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Fig. 3. Selected minerals identified during SEM-EDS studies (the images 
were made in secondary electron mode): a – splitted calcitic crystals, de-
veloping over isometric aggregates (Pit 1, C6 horizon); b – splitted calcitic 
crystals that form radial clusters (Pit 1, C6 horizon); c – detrital clay ag-

gregate (Pit 4, C4 horizon); d – detrital clay aggregate with low degree of 
preservation (Pit 2, C6 horizon); e – a hollow microsphere encrusted with 
octahedral magnetite microcrystals (Pit 3, C5 horizon); f – Fe-oxides mi-
crocrystals probably developing over biofilms (Pit 4, C2 horizon)
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6 to 20%) throughout the area and often containing a high amount 
of silty and low content of sandy material (Grekhova, 2005).

Very high LOI values of studied soils are probably related to 
the technological peculiarities of peat combustion at large power 
plants. Application of this type of fuel resulted in incomplete 
and chuffing fuel combustion and therefore resulted in the high 
amounts of unburned organic fragments in the ashes.

The ash composition is largely determined by the origin of 
the fuel. The ashes from peat, lignite and combustible shale have 
a higher content of CaO, while the bituminous coal ashes have 
predominantly aluminosilicate composition (Yudovich and Ketris, 
2005). Therefore, the content of CaO in the soils under consid-
eration is a little higher than in the Technosols developed from 
bituminous coal ashes but significantly lower than in soils from 

Table 2.
Contents of major elements in the fine earth (<2 mm) of studied soils (in %)

Horizon Depth
(cm)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 MnO LOI Sum

Pit 1. Spolic Technosol (Arenic, Endoprotocalcic, Fluvic, Hyperartefactic, Laxic, Amphivitric)
OC 0–5 40.97 16.85 5.17 6.83 1.83 0.3 0.78 1.05 0.60 0.10 40.08 99.98
AC 15–20 45.12 29.70 4.88 3.47 1.45 0.4 0.70 1.46 0.35 0.10 30.09 99.96
C2 40–45 47.21 30.39 6.04 3.40 1.58 0.5 0.61 1.40 0.31 0.10 32.78 99.89
C3 70 50.50 24.58 6.25 3.31 1.53 0.4 0.62 1.44 0.31 0.10 31.23 99.82
C4 95–100 29.81 16.36 8.11 9.10 4.27 0.5 0.35 0.75 1.18 0.10 31.10 99.95
C5 110–120 44.71 23.02 6.73 7.93 2.16 0.6 0.51 1.32 0.42 0.10 42.24 99.95
C6 150 38.47 23.55 6.52 6.58 1.98 0.7 0.55 1.20 0.47 0.10 40.08 99.92

Pit 2. Spolic Technosol (Epiarenic, Endoprotocalcic, Fluvic, Hyperartefactic, Laxic, Amphivitric)
AC 0–5 47.86 14.11 4.89 4.47 1.43 0.4 0.72 0.92 0.50 0.10 24.56 99.96
C1 5–15 52.78 23.63 4.73 3.56 1.20 0.4 0.72 1.29 0.40 0.10 10.98 99.79
C2 20–30 47.97 24.82 4.72 5.30 1.48 0.5 0.64 1.23 0.39 0.10 12.50 99.65
C3 35–45 47.02 21.54 3.80 4.89 1.32 0.5 0.51 1.17 0.37 0.10 18.60 99.82
C4 50–60 53.36 21.86 5.77 3.96 1.48 0.5 0.67 1.45 0.31 0.10 10.19 99.65
C5 70–80 32.96 17.81 5.24 7.53 1.89 0.5 0.43 1.13 0.39 0.10 31.98 99.96
C6 100–110 51.22 21.63 6.34 4.02 1.76 0.4 0.60 1.47 0.31 0.10 12.00 99.85
C7 140 47.63 24.91 5.81 5.22 1.61 0.6 0.52 1.21 0.40 0.10 11.63 99.64

