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Abstract

The paper provides an overview of the of anthropogenic substrates issue, which is an essential part of the classifi-
cation and mapping of anthropogenic soils. These are related to anthropogenic processes, the variability of which
is quite large. It reflects number of classification systems of anthropogenic soils, which tend to be quite different
in various countries. There is a discussion of the terminology of “anthropedosphere” as an exceptional sphere of
anthropogenic soils and substrates investigation, and differentiation of anthropogenic and urban soil terminolo-
gy is mentioned. The soil-forming substrate is a significant part of the soil mass especially for technogenic soils.
Correlation relationships between the individual systems was not yet resolved. Ten soil classification systems over
the world were overviewed in relation to applied principles and criteria of anthropogenic substrates. Recognition
confirms a lack of anthropogenic substrates system in most soil classification systems and their remarkable diverse
used principles. The connecting element is the reference classification of WRB soils with related anthropogenic ma-
terials: artefacts, technic hard material and anthropic qualifiers. Comparing systems; several attributes were similar
like presence of artifacts or human transported and altered material or human-induced properties like qualifiers
Ekranic, Urbic, Spolic or Garbic. As the most elaborate systems can be considered the German Soil Classification,
USDA Soil Taxonomy, and Morphogenetic Soil Classification system (MSCS). The main aim of the paper is to eval-
uate the system of anthropogenic substrates in the MSCS (2014) in the light of latest information in the world and
to provide a new proposal for the solution of anthropogenic (also by human transported) substrates (materials) for
its revised version.

Keywords: anthropogenic substrate, artefacts, soil classification system

INTRODUCTION

As the global human population and associated anthropogenic activities rapidly increase, so does the
areal extent of disturbed soils. Regulatory frameworks must incorporate reclamation criteria and man-
agement options for these disturbed soils, requiring consistent descriptions and interpretations (Naeth
et al. 2012). Many human-altered soils cannot be classified using the current concept of natural soils
(Yaalon, Yaron 1966, Lehmann, Stahr 2007, Richter, Yaalon 2012, Anderson, Smith 2011, Ahrens, Engel
1999, Rossiter 2007). There is a need to mention although humans can significantly alter, transform, ma-
nipulate, and damage soil, with an incredible number of negative effects, the transformation of “natural”
soils into anthropogenic soils may also have unexpected benefits (Capra et al. 2015, Crutzen & Steffen
2003). Currently, the development of anthropogenic soils is being studied as part of urban areas; such
soils are considered to be urban soils (Burghardt 1994, Burghardt 2000, Blume, Sukopp 1976, Reinirkens
1988).

Anthropogenic mineral substrates formed during human-involved activities affecting their morpho-
logical and physical properties (depth, granularity) and thus also the hydrothermal regime of the soil

36



Pedosphere Research, vol. 4, 2024, no. 1: 36-54

Review

(Burghardt 2000). The exception is organogenic soils which did not originate from rocks, but from older
soil material, which is mostly displaced by geomorphological processes.

The soil-forming substrate has a special position among the factors in the sense that it is, as it were,
a “passive” material that is “actively” affected by external factors. Finally, it is scientifically recognized
worldwide how much anthropogenic soils can deviate from natural soils (in terms of physicochemical
features, pedogenic processes, matter, and energy fluxes) (Nachtergaele 2005, Lehmann, Stahr 2007, Sob-
ocka 2000, Sobocka et al. 2000). Therefore, Capra et al. (2015) suggests definitively highlighting such
differences, defining those parts of the pedosphere characterized by anthropogenic soils cover as the “an-
thropedosphere”.

The paper is aiming to review and recognize all significant system of anthropogenic substrates (German
Soil Classification System, USDA Soil Taxonomy, Russian system of technogenic surface formations,
including the WRB system, etc.). The reason is to find a solution and proposal for the classification of
anthropogenic substrates MSCS (2014) in the light of the last knowledge in the world.

MATERIALS AND METHODS

Comparing methodology means paying attention to two or more objects to discover their relationships
or to consider their differences or similarities (SAPIENS methodology). Firstly, to compare systems of
anthropogenic materials or technogenic substrates to include in classification systems means to identify
the systems in which these ones are present. It would be appropriate to determine the state and level of
research of anthropogenic soil classification in each country and determine the similarity or dissimilarity
of classification systems of anthropogenic substrates. It means to organize and connect a new concept
with existing knowledge which could be utilized for new system. Thanks to the similarities and differ-
ences with others, we understand where to place it. Comparison is specifically useful for generating ideas
and helps us recognize substitutes.

REVIEW

Anthropogenic processes

Anthropogenic effects, processes, objects, or materials are those that are derived from human activities,
as opposed to those occurring in natural environments without human influences. (EEA 2015, Levin et
al. 2017). The term is used in the context of environmental externalities in the form of chemical or bio-
logical wastes that are produced as by-products of otherwise purposeful human activities. For instance,
it widely believed that the production of carbon dioxide is the primary factor driving anthropogenic
climate change (Crutzen & Steffen 2003).

The impact of human activities on soils can examined at most spatial scales. Adderley et al. (2018)
considers those human activities that directly influence soils, such as agricultural practices, application
of waste materials and land clearance through fire husbandry. Variation in the intensity of such practices,
especially contrasts between one single event and annual repetition, may lead to pronounced contrasts
in the features observed between sample sites. This potentially confounds analyses and limits interpreta-
tion. By considering examples from a range of agricultural and other managed landscapes and through
discussion of examples from research literature (Adderley et al. 2018, Kimble, Ahrens, Bryant (eds) 1998,
Howard 2017) aims to the further understanding of anthropogenic features observed for soils, allowing
interpretation of a range of anthropogenic processes.

