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Abstract

The whole complex of soil properties formed during a long process of evolution is used in soil di-
agnostics. Following the genetic approach, which proposes the designation of a specifi c diagnostic 
horizon that represents stages of specifi c urban synlitogenic soil formation on thick human-made 
deposits, we face the problem of separating truly soil horizons from layers of man-made depos-
its, as both contain signifi cant amounts of artefacts. In addition, they have similar chemical and 
physical-chemical properties corresponding to general geochemical characteristics of the urban 
environment. A comparative analysis of morphological and physical characteristics was conducted 
for several soils of loamy texture within the city of Moscow, Russia. Their morphological descrip-
tions were accompanied by determinations of bulk density, saturated hydraulic conductivity and 
penetration resistance. For the analysis of morphological and physical properties, soil diagnostic 
horizons were arranged in four groups (synlithogenic urbic humus horizons, postlithogenic humus 
horizons, technogenic layers and horizons inherited from natural texturally-differentiated soils). 
Most of the studied soil profi les had signifi cant contents of solid inclusions (domestic waste and 
building rubble) that allowed us to defi ne them as Urbic Technosols, according to the WRB soil 
classifi cation system. It was confi rmed that, in addition to specifi c chemical and morphological 
properties, man-made urban soils had specifi c physical characteristics. The abundance of inclu-
sions of building rubble and domestic waste had a strong infl uence on physical properties such as 
bulk density and saturated hydraulic conductivity. Heterogeneous distribution of such properties 
within urban soil profi les could be considered as their characteristic feature. As a result, this study 
confi rmed the identifi cation of certain diagnostic horizons by establishing statistically signifi cant 
differences in their bulk densities and saturated hydraulic conductivity. Penetration resistance was 
shown to be a less informative parameter in this study. We believe that more data on physical 
properties of different types of horizons should be accumulated for making it possible to establish 
typical values of physical characteristics of such horizons.
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1. Introduction

Physical properties are very important characteristics be-
cause they predetermine plant growth conditions and thermo-
hydrological soil regimes and serve as essential parameters for 
soil assessments and prognoses associated with different as-
pects of soil use. Basic physical characteristics such as texture 
class (particle-size distribution), degree of compaction (density), 
porosity and structure are specified at first stages of soil profile 
investigation, i.e., in the course of morphological description. 
However, quantitative parameters of physical properties are 
only infrequently used as soil diagnostic tools, except for parti-
cle-size distribution that predetermines soil texture class, which 

is a diagnostic tool and a part of a complete name of every soil 
in many classification systems. Soil physical properties accom-
pany morphological characteristics and supplement them with 
quantitative data that are almost absent in soil morphological 
descriptions. During a morphological description of soil, con-
ventional methods are used to describe physical characteristics 
including texture, structure, density, etc. Then, during soil ana-
lytical studies, we obtain quantitative data, which can often help 
us to refine diagnostics of certain horizons.

Physical properties of urban soils have attracted attention 
of researchers from the very beginning of studies on such soils. 
According to many studies (Short et al., 1986; Mullins, 1991; 
Craul, 1992; Stroganova et al., 1998), physical characteristics of 
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urban soils are deteriorated as a result of compaction, decreases 
in porosity and aeration, either too low or to high infiltration 
rates, etc. One of the main features of urban soils is a high spatial 
variability of their properties within a small surface area (Blan-
chart et al., 2018; Nero and Anning, 2018). The absolute majority 
of human-affected soils in cities suffer from compaction. Their 
upper layers are compacted due mechanical impacts and lower 
layers – due to pressures of various constructions (Lehmann and 
Stahr, 2007; Yang and Zhang, 2011; Ferreira et al., 2018). 

Processes of urban soil development are associated with 
changes in their properties. For example, there is a study by 
Scharenbroch and co-authors (Scharenbroch et al., 2005) con-
ducted on soils within areas of old (more than 64 years) and new 
(less than 20 years) residential buildings in two cities in the USA: 
Moscow (Indiana state) and Pullman (Washington state). The 
study has shown that soils had the highest density (1.73 g cm–3) 
within new residential sites, a lower density (1.41 g cm–3) within 
old residential sites and the lowest density (1.39 g cm–3) within 
streets and parks, which led the authors to a conclusion that 
physical properties of soils of old residential sites partly recover 
from intense impaction over time. However, this can otherwise 
be interpreted as a result of a natural diversity of soils.

Saturated hydraulic conductivity (Ks) is also a very impor-
tant characteristic of soils (Jackson et al., 2014). Low hydraulic 
conductivity is caused by high degrees of soil compaction and 
negatively affects the environment of a city due to a significant 
runoff from soil surface to rivers, lakes and ponds, which leads 
to deterioration of their water quality. High saturated hydraulic 
conductivity is indicative of a probable shortage of water. Ac-
cording to results of the study (Yang and Zhang, 2011) on Nanjing 
city soils under different types of land use (a residential area, a 
park, vegetation planted on a roadside and a campus area), the 
authors report a high variability of infiltration rates in Nanjing 
city soils, which is explained by differences in densities (from 
1.19 to 1.65 g cm–3), total porosity (from 39 to 55%) and aeration 
porosity (from 0.7 to 8%) of soil samples. A decrease in saturated 
hydraulic conductivity with an increase in density and decrease 
in porosity has been also reported in Moscow city soils (Stroga-
nova et al., 1998). Soils of urban forests are characterized by dif-
ferent infiltration rates depending on intensities of the recrea-
tional land use, i.e., lower infiltration rates tend to occur within 
most trampled areas and higher infiltration rates – within least 
trampled areas, e.g., along motorways. A generally high variabil-
ity of infiltration rates in such soils is, in our opinion, predomi-
nantly associated with the spatial heterogeneity of soil density 
predetermined by the type of anthropogenic impact. In addition, 
infiltration rates depend on types of vegetation and root systems 
(Wang et al., 2018). Some authors (Dornauf and Burghardt, 2000) 
believe that high infiltration rates are predetermined by a pres-
ence of biopores that are capable of providing a transitory water 
percolation, irrespective of the texture of soil horizons.

