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Abstract

Purpose In urban areas, humans shape the surface, (re-)deposit natural or technogenic material, and thus become the dominant
soil formation factor. The 2015 edition of the World Reference Base for Soil Resources (WRB) describes anthropogenic urban
soils as Anthrosols or Technosols, but the methodological approaches and classification criteria of national soil classification
systems are rather inconsistent. Stringent criteria for describing and mapping anthropogenic soils in urban areas and their
application are still lacking, although more than half (53%) of the urban soils in Berlin are built-up by or contain anthropogenic
material.

Materials and methods On behalf of the Berlin Senate Department for the Environment, Transport and Climate Protection and in
close cooperation with the German Working Group for Urban Soils, a comprehensive guideline for soil description in the Berlin
metropolitan area (BMA), with special regard to anthropogenic/technogenic parent material and anthropogenic soils, has been
developed. Our approach includes all previous standard works for soil description and mapping and is based on studies that have
been conducted in the BMA over the last five decades. Special emphasis was placed on the integration of our manual into the
classification system of the German soil mapping guideline (KAS5).

Results and discussion The extension of existing data fields (e.g., the further subdivision of land use types) as well as the creation
of new data fields (e.g., pH value) adapted to the requirements of urban soil mapping has been carried out. Additional technogenic
materials that occur in urban environments have been added to the list of anthropogenic parent materials. Furthermore, we
designed appendices that clearly characterize typical soil profiles of the BMA and depict technogenic materials, their physical and
chemical characteristics, as well as their origin and distribution. Our approach will set new benchmarks for soil description and
mapping in urban environments, which will improve the quality of urban soil research in the BMA. It is expected that our
approach will provide baselines for urban soil mapping in other metropolitan areas.

Conclusions Our guideline is a comprehensive manual for the description of urban soils within a national soil classification
system. This mapping guideline will be the future standard work for soil surveys and soil mapping in the federal state of Berlin.
Currently, representatives from federal and state authorities are reviewing our guideline, with a view to potentially integrating key
components into the classification system of the forthcoming 6th edition of the German soil mapping guideline (KA6).
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1 Introduction

Soils play a decisive role in the ecosystem and fulfill natural
and utilizing functions as specified in the German Soil
Protection Act (BBodSchG 1998). They regulate climate, wa-
ter, and matter balance; provide habitats and nutrients for
plants and animals; and serve as an area for cultivating plants
and food production. Simultaneously, they are an archive of
natural and cultural history and serve as settlement areas (e.g.,
Morel et al. 2015). Since the industrial revolution in Europe in
the nineteenth and twentieth centuries, more and more people
have migrated to cities, which has progressively led to their
spatial expansion and rapid land consumption for dwelling
and industrial areas, commonly known as the urban sprawl
(Couch et al. 2007). Urbanization is not an exclusively
European process (Kojima 1996) but a development that af-
fects soils in urban and peri-urban areas worldwide (Makki
and Kohler 2013; Ceccarelli et al. 2014; Asabere et al. 2018;
Wang et al. 2018). Due to this development, natural soil for-
mation processes in urban environments can be severely
disrupted. Based on the projections of the United Nations
(United Nations, Department of Economic and Social
Affairs, Population Division 2019), by the year 2050, more
than 68% of the world’s population will live in urban areas,
leading to further disturbances of soil ecosystems. By shaping
the surface, (re-)depositing natural and technogenic material,
man is the dominant soil formation factor in urban and peri-
urban areas, affecting natural soil formation factors, such as
climate, relief, and parent rock, and thus altering soil
properties.

1.1 Soil properties in the urban environment

Man-made alterations lead to heterogeneous and versatile soil
types, properties, and distributional patterns in the urban en-
vironment. These attributes are often decoupled from natural
soil formation factors and are highly reliant on the modifica-
tions. Soils in urban areas, for example, often contain an ele-
vated humus content in the top and subsoil (Fig. 1). In the top
and subsoils of the BMA, approximately 18.25 million tons of
organic carbon are stored (Richter et al. 2020). The spatial
distribution pattern, however, shows no naturally occurring
pattern but is particularly dependent on land use (Fig. 2a and
b). The large urban green spaces, such as Tiergarten,
Tempelhof airfield, and Treptower Park in the city center,
exhibit higher soil carbon stocks per hectare in the topsoil than
the forested areas on the north-western and south-eastern out-
skirts (Fig. 2a). Soil carbon storage in the subsoil (Fig. 2b)
varies even more and is dependent on the substrate available
for soil formation. However, the measured organic carbon
content is not exclusively attributable to soil organic matter
of natural origin and genesis, but to a wide variety of
technogenic organic substances or technogenic materials
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Fig. 1 Organic carbon contents (N =441) of different soil types (natural
and anthropogenic / technogenic) and urban structure types in the BMA,
(0—100 cm), OC contents have been measured by loss-on-ignition method
(420 °C), modified and extended acc. to Makki (2015b)

(Makowsky and Meuser 2007; Edmondson et al. 2012;
Makki 2015b), especially in the urbanized districts of the
BMA, which cannot perform the properties and functions of
humus in the soil. There is still a lack of information in relation
to how technogenic carbon can be reliably estimated during
soil description. The humus content is just one example of
how anthropogenic changes affect soil properties in the urban
environment.