Anthropogenic soils

are soils that are highly modified or constructed by human activity, with one or more natural horizons
removed and replaced, added to, or significantly modified (Naeth et al. 2012). Disturbed horizons are an-
thropic in origin and contain materials significantly modified physically and/or chemically by human ac-
tivities. Anthropogenic soils often display a more complex composition than natural soils. IUSS Working
Group WRB (2022) reduced definition of anthropogenic soils on “soils with strong human influence’, i.e.
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soils with long and intensive agricultural use, and soils containing significant amounts of artefacts. WRB
2022 describes anthropogenic soils as Anthrosols or Technosols, but the methodological approaches and
classification criteria of national soil classification systems are inconsistent.

In most literary sources, there is an ambiguous understanding of anthropogenic and urban soils. Some-
times they even referred to as anthropogenic or urban soils. A clear distinction between the individual
terms was recognized by Sobocka & Saksa (2022). There was proposed to distinguish two terminological
terms considered as soils affected by anthropogenic factors: anthropogenic soil and urban soil. “Urban
soils” can be considered as general terminology for soils occurring in urban, industrial, transport, min-
ing, and military areas. The term “anthropogenic soils” is a “term” which could be used for soils classified
according to anthropogenic diagnostic criteria and features (like anthropogenic parent materials, con-
tent of artefacts, efc.). It means that this classification concept could be designed only for soils classified
as anthropogenic soils.

Urban soils assessment

A wide variety with strong heterogeneity in vertical direction (e.g. through soil profile) or horizontal
direction (spatial differentiation) can be found within the whole city, and natural soil types contribute to
the higher pedodiversity. Followed soils can be find in cities: (i) natural, semi-natural soils, (ii) partially
changed soils, (iii) human-changed soils, (iv) human-made soils (artificial) soil (Sobocka et al. 2007). In
urban areas, humans shape the surface, (re-)deposit natural or technogenic material, and thus become the
dominant soil formation factor. The differentiation of the soil sites is significantly related to (i) transport
and deposition, (ii) long-term deposition; (iii) mixing; (iv) sealing. (Greinert 2015, Pindral et al. 2020).

Permanent technogenic disturbances of urban environments and formation of technogenic sediments
result in “short cycles of soils” formation and “young age” of soils of urban areas (Burghardt 2000). Le.,
different susceptibility of urban soil materials to anthropogenic disturbances results in different ages of
urban soils’ horizons. Dust sedimentation and greenery maintenance contribute to the vertical growth
of soil layers. This trend of ‘topsoil’ buildup is referred as “synlithogenic” trend in soil forming process
(Charzynski et al. 2017). Synlithogenic soil formation is typical for urban soils and, in contrast, is rare
for natural soils, where the major soil processes usually are directed down in the profile (except, for al-
luvial, colluvial and volcanic soils). In result, the relative age of urban topsoil is most often younger than
of subsoil layers.

The most typical features of soil formation in described areas include (Charzynski et al. 2017): i) ver-
tical growth of topsoil layers and predominantly synlithogenic soil formation process; ii) short time
periods for soil formation, resulting in the early stages of pedogenesis; iii) abrupt and clear boundaries
of layers and horizons, iv) specific chemical features, caused by dust deposition and anthropogenic dis-
turbances, including alkaline pH, contamination with heavy metals and hydrocarbons, elevated carbon
and phosphorous content; v) altered physical features, including high bulk density and high share of
technogenic materials (artefacts) within the profile; vi) specific community of living organisms both in
terms of biodiversity and total biomass.

In the past classification systems focused on natural zonal and azonal soils, whereas soils of the urban
areas were absent in soil classification schemes for a long time. The lack of precise criteria for identifying
soil types occurring in urban land have been appeared in many works like a description of the diagnostic
horizons and soil types with the subtype subdivision fitting the principles of the new Russian soil classi-
fication (Prokofyeva, Martynenko, Ivannikov 2011) Labaz, Bogacz, Kabala (2015) describe difficulties in
the classification of soils on the river terraces, extensive transformation or discussion whether soils that
have undergone ore over. We suggest the inclusion of an andic subgroup in Torriarents and Torriorthents
(Soil Survey Staff 1999) for anthropogenic soils presenting near-andic properties (Tejedor et al. 2009,
Zikeli, Kastler, Jahn 2005).

Urban soil research was focused lead to human-induced alterations of heterogeneous and versatile soil
types, properties, and distributional patterns in the urban environment. These attributes are often decou-
pled from natural soil formation factors and are highly reliant on the modifications.
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Soils in urban areas, for example, often contain an elevated carbon content in the top and subsoil
(Vasenev & Kuzyakov 2018, Lorenz & Shaw 2017). Total C content in urban soils was 1.5-3 times higher,
and C accumulation much deeper compared with natural soils, resulting in 3-5 times larger total C stocks
(Vasenev & Kuzyakov 2018). Substantial amounts of SOC, SIC, and N are sequestered in the subsoils,
cultural layers, and sealed soils, underlining the importance of these hidden stocks for C assessments. We
conclude that, despite the small area of cities, urban soils are hot spots of long-term soil C sequestration
worldwide, and the importance of urban soils will increase in future with global urbanization.

Transformation of the soil profiles the appearance of new horizons and features, acceleration or decel-
eration of pedogenetic processes, is noted for the soils of botanical gardens (Chupina 2020). Differen-
tiation of the soil properties (pH, humus content, composition of the sol adsorption complex, nutrient
content, etc.) within a given garden is introduced plants, soil and soil management. There are many of
examples of land transformation in urban environments.