Soils of large cities are often significantly transformed un-
der the impact of human activities. Specific properties of soils 
typical for a man-made environment are used for diagnostics in 
the Reference Soil Group of Technosols in the international soil 
classification system (IUSS Working Group WRB, 2015). Diagnos-
tics of Technosols is mainly based on characteristics of soil par-

ent materials including those, which directly or indirectly cor-
respond to physical properties. Primarily, such characteristics 
include the quantity of solid-phase artefacts, the type of those 
artefacts (construction waste, industrial waste, domestic waste, 
etc.) and the presence of impermeable layers in the middle or at 
the surface of soil profiles.

A soil genetic approach can also be applied to the systemat-
ics of urban soils (Stroganova et al., 1998; Prokofyeva et al., 2011; 
Prokof’eva et al., 2013; Prokof’eva et al., 2014). This approach 
implies that pedogenic humus-accumulative horizons should be 
separated from layers of technogenic materials non-affected or 
weakly affected by pedogenesis. Hence, two varieties of pedog-
enic humus-accumulative horizons and three varieties of layers 
of technogenic materials serving as substrates for subsequent 
pedogenesis should be distinguished for describing technogenic 
soils of urban areas. Pedogenic horizons are defined as follows: 
1. Urbic (UR) horizon – synlithogenic (i.e., with a simultane-
ous development of pedogenesis and lithogenesis), occurs only 
in urban soils, where it is gradually formed in the course of a 
surface deposition of various substrates in various quantities; 
2. Postlithogenic humus (AY, AU) horizons  – develop on either 
technogenic or natural substrates, in the absence of active addi-
tions of materials onto the soil surface. Technogenic layers are 
defined as follows: 1. True technogenic layer (TCH) – consists of 
mineral substrates that have been either mixed, translocated or 
contaminated and contain artefacts; 2. Filled compost-mineral 
layer (RAT) – consists of either compost, peaty compost or hu-
mified material applied to soil surface as a reclamation meas-
ure and almost non-altered by pedogenesis in situ, with widely 
varied properties predetermined by the technology used for its 
creation; 3. Filled peat layer (RT) – consists mostly of peat, which 
is used for soil reclamation in northern regions of the Russian 
Federation. 

The use of the above-described approach is problematic in 
terms of separating modern pedogenic horizons from technogen-
ic ground layers, because they both contain significant amounts 
of anthropogenic inclusions (artefacts). In addition, they have 
similar chemical and physicochemical properties, which are as-
sociated with general geochemical characteristics of urban envi-
ronments and soils (Stroganova et al., 1998; Lehmann and Stahr, 
2007; Prokofyeva et al., 2011; Hulisz et al., 2018). Urban soil ho-
rizons are usually characterized by a presence of carbonate in-
clusions, neutral or alkaline pH and accumulations of organic 
carbon and phosphorus. However, significantly different values 
of physical characteristics (in particular, bulk density and pen-
etration resistance) have been identified in pedogenic horizons 
and technogenic (TCH) layers as a result of our previous assess-
ment of mean parameter values that characterize each type of 
urban soil horizons (Prokofyeva et al., 2011). 

Parameters that characterize soil physical properties can 
potentially serve as additional quantitative criteria for urban 
soil diagnostics. The aim of this study was to confirm the actual 
possibility for using physical characteristics as diagnostic tools 
for urban soil horizons by means of conducting a comparative 
analysis of physical characteristics and morphological features 
used for soil horizon identification in our field studies on several 
Urbic Technosols within the city of Moscow.
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2. Materials and methods

2.1. Study area and materials

The study was conducted in the city of Moscow (Russia) 
located within the southern taiga subzone, with a moderately 
continental climate, a percolative soil water regime and a sea-
sonal freezing of soils. There is a great diversity of native soils 
formed within the territory of Moscow, which corresponds 
to a conjunction zone of several landscape types (Nizovt-

sev, 2004). Soil profiles described in this paper were formed 
within areas of moraine plains. Albic Retisols (Siltic) and soils 
formed by human influence on their basis are known as most 
widespread native soils of moraine plains within the Moscow 
region (Stroganova et al., 1998; Prokof’eva and Martynenko, 
2017).

Six different profiles of loamy-textured urban soils were 
studied within the city of Moscow, mainly within the Lomono-
sov Moscow State University (LMSU) campus in Leninskie 
(Vorob’evy) Gory (Table 1, Fig. 1).

Fig. 1. Soils profiles with horizons: pit 1. Albic Glossic Retisol; pit 
2. Urbic Technosol underlain by mantle loams; pit 3. Deep Urbic 
Technosol underlain by cultural layers; pit 6 Urbic Technosol on 
technogenic sediments. Horizons: AU – dark colored postlithogenic 
humus horizon; AY – grey colored postlithogenic humus horizon; 
TUR – turbated; UR – urbic; TCH – technogenic; EL, BEL, BT and BCg 
– inherited horizons of natural soils; P –plough layer

Table 1
Comparative characteristics of the studied soil profiles

Pit
№

Names according to Prokof’eva et al. 
(2014) and Shishov et al. (2004)

Names according 
to WRB (2015)

Location 
(coordinates)

Degree of human impact Land use

1 Soddy-podzolic, surface-turbated, 
thin, deeply bleached, medium 
loam*, on mantle loams

Albic Glossic Retisol 
(Siltic, Turbic, 
Prototechnic)