Pit 3. Spolic Technosol (Endoprotocalcic, Fluvic Hyperartefactic, Laxic, Stagnic, Amphivitric)
Oi 0–2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OC 2–5 37.68 15.47 4.51 5.55 1.56 0.6 0.72 0.98 0.63 0.10 32.08 99.88
AC 10–15 41.37 18.89 4.12 6.41 1.55 0.7 0.47 1.10 0.39 0.10 24.66 99.76
C1 25 44.62 25.99 5.52 6.27 1.90 0.7 0.55 1.29 0.38 0.10 11.90 99.22
C2 35–40 43.08 26.21 6.37 6.01 1.90 0.7 0.52 1.41 0.38 0.10 12.74 99.42
C3 50 43.48 21.74 6.26 7.27 2.05 0.6 0.45 1.38 0.42 0.10 16.15 99.90
C4 60–65 45.56 25.52 6.23 6.77 2.11 0.5 0.49 1.44 0.41 0.10 10.50 99.63
C5 70 43.29 24.15 5.65 8.29 2.21 0.5 0.41 1.30 0.42 0.10 12.90 99.22
C6 85 50.29 20.07 6.31 4.75 1.81 0.4 0.52 1.46 0.32 0.10 13.90 99.93
C7 90–95 43.32 24.32 6.13 7.00 2.24 0.4 0.46 1.34 0.43 0.10 14.20 99.94
C8 110 40.26 20.27 6.17 4.74 1.96 0.4 0.59 1.33 0.34 0.10 23.43 99.59
C9 115 37.73 13.66 4.02 7.60 1.67 0.6 0.39 0.92 0.40 0.10 32.38 99.47
C10 140 35.51 19.10 5.47 4.81 1.67 0.7 0.62 1.44 0.36 0.10 30.19 99.97

Pit 4. Spolic Technosol (Amphiprotocalcic, Fluvic, Hyperartefactic, Laxic, Amphivitric)
Oi 0–2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
OC 2–5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AC 10–15 40.08 21.37 7.93 6.65 2.20 0.3 0.53 1.13 0.62 0.10 18.85 99.76
C1 30–35 30.09 17.01 5.22 5.20 2.02 0.5 0.46 1.10 0.51 0.10 37.65 99.86
C2 55–68 32.78 12.89 6.67 8.05 2.31 0.4 0.39 1.14 0.55 0.10 34.71 99.99
C3 80–85 31.23 18.19 8.07 8.57 2.52 0.6 0.49 1.03 0.70 0.10 28.42 99.92
C4 100–105 31.10 9.89 4.69 9.46 2.14 0.7 0.29 0.74 0.36 0.10 40.30 99.77
C5 150 42.24 24.39 6.82 4.35 1.51 0.6 0.72 1.18 0.33 0.10 17.50 99.74

n.d. – not determined
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lignite ashes (Uzarowicz and Zagórski, 2015). At the same time, pH 
values are much lower in comparison with soils from bituminous 
coal and lignite ashes studied at the ash disposal sites of Eastern 
Europe (Uzarowicz et al., 2017, 2018b), which may be interpreted 
as a result of intensive weathering under conditions of a cold 
continental climate, as well as peculiarities of ashes originated 
from combustion of peat from a certain deposit. It is important 
to mention that we can only speculate about the intensity of peat 
ash weathering, as the facility has not used this type of fuel for 
a long time and the initial ashes are not available for analysis.

The main set of soil-forming processes, manifested in all the 
soils under consideration, is associated with the transformation of 
organic residues and the disintegration of the technogenic parent 
material (weathering of the primary silicate, aluminosilicate, and 
carbon-containing particles). The processes of transformation 
of the substrate that are observed in the Technosols in the ash 
disposal areas are similar to the weathering of volcanic ash, but 
occurring at much higher rates (Warren and Dudas, 1984, 1985; 
Uzarowicz et al., 2018a). The area under consideration is char-
acterised by conditions of deep seasonal freezing. Along with 
processes of soil formation and the activity of living organisms, 
the freeze–thaw cycles in water-saturated layers of dispersed fly 
ash can also intensify weathering processes.