Furthermore, due to anthropogenic and technogenic mate-
rial (concrete, rubble), soils in the BMA often exhibit a higher
content of easily soluble lime from technogenic materials
(Mekiffer 2008), which leaches into the subsoil over a period
of years to several decades and can change the physical and
chemical parameters of the soils (Blume and Runge 1978).
Impervious or compacted soils can perform their ecosystem
functions to a limited extent only (Wessolek 2008; Morel et al.
2015), and according to our observations, it is feasible that
periodically reducing conditions are generated. From a pedo-
genetic and soil ecological perspective, these alterations gen-
erate modified and diversified properties of the parent material
available for soil formation. Their inner structure and compo-
sition have influenced and will continue to influence other
elements of the ecosystems, such as groundwater and biota
(flora and fauna). Continuing urbanization and land consump-
tion will further increase these processes. In the urban envi-
ronment, for example, soil temperatures may be higher than in
surrounding areas or in large urban green spaces (Senate
Department for Urban Development and Housing 2020a);
groundwater recharge may also be reduced due to the imper-
viousness of sealed surfaces (Wessolek 2001, 2008). Thus,
soil surveys and the evaluation of soil-related information
are a direct instrument in investigating the soil condition, to

Fig. 2 Organic carbon contents in (a) top— (<20 cm) and (b) subsoils | 2
(20-100 cm) of the Berlin metropolitan area in t ha !, Richter et al. (2020)
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a Carbon Storage in the Topsoil (<20cm)

b Carbon Storage in the Subsoil (>20cm)
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understand and counteract human impact on soils, as well as
designating and protecting soils of a particular value. These
soil surveys require detailed soil description, new data fields,
and the establishment of a point-related soil database in urban
environments.

1.2 Urban soil surveys and mapping in Germany

Soil description and mapping are inherent measures in under-
standing soil formation processes in urban areas, in order to
build sustainable cities for the twenty-first century. The im-
plementation of the German Soil Protection Act (BBodSchG
1998) in 1998 established the nationwide legal basis for soil
surveys, in relation to physical, chemical, and biological prop-
erties, as well as soil use. In Germany, the 5th edition of the
German soil mapping guideline (KAS, ‘Bodenkundliche
Kartieranleitung’, 5th edition) is currently the national stan-
dard manual for describing and mapping soils (Ad-hoc AG
Boden 2005), designed to investigate the majority of soil pa-
rameters by field methods. These soil surveys include creating
detailed soil maps for federal and state authorities, as well as
landscape designers and environmental planners. The term
“soil mapping” is used synonymously for both soil description
and the creation of soil maps. Due to the extraordinary hetero-
geneity of urban soil properties, however, soil description and
mapping in urbanized areas are quite distinct from soil map-
ping in natural environments. For example, soil overview
maps at national level are created to a scale of 1: 200, 000
and smaller (for further information, see: www.bgr.bund.de/
DE/Themen/Boden/Informationsgrundlagen/
Bodenkundliche Karten Datenbanken/BUEK200/buek200
node.html)., These are based on soil surveys at a scale of 1: 50,
000. These existing approaches are not always applicable to
the heterogeneous and multifaceted spaces of metropolitan
areas like Berlin (Senate Department for the Environment,
Transport and Climate Protection 2018a) with its dynamic
history and continuous land use changes. On account of
man-made modifications, spatio-temporal relationships for
soil formation depending, infer alia, on age, geology, relief,
and water conditions are interrupted or even cut off. Studies in
urban areas show that, in contrast to rural areas, variations in
the substrate or its properties (e.g., technogenic material, hu-
mus content or soil type) can occur in extremely small areas
(Grenzius and Blume 1983; Grenzius 1993; Makki et al. 2014;
Senate Department for the Environment, Transport and
Climate Protection 2018a). Thus, completely different soil
formation processes can take place within a few meters.

To create detailed soil maps in urban areas for users in the
fields of urban/regional and landscape planning, ecologists,
and other adjacent disciplines, a soil survey on a scale of at
least 1:50, 000 or 1:25, 000 is necessary, as carried out in each
federal state in Germany (BLA-GEO 2006). In urban areas
such as the BMA, concepts for the derivation of soil overview

maps at a scale of 1:25, 000, based on areal data (e.g., geology,
land use, relief) and partial soil surveys, have already been
developed (e.g., Grenzius and Blume 1983; Cordsen et al.
1988; Grenzius 1993). These medium-scale overview maps
meet the requirements of the Berlin Land Use Plan (Senate
Department for Urban Development and Housing 2020b) and
the Landscape Programme (Senate Department for the
Environment, Transport and Climate Protection 2017a) but
are neither sufficient nor legally binding for planning tasks.
Therefore, large-scale soil surveys and the creation of point-
related data by urban soil mappers (1: 10, 000 or 1: 5000) are
mandatory for the derivation of an accurate overview map (1:
50,000 or 1: 25, 000) for the implementation of planning tasks
(e.g., preparation of a development plan, management of ur-
ban green spaces, reclamation of contaminated sites or nature
conservation projects) and soil protection concerns. Only soil
maps on a scale of 1:5000 meet the regulations of the legally
binding land use plan (‘Bebauungsplan’) in terms of attention
to detail. The identification of valuable areas for precautionary
soil protection and for the conservation of protectable soils
and soil functions, which goes hand in hand with describing
and mapping the soil inventory, also contributes to the sus-
tainable protection of soils (Gerstenberg 2015; Gerstenberg
and Planungsgruppe Cassens+Siewert 2015; Senate
Department for the Environment, Transport and Climate
Protection 2018b). Currently, there are no stringent standard-
ized criteria in the German soil classification system, specify-
ing the description and mapping of urban soils and their prop-
erties at such a detailed level. Due to a lack of knowledge in
relation to urban soil properties, the consistent application of
soil survey specifications is often not assured. Besides broad-
ening knowledge in relation to urban soils, providing detailed
instructions is a key component in improving the quality of
soil surveys and the derivation of soil maps. Therefore,
existing methodologies must be further elaborated and en-
hanced for soil mappers in urban environments.