LMSU campus 
55°42’21” N
37°32’20” N

Weakly changed natural soil 
in the city

Park with lime trees, 
70 years in the city

2 Urbostratozem, thin, deeply 
weakly gleyed, medium loam, on 
technogenic deposits underlain by 
mantle loams

Urbic Technosol (Siltic, 
Umbric, Stagnic)
underlayed by mantle 
loams

Meteorological 
Observatory, LMSU 
campus (55°42’24” N, 
37°31’18” E)

Profi le was deeply 
transformed during the LMSU 
construction, with 56-cm-thiсk 
layer of technogenic materials

Lawn, 70 years in the 
city 

3 Urbostratozem, thick, calcareous, 
loamy sand - light loam**, on cultur-
al layer underlain by arable soddy-
podzolic calcareous clay loam soil

Urbic Technosol 
(Archaic, Calcic, Hortic, 
Humic, Loamic)

Mansion in the city 
center, Mal. Znamen-
skii per. (55°44’52” N, 
37°36’15” E)

Profi le was deeply trans-
formed. Layer of technogenic 
materials 190 cm thick, under-
lain by a plough layer

Courtyard in a residen-
tial area, 600 years in 
the city, 300 years with 
stone buildings

4 Technogenic Agrozem, light loam, 
on technogenic deposits

Phaeozem (Aric, Siltic) Botanical Garden, 
LMSU campus
(55°42’18” N, 
37°31’37” E)

Reclaimed soil, regularly 
fertilized, on turbated 
grounds. Layer of technogenic 
materials > 60 cm thick.

Flower bed, 70 years 
in the city

5 Gray-humus, calcareous, thin, light 
loam, on technogenic deposits

Urbic Technosol (Calcic, 
Hyperartefactic, 
Loamic)

LMSU campus
 (55°42’25” N, 
37°31’24” E)

Humus-accumulative soil 
formed on technogenic 
materials > 55 cm thick.

Trees planted in the 
inner yard of a building, 
70 years in the city

6 Gray-humus, calcareous, shallow, 
light loam, on technogenic deposits

Urbic Technosol (Calcic, 
Hyperartefactic, 
Loamic)

LMSU campus 
(55°42’25’’ N, 
37°31’24’ E)

Humus-accumulative soil 
formed on technogenic 
materials > 50 cm thick.

Lawn in the inner yard 
of a building, 70 years 
in the city

*Medium loams include texture classes of sandy clay loam and clay loam.
**Light loams include texture classes of sandy loam and sandy silt loam.



312

SOIL SCIENCE ANNUALProkof’eva et al.

Taxonomic definitions of the studied soil profiles (Table 1) 
are based on the Classification and Diagnostic System of Soils 
of Russia (Shishov et al., 2004) supplemented with our recently 
proposed terms for urban soil description (Prokof’eva et al., 
2014). All soil names are correlated with the World Reference 
Base for Soil Resources (2015). Soil descriptions are correlated 
with the Guidelines for Soil Description (2006).

2.2. Methods of soil analyses

Bulk density (ρb) of soils was determined with the use of 
cylinder cores (GOST 5180-84, McKenzie et al., 2002). Saturated 
hydraulic conductivity was determined by the method of tubes 
with a constant pressure, with a subsequent approximation us-
ing Horton’s equation (Shein and Karapachevskii, 2007; Beven 
and Robert, 2004). Penetration resistance was measured with 
the use of N.A. Kachinskii’s modification of micro-penetrometer 
with a cone-shaped plunger driven into the ground (Shein and 
Karapachevskii, 2007).

2.3. Statistical analyses

To enable a combined analysis of morphological and physi-
cal properties of the studied soils, all their horizons were subdi-
vided on the basis of their morpho-genetic characteristics into 
the following four groups: (1) technogenic (TCH) grounds of 
massive consistency; (2) urbic (UR) horizons with sedimentoge-
netic features represented by fine stratification; (3) postlitho-
genic humus (AY, AU) horizons; (4) inherited (EL, ВЕL, BT, BC) 
horizons of native texturally-differentiated soils (Albic Retisols). 
Statistical parameters (mean, median, quarter and dispersion) 
of physical properties were calculated for each group. Statistical 
sample sizes (number of measurements) for different properties 
and horizons are presented in Table 2.

3. Results

Relationships between morphological and physical char-
acteristics were identified in soils of similar texture (loams), 
because the particle-size distribution is known to have highly 
significant influence on other physical properties as well as all 
morphological and chemical properties. It should be noted that 
increased percentages of coarse fractions (sand) in upper hori-
zons are typically found in loamy soils of Moscow (Stroganova 
et al., 1998)

3.1. Morphological features

The six pits (see Table 1) analyzed in the present study in-
clude three deep profiles (pits 1, 2 and 3), which represent con-
secutive stages of the human-induced transformation of native 
texturally differentiated soils (Albic Retisols) and the formation 
of urban cultural layers, and three shallow profiles (pits 4, 5 
and 6), which represent young soils formed on technogenic sub-
strates over a period of 60–70 years since building of the LMSU 
campus. Detailed descriptions of the studied pits are presented 
below. 

Pit 1. Located within a flat area under a plantation of small-
leaved lime (Tilia cordata). Fallen leaves and twigs are removed 
from the site in spring. Soil profile is described in Table 3. Judg-
ing from the morphological description, this soil was defined as 
surface-turbated soddy-podzolic (Albic Retisol). Its upper hori-
zons were turbated (mixed) during construction works 60–70 
years ago or earlier by ploughing and subsequently a postlitho-
genic humus horizon has developed at the surface. Structure of 
the horizons is inherited from the natural soil.

