As evident from this study, there is a need for further investigation aimed at
establishing the potential negative and positive impacts of various remediation technologies
on the soil quality in the context of the soil functionality.
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Fig. 1. Hourglass of sustainability: the linkages between the domains of sustainability and the ecosystem
functions and services.

Fig. 2. Incorporation of the soil function concept into a generic MCDA framework for sustainability appraisal in
soil remediation projects. The grey arrows indicate the main flow of appraisal. The black arrows and the dotted
box correspond to soil function evaluation within the appraisal.

Table 1
Key criteria for the ecological and the socio-cultural domains of sustainability (Rosén et al., 2009).

Table 2
A brief description of the studies examining the impact of remediation technologies on soil functionality.

Table 3
Impact of remediation technologies (see a description and references in Table 2) on soil quality indicators.
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Table 1

Ecological domain

Socio-cultural domain

Land environment

Groundwater

Surface water

Air

Sediments

Consumption of natural resources

Equity and acceptance

Health due to contamination at the site
Health due to remediation

Cultural environment

Recreation

Land use on site

Land use off site




Table 2

Remediation technolo Type’, Soil type Contaminant Concentration Time Purpose/Comments Reference
W scale P Chetore, (Mg kg™?)  Reduction, (%)  (days) P
Immobilization/ Zeolite L Sand Pb 125-2000 30-47 90 Evaluation of physical and chemical properties of garden soils and lead  Li et al. (2009)
uptake by colza after remediation by zeolite.
Immobilization/ Biosolids ~ In-situ, F Alluvial tailings Pb 3170 Not specified 1095 Evaluation of the ecosystem functions after application of municipal Brown et al. (2005)
deposits Zn 1730 biosolids mixed with lime stone to metal-contaminated mine tailings in
Cd 15,9 Leadville, CO, USA. 13 species of plants, earthworms and 5 small
mammals were analyzed for toxicity.
Soil Washing In-situ, F Fluvaquent soil Cd 0,710 66-85 Not Evaluation of soil fertility after remediation of contaminated paddy Makino et al. (2007)
stated fields using soil washing tecnology.
Electrokinetics 1 L Evesham Series polymers , amino acids, carbohydrates, amines, 27 Evaluation of impact on soil microbial community caused by Lear et al.(2004)
heavy clay carboxylic acids, phenols electrokinetics (a laboratory soil cartridge microcosm).
Electrokinetics 2 L Evesham Series PCB 100 46 36 Evaluation of impact on soil microbial community caused by Lear et al. (2007)
heavy clay electrokinetics (a laboratory soil cartridge microcosm).
Bio UN+T L Ranker PAH 260-310 48-68 400 Evaluation of soil health after bioremediation, biopile, UN+T— Dawson et al. (2007)
untreated, soil turned every 2 weeks.
Bio NA+T 120-210 32-33 Bioremediation, biopile, NA+T-100 C:15 N:1P ratio of nutrient
addition (as NH4NO3 and KH2PO4), soil turned every 2 weeks
Bio SA+T 90-170 24-27 Bioremediation, biopile, SA+T-1% (v/w) of surfactant addition
(sorbitan monooleate), soil turned every 2 weeks.
Bio MIX+T 90-190 24-30 Bioremediation, biopile, MIX+T—equal mixtures of UN+T, NA+T and
SA+T, soil turned every 2 weeks.
Biopile A Ex-situ Acidic sludge PAH 6000 81 730 Evaluation of soil health after remediation of manufactured gas plant, Plaza et al. (2005)
Biopile N on site, F 30 240 Bioremediation, biopile, aerated (Biopile A) and non-aerated (Biopile
N).
Phytoextraction 1 L Clay loam Zn 1000 37 150 Evaluation of soil health after phytoremediation by T. caerulescens J. Epelde et al. (2008b)
Pb 500 42 and C. Presl.
Cd 100 32
Phytoextraction+EDDS L Clay loam Pb 5000 55 120 The EDDS (ethylene diamine Disuccinate)- and the EDTA (ethylene Epelde et al. (2008a)
2500 43 diamine tetracetic acid)-mediated lead phytoextraction with Cynara
Phytoextraction+ EDTA 5000 21 cardunculus. The impact caused by remediation on soil health
2500 20 evaluated for soil contaminated with Pb concentration of 2500 mg kg™
Phytoextraction + SA L Sandy loam Zn 1000 13 30 A pot experiment on phytoextraction by Lolium perenne with organic Epelde et al. (2009)
Pb 340 53 (OA) and synthetic amendments (SA) for health evaluation of the
Cd 2.6 11 treated soil.
Phytorextraction + OA Zn 1000 32
Pb 340 55
Cd 2.6 37
Phytoextraction 2 L Clay loam Zn 1000 14 120 Nine combination of metal pollution in soil have been studied to Epelde et al. (2010)
cd 250 28 evaluate the impact of the phytoextraction (by Thlaspi caerulescens) on

soil microbial communities. Functional gene distributions have been
evaluated by functional gene arrays (GeoChip)

® Type of remediation technique.

L: Lab experiment.
F: Field experiment.



Table 3

Soil quality indicators

Remediation Technologies

Immobilization/ zeolite

Immobilization/ biosolids

Soil Washing

Electrokinetics 1

Electrokinetics 2

Biopile A/N

Bio UN+T

Bio NA+T

Bio SA+T

Bio MIX+T

Phytoextraction 1

Phytoextraction+EDDS

Phytoextraction+ EDTA

Phytoextraction + SA

Phytoextraction + OA

Phytoextraction 2

Physical

Particle size distribution
Soil structure

Soil texture

Water holding capacity
Organic matter
Temperature

++
++

++

++

++

++

++

++

Chemical

pH (H;0)

pH (CaCly)

pH (KCI)

Total CEC
CEC(Kali, Magnesium)
CEC (Calcium )
Total carbon

Total nitrogen
Available Nitrogen
Available Phosphorus
Available Kali
Available Magnesium
Auvailable Calcium
Electric conductivity

++

++

++

++
++
++

++
++

++

++

++

++

++

++

++
++

++

++

++

++

++
++

++

++

++

++
++

++

Biological

Microbial biomass Carbon
Micribial biomass Nitrogen
Respiration

Basal respiration/ Carbon
miniralization
Substrate-induced respiration
Earthworm bioaccumulation
Earthworm survival

Small mammals survival
Dehydrogenase activity
Enzyme activity

Potentially mineralizable
Nitrogen

Species richness

Shannon's diversity

Seed germination

Root elongation

Dragonflies bioaccumulation
Ostracods bioaccumulation

++
++

++

++
++

++

++

++

++
++

++

++

++

++

++

++

++

++

++

++

++

++

++

++

++

++

++

++
++

oo o o

++

++
++

++

++

++

++
++

++

++
++

++

++

CEC: caution exchange capacity.

+: positive impact on the soil quality indicator is observed in the study without specifying a value of incremental

increase in the parameter.

++: an incremental increase in the parameter is specified in the study.
—: an incremental decrease in the parameter is specified in the study.

0: no impact on the soil quality indicator is observed in the study.