Urban soils mapping

The spatial distribution pattern, however, shows no naturally occurring pattern but is particularly de-
pendent on land use (Makki et al. 2019, Pindral et al. 2022). Sobocka et al. (2022) suggests mapping of
pedo-urban complexes which is delineation of soil units, respecting natural or semi-natural cartographic
lines, and meeting classification criteria — pedological, geomorphology, georelief. Usually there are soil
types and soil associations, parent material, texture, chemical-physical properties, etc. Pedo-urban com-
plex (PUC) is a geographical & cartographical unit for mapping system of abiotic, biotic and socio-eco-
nomic components of the urban ecosystem in topic or choric level (large, middle or small mapping
scales). Part of the pedo-urban complex can be imperviously or semi-imperviously sealed (buildings, as-
phalt paving, concrete, traffic networks, efc.). Urban ecosystem land use (industrial areas, housing estate,
commercial areas, transport infrastructure, etc.) results in of spatial differentiation (pattern) of urban soil
cover. Delineation of pedo-urban complexes respects artificial cartographic lines (land cover/land use).
Specific mapping criteria are involved: land cover/land use (typical pattern), soil type (soil unit’s associa-
tion), soil sealing percentage (variety of Technosols), parent material (technogenic substrate thickness),
soil texture, chemical properties, and risk assessment (potential) (Sobocka et al. 2020, Sobocka, Saksa
2022). It means that anthropogenic substrates play substantial role in typological classification of anthro-
pogenic a technogenic soils (Hearing, Daniels, Galbraith 2005).

On a worldwide scale, the most investigated urban areas are Berlin, Osnabruck, Moscow, and New York
City, as well as Bratislava (Sobocka et al. 2007) while several important metropolises have been partially
or entirely neglected (Capra et al. 2015). E.g., soils in the area around Osnabriick/Northwest Germany
have been strongly influenced by man. The classification of these soils based on the German and interna-
tional classification systems is problematical (Meuser & Blume 2001, Blume & Giani 2005).

Anthropogenic substrates

The soil-forming substrate is a significant part of the soil mass forming from rocks, it forms the mineral
stock of the soil (chemical composition) and affects its morphological and physical properties The delib-
erate anthropogenic movement of reworked natural and novel manufactured materials represents a nov-
el sedimentary environment associated with mining, waste disposal, construction and urbanization.

Ford et al. (2014) demonstrates stratigraphical principle of anthropogenic deposits. Anthropogenic de-
posits display distinctive engineering and environmental properties and can be of archaeological impor-
tance. Further challenges include the designation of stratotypes, accommodating the highly diachronous
nature of anthropogenic deposits and the common presence of disconformities. International lithostrati-
graphic guidelines would require significant modification before being effective for the classification of
anthropogenic deposits. A practical alternative may be to establish an “anthrostratigraphical” approach,
or “anthrostratigraphy”. Anthropogenically modified ground can also offer a record of landscape evolu-
tion and the impacts of humans on the natural environment (Ford et al. 2014, McMillan, Powell 1999,
Rosenbaum et al. 2003). As such, a range of approaches exist to characterize and classify artificially mod-
ified ground to inform activities including land-use planning, development and archaeological study.
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A lithostratigraphic approach to classifying anthropogenic deposits could contribute to an improved
understanding of the role of humans as major geological and geomorphological agents in the Anthro-
pocene (Price et al. 2011). The Anthropocene, if defined, will be a chronostratigraphic unit representing
a specified time interval.

The substrates systematics is an instrument for describing properties of soil types and subtypes and it is
a complementation for classification of natural and anthropogenic soil (Kithn & Eberhardt 2023). There
is a need to mention that in anthropogenic substrates this function is highlighted by the fact that anthro-
pogenic (mainly technogenic) soils directly require a detailed description of anthropogenic substrates.
The properties of anthropogenic substrates significantly determine the ordering of soil profiles in the
corresponding classification taxon.

By using the concept of substrate, a concise and hierarchical soil solid material classification that can
be used in parallel to a morphological or morphogenetic soil classification is described. It includes par-
ent material genesis (geogenesis), fine earth texture, coarse fragments, lime and lithic carbon content,
and rock type and enables to characterize the soil horizon material as a complement to the pedogenetic
horizon designation and the entire soil profile as a complement to the (genetic) soil type. The system
covers natural and anthropogenic substrates (as found, e.g., in urban areas, on landfills, etc.). Its hierar-
chical approach can be used in single profile descriptions, but also in soil mapping, for which it provides
a framework for delineation and rule-based aggregation of spatial soil units (Kithn & Eberhardt 2023).

The process of the parent material formation (natural as geogenesis, or anthropogenic), that is, the most
recent process of non-pedogenic formation or sedimentation (and its environmental setting) that dis-
tinctly affected the parent material (or, in some cases, formed the parent material, e.g., peat formation).

The substrate composition in its status, possibly already aftected by pedogenesis, with

1. fine earth texture class, a class of coarse fragments size, shape and content, content of carbonates
and, if present, lithogenic carbon, or

2. so-called special substrates, for which a mineral soil texture cannot be stated, on a more abstract
and reduced level compared to horizon description, and the one or two most relevant components
of the soil parent material. This is for unconsolidated rock coarse and fine components, or a gen-
eral term for very heterogeneous material mixtures, and for consolidated rock the rock type, using
geological terminology.

Additional technogenic materials that occur in urban environments can be added to the list of anthro-
pogenic parent materials. Furthermore, authors designed appendices that clearly characterize typical
soil profiles and depict technogenic materials, their physical and chemical characteristics, as well as their
origin and distribution (Makki et al. 2019).

Anthropogenic substrates classification

Special anthropogenic substrates are in the Morphogenetic Soil Classification System of Slovakia (Soci-
etas pedologica slovaca 2014). Analytical data regarding soil contamination, percentage representation of
artefacts, anthroskeleton, or other characteristics. Substrates in the taxonomic hierarchy are part of the
description of soil units. On the Tab. 1 is shown classification of anthropogenic substrates involved in the
Morphogenetic Soil Classification System of Slovakia (Societas pedologica slovaca 2014).
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Table 1
Classification of anthropogenic substrates involved in the Morphogenetic Soil Classification System
of Slovakia (Societas pedologica slovaca 2014).