The initial national soil mapping guidelines, dating back to
the 1950s, were not suitable and were designated to describe
urban soil properties and types. In the BMA, urban soil sur-
veys have a long and ongoing history that began in the early
1970s already (e.g., Sukopp et al. 1970; Blume et al. 1974;
Burghardt et al. 2015; Makowsky et al. 2019). These works
focused on the genesis of natural soils in urban environments,
as well as the composition of technogenic soils (Runge 1975).
A first definition of intentionally created soils in urban areas
has been given by Bockheim (1974) who characterized urban
soils as “a soil material having a non-agricultural, manmade
surface layer more than 50 cm thick, that has been produced
by mixing, filling, or by contamination of land surface in
urban and suburban areas.” This excludes anthropogenically
altered soils which include agriculturally modified land (e.g.,
by plowing) (Fanning and Fanning 1989) or which assume
that natural soils in the historical context became
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anthropogenic by human cultivation or clearing activities
(Dudal 2004). In Germany, the term “soils of urban, commer-
cial, industrial and montane reshaped area” was introduced
(AK Stadtboden 1989). Subsequently, this term was replaced
by the more appropriate concept of “soils of urban, industrial,
traffic, mining and military areas” (SUITMAs) (Burghardt
et al. 2015). Nevertheless, it should be pointed out that the
term urban in this context could be rather misleading, as soils
in urban forests or other remote areas may show no, or only
minimal human impact. These soils have been named “natural
urban soils” by Lehmann and Stahr (2007) or pseudo-natural
soils by Morel et al. (2015).

Increasing research interest and efforts to extend soil clas-
sification systems to include urban soils of anthropogenic or
technogenic origin have led to vital additions to the existing
soil-systematic and substrate-systematic classifications world-
wide. Prominent examples of the description of additional
urban soil parameters and properties include the internation-
ally valid World Reference Base for Soil Resources (WRB)
by the IUSS Working Group WRB (IUSS Working Group
WRB 2006, 2015; Schad 2018) and national soil classification
systems of Germany (Ad-hoc AG Boden 1994, 2005; AK
Stadtboden 1989, 1997a, b, 2001), Great Britain (Hollis
1991), Poland (Kabata et al. 2019), Russia (Stroganova and
Prokofieva 2002), and the USA (Effland and Pouyat 1997;
New York City Soil Survey Staff 2005). The integration of
international soil classification into national soil classification
systems and vice versa, however, is still difficult, since in
specific urban areas, further standards and parameters, e.g.,
technogenic materials, such as war debris from World War
IT (Makki and Thestorf 2015) must be included in the soil
mapping process, and soil description as well as mapping
approaches differs greatly. These inconsistencies emphasize
that for urban soil surveys, the description of the main features
of urban soils needs to be harmonized in conjunction with
regional features. An enhancement of the soil mapping meth-
odology in urban areas is essential for planning processes, the
determination of soil units, the derivation of resulting charac-
teristic values (e.g., idealized “horizon-substrate-combina-
tions” (Bauriegel 2005)), and the creation of soil maps. On
the basis of soil description and mapping, and scientific inves-
tigations carried out in Berlin and other urban areas, the need
arose to review existing standard works (AK Stadtboden
1989, 1997a, b, 2001; Ad-hoc AG Boden 1994, 2005; IUSS
Working Group WRB 2006, 2015) relating to soil description
and mapping and to implement essential additions aimed at
describing urban soil properties not yet included in KAS and
other previous works.

1.3 Objectives

Soil surveys in urban areas differ greatly from mapping in rural
areas. On behalf of the Berlin Senate Department for the
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Environment, Transport and Climate Protection (SenUVK),
and in close cooperation with the Working Group on Urban
Soils of the German Soil Science Society (AGUB), (formerly
‘AK Stadtboden’), a new methodological extension for describ-
ing and mapping soils in urban areas (‘Anleitung fiir die
bodenkundliche Kartierung im Land Berlin unter besonderer
Beriicksichtung anthropogener Béden im urbanen Bereich’)
has been developed. Based on the applied approach, a compre-
hensive guideline, following the standards of the German soil
mapping guideline KAS and AK Stadtboden, and taking into
account more than 15 years of experience in the BMA, was
conceptualized in order to standardize and improve the quality
of soil surveys in the BMA. Our guideline serves as a general-
izable soil description tool, which could be transferred to other
urban areas. The main purpose of our guideline is to establish a
legal framework for collecting uniform, point-related borehole
and profile information, based on these instructions. In combi-
nation with the KAS standard procedure, a point-related data-
base for soils in the BMA is in the process of being set up by the
Senate Department for the Environment, Transport and Climate
Protection. Only by generating point-related soil data will the
acquisition of soil information and the processing of collected
point data for the creation of GIS-based maps covering larger
areas be objectified and comprehensible. In so doing, neighbor-
ing disciplines (e.g., biology, archeology, climatology) will also
benefit from the extended collection of parameters and the data
that will be collected by the standards of this mapping guide.
The implementation of a soil guideline specifically for urban
soils in the BMA has the following objectives:

* Enhancement and extension of already existing data fields
for the specific needs of urban areas

* Introduction of new complementary data fields for the
requirements of urban soil description

* Revision, redesign, and supplementation of the list of an-
thropogenic relocated and technogenic materials, accord-
ing to AGUB and KAS

* Development and extension of fact sheets (Supplementary
Material) for soil profiles and technogenic material, as
well as creation of revised recording sheets for urban soil
description

Based on these objectives, our guideline is structured into
10 chapters, certain of which are further illustrated in this

paper.
2 Materials and methods
2.1 Literature review

Our approach for extended description and mapping of soils in
the BMA is based on the working experience of urban soil
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researchers over many years (Sukopp et al. 1970; Blume
1981; Grenzius 1987; Wessolek 2001; Makki et al. 2014)
and local federal authorities who have performed detailed soil
mapping projects in the BMA and have progressively revised
the Berlin soil information system. Furthermore, a detailed
review of national and international soil classification sys-
tems, primarily the 4th and 5th edition of the German soil
classification systems (Ad-hoc AG Boden 1994, 2005), as
well as working papers and guidelines for urban soil mapping
(AK Stadtboden 1997a, b, 2001; Ad-hoc AG Boden 2009) has
been carried out (Fig. 3). In our guideline, the main objectives
of urban soil mapping in the BMA, the legal framework, as
well as basic background information on natural and anthro-
pogenic soil formation factors, are presented.