Pit 2. Located within a flat area, at the distance of 20 m from 
the Meteorological Observatory building, at the edge of a plot 
for a long-term monitoring of soil-ground temperatures. Grassy 
vegetation has a projective cover of 98%. Dry leaves and twigs 
from nearby trees are regularly removed from the plot area. Soil 
profile is described in Table 4.

This synlithogenic soil was defined as urbostratozem un-
derlain by mantle loam (Urbic Technosol). It had well-structured 
synlithogenic humus horizons (UR), which were underlain by 
structureless technogenic horizons (TCH), with the natural tran-
sitional horizon of native soil at the bottom of the profile. 

Pit 3. Corresponds to an archaeological excavation on the 
territory owned by the Pushkin State Museum of Fine Arts in 
the city center, within the courtyard of the 18th century mansion 
(which belonged to Golytsyn-Vyazemskii-Dolgorukov princes) 
surrounded by the late 19th century openwork forged fence. Veg-
etation near the pit was represented by few broad-leaved trees 
and almost no grass. Soil profile is described in Table 5. The up-
per part of this urbostratozem (Urbic Technosol) consisted of 
several UR humus horizons with well-developed structure. Its 
horizontal orientation together with almost smooth boundaries 
between horizons were indicative of synlithogenic genesis of 
these horizons and a whole profile. Deeper, urbic horizons alter-
nated with technogenic layers consisting of carbonate material. 
From the depth of 190 cm, there was a buried native soil (textur-
ally-differentiated, Albic Retisol). 

Table 2
Statistical sample sizes for analyzed physical characteristics of soil horizons

Properties Horizons

TCH UR AY, AU Inherited horizons of natural soils

Bulk density 27 24 10 15

Saturated hydraulic conductivity 21 24 30 15

Penetration resistance 39 68 10 50
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Table 3
The morphological description of Albic Retisol. Pit 1

Horizon
(Russian 
symbols)

Horizon (FAO 
symbols)

Depth,
cm

Morphological description

AU A 0–7 Postlithogenic dark-humus horizon, dark gray-brown, moist, soft, loose, medium loam texture, gran-
ular-subangular blocky structure, abundant roots (of trees and grasses), no visible effervescence, 
wavy boundary, distinct transition by color and density

TUR (AY, TCH) Au, c 7–13 Turbated humus horizon with additions of technogenic material, yellowish-brownish gray, slightly 
damp, denser than above, medium loam, subangular blocky, hard, contains blackish purple Mn nod-
ules up to 2 mm in diameter, many roots of grasses (d < 1 mm) and trees (up to 1.5 cm thick), rare 
artefacts, wavy boundary, distinct transition by color

EL Ec 13–38/42 From pale gray to whitish, slightly damp, dense, medium loam, platy-subangular blocky, many large 
pores, many roots, occasional worm channels, Fe-Mn concentrations including dense nodules in-
creasingly abundant with depth, wavy boundary, distinct transition by color and density

ВЕL EBt 38/42–51 Predominantly ochric-yellow, with whitish faces of structural peds, very dense, medium loam, platy-
angular blocky, moderately hard, very porous, many Fe nodules including large ones, irregular 
(tonguing) boundary, distinct transition

BT Bt 51–80 Brown with whitish mottles, fresh, dense, clay loam, coarse subangular blocky, easily breaks when 
rubbed between fi ngers and thumb, with clay coatings on ped faces

Table 4
The morphological description of urbostratozem (Urbic Technosol) underlain by mantle loam. Pit 2

Horizon
(Russian 
symbols)

Horizon (FAO 
symbols)

Depth,
cm

Morphological description

URrz A 0–3 Sod

UR1 Au1 3–12 Abundant roots, uniform color (brownish gray), loose, well-developed crumb structure, soft, many 
worm channels, occasional artefacts (< 10% of a total volume), no visible effervescence, smooth 
boundary, distinct transition

UR2 Au2 12–23/25 Lighter-colored than above (pale brown background with dark mottles along vertically oriented 
worm channels), structure coarser than above, crumb peds have more distinct shapes and horizon-
tal orientation, occasional artefacts (< 10% of a total volume), wavy boundary, distinct transition

TCH1 Cu1 25–40 Alternating layers and lenses with high (> 20%) contents of building waste and loose soil-parent 
materials of varied texture, occasional sand lenses, irregular color (ochric-brown background with 
gray-brown lenses), moist, weakly developed subangular blocky structure, moderately hard, frag-
mented smooth boundary, sharp transition

TCH2 Au 40–53/56 Grayish brown with brownish pale-ochric mottles, loam with numerous loamy sand layers, moist, 
frequent (30–40%) inclusions of building waste (fi berglass and stones), the lower boundary is marked 
by black coal layer (50–53 cm) disintegrating in situ 

[BCg] BCb, g 53/56–100 Natural transitional layer between illuvial horizon and parent material of Albic Retisol, ochric brown 
with pale hues on ped faces, occasional small black Fe-Mn nodules (d < 1 mm), dense, moist, many 
large pores, prismatic structure becoming coarser with depth, thin bluish fi lms on ped faces

In sum, deep soil profiles of pits 1, 2 and 3 were character-
ized by increasing proportions of clay fractions with depth, the 
presence of sand fractions in many upper horizons, frequent oc-
currence of layered and platy structural features in upper and 
middle horizons, with transition to angular blocky and prismatic 
structures in lower horizons similar to those in natural soils.

Pit 4. Located in the Botanical Garden of the LMSU Facul-
ty of Biology, within a plot under cultural plants. Soil profile is 
described in Table 6. This profile represents a combination of 
a thick cultivated layer and underlying technogenic materials 

deposited during the period of the LMSU campus construction. 
It was defined as technogenic agrozem. According to the WRB 
(2015), it was classified as Phaeozem due to an insufficient con-
tent of artefacts.