Substrates of natural origin, < 10 % artefacts (ap):

T 1 4L« OO (apl)
16 V' + OO (ap2)
CLAY -ttt es (ap3)
GLAVEL .ttt ees (ap4)
loamy Gravel-SAnd.........coccurieuriceinicictrcce et (ap5)
stony to boulder Material ........occveuicieiieiiccr e (ap6)
mixed loamy-gravel-sand and stony material .........c..ccceveeunecinicirinienicccc s (ap7)
peat and humolite Material .......coociueueieieiirieee et (ap8)
Substrates of natural-technogenic origin 10 - 40 % artefacts (az):

tailings waste from the mining INAUSEIY ......c.coceuriciricirinienc e seeaeaes (azl)
tailing waste from metallurgic INAUSIIY .......covieiriciriciriccc e eaeaes (az2)
mixed technologic-recultivation material...........coccreveurireuernicinicirinierecnce et seeecees (az3)

Substrates technogenic Substrates > 40 % artefacts (at):

construction waste material (with components brick, concrete, plastic material, mortar,

cement, metals, glass, PItCh, €C.) ..c.cieirciricriccrc e (atl)
ashes (product of hard coal and lignite processing, combustible Waste) .........ccccoeecurerereuncecrrecrnecnnn. (at2)
slag and cinder (iron and non-ferrous metal processing Waste) ..........ccoceereeeerercerrrererneceneceeeserenrenens (at3)
dumping waste (with household and municipal waste cOMPONENtS) ........cceureuevrecrrecrreneeeunecrnecenne (at4)
sludge Mud (STUAGE WASLE) .....uvueuiiuciicieici ettt esenn (at5)
industrial waste (waste products of the chemical, metallurgical, plastic, woodworking,

dyeing, gas INAUSIIIES) ..c.cvcueurucuricirieieiriciricie ettt eb ettt (at6)
biotechnological waste (composted Organic Waste).........c.occevreeeureecurecueereeerrecrneeuerseeeesesessesesessescnnene (at7)

Similar system also was applied in the Morphogenetic Soil Classification System of Slovakia from 2000
(VUPOP, SPS 2000) but not well detailed. The system is prioritizing anthropogenic substrates which are
predominantly formed on/from transported and transformed materials, this is the first criterion. The
second differentiation criterion is the percentage of artifacts. Texture, variety, form and phases are the
same like for the other soils. Soil forms are classified according to anthropogenic impacts.

According to Sobocka & Saksa (2022) two classes of anthropogenic substrates were proposed: 1. natu-
ral-technogenic origin with artifacts < 20 % and the second one with > 20%. This system is considered as
not satisfied and needs any improvements.

The WRB (IUSS Working Group WRB 2022) separates extreme soils like Leptosols and Arenosols from
other soils using threshold criteria, for which possibly a further designation of their composition applies
on the second level of classification. It was done by receiving qualifiers that in turn are defined by similar
single-threshold values themselves (e.g., the texture qualifiers Arenic, Siltic, Clayic, and Loamic, or the
qualifier Skeletic for high mean percentages of coarse fragments down to a defined depth). E.g., special
qualifiers in Technosol Reference Soil Group are in the Tab. 2. Other suggestions were presented in Dazzi
& Papa (2009).
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Table 2
Selected principal qualifiers in Technosols Reference Soil Group (IUSS Working Group WRB 2022)
related more specifically to soils of urban and industrial areas

Qualifier Description

Principal qualifier

Ekranic having technic hard material starting < 5 cm from the soil surface

Thyric having technic hard material starting within > 5 and < 100 cm from the soil surface

having a continuous, very slowly permeable to impermeable constructed geomembrane

Linic of any thickness starting < 100 cm from the soil surface

having a layer, > 20 cm thick and within 100 cm of the soil surface, with > 20% (by
volume, weighted average, related to the whole soil) artefacts, > 35% (by volume,
weighted average, related to the whole soil) of which consist of rubble and refuse of
human settlements

Urbic

having a layer, > 20 cm thick and within 100 cm of the soil surface, with > 20% (by
volume, weighted average, related to the whole soil) artefacts, > 35% (by volume,
weighted average, related to the whole soil) of which consist of industrial products (e.g.
mine spoil, dredgings, slag, ash, rubble, etc.)

Spolic

having a layer, > 20 cm thick and within 100 cm of the soil surface, with > 20% (by
Garbic volume, weighted average, related to the whole soil) artefacts, > 35% (by volume,
related to the whole soil) of which contain > 20% organic carbon (e.g. organic waste)

having, above technic hard material, above a geomembrane or above a continuous layer
of artefacts starting < 100 cm from the soil surface, soil material containing fine earth

Isolatic without any contact to other soil material containing fine earth (e.g. soils on roofs or in
pots)
having reducing conditions in > 25% (by volume) within 100 cm of the soil surface,
Reductic caused by gaseous emissions, e.g. methane or carbon dioxide, or caused by liquid

intrusions other than water, e.g. gasoline

Technic hard material

Technic hard material (from Greek technae, art) (IUSS Working Group WRB 2022) describes consol-
idated material, created or substantially modified by humans. Technic hard material: 1. is consolidated
material resulting from industrial or artisanal processes; and 2. has properties substantially different
from those of natural materials; and 3. is continuous or has free space covering < 5% of its horizontal
extension.