2.2 Designation of soil categories, classes, and types
in urban environments

Currently, there is no consistency in the application of the
terms wurban soil or anthropogenic soil/technogenic soil in

Science Society; SenUVK, Berlin Senate Department for the
Environment, Transport and Climate Protection; WRB, World
Reference Base for Soil Resources

national and international soil classification systems. Against
this background, the question arises as to how soils in urban
areas should be defined and classified in the future. KAS cur-
rently distinguishes between five soil types and 14 soil sub-
types in the terrestrial anthropogenic soil class (Table 1), sum-
marizing soil types with anthropogenic alterations.
Additionally, soils with reductic properties which can be
formed in urban areas by the release of reductive gases or the
decomposition of organic substances in an anoxic environment
are described as Reduktosole (soil class with four soil subtypes)
(see also Blume and Felix-Henningsen 2014). This general
pattern of anthropogenic soil types has not been changed. If a
soil does not match one of the specified soil classes or types,
the soil is treated as a young, naturally formed soil (A/C soil
class), consisting of anthropogenic/technogenic material (Ad-
hoc AG Boden 2005). Then, the parent material has to be
further specified (in German soil classification: e.g., Regosol
from building sand, Pararendzina from rubble (soil consisting
of loose material with CaCO3>2 —< 75%)) for an unambigu-
ous classification. Soils with a little anthropogenic cover or

Table 1 Classification of

Diagnostic horizon/material in
WRB

anthropogenic soil types in the Soil type Diagnostic horizon in KAS5
“terrestrial anthropogenic soil”
class (KAS) and their equivalent
diagnostic horizons/materials in Kolluvisol A horizon + Colluvic material >4 dm
WRB (2015) Plaggenesch A horizon + Plaggic horizon >4 dm
Hortisol A horizon + Hortic horizon >4 dm
Rigosol
surface
Treposol

Terric horizon, thickness 4 to > 10 dm, starting at the

Terric horizon >4 dm, starting at the surface

Colluvic material
Plaggic or Terric horizon
Hortic horizon

Terric horizon thoroughly mixed

Terric horizon, single turnover

These soils do not represent urban soils containing relevant amounts of technogenic material
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mixing (<30 c¢cm) are not considered as an independent soil
type but as soil subtypes or varicties of soil types of natural
genesis (Ad-hoc AG Boden 2005). In the WRB, urban soils of
anthropogenic origin with >20% artifacts belong to the refer-
ence soil group Technosols (TC), which can be described in
more detail by considering further information in relation to
diagnostic horizons, properties, and materials. According to the
WRB, artifacts include not only typical technogenic materials
such as bricks or glass but also unweathered, relocated, or
modified, natural parent material. Thus, Technosols can be
classified sufficiently by 11 first-order qualifiers (principal
qualifiers) and 39 s order qualifiers (supplementary qualifiers).
On the other hand, cultivated organic-rich soils in allotments
(in German soil classification: Hortisole), characterized by in-
tensive composting and mixing (>50 cm), are classified as
Anthrosols (e.g., Hortic Anthrosols, htAT) (IUSS Working
Group WRB 2015; Schad 2018). In order to specify urban
soils accurately, a revised definition for urban soils is given.
To improve the designation of urban soil horizons and parent
materials for A/C soils, the list of technogenic materials has
been extended (see section below), and the list of substrate
thickness was modified (Table 2).

2.3 Extension of existing data fields and
implementation of new data fields

The German soil classification system permits the acquisition
of many soil parameters in the field, depending on the level of
detail. In rural areas, KAS is apt for soil description and map-
ping, but some urban soil properties cannot be described
adequately.

Certain physical and chemical soil data, relevant for urban
soil mapping, are not yet part of soil description with KAS. In
order to ensure a uniform soil description in future soil surveys
in the BMA, existing data fields (land use, parent material/
bedrock, etc.) of KA5 have been adjusted to the special con-
ditions of the BMA soils. As some soil properties cannot be
described with the already existing soil classification system,
new additional data fields (pH value, level of anthropogenic
transformation) and keys have been developed. These data
fields are of great relevance for the derivation of soil

ecological maps and to estimate the human impact on soils
in urban environments. Special emphasis was placed on the
integration of our additional data fields into the already
existing structure of the German soil classification system.

As discussions with other soil mapping experts from urban
areas and our own mapping experience in the BMA have
shown, soil description and mapping in urban environments
are strongly reliant on expertise relating to the legal frame-
work in cities, safety regulations, the many potential health
risks, as well as the vast number of technogenic and anthro-
pogenic materials. Therefore, we prepared the guideline in
such a way that it is easily applicable and user-friendly. This
includes integration into the KAS5 working scheme, as well as
the online accessibility and publication of geodata according
to the specifications of the federal state of Berlin and the
Directive 2007/2/EC of the European Parliament and of the
Council (see also: https://eur-lex.europa.eu/legal-content/EN/
TXT/?uri=celex:32007L0002). Data fields and their need for
application are thoroughly explained and illustrated by
potentially occurring combinations. Supplementary material,
such as fact sheets, (Appendices A—D) has been designed to
support urban soil mappers in recognizing specific soil types,
technogenic materials, and the classification of technogenic
organic compounds.