Pit 5. Located within the inner yard (small courtyard) of the 
LMSU Medical Center building, under predominantly ground 
elder (Aegopodium podagraria L.), beneath a canopy of maple 
trees (Acer negundo and Acer platanoídes). Soil profile is de-
scribed in Table 7. This profile does not have any features of 
synlithogenesis. The humus horizon has been formed on the soil 



Table 6
The morphological description of technogenic agrozem (Phaeozem). Pit 4

Horizon
(Russian 
symbols)

Horizon 
(FAO 
symbols)

Depth,
cm

Morphological description

P1 Ap 0–20 Uniform dark gray color, fresh, crumb structure, light loam, porous, slightly compacted, contains organic residues 
(including many dead roots) that are decomposed to different degrees, generally smooth boundary with occa-
sional streaks along worm channels, abrupt transition by color, non-effervescent

P2 Ap,u 20–35 Irregular color (pale brown background with dark gray streaks along worm channels), moist, subangular blocky 
structure, light loam, porous, slightly compacted, contains organic residues (including many dead roots) that are 
decomposed to different degrees, occasional mole channels, rare inclusions of stones, non-effervescent, slightly 
wavy boundary, sharp transition 

TCH Cu 35–60 Uniform pale brown color, moist, from fi ne subangular blocky to coarse lumpy structure, medium loam, inclu-
sions of sand, gravel, brick fragments and glass (20% in total), inclusions have an audible effervescence, dense, 
contains organic residues (dead roots) that are decomposed to different degrees

Table 5
The morphological description of deep urbostratozem (Urbic Technosol). Pit3

Horizon
(Russian 
symbols)

Horizon 
(FAO 
symbols)

Depth,
cm

Morphological description

URrat 1Au,k 0–4/5 Dark gray, moist, glittering grains of primary minerals free from coatings, occasional coprolites, light loam, 
moderately developed platy-subangular blocky structure, few roots (new substrate not occupied by tree 
roots), strong visible effervescence with 10% HCl, wavy boundary, abrupt transition by the number of 
inclusions

UR2 1Au,k2 5–38 Brownish gray, fresh to slightly moist, moist along root channels, solid inclusions (lime mortar, brick, glass, 
charcoal, etc.) content of about 40%, fi ne earth has light loam texture, occasional small lenses of yellow 
sand, weakly structured into small subangular blocks with a horizontal orientation, soft consistency, strong 
visible effervescence with 10% HCl throughout the horizon, wavy boundary, distinct transition by structure 
and by numbers of inclusions and roots

UR3 1Au,k3 38–83 Brownish gray, fresh, moderately developed structure with subangular blocky and prismatic peds of a ver-
tical orientation, peds are moderately hard, ‘beads’-like accumulations of peds within root zones, medium 
loam that seems lighter due to the presence of coarse inclusions (15–20%), strong effervescence through-
out, occasional worm channels, rare roots, wavy boundary, diffuse transition 

UR4 1Au,k4 83–120 Brownish gray, fresh, light loam, moderately developed structure, mostly medium-fi ne subangular blocky 
peds that tend to divide into horizontal sub-units, peds are moderately hard, occasional worm channels, 
rare small and large roots, solid inclusions (brick, lime mortar, ceramics, charcoal and bones) have a total 
content of 20-25%, strong effervescence with 10% HCl throughout the horizon, almost smooth boundary 
with occasional pockets, sharp transition 

TCH1 1C1 120–127 Yellowish lenses (pockets) of loose carbonate material occasionally crossing the boundary with the above 
horizon, fresh to slightly moist, layered platy structure, occasional ochric-brown half-decomposed plant 
residues, charcoal particles (3–5 mm) and small Fe-Mn ‘ortstein’ concretions, extremely strong efferves-
cence throughout, sharp transition

UR5 1Ab,k5 127-136 Dark gray, urbic pedogenic horizon, 10% inclusions, weak visible effervescence with 10% HCl

TCH 2  1C2 136–142/150 Dense layer of carbonate material, without recent traces of earthworm activity, but with singular roots, 
smooth boundary

UR6 1Ab,k6 142/150–162 Almost black, urbic pedogenic horizon, 10% inclusions, visible effervescence with 10% HCl 

ТСН3 1C3 162–172/175 Layer of humifi ed material with charcoal inclusions in its upper part, smooth boundary

TCH4 1Cc4 172/175–185 Dense layer of carbonate material, with horizontally oriented pores, occasional ‘ortstein’ concretions, iron 
pedofeatures within pores, iron concentrations and fi lms, smooth boundary 

TCH5 1C5 185–190 Dense layer of carbonate material with a sub-layer of charcoal particles along the lower boundary

[P1] 2Ab,p1 190–210/218 Brownish gray, plough layer, layered platy structure, inclusions have a visible effervescence with 10% HCl 

[P2]  2Ab,p2 210/218–225/233 Lighter than the previous one, plough layer, layered platy structure, inclusions have a visible effervescence 
with 10% HCl

[EL] 2Eb 225/233–240/248 Pinkish white, eluvial horizon, inclusions have an audible effervescence with 10% HCl

[BT] 2Btb Dark brown to brown, illuvial horizon, clay loam, angular blocky structure, non-effervescent

[BD] 3BCb Reddish yellow, structureless material consisting of fi nely-dispersed carbonates, impregnated with ferru-
ginous compounds
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remediation material, which was formerly applied onto the sur-
face of technogenic ground. Soil-forming processes have result-
ed in loosening of material within the upper part of the profile.

Pit 6. Located at the same site (the inner yard of the LMSU 
Medical Center building) under ruderal herbaceous vegetation 
very closely to the asphalt pavement. Soil profile is described 
in Table 8.