In the USDA Soil Taxonomy, anthropogenic soils are classified into two basic categories depending on
type of soil parent material: (1) human-altered material (HAM), and (2) human-transported material
(HAM) (Galbraith & Shaw 2022) together HAHT material. These were introduced to Soil Taxonomy in
2010 and 2014 (Soil Survey Staff 2014). The differentiation includes presence on/above anthropogenic
landforms (detailed description of landforms), artifacts and use of historical records. This approach is
taken because of unique nature and variability of urban soils and materials. Urban soils are often low
in carbon, higher pH, contain artifacts and are highly compacted and have an anthropic epipedon. Hu-
man-altered and human-transported material is at least 50 cm. Subgroups are: Anthraquic (paddy agri-
culture), Anthrodensic (densic contact < 100 cm deep), Anthropic epipedon, Plaggic and Haploplaggic
epipedon (> 25 cm thick), Anthroportic (HTM) and Anthraltic (HAM) material > 50 cm. For the future
new proposal are: Sulfuric (acid-sulphate soils) and Excavating (to unearth) (Riddle & Levin 2017, Gal-
braith & Shaw 2022, Bryant & Galbraith 2002). In the Tab. 3 is shown family classes with different volume
of artifacts. Manufactured layers (impervious materials such a geotextile lines; asphalt or concrete layers
are defined because they are root-limiting layers.
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Human altered and human transported family classes in the Soil Taxonomy (Soil Survey Staff 2014)
HA/HT family class | Description Thickness
Methanogenic Methane or methanethiol gas evolution > 50 cm thick
Asphaltic > 35% by volume Asphalt (bitumen) artifacts > 7,5 cm thick
Concretic > 35% by volume Concrete artifacts > 7,5 cm thick
Gypsifactic ;,10% by volume e gas gypsum, hosphor-gypsum. | 75 e
Combustic zo.’;?‘;ﬁalg volume Combustion by-products (bottom ash, > 7.5 cm thick
Ashifactic ;rifi‘i/jclzgf (\Ié);ljlrgle) Very light-weight combustion by- > 7.5 cm thick
Pyrocarbonic Artifacts or pyrolysis (fuel coke, biochar) > 7,5 cm thick
Artifactic > 15% by volume discrete (> 2 mm) artifacts > 50 cm thick
Pauciartifactic 15 to 35% by volume discrete (> 2 mm) artifacts > 50 cm thick
Dredgic Finely stratified HTM transported in water > 50 cm thick
Spolic HTM
Araric > 3% by volume detached, reoriented diagnostic material > 7.5 cm thick

In German taxonomy normally soils and substrates are classified separately (Arbeitskreis fiir Boden-
systematik der Deutschen Bodenkundlichegesellschaft 1998). Substrate taxonomy classifies substrates
according to diagnostic substrate layers of the substrate profile and their sequences (Kiithn 2007). There
are numerous consolidated and unconsolidated natural rocks and artificial material and their mixtures.
Comparable to soil type classification which is based on diagnostic horizons substrate classification con-
sists of typified sequences (one or more substrate kinds and number of layers). They are 3 hierarchical
level distinguished: substrate classes, types and substypes. Two main groups are: natural substrates and
anthropogenic/technogenic substrates which enter to soils or deposited on existing soils or substrates.
Designation of substrate composition contains following material characteristics:

i) percentage of rock fragment and artefacts fraction;

ii) content of carbonates and lithogenic carbon (e.g., from lignite and hard coal mining waste);

ii) soil texture (fine earth composition); kind of natural and artificial (technogenic) components (par-

ent material) and their mixtures.

Frequently occurred artificially substrates are construction waste, ash, slag, mining spoil natural soil
material (compost, dredged material), garbage, numerous types of sludge from industry etc.

As an example of settlement construction waste is illustrated in the Tab. 4 (Charzynski et al. 2017)
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Example of substrate kind sub-group designation: settlement construction waste
Kind of substrate: oj-nzcus (Ybz)
substrate rock carbon carbonate soil parent
formation fragments content class content class texture material
0j nz... X... C... us Ybz

debris silt sand seiillzmme i

dumped . coal... carbonate... construction
grit... form waste

Classification and Diagnostic System of Russian Soils (CSR) (Shishov et al. 2004) distinguished objects
beyond the system as “Technogenic Surface Formation” (TSF) or non-soils. The difference, in principle
concerns first the perception of soil. If in soil profile is artificial layer instead soil horizons, the body is
qualified for TSF (Stroganova, Prokofyeva 2002, Prokofyeva et al. 2014). Several diagnostic horizons
were proposed:

i) Urbic diagnostic horizon (UR) - heterogeneity considering chemical features

ii) Rehabilitation diagnostic horizon (RAT) - organic substrates of different origin ((pest, compost,

fertilizers) unchanged by pedogenesis

iii) Technogenic diagnostic horizon (TCH) - technogenic deposits of different composition and origin;

reworked by human activity.

Soil profiles where urban horizons (usually UR and RAT) are less than 40 cm depth and are overlaying
soil horizons are identified as transitional urbo-soils. Soil profiles wit UR thickness more than 40 cm cov-
ering natural subsoil horizon referred to Urbanozems. Soils with RAT horizons as a result greenery or
reclaiming are related to Technozems. Soils with RAT-TCH horizons are referred to Replantozems. Soils
with sequence of preliminary of engineering design can consider like Constructozems Urbochemozems
is a term for different horizons containing contaminant’s concentration exceeded health thresholds,
diagnostic is X horizon (Prokofyeva et al. 2011, Charzynski et al. 2017).