2.4 Extension of the list of anthropogenic and
technogenic materials

Investigations in the urban areas of Germany, namely Berlin
(Makki 2013, 2015a), Essen (Meuser 1996a; Hiller and
Meuser 1998), Halle (Sauerwein 2004), and Stuttgart
(Holland 1996), revealed that only 33 to 50% of the layers,
up to a depth of 100 cm, are built up by natural parent rock
material. These anthropogenic materials (and rocks) or
technogenic substrates (Meuser 1996a, 2002, 2010) serve as
the substrate for soil formation. They may be of anthropogenic
and/or technogenic origin or anthropogenically relocated nat-
ural substrates (Ad-hoc AG Boden 2005). In urban soils, this
material is usually a heterogeneous mixture of several differ-
ent materials and/or components (Meuser et al. 1998) or an-
thropogenic and/or technogenic material mixed with natural

Table 2 Implementation of new

lower limits for the substrate Subdivision into depth levels (in dm) Description Signature (old) Signature (new)
thickness for designating the
substrate type sequence of near- 0-<1 Extremely shallow o\ e L
surface layers 1-<2 Very shallow .\er .

2-<3 Shallow L\

3-<7 Moderately deep* A A

7-<12 Deep /A /A

>12 Very deep /A /7

“In KAS5 soil classification, the term “over” is used instead of “moderately deep”
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soil, the composition of which changes within a horizon or
layer by layer (Sauerwein 2004). Stratified technogenic mate-
rials may occur in constructed roadside soils, for example.
Describing and above all the recognition of complex anthro-
pogenic or technogenic materials is one of the great challenges
for soil mappers in urban environments. The quantity and
quality of data can vary greatly, depending on the wealth of
experience. As soil surveys in the BMA showed a lack of
knowledge and information in relation to these materials,
our guideline will assist soil scientists in the description of
anthropogenic and technogenic materials. The extension of
the list of anthropogenic and technogenic materials is based
on Hiller and Meuser (1998), the current draft of AGUB, and
the description of technogenic materials by Meuser and
Konen (2011).

3 Results

Fifty years of urban soil mapping in Germany and new chal-
lenges for sustainable urban planning rendered it necessary to
develop a soil mapping guideline, especially for the needs of
the urban environment. Since the development of previous
works focusing on describing urban soils in Germany (AK
Stadtbdden 1997a, b, 2001), ongoing soil research in urban
environments have provided new insights into soil properties
and parent materials. These data cannot be collected by stan-
dard manuals for soil mapping. In our extended soil mapping
guideline for the BMA, we focused on several aspects of ur-
ban soil science and soil description. The outcome of these
practical and theoretical assumptions is a comprehensive
guideline for describing natural and anthropogenic and/or
technogenic soils and properties in the BMA, as an addition
to the already existing soil mapping guideline for Germany
(KAS) and the manuals by AK Stadtboden.

3.1 Categories of urban soils

One of the main recurring problems is the definition of the
term “urban soils.” Our categories for the classification of
urban soils are based on the long history of urban soil surveys
in the BMA and other international literature. For the purposes
of simplification, we classify soils in urban areas into four
genetic categories:

1. Soils from natural parent material and natural genesis

2. Soils from anthropogenically relocated natural parent
material

3. Soils from anthropogenic and/or technogenic material and
natural parent material (mixed or anthropogenic and/or
technogenic overlaying natural material)

4. Soils exclusively from anthropogenic and/or technogenic
material

All these categories show different degrees of human im-
pact, at least in relation to the topsoil. In urban environments,
anthropogenic and technogenic materials can cover the natural
soils at shallow depths (<30 cm), and A/C soils may be an-
thropogenically assembled. In order to describe substrate
changes at this level of detail, the list of substrate thickness
is subdivided into two additional classes (Table 2).

3.2 Extension and creation of additional soil-related
data fields

In the past, the Working Group on Urban Soils has already
contributed additions to the national soil mapping guidelines
(AK Stadtboden 1989, 1997a, b, 2001). Nevertheless, some
data fields (e.g., land use types, lithogenic organic carbon
content, parent rock material) of urban soil description still
required revision and extensions in order to enhance the qual-
ity and validity of urban soil surveys. The necessity of a fur-
ther subdivision of data fields for urban soil description will be
explained and discussed (cf. Section 4.2) in the example of
land use types and soil sealing, as well as in the extension of
the list of anthropogenic and technogenic materials (cf.
Section 4.4).

Since estimating the imperviousness of a surface does not
form part of the standard soil description procedure, we rec-
ommend recording the degree of sealing. The overall degree
of a sealed surface (in percentage) is estimated in the field and
categorized into the impervious and/or partially impervious
surface. Impervious and partially impervious surfaces are fur-
ther subdivided into four different permeability classes
(Senate Department for Urban Development and Housing
2017) (Table 3).

The German soil classification currently distinguishes be-
tween 35 anthropogenic and technogenic materials, which
have been included since the 2005 edition (Ad-hoc AG
Boden 2005). As technogenic materials are much more di-
verse, we extended the list to include 83 anthropogenic and
technogenic materials and components, based on the AGUB
draft and our own mapping experience in the BMA (Online
Resource 1).

Data fields, such as pH and level of anthropogenic trans-
formation (Table 4) that do not form part of the KAS soil
description procedure, have been elaborated to improve soil
surveys in the urban environment. These data fields are espe-
cially important for the soil ecological assessment of urban
soils (cf. Section 4.3).