Profiles of pits 6 and 5 were similar. Their humus horizons 
were only 10 cm thick, because the activity of soil biota in deep-
er layers was hindered due to a lack of fine earth in technogenic 
parent materials. Both profiles were classified as gray-humus 
soils according to the Russian system and, by the criterion of ar-
tefact contents, as Urbic Technosols according to WRB (2015).

In sum, pits 4, 5 and 6 exposed postlithogenic soils on tech-
nogenic substrates, where humus horizons with pedogenic 
structure were underlain by structureless or dense (with unfa-
vorable structure) technogenic parent materials with high con-
tents of artefacts.

3.2. Basic physical characteristics 

Our analysis of vertical distribution patterns of bulk density 
(BD) values showed that they generally tended to increase with 
depth in soil profiles (Fig. 2a). Soddy-podzolic soil (pit 1) in the 
park was characterized by the lowest median value of BD in the 
surface horizon and a gradual increase in BD down the profile, 
which is a classical pattern of vertical distribution of this param-
eter in a non-compacted natural soil. A dispersion (variation) of 
values was observed throughout the profile. Urbostratozem (pit 

2) of the lawn had a step-like pattern of vertical distribution of 
BD, i.e., a non-uniform irregular increase in BD with depth, due 
to the clearly stratified arrangement of soil horizons. An older 
Urbostratozem (pit 3) within the mansion courtyard in the Mos-
cow city center had very think man-made horizons and a very 
irregular distribution of BD values. Their decrease with depth 
was associated with heavier texture and prismatic-subangular 
blocky structure of soil horizons. Several profiles were exam-
ined in this excavation. Their structure is generally the same. 
A wide dispersion of BD values has been found in soils observed 
nearby within the mansion courtyard, but a low dispersion of 
BD values – in individual soil profiles (both sealed under a pave-
ment and non-sealed) which generally characterizes a mosaic 
spatial pattern of functioning of city soils. Agrozem (pit 4) of the 
LMSU Botanical Garden was characterized by a generally steady 
increase in BD values with depth, apart from a local peak of BD 
at the 10 cm depth due to a dense accumulation of weeds roots. 

Soils on technogenic deposits (pits 5 and 6) within the inner 
yard of the LMSU Medical Center building had especially high 
BD values in not only TCH layers, but also in humus horizons, 
due to high contents of stones and building waste.

The vertical distribution of saturated hydraulic conductiv-
ity (Ks) values in soddy-podzolic soil (pit 1) in the LMSU park was 
characterized by a slight decrease in Ks values with depth, but 
generally this soil corresponded to the class of high saturated 
hydraulic conductivity (Eggelsmann R. et al., 1977). In Urbostra-
tozem (pit 2) under a lawn within the LMSU Meteorological Ob-
servatory, the upper part of profile had higher Ks than the park 
soil (pit 1), but from the depth of 40 cm IR values decreased to 60 

Table 7
The morphological description of gray-humus soil (Urbic Technosol). Pit 5

Horizon
(Russian 
symbols)

Horizon 
(FAO 
symbols)

Depth,
cm

Morphological description

AU Au 0–10 Uniform pale brownish gray color, moist, loose, crumb structure, light loam, occasional worm channels, many 
roots, inclusions of concrete and asphalt fragments, stones, nails and metal rods, no visible effervescence with 
10% HCl, wavy boundary, distinct transition by color

ATCH Acu,k 20–35 Heterogeneous color (pale gray background with orange-brown mottles), moist, crumb structure, medium loam, 
slightly compacted, occasional roots, worm channels, inclusions (total content > 20%) of man-made materials 
(broken glass, fragments of stone and metal constrictions), visible effervescence with 10% HCl, smooth boundary, 
sharp transition by the number of inclusions

TCH Cu,k 25–55 Composed predominantly (70%) of solid fragments of building waste of different sizes, mixed with fi ne earth, 
strong effervescence with 10% HCl

Table 8
The morphological description of gray-humus soil (Urbic Technosol). Pit 6

Horizon
(Russian 
symbols)

Horizon 
(FAO 
symbols)

Depth,
cm

Morphological description

AY Au 0–10 Uniform dark gray color, dry, crumb structure, light loam, loose, abundant roots, worm channels, inclusions (total 
content of 10–20%) of building waste (asphalt fragments, stones, metal nails and rods), no visible effervescence 
with 10% HCl slightly wavy boundary, abrupt transition by the number of inclusions and by density

TCH Cu,k 10–50 Composed predominantly (70%) of solid fragments of building waste of different sizes, mixed with pale gray fi ne 
earth, visible effervescence with 10% HCl 
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cm day–1) (Fig. 2b). In the other Urbostratozem (pit 3) in the city 
center, Ks values widely varied within each horizon, with a very 
rapid percolation of water observed throughout the whole pro-
file. Very high saturated hydraulic conductivity was detected 
even within the UR2 (5–38 cm) horizon, despite the horizontal 
orientation of structural units, which was indicative of a pres-
ence of large pores and a significant gravitational infiltration 
throughout this layer. 

Penetration resistance (PR) values in park soil (pit 1) grad-
ually increased with depth and correlated with the increase in 
BD, however they had different vertical distribution patterns 
in soils with technogenic horizons (Fig. 2c). For example, in pit 
2, an increase in artefact content down the profile was accom-
panied by a gradual decrease in PR. The oldest urban soil (pit 3) 
was characterized by low PR values throughout the profile.

4. Discussion

According to the urban soil systematic based on profile 
morphology (Hulisz et al., 2018), our studied profiles correspond 
to two groups: the “long-term deposition” group (deep profiles 
2 and 3) and the “transport and deposition” group (pits 4, 5 and 
6). Weakly changed natural profile (pit 1) can be considered as 
a background.