This rather complex system is illustrated in the Table 5.
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Correspondence of technogenic surface formations with types of technogenic deposits (Prokofyeva et
al. 2014, modified)

Types of deposit Group in .
(distinguished by composition and genesis) CSR Subgroups of TSF in CSR
Natural
Natural occurrence Naturfabricats | Abraliths
Technogenic
Naturally filled thhostrz?ts, Organostrats,
) Organolithostrats
- - Naturfabricats —

Technogenic proper (natural substrate with Lithostrats, Organostrats,
inclusions of construction waste) Organolithostrats
Industrial (nontoxic artificial material) Artiundustrats
Recrementogenic (sewage sludge, household Artifabricats | Artifimostrats,
waste) Artiubostrats
Dredged (anthrohydrogenic) Naturfabricats | Lithostrats
Anthropogenic (cultural layer) Urbiquasizems
Reclaimed soil-like bodies in different Quasizem
d . Technozems

eposits

In Czech Soil Classification System (Némecek et al. 2011) a list of soil-forming substrates is given.
Among them, anthropogenic materials are also listed. They are distinguished into four groups as is

shown in the Tab. 6.
Table 6

Anthropogenic substrates in the Czech Soil Classification System (Némecek et al. 2011

Anthropogenic Substrates

Characteristics

a | from natural materials

texture, stoniness, carbonate

from mine spoil materials:
b | —non-contaminated
— potential contaminated

asa)

from landfills of industrial products:
¢ | —non-contaminated
— potential contaminated

texture, stoniness — coarse
fragments of anthroskelet

garbage landfill covers:
al - non-contaminated
— affected by CH,

— contaminated

asa)

urban layered materials:
—non-contaminated

e | — organic materials

— contaminated materials*

— intoxic materials*

texture, stoniness — coarse
fragments (bricks and others)

* risk elements, organic xenobiotics, sulphides, other toxic substances

Between diagnostic signs of this classification can be ordered anthropogenic influence defined as more
pronounced anthropogenic intervention into the soil profile, which does not destroy the structure of the
soil profile and allows classification of the soil type. It refers to the soil subtype anthropic, or urbic or
hortic. When such an influence is pronounced, the soil is classified as Anthroposols.
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In the Hungarian Soil Classification system (Michéli et al. 2024) at § 8.4 Diagnostic soil materials: hu-
man-made Material/Artifact: are included: materials and substrates that have been significantly affected
by human activity, which have been:

1. Artificially created or significantly modified, or

2. Extracted during human activity (e.g. mining, dredging, construction earthworks) and restored and
spread on the original soil surface in other areas.

In the Slovenian Soil Classification System (Vr$caj, Grecman, Kralj 2019) technogenic material is in-

volved and defined by following:

1. Technical material occurs in production, most often industrial processes (e.g. mine tailings, slag,
electro-filter-ash, communal cleaning devices, digestates, garbage and basically not intended for
growing plants).

2. Prepared soil and earth substrates with the growth of plants that occur in the production process, in
which at least one of the following is added to the mixture: organic waste of various origins (com-
post, sawdust, bark...), mineral components (silt, loam, silty sand, clay materials, such as vermiculite,
clay, perlite, limestone, etc.), composted garbage, and plant nutrients.

According to anthropogenic materials and substances several groups are distinguished:

« Construction waste (concrete, sand, brick, asphalt)

o Ash and slag

o Materials from industrial processes and industrial landfills and dumps

» Mixed waste from municipal landfills and dumps

» Anthropogenic organic substances (slurries from municipal sewage treatment plants, compost).

In the several soil classifications like Chinese (2001), Polish (2019) or French (1998) one’s anthropogen-
ic substrates absent or are tied to soil types or qualifiers.

The soil substrate as a basic soil-forming factor is absent in the current land evaluation units (BPE]
code) (Vilcek et al. 2021). Its inclusion in the system can contribute to a better — clearer categorization
of existing land units. Based on cartograms of soil-forming substrates from the time of the General
Soil Survey, ten groups of substrates were defined: 0-fluvial Quaternary sediments, 1-eolian sediments,
2-neogene sediments, 3-organic sediments, 4-magmatic rocks, 5-metamorphosed rocks, 6-sedimentary
calcareous rocks, 7-sedimentary flysch rocks, 8-polygenetic sediments, 9-artifacts (anthropogenic sub-
strates). The last group consists of natural-technogenic, technogenic and anthropogenic materials creat-
ed by anthropic activity, which have not been mapped so far, but are currently occurring in an increas-
ingly large representation.

Artefacts

For components consisting of artefacts, terms are based by Burghardt (1997, 2000). Artefacts are ob-
jects >2mm, whereas micro-artifacts are 0.25-2.0 mm, in size that were produced, modified, or trans-
ported from their source, by human activity. Artefacts are typically coal-related wastes (coal, cinders,
etc.), waste building materials (brick, mortar, etc.), industrial wastes (coked coal, slag, etc.), and objects of
archaeological significance (pottery, bone, etc.).

IUSS Working group WRB (2022) describes human-made, human-altered and human-excavated ma-
terial. They may by physically altered (e.g. broken to pieces) but are chemically and mineralogically not
or only poorly altered and still largely recognizable. Artefacts (from Latin ars, art, and factus, made) are
liquid or solid substances of any size that: 1. Are one or both of the following: a. created or substantially
modified by humans as part of industrial or artisanal manufacturing processes; or b. brought to the soil
surface by human activity from a depth, where they were not influenced by surface processes, and depos-
ited in an environment, where they do not commonly occur, with properties substantially different from
the environment where they are placed; and 2. Have substantially the same chemical and mineralogical
properties as when first manufactured, modified or excavated.

According to USDA-NRCS (2014) artefacts refer to materials created, modified or transported from
their resource by humans usually for practical purpose in habitation, manufacturing, excavation, agricul-
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ture, or construction activities. Human artefacts recognized by US Soil Taxonomy are bitumen (asphalt),
brick, cardboard, carpet, cloth, coal-combustion by-products, concrete, glass, metal paper, plastic, rub-
ber, wood products, mechanically abraded rock fragments, and midden.