3.3 Supplementary material
Supplementary material is provided in our guideline to assist
soil mappers in describing soils in the BMA. Selected fact

sheets of typical, near-, or semi-natural and anthropogenically
formed soil types, horizons, and materials that are represented
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Table 3 Permeability classes for

Pavement

impervious, built-up impervious, Permeability ~ Effects on the
and non-built-up impervious sur- class ecosystem
faces, modified after Senate
Department for Development and 1 Extreme
Housing (2017)

2 High

3 Medium

Low

Asphalt, concrete, paving stones with joint sealing or concrete
substructure, synthetic surface materials

Artificial stones and slab coverings (edge length > 8 cm), concrete
composite paving, large paving

Small stone and mosaic paving (edge length <8 cm)

Grass block pavers, unpaved surfaces (slags, gravel, loose rock), gravel
lawn

The lowest class number indicates the lowest permeability and the most serious imperviousness

in the BMA (Appendix A of the guideline) have been created.
These fact sheets have been configured to clearly describe
typical soil types and materials, their distribution, as well as
relevant processes occurring in the BMA. The description of
soil types, horizons, and properties is designed according to
the national KAS standard. Appendix B gives further infor-
mation relating to the physicochemical properties (e.g., color,
odor, typical particle sizes, pH value), hazardous potential,
and visual characteristics of technogenic materials. This com-
pilation contains scientific findings in relation to technogenic
compounds in urban soils over a 30-year period (e.g., Meuser
1996a, b; Hiller and Meuser 1998). Additional support is

given by providing pictures of selected technogenic materials
by Meuser and Konen (2011) and our own images.
Furthermore, a “recording sheet for urban soil description”
and a “drilling point protocol for urban spaces” (Appendix C
of the guideline) have been developed. For urban soil descrip-
tion, these data sheets have been extended to meet the require-
ments of this soil guideline. They are essentially based on the
German soil classification system but also contain new or
supplemented data. Appendix D of the guideline describes
and comprises analytical standard methods of organic key
compounds of non-natural origin such as PCB, PAH, or
BTEX.

Table 4 Level of anthropogenic transformation in the Berlin metropolitan area based on hemeroby classes of Blume (1990), Blume and Sukopp

(1976), Gerstenberg (2015), Grenzius (1987), and Stasch et al. (1991)

Code Level of Typical land use types Diagnostic criteria “Closeness
anthropogenic to nature”
transformation

n5  Not changed Non-existent in the BMA - Very high
Very little

alteration
n4 Little alteration ~ Forest Natural soils with (very) low human impact ~ High
n3  Little to Parks in the outer city, nature parks Topsoil slightly modified Moderate
moderate
alteration
Moderate Grassland Modified topsoil
alteration Agricultural areas
Parks and lawns, cemeteries, allotment gardens, weekend Modified top and partially modified subsoil,
homes, camping sites, arboretum residential areas (degree of ~ may consist of anthropogenic/technogenic
soil sealing < 30%) material
n2 Strong alteration Former sewage farms strongly modified topsoil, subsoil moderately —Little
altered
Very strong Parks and urban green spaces in the inner city area (mainly Strongly modified soil (throughout the soil
alteration consisting of anthropo-genic and/or technogenic material, profile), predominantly anthropogenic
allotment gardens, urban brownfields, military area, open-pit ~ and/or technogenic soils
minings, railway areas, disposal sites
nl Extreme sports grounds, settlement areas with moderate degree of soil Very little

alteration sealing (30-60%)

City squares, railway tracks, settlement areas with high degree Very strongly modified soil (throughout the

of soil sealing (60-90%)

Settlement areas with extreme degree of soil sealing (> 90%)

soil profile), predominantly anthropogenic
and/or technogenic soils

soils which have been completely reshaped by
deposition and removal, compaction, etc.
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4 Discussion

4.1 General information on soil description in the
BMA

Some chapters of our guideline deal specifically with the excep-
tional characteristics of urban soil description in general, as well
as in the BMA. Firstly, soil data are collected more frequently by
manually drilled boreholes or shallow pits than in profiles, and
due to complex ownership issues, suitable sites for soil surveys
are often limited. Our approach presents certain methods, e.g.,
how locations should be chosen in order to create valid data for
the investigated site and how maps could be derived, even if soil
information is incomplete. Secondly, numerous pipes and chan-
nels for the supply of electricity, gas, and drinking and process
water, as well as the disposal of wastewater and telecommunica-
tions, are laid underground. In addition, ammunition remnants
and duds from World War II, which have not yet been removed
or detected, are repeatedly found in the BMA. Therefore, our soil
guideline provides useful recommendations and instructions with
regard to dealing with issues, such as ammunition and other
obstacles in the soil (Senate Department for the Environment,
Transport and Climate Protection 2017b). As the legal frame-
work for soil mapping may vary from state to state, these chap-
ters also include local laws, such as the Berlin Soil Protection
Law (BInBodSchG 2004) and the National Nature Protection
Law (BNatSchG 2009). Soil surveyors must prove their knowl-
edge before they are permitted to begin their investigations.
Finally, soil mappers require certain accurate information in re-
lation to the study area. Our soil guideline provides useful back-
ground information relating to local soil formation factors in the
BMA, such as geological and climatic conditions, and links to
available and easily accessible environmental data. The Berlin
Environmental Atlas (for further information see: https:/www.
stadtentwicklung.berlin.de/umwelt/umweltatlas/edua_index.
shtml) and the geodatabase of the state of Berlin (for further
information see: https:/fbinter.stadt-berlin.de/fb/index.jsp?
Szenario=fb_en) offer comprehensive datasets and detailed
information with regard to the soil environment in the BMA at
the block level. These services are allocated free of charge and
facilitate the soil survey procedure by providing estimates in
relation to soil condition and soil type. The future point-related
soil database for the BMA will be integrated in these services
and, by providing point-related data, will improve the quality of
the derived maps. Only by creating such a database will legally
binding soil information be supplied.