Apart from the background park soil (pit 1) and the Bo-
tanical Garden soil (pit 4) with a thick plough layer, the other 
studied profiles contained significant amounts of solid inclu-
sions (domestic and building wastes), which allowed for their 
classification as Urbic Technosols, according to WRB classifica-
tion system (IUSS Working Group WRB, 2015). However, such 
Urbic Technosols could be separated into different taxonomic 
units considering their different genesis (Prokof’eva et al., 
2013, 2014).

Soil profiles exposed in pits 4, 5 and 6 consisted of postlitho-
genic humus horizons formed on technogenic deposits. In pits 
1, 2 and 3, there were surface anthropogenic layers of different 
thicknesses underlain by horizons with angular and subangular 
blocky structure inherited from natural soils. Smooth bounda-
ries and abrupt transitions between the anthropogenic horizons 
of urban soils resulted from the accretion of soil profiles due 
to the surface accumulation of deposits. Anthropogenic layers 
include in different kinds of horizons. Synlithogenic humus ho-
rizons (UR horizons) of specific city soils were characterized by 
increased contents of sand, probably, because of the presence 
of anthropogenic inclusions. UR horizons had well-developed 
fine-medium subangular blocky structure, often horizontally 
oriented. Technogenic horizons (TCH) weakly changed by pedo-
genesis had a less developed structure represented by coarse 
subangular blocks to lumpy structural units. The color of some 
TCH horizons was very similar to that of humus horizons due to 
the presence of materials enriched in soil organic carbon (TCH1 
and 2 in pit2, TCH3 in pit3, TCH of 5 and 6 pits). Cementation fea-
tures were observed in cases of high contents of solid inclusions 
and secondary carbonate impregnation (estimated by visible 
and strong visible effervescence with 10% HCl) in such horizons. 
Horizons UR and AU were morphologically very similar, except 
that UR horizons had stratification features associated with an 
irregular particle-size distribution, abundance of inclusions and 
a greater thickness.

A comparative analysis of morphological and physical char-
acteristics was conducted for the four groups of diagnostic ho-
rizons of soils (see Table 2). Physical properties were analyzed 
using statistical parameters (mean, median, quarter and disper-
sion) calculated for each group of horizons (Fig. 3). 

Bulk density (BD) is one of the fundamental characteristics 
of soil, as it predetermines possibilities for optimizing the bal-
ance of soil phases and it is necessary for calculations of stocks of 

Fig. 2. Vertical distribution patterns of values of bulk density (a), infiltration rate (b) and penetration resistance (c): profile distri-
bution with minimum and maximum values for bulk density and infiltration rate; interquartile range for penetration resistance
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Fig. 3. Bulk density (a), infiltration rate (b) and penetration resistance (c) 
of soil horizons: median, mean and quarter values and dispersion

soil nutrients and pollutants. BD values strongly depend on par-
ticle-size distribution and organic matter content (Logsdon et al., 
2017; Sünal et al., 2017). Urbic horizons (UR) had relatively low 
BD values (median of 1.22 g cm–3), significantly different from 
those in other groups of horizons. In this case, the distribution of 
BD values was close to normal, with almost coinciding median 
and mean values and with a minimal dispersion. Technogenic 
layers (TCH) were distinguished by very high BD values (median 
of 1.5 g cm–3), which in some samples were even higher than 
BD of natural soil horizons, with strong deviations from normal 
distribution. Postlithogenic humus horizons also had high BD 
values (median of 1.36 g cm–3), which was generally expected 
in non-cultivated soils under grass vegetation (Schwartz and 
Smith, 2016.) Many researchers have noted the development of 
compacted layers under grasslands and lawns, which negatively 
affect the permeability of soils, the growth of root systems and 
the activity of soil biota (Hamilton, and Waddington, 1999; Mat-
thieu, 2001; Belobrov and Zamotaev, 2007; Pouyat,et al., 2007; 
Devigne, et al., 2016). The study on physical properties of soils 
under different types of land use (forests, pastures and lawns 
of urban parks and private holdings) has shown a significantly 
greater compaction of soils under grasslands as compared to 
that of woodland soils (Price et al., 2010).

Pouyat et al. (2007) have reported a coincidence of median 
and mean values of BD in soils of Baltimor, USA, where median 
values were similar to those in our urbic horizons. They have 
concluded that a very wide variability of many characteristics 
including BD makes it impossible to define a typical city soil. In 
our opinion, the BD analysis is a very promising tool for urban 
soil diagnostics, provided that more data on densities of differ-
ent type horizons will be accumulated in the near future.

Saturated hydraulic conductivity (Ks) is, on the one hand, 
a very complex and widely variable characteristic and, on the 
other hand, a clear indication of probabilities for waterlog-
ging or desiccation within each specific soil profile. Different 
distribution of values was observed with saturated hydraulic 
conductivity (Fig. 3b), i.e., there was a wide dispersion of Ks 
values within UR horizons that had the minimal dispersion of 
BD values. These UR horizons, with mostly loose consistency 
and subangular blocky structure, had high Ks values (2566 cm 
day–1), which were significantly different from Ks values in other 
groups of horizons. This was an expected result, because water 
percolation through a layer was primarily determined by high 
(more than 40% of the total volume) contents of anthropogenic 
inclusions, irrespective of the degree of aggregation (structure 
development) in fine earth. There were lower absolute values 
and narrower dispersion of saturated hydraulic conductivity 
in other types of horizons, in particular, in lower horizons of 
natural soils with angular blocky and coarse subangular blocky 
– angular blocky structures. Many researchers pay great atten-
tion to the influence of solid inclusions on the city’s soil. But they 
mainly concern the effect on chemical and physical-chemical 
properties (Wessolek et al. 2011; Nehls et al., 2013; Howard and 
Orlicki, 2016; Greinert and Kostecki, 2019). 