RESULTS AND DISCUSSION

It should be noted that anthropogenic substrates significantly contribute to the very characteristics of
anthropogenic and, above all, technogenic soils. In the introductory part of the paper, the systems of an-
thropogenic substrates that have been found in several soil classification systems, or especially in scien-
tific papers, were recognized. It should be noted that in most soil classification systems, special systems of
anthropogenic substrates are not included. This fact is referring to the several reviewed soil classification
systems. E.g., Polish soil classification system (Kabala et al. 2019) does not content the list of anthropo-
genic substrates although they address the classification of anthropogenic soils quite progressively. Some
substrate evidence are linked to the description of anthric or hortic horizon, soils having technogenic
hard layer or geomembrane, or deeply mixed heap material or soils having > 20% artefacts in the upper
100 cm soil layers. Description of WRB qualifiers was utilized.

Similarly, this situation is recognized in the French soil classification (Baize & Girard (eds.). 1998)
where a list of anthropogenic or technical substrate is absent. Nevertheless, anthropization activities are
partially tied to the characteristics of the qualifiers. E.g. qualifier leptic describes an Anthroposol artifi-
cial or reconstitute above artificial (concrete, stone, bricks, efc.) or a natural hard layer.

Chinese Soil Taxonomy (CRG-CST 2001) used partly terminology of the USDA (Soil Survey Staft 1999)
partly terms commonly used in the WRB. List of anthropogenic material is missing however several An-
thro-epipedons can be found.

Complicated and not well-quantified system of anthropogenic substrates was involved into the Russian
Soil Classification System (Prokofyeva et al. 2014, Gerasimova, Ananko, Savitskaya 2020, Gerasimova et
al. 2023). This system is linked to the classification system i) natural and ii) technogenic substrates which
are bind to types of technogenic surface formations (TSF). Terminology of such soil types is very specific,
not commonly used, e.g. artifabricats, or quasizem, etc.

Another concept of anthropogenic materials was involved by USDA Soil Taxonomy (Galbraith, Shaw
2022). Principe (criterion) of human-altered material (HAM), and human-transported material is used
also in the Morphogenetic Soil classification System of Slovakia (SPS 2014) except to anthropogenic
landforms which is priority of the Soil Taxonomy. Description of attributes is very similar however pre-
sented like epipedon.

Czech classification system of anthropogenic substrates is presented as separate part the classification
system. It consists of five groups with simple characteristics (Némecek et al. 2011).

Very detailed and precise system of anthropogenic substrates can be considered in the German Soil
Classification System (DBG 1998). Separate list of anthropogenic material is perceived as diagnostic
substrate layers of the substrate profile. Their sequences and hierarchical level distinguished: substrate
classes, types and substypes with typified sequences. To use this system there is a need to be more qual-
ified and skilled.

Selected principal and supplementary qualifiers in Anthrosols and Technosols Reference Soil Groups
(IUSS Working Group WRB 2022) indirectly described specific attributes of Anthrosols and Technosols.
In the separate list of diagnostic materials three of anthropogenic materials are listed: artefacts, technic
hard material and colluvic (which origin is half natural, half human-induced).

Table 7 presents comparing of the 10 soil classification systems referring to existing system of anthropo-
genic substrate or indirect presence of anthropogenic substrate. Information is complemented by main
diagnostic criteria if they exist.
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Table 7

Comparison of 10 soil classification systems referring to anthropogenic substrate or indirect presence
of anthropogenic substrate

classes

Soil Separate system Indirect presence of
Classification | of anthropogenic anthropogenic substrate | Main diagnostic criteria
System substrates Yes/Not Yes/Not
Yes (in Anthraquic, i ;)Oe(;c?ntage of fégefact? having.1
Yes (Artefacts, Technic | Pretic diagnostic = 2270 thupper 2D ¢ Tom sot
WRB (2022) hard material) horizons + principal surface
. principa 2. Technic hard material starting <
qualifiers) 5 em
1. Human-transported and altered
Yes (separate system Yes (in soil subtypes, e material (ATM)
MSCS (2014) | of anthropogenic itial lt'ypt (’i) b Percentage of artefacts
substrates) thitiat of rectitivate differentiated into three groups -
new classes are proposed
Yes (HAHT 1. HAHT material > 50 cm
USDA Soil Anthroportic and Yes, at the series 2. Anthropogenic landforms
Taxonomy Anthraltic) at the family | designation 3. Artifacts

4. Use of historical records

German Soil

Yes (separate very
detailed system

Yes, at the soil type and

1. Sequences in the substrate profile
2. Percentage of rock fragments

gl:::;rfllcatlon of anthropogenic soil subtype level and artifacts
Y substrates) 3. Substrate formation
Russian Soil Yes, types of deposits Yes, urbic, rehabilitation | 1. Thickness > 40 cm
Classification | tied to the specific and technogenic 2. Deposit types by composition
System nomenclature of TSF diagnostic horizons and genesis
. 1. Man-made substrate with
Czech Soil . . .. .
. . Yes, separate group of Yes, partly like soil heaped, mixing, recultivation, heap
Classification :
anthropogenic substrates | subtypes of waste
System

2. Contaminated substrates

Hungarian Soil
Classification
System

Yes, human-made
material/artifact:
materials and substrates

Yes, partly like soil
subtypes

1 Artificially created or
significantly modified
2. Extracted during human activity

Slovenian Soil

Yes, separate group of

Yes, partly like soil

1. Technical material - products of
industrial processes

gl:l:ﬁcatlon anthropogenic material | subtypes 2. Prepared soil-substrate material
Y for planting
Tied to the qualifiers related to
French Soil Yes, tree soil subtypes man’s activities
Classification | Not contain anthropogenic | 1. Transformed,
System substrates description 2. Artificial
3. Reconstituted
Using the WRB description:
anthric or hortic horizon, soils
Polish Soil Y . . having technogenic hard layer or
Classification | Not es, partlylike soil eomembrane, or deeply mixed
subtypes & e, of ceeply T
System heap material or soils having > 20%
artefacts in the upper 100 cm soil
layers
%gngiﬁ;ﬂ Not Yes, partly like epipedons gf(lin\%\ft}}{lle} Eir?l/i\ni{);;l;axonomy
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Ten soil classification systems were compared in terms of addressing anthropogenic substrates. There
is a need to mention that properties of anthropogenic substrates significantly determine the ordering of
soil profiles in the corresponding classification taxon. The assessment concerned the presence, or rather
the absence, of a separate group of anthropogenic substrates, their links to soil types or subtypes. Criteria
used in the definition of anthropogenic substrates are also very important. We found that several soil
classification systems do not have a separate group of anthropogenic substrates.