4.2 Extension of existing soil-related data fields

Berlin’s cityscape has undergone significant changes, especially
since industrialization and its aggregation to the greater Berlin
area in 1920. Former arable land on the Barnim and Teltow
uplands was converted to residential and industrial areas.

Industrial plants were initially built along the Spree River and
other transportation routes and have migrated with steady urban
development toward the outskirts of the city. Currently, unused
former industrial facilities are converted for residential purposes.
World War II and the destruction of many residential and indus-
trial buildings and infrastructure also had a tremendous impact on
the urban landscape. Thus, anthropogenic and technogenic ma-
terials of earlier land use can be found in many areas of Berlin.
Other technogenic materials can be found along road sites and
railway lines, where the soils have been created by depositing
different anthropogenic materials.

Land use is a crucial factor for soil properties in the BMA and
urban areas in general. Both the former and the more recent land
use of the investigated area have a decisive influence on soil
formation factors and processes, as well as on physical (e.g.,
compaction, texture, and coarse soil content) and chemical soil
properties (e.g., heavy metal contents, lime, and humus content)
(e.g., Pouyat et al. 2007; Greinert 2015). Information on land use
and land change can, inter alia, provide useful background infor-
mation, indicating whether the area under investigation exhibits
soil pollution or other potential hazards. The reconstruction of the
land use history and, consequently, the origin of various anthro-
pogenic and technogenic materials is crucial for urban soil de-
scription (Schneider and Makowsky 2017). Hitherto, urban land
use types have been underrepresented in soil description that
have been mostly related to agricultural activities, grazing, or
forest management (Ad-hoc AG Boden 2005; Food and
Agricultural Organization 2006). As far as this information can
be reconstructed, for instance, by means of historical records or
cadastral data, up to five land use types should be chronologically
indexed. For this purpose, a stronger subdivision was created,
based on urban structure types (Sauerwein 2004; Senate
Department for Urban Development and Housing 2016a) and
the Berlin Land Use Plan (Senate Department for Urban
Development and Housing 2020b).

Land use and different urban structure types are closely relat-
ed to soil sealing. Soil sealing or the imperviousness of soils is
defined as compaction or covering of the natural soil layers by
(technic hard) materials of different permeability (e.g., concrete
or asphalt) but also buildings (Table 3). On account of these
interventions, the natural, abiotic, and biotic interactions between
the pedosphere and atmosphere, such as infiltration, evaporation,
groundwater recharge rates, and gas exchange, are disturbed
(Wessolek 2001). The higher the degree of soil sealing, the
higher is the impact on ecosystem services, such as biological
activities, living space for soil organisms, and the water regime.
At present, 33.9% of all areas in Berlin are considered to be
impervious, including water bodies and roads. Excluding water
bodies, but including streets, the proportion of sealed areas is
36.1%. In the Berlin Environmental Atlas by the Senate
Department for Urban Development and Housing (2017), imper-
vious soil coverage or soil sealing is divided into two categories:
(a) built-up impervious (e.g., buildings) and (b) non-built-up

@ Springer


https://www.stadtentwicklung.berlin.de/umwelt/umweltatlas/edua_index.shtml
https://www.stadtentwicklung.berlin.de/umwelt/umweltatlas/edua_index.shtml
https://www.stadtentwicklung.berlin.de/umwelt/umweltatlas/edua_index.shtml
https://fbinter.stadterlin.de/fb/index.jsp?Szenariob_en
https://fbinter.stadterlin.de/fb/index.jsp?Szenariob_en

2008

J Soils Sediments (2021) 21:1998-2012

impervious (e.g., parking lots, streets). Although Berlin has
evolved as a multicenter metropolis, the degree of sealing in
the BMA tends to reflect the urban-rural gradient (McDonnell
and Pickett 1990), which assumes the highest degree of human
impact in the inner-city districts. Over the last decade, we have
observed a tremendous effect of sealing on urban soils and their
associated ecosystems. As an example, a total soil sealing at local
level (e.g., next to roads) diminishes the infiltration rate and
evaporation in such a way that plant growth, especially that of
young, freshly planted trees, is inhibited to a great extent. This
causes severe stress for street trees, and according to investiga-
tions of the Berlin Senate Department for Urban Development
and Housing, around 42% of all trees are impaired. Another 5%
are severely damaged or already dead (Senate Department for
Urban Development and Housing 2016b). On the other hand,
large urban green spaces, such as the former Tempelhof airfield
or Tiergarten area and forests, cool down the surface and the air
temperature. These areas play a significant role in the urban
climate, by decreasing the effect of the urban heat island
(Senate Department for Urban Development and Housing
2020a). It is also relevant to note that materials which reduce
the imperviousness locally, such as lawn paving stones, can im-
prove the infiltration rate at the microscale (Wessolek 2001).
Estimates of the imperviousness of soils per area and land use
type are available in the Environmental Atlas of Berlin (Senate
Department for Urban Development and Housing 2017). In or-
der to carry out a detailed and site-specific, soil ecological assess-
ment, the overall degree and type of sealing (Table 3) of the
investigated area should be considered.