Most soils (pits 2, 4, 5 and 6) within the LMSU campus were 
formed on technogenic materials deposited 70 years ago and, 
therefore, had very similar patterns of vertical distribution of 

Ks values, although their absolute BD values were different (Fig. 
2a). Their infiltration rates (IR) were not very high, in spite of 
significant volumes of anthropogenic inclusions. On the basis of 
comparing Ks values in pits 2, 4, 5 and 6 with the high Ks in the 
ancient urban soil (pit 3) in the city center, we can suggest ei-
ther that a long period of time was required for the development 
of the pore system for water percolation through soil horizons 
with high contents of artefacts or a more gradual accumulation 
of substrates that in pit 3 accounted for its high Ks. 

The mean values of BD for UR, AU and TCH groups of soil 
horizons was 1.21, 1.29 and 1.5 g cm–3, mean values of Ks – 2566, 
873 and 158 cm day–1 respectively. Apparently, heterogeneity of 
profiles of specific urban soils – Urbostratozems – in terms of BD 
and IR parameters can be regarded as their typical characteris-
tic. Cadenasso and Pickett (2008) write about heterogeneity as a 
basic property of the urban environment.
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Penetration resistance characterizes both porosity and co-
hesion of the solid phase of soils, i.e., the resistance of the mass 
of soil particles to penetration by different tools (Sinnett et al., 
2008; Zadorozhnaya, 2018.). Values of PR were most varied in 
natural soil horizons, which was not surprising, because such 
horizons had largest structural units (peds) and the cone-shaped 
measuring device was driven through not only voids between 
peds, but also highly resistant hard surfaces of peds. Humus 
horizons with mostly crumb structure were distinguished by 
a minimal dispersion and almost normal distribution of PR val-
ues. Urbic horizons, despite their peds had uniform sizes, were 
characterized by a wide dispersion of PR values, which was due 
to the diversity of ped shapes (crumbs, plates, subangular blocks, 
etc.). It should be mentioned that in technogenic horizons PR 
values were determined only within fine earth concentration 
zones. Clearly, anthropogenic inclusions had very variable PR, 
up to zero values.

Charzyński et al. (2013), following the substrate approach 
for international classification of soils on technogenic materials, 
have suggested to extend the list of qualifiers (for different types 
of substrates and land use) for the Reference Group of Techno-
sols with the purpose of their better description, as Technosols 
are extremely heterogeneous soils. In our opinion, such exten-
sion is not always advisable, as it does not help to identify soil 
evolution trends and does not always help to predict the influ-
ence of different substrates on properties and ecological func-
tions of soils. We believe that the genetic approach to urban soil 
classification should be preferred for distinguishing taxonomic 
units by truly soil properties.

Taking into account general differences in genesis of urban 
soil profiles, we focused our attention on certain types of diag-
nostic horizons (UR, AU and TCH). Our study on physical proper-
ties of such horizons opens new perspectives for diagnostics of 
urban soils in Moscow. We believe that more data on physical 
properties of different types of horizons should be accumulat-
ed for making it possible to establish typical values of physical 
characteristics of such horizons. Of course, it is very promising 
to determine the quantitative parameters of soils physical prop-
erties to develop ranges of their variation and criteria for their 
evaluation. This can help us to understand the optimal values of 
this parameters for the functioning of urban soils. 

5. Conclusions

As a result of our comparative study on urban soils in the 
city of Moscow, it was shown that soil horizons and layers had 
certain characteristics based on combinations of interdepend-
ent morphological and physical properties. New data оn urban 
soils formed on parent materials of silty loam texture were ob-
tained. Bulk density and infiltration rate values in the studied 
soils were comparable with those in loamy soils in other cities 
of the world.

An abundance of solid inclusions of building rubble and 
domestic waste in the studied urban soils was a key factor, 
which predetermined both their morphological and physical 
characteristics, in particular, their BD and IR. Profile and intra-

-horizon distribution patterns of these properties in the stud-
ied soils were more heterogenous than those in natural soils. 

It was established that, in cases of equally high contents of 
solid inclusions, IR values in technogenic horizons with high BDs 
were significantly lower than those in urbic horizons. However, 
it was noted that high values of bulk density were not always 
indicative of low infiltration rates in soils of the city, e.g., some 
humus horizons can have high densities.

Different types of diagnostic horizons distinguished on the 
basis of their morphological features and genesis had different 
physical properties, which confirmed that physical properties 
were worth considering as additional classification criteria for 
urban soils. It was demonstrated that bulk density and infiltra-
tion rate were very informative parameters, as they allowed for 
a statistically reliable differentiation between synlithogenic ur-
bic humus horizons (UR), postlithogenic dark humus horizons 
(AU) and layers of technogenic materials (TCH) non-affected by 
pedogenesis. In order to include urban soils into the Soil Clas-
sification of Russia, it is important to confirm the pedogenic ori-
gin of the urbic horizon and its difference from postlithogenic 
humus horizons and technohenic ground layers. In the WRB 
system, a consideration of BD and IF parameters within a 1-m 
soil thickness can allow for dividing Urbic Technosols into two 
groups of soils with different conditions for plant growth. The 
latter can be achieved either by replacing the Urbic qualifier by 
two other qualifiers or by introducing new kinds of supplemen-
tary qualifiers. Penetration resistance was shown to be a less in-
formative parameter in this study.

The present study, where median values of basic physical 
parameters were obtained for UR, AU and TCH horizons, can be 
considered as the first step in the development of new quantita-
tive criteria for urban soil diagnostics. 
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