First, it should be noted that different concepts of soil classification systems significantly contribute to
different principles of the formation of anthropogenic substrates.

There is no unified system that would uniformly classify anthropogenic materials, just as there are no
uniform criteria for the classification of such substrates. The connecting link may be the World Refer-
ence Base for soils (WRB) which, however, solves this issue in a relatively simple way. The evaluation
shows that the most elaborate system is the German classification system of anthropogenic substrates,
separately listed types of anthropogenic substrates. Principle of the HTAH substrate from the USDA Soil
Taxonomy represents other system to be recognized for anthropogenic soil classification. Slovak system
of anthropogenic substrate compared to other systems seems to be more elaborate partly coinciding with
the world systems.

Russian classification uses own principle and terminology which is not based on quantification lim-
its. This system cannot be comparable to other systems as anthropogenic substrates are linked directly
to technogenic surface formations. However, term “Ekranic” was introduced by Russian soil scientists
(Prokofyeva et al. 2014).

Slovak system of anthropogenic substrate involved into the Morphogenetic Soil Classification system
of Slovakia meets almost all requirement on anthropogenic substrates, accepting human transported and
altered material, percentage of artefacts and differentiation of substrate materials (like dumped, recla-
mation, construction, industrial, etc.). To use USDA Soil Taxonomy in very detail described artefacts is
not practicable in our conditions. The main criterion of anthropogenic material distinguishing is human
transported and altered material (if it is well recognizable) accepted in the USDA Soil Taxonomy and
presence of artefacts. It is separate group with quantified percentage of artefacts. Proposed system of
Anthropogenic substrates to be involved into the Morphogenetic Soil Classification system of Slovakia
if in the (Tab. 8). We suggest partially changed table of anthropogenic substrates in which percentage
of artifacts is changed from 10 to 20%. A little vague term are substrates of natural technogenic origin
(20-40%) since it is sometimes impossible to accurately determine the proportion of natural substrate
with technogenic material. Into the technogenic substrates we use definition of the WRB 2022 and insert
technic hard material as continuous material or has free space covering < 5%. This material will enable
mapping of impermeable or semi-permeable fills in urbanized environments. The thickness of the an-
thropogenic material is set at > 60 cm.
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Table 8
Proposed system of anthropogenic substrates to be involved into the Morphogenetic Soil Classification
System of Slovakia

Substrates of natural origin, < 20 % artefacts (ap):
T s L« OO STTR (ap1)
161+ OO (ap2)
CLAY ettt (ap3)
GLAVEL ettt ettt (ap4)
10amy Gravel-SANd.......c.cocueuiueiiciriciiici ettt (ap5)
stony to boulder Material ...t (ap6)
mixed loamy-gravel-sand and stony material ............cccoeceurivcireeinicnicncec e (ap7)
peat and humolite Material .........cooiuiueueieiiieiee et eeen (ap8)
Substrates of natural-technogenic origin 20 - 40 % artefacts (az):
tailings waste from the mining INAUSTIY ......c.ccccvviuiinieinicniceccrec e (azl)
tailing waste from metallurgic INAUSIIY .....c.covcuriiurinieiiciceccc e (az2)
mixed technologic-recultivation material.........c..coceureeuricrrirciriniueinieiriceceeeece e eceeeeaes (az3)

Substrates technogenic origin > 40 % artefacts (at):

construction waste material (with components brick, concrete, plastic material, mortar, cement,

metals, glass, PILCH, 1C.) .ttt (atl)
ashes (product of hard coal and lignite processing, combustible Waste) .........ccocccvurereureerrecurerceennenees (at2)
slag and cinder (iron and non-ferrous metal processing wWaste) .........c.coeecueereueerecrrererrercreeneeceseerensenens (at3)
dumping waste (with household and municipal waste cOMPONENts) .......c.cooecurecererereeneecrnecererceennenens (at4)
sludge MU (STUAGE WASLE) «.....euvuviceiiiciecircec ettt seaes (at5)
industrial waste (waste products of the chemical, metallurgical, plastic, woodworking, dyeing,

GAS TIIAUSIIIES ) 1.veveeeieeciicte ettt ettt saesees (at6)
biotechnological waste (composted 0rganic Waste)..........coceureecurecueereeeirecrrecrniseeerseeeeseessesesessesessescsenne (at7)
technic hard material (continuous or has free space coOvering < 5%)........ccccocceurererrerererrerernecererceennenecs (at8)

CONCLUSION

The issue of anthropogenic substrates for the classification of anthropogenic soils is being addressed for
the first time in Slovakia. Ten soil classification systems were reviewed to find similar or newly discovered
properties of anthropogenic materials. In particular, the criteria for their creation were discussed. These
are in many cases different, as are the different classification principles of anthropogenic soils. From the
point of view of the criteria, the most important element of diagnosis are artifacts and material properties
resulting from past use. The transported materials are diagnostic for the USDA Soil Taxonomy and for
the Slovak classification scheme of anthropogenic materials also.

Given that there is no unified system for the diagnosis and classification of anthropogenic substrates, it
is desirable to continue research, especially in the context of international projects.
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