4.3 Creation of additional soil-related data fields

Soil pH is an important criterion for the assessment of soil eco-
logical features. The degree of acidification or alkalinity impacts
the chemical, physical, and biological processes of the soil

(Bolan and Kandaswamy 2005). pH promotes or inhibits the
formation of a stable soil structure (Bronick and Lal 2005); thus,
it is a factor controlling the water and air balance, root penetra-
tion, and living conditions of soil organisms. A favorable pH
environment ensures the availability of nutrients and controls
the adsorption and desorption of heavy metals. It further regulates
soil reactions, as well as soil formation processes (Blum 2012).
While the pH in natural sites in the BMA usually follows a
natural distribution pattern, anthropogenically influenced soils
often exhibit a large range (Fig. 4), with a tendency to increase
from top to subsoil or underground (Makki 2015b). pH values in
Podzols (pH ~3-4.5) and Cambisols (pH ~4-5) are generally
low, while Luvisols (pH ~5-7.5) are moderately acidic to very
slightly alkaline. In urban areas, extremely variable pH values
can also occur in soils of natural origin. A high pH value is
attributable to technogenic calcareous material (Mekiffer 2008)
as well as to the application of de-icing salts along roadsides and
diffuse calcareous dust inputs (Chinnow 1975). Soils from an-
thropogenic and/or technogenic lime-bearing parent materials
(e.g., a Pararendzina consisting of rubble, debris, or concrete)
show pH values between 6 and 8. In order to consider soil pH in
urban soil description, the new data field soil pH has been devel-
oped. Soil pH shall be measured in the field or the laboratory by
standard procedures, whereas the method selected has to be in-
cluded in the description. The pH values are classified according
to KAS (Ad-hoc AG Boden 2005).

4.4 Extension of the list of anthropogenic and
technogenic materials

Anthropogenic and technogenic materials are extensively dis-
tributed across the BMA (Makki 2015b). They occur either as
heterogeneous/homogenous parent material or as single com-
ponents (Online Resource 1). The description and recognition
of these substrates are essential, as this material provides the

Fig. 4 pH values in BMA (N=
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parent material for soil formation. The physical and chemical
properties of technogenic materials can potentially harm the
environment and will affect recent and future soil formation
processes and properties. For precautionary soil protection
and remediation purposes, as well as urban soil surveys in gen-
eral, it is necessary to describe anthropogenic and technogenic
materials as accurately as possible. Our extended list includes
anthropogenic and technogenic materials (e.g., subdivision of
steelwork slags and sludges) which are frequently found in
urban areas such as war debris (e.g., around 75 million m’
from World War II in Berlin, Makki and Thestorf 2015) and
ashes and slags (Fig. 5a and b) which potentially occur in the
BMA but are also abundant in other cities in Germany (Meuser
1996a; Hiller and Meuser 1998; Schneider and Makowsky
2017). By adding further anthropogenic and technogenic mate-
rials for soil formation, we will ensure that anthropogenic and
technogenic compounds will be identified more accurately. We
also believe that the specification of certain technogenic mate-
rials in the WRB could require some revision, as many anthro-
pogenic and technogenic materials with quite different physical
and chemical properties (e.g., ashes, rubble, slags) are summa-
rized by the Technic and Spolic qualifier (Online Resource 1
and Table 5). This would help improve the quality of describing
and mapping urban soils with the WRB, facilitating and sim-
plifying the comparison of different Anthrosols and
Technosols.

5 Conclusions

Over the last few decades, numerous soil surveys have been
carried out in the BMA, which provide a great deal of informa-
tion about soil conditions in the state of Berlin. These results

Fig. 5 (a) Soil profile on a former shooting range site consisting of
different technogenic and anthropogenic materials, 0-10 cm,
anthropogenic A horizon (natural soil material); 10-18 cm, technogenic
C horizon (bitumen or tar); 18—-60 cm, technogenic C horizon
(construction sand + granitic pavement stones); > 60 cm technogenic C
horizon (calcareous construction sand + ferro concrete). (b) Copper slag
as paving stones, photos by K. Thestorf

Table 5 Comparison of the list of
anthropogenic and technogenic

German soil classification  Anthropogenic/technogenic material (this guideline)

Qualifier/horizon in the

materials in this guideline with (KAS5) WRB

the German soil classification

KAS5 (Ad-hoc AG Boden 2005) Building rubble Rubble from residential and commercial Urbic

and their respective qualifier or buildings/roads /World War II )

horizon in the TUSS Working Cement (component) Technic

Group WRB (2015) Bricks (component)
Ashes Ashes Spolic
Slags Slags Spolic
Dumped material Dumped material Spolic
Anthroorganics Anthroorganics Hortic/Terric
Anthropogenic hard rock  Anthropogenic hard rock Ekranic/Technic
- Anthropogenic loose rock Technic
Natural soil/relocated ma-  Natural soil/relocated material (Hortic)/anthric/Terric

terial
Wastes Domestic wastes Garbic
Industrial wastes Technic

Sludges Sludges Spolic
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proved the complexity and diversity of urban soils, highlighting
the necessity of crucial extensions and the demand for standard-
ization of future soil mapping campaigns in urban environ-
ments. Our guideline will enable the future, large-scale map-
ping of point-related soil data in the state of Berlin, with respect
to specific urban soil parameters. By adapting and extending
the data fields to include urban soil conditions, our methodo-
logical approach provides an instrument, capable of capturing
the special soil parameters of urban soils in the state of Berlin
efficiently. The instructions for soil surveys, presented in our
soil guideline, are a far-reaching supplement to the national
standard, KAS5. According to our knowledge, our guideline is
the first comprehensive manual for the description of urban
soils in Europe, within a national soil classification system.
This mapping guideline will be the future standard work for
describing soils in the federal state of Berlin. For the depiction
of anthropogenic and technogenic soils in soil maps, the stan-
dards of the Federal Institute for Geosciences and Natural
Resources (graduated violet colors and legend numbers) must
be used (Ad-hoc AG Boden 2005). In the Berlin Environmental
Atlas, derived soil maps, based on these specifications and ur-
ban land use types, as well as on certain soil properties, have
already been created (Senate Department for the Environment,
Transport and Climate Protection 2018a, c).

We are currently in discussion with representatives from
federal and state authorities with regard to integrating key
components of our guideline into the classification system of
the next edition of the German soil mapping guideline, KA6.
This highlights the possibility of transferring the BMA out-
comes to the national level.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11368-020-02832-8.
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