The formation of secondary carbonates is a characteristic 
feature of soil formation at ash disposal areas (Uzarowicz et al., 
2017, 2018b). The amount and the variety of pedogenic carbonates 
in the studied soils correlate directly with a degree of the soil 
profile development. A high content of carbonate neoformations 
and the occurrence of both well-defined large agglomerations and 
intergrowths in the soils at Dump 1 is due to the longer period of 
soil formation (the storage of ash and slag wastes was finished 
5–10 years earlier) and good drainage, as well as vegetation. The 
decrease of pH values in the upper part of the soil profile, the 
accumulation of organic matter, and the formation of O and AC 
horizons containing soil organic matter in the upper horizons of 
the pits with a longer period of soil formation, are among other 
indicators of pedogenesis. The following tendency was not so 
obvious for Feo and Fed, as well these values are very variable 
along the profile, which is also a typical feature of soils developed 
from bituminous coal and lignite ashes (Uzarowicz et al., 2017). 

Based on the obtained results it is possible to note the im-
portant role of the vegetation and local hydrological and geomor-
phological conditions on the intensity of soil formation processes. 
The development of the tree vegetation under good drainage 
conditions leads to the formation of soils with a greater thickness 
of humus horizons. The large roots of woody plants penetrate 
deeply into the substrate, break up the initial ash stratification, 
and contribute to the formation of soil structure, as well as im-
proving the water regime. Based on the composition, properties 
and the morphology of studied soils it is possible to suggest that 
further pedogenic evolution would lead to the formation of an 
Andosol-like soils on the studied disposal sites. The ability of such 
technogenic substrates to maintain highly productive for her-
baceous and woody plant associations suggests that expansive 
remediation measures are probably not necessary.

Table 3. 
Bulk mineralogical composition of the fine earth (<2 mm) of soils 
developed on ash deposits based on powder XRD analyses

Horizon Depth (cm) Minerals

Pit 1. �Spolic Technosol (Arenic, Endoprotocalcic, Fluvic,  
Hyperartefactic, Laxic, Amphivitric)

OC 0–5 Qz, AS, Mul, Ab, Sm
AC 15–20 Qz, Mul, AS, Ab, Mc, Sm
C2 40–45 Qz, Mul, AS, Ca, Ab, Chl
C3 70 Qz, Mul, AS, Ab, Sm, Chl 
C4 95–100 Qz, Ca, Mul, AS, Ab, Sm
C5 110–120 Qz, Ca , Mul, AS
C6 150 Qz, Mul, AS, Ilt

Pit 2. �Spolic Technosol (Epiarenic, Endoprotocalcic, Fluvic, 
Hyperartefactic, Laxic, Amphivitric)

AC 0–5 Qz, Mul, AS, Ab, Ilt
C1 5–15 Qz, Mul, AS, Ab, Ilt
C2 20–30 Qz, Mul, AS, Ca, Ab
C3 35–45 Qz, Mul, AS, Ab, Mls, Ilt
C4 50–60 Qz, Mul, AS, Ca, Ab, Sm
C5 70–80 Qz, Mul, AS, Mc, Ab, Chl, Sm, Ilt
C6 100–110 Qz, Mul, AS, Ca, Mc, Ab, Sm
C7 140 Qz, Mul, AS, Ca, Ab, Mc

Pit 3. �Spolic Technosol (Endoprotocalcic, Fluvic Hyperartefactic,  
Laxic, Stagnic, Amphivitric)

Oi 0–2 n.d.
OC 2–5 Qz, AS, Mul, Ab, Chl
AC 10–15 Qz, Mul, AS, Ab, Mc
C1 25 Qz, Mul, AS, Ca, Sm
C2 35–40 Qz, Mul, AS, Ca, Ab
C3 50 Qz, Mul, AS, Ca, Ab, Mc, Chl, Sm
C4 60–65 Qz, Mul, AS, Ca, Ab
C5 70 Qz, Mul, AS, Ca, Ab, Sm
C6 85 Qz, Mul, AS, Ca, Ab, Sm
C7 90–95 Qz, Mul, AS, Ca, Ab
C8 110 Qz, Mul, AS, Ca, Ab, Chl
C9 115 Qz, Mul, AS, Ca, Ab, Chl. Sm
C10 140 Qz, Mul, AS, Ca

Pit 4. �Spolic Technosol (Amphiprotocalcic,  
Fluvic, Hyperartefactic, Laxic, Amphivitric)

Oi 0–2 n.d.
OC 2–5 Qz, Mul, AS, Ab, Chl, Sm
AC 10–15 Qz, AS, Ca, Ab, Mc
C1 30–35 Qz, AS, Ca, Ab, Mc, Sm, Ilt
C2 55–68 Qz, Mul, AS, Ca, Ab, Sm
C3 80–85 Qz, Mul, AS, Ca, Ab, Mc, Sm, Ilt
C4 100–105 Qz, Mul, AS, Ca, Ab
C5 150 Qz, Mul, AS, Ab, Sm

n.d. – not determined. Minerals are given in a semiquantitative order ba-
sed on the relation of peak intensities in the XRD patterns. Symbols of 
mineral phases: Ab – albite, AS – amorphous substances (glass), Ca – cal-
cite, Chl – chlorite, Ilt – illite,  Mc – microcline, Mul – mullite, Qz – quartz, 
Sm –smectite group minerals.
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6.	 Conclusions

(1)	 The soils developing at the ash disposal areas of Tyumen CHP-
1 are characterised by a poorly developed humus horizon 
and strong stratification of the ash parent material and can 
be classified as Spolic Technosols.

(2)	 The studied soils are characterised by close to neutral pH 
values in OC/AC horizons and alkaline in subsoils, high LOI 
values and strong variability of TOC content along the profile. 
The Alo + 1/2Feo value in more than half of the studied soil 
samples exceeds 0.4%.

(3)	 Components such as SiO2 (up to 53.36%), Al2O3 (up to 30.39%), 
and Fe2O3 (up to 8.11%) prevail in the chemical composition 
of the soils of the ash disposal areas of Tyumen CHP-1 plant. 
The CaO content is high (3.31–9.46%, on average 4–5%). The 
rest of oxides are in the subordinate position: MgO (1.20–
4.27%), ∑Na2O + K2O (≤ 1.5%), TiO2 (≤1.5%), P2O5 (≈0.5%), 
MnO (≤0.1%).

(4)	 The major components of the mineral composition are quartz, 
mullite, and calcite in individual samples, as well as amor-
phous compounds (glass).

(5)	 The main indicators of the soil formation are the formation 
of horizons of O and AC, initial signs of pedogenic structure, 
a decrease of pH values in the upper part of the profile, the 
transformation of the primary stratification of technogen-
ic soils by the plant roots, and the formation of pedogenic 
carbonates.

(6)	 In the best developed soils of the older section of ash dis-
posal areas under conditions of good drainage, two types of 
pedogenic carbonates were observed, aggregates and small 
intergrowths.

(7)	 Signs of the soil formation are better defined in the soils of 
elevated areas, covered with woody vegetation, with good 
drainage and the leaching water regime. The properties 
and composition of studied soils such as low pH values in 
comparison with other soils developed from other ashes, 
high LOI values and significant amount of clay fraction are 
determined mainly by peculiarities of peat ashes, as well as 
by processes of weathering under cold continental climate 
and deep seasonal freezing.

Fig. 4. Diversity of carbonate neoformations: a – carbonate agglomera-
tions attached to micro-texture inhomogeneity zones (Pit 1, C4, PPL); b – 
the same image under cross-polarized light (XPL), zones enriched with 

carbonate material are marked with arrows (Pit 1, C4, PPL); c – large ro-
undish carbonate agglomeration developed without visible micro-textu-
re contact (Pit 2, C5, PPL); d – the same image under cross-polarised light 
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