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Abstract The present paper deals with the characteristics of C, N and S pools and
fluxes in pyrite containing Technosols located in the area of Chukurovo mine (Gabra
village, Bulgaria) in a view of nutrient geochemical transformations in a specific
technogenic environment. The role of vegetation and soil microbiota for stabilization
of nutrient pools and fluxes has also been taken into consideration. Chemical and
microbiological assays are used to analyze the contents and transformation rates of C,
N and S. Determination of C:N and C:S ratios filling out the knowleadge of
interactions between studied nutrients in pyrite containing environment. Cinnamon
forest soils /Endogleyic Luvisols (Siltic, Chromic) are also included in the study in
order to provide a basis for comparison. According to the results obtained carbon and
nitrogen geochemical pools are interlinked by organic matter in Gleyic Technosols
(Siltic). Soil microbiota predominantly manage nitrogen organic and inorganic fluxes
and presumably are the main reason for low saturation of organic matter with nitrogen
(C:N=11). In young Technosols /Stagnic Technosols (Clayic)/prevail the pools of coal
carbon and the scarce fluxes of nitrogen. The average value of C:N is 38 but still the
strong correlation between elements exists. Pyrite is the main source of sulfur
providing predominance of inorganic pools and fluxes. It conceals the natural interlink
beteewn carbon and sulphur organic pools resulting in very low values of C:S
(average value of 7.5). Microorganisms responsible for the oxidative turnover of
inorganic sulfur compounds prevail and further sustain the acidic pH in young soil
solum.
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1 Introduction

Mining industry has rapidly developed in the twentieth century in Bulgaria and caused serious
negative impact on the environment. The immediate effect displays in devastation of the soil
cover, the alteration of local hydrogeology and modification of the relief. The open cast mining
most radically transformed the natural landscape because of the huge amount of earth materials
which have been discovered, transported and utilized in mine zones. These materials are used
for land creation (of the so-called spoils, dumps, mine soils or reclaimed soils) and usually
cover about 60 % of mine territories. Mines, furthermore, function long period of time and
constantly affect new areas. Meanwhile, the dump reclamation proceeds slowly and addition-
ally disturbs the ecological balance in mine regions of Bulgaria (MEW, ExEA 2014).

Reclaimed soils (formed during the extraction of minerals and natural materials) are located
near the mining and processing plants and have specific characteristics associated with the
origin, composition and properties of parent materials and their organization. Generally, the
reclamation resulted in creation of soils, whose properties and productive potential signifi-
cantly differ from these of the natural soils on which they are located (Ghose 2005; Wong
2003; Sheoran et al. 2008; Tsolova et al. 2012). New soils are less affected by weathering
processes and many of their properties could be substantially changed after reclamation
(Marinkina 1999; Sheoran et al. 2010). The most common degradation changes are associated
with sulfides content and the process of sulfuricization. Sulfuricization occurs when sulfide
minerals, such as pyrite (FeS2), are oxidized, and the produced sulfuric acid accelerates the
weathering of soil, and starts the formation of new mineral phases from the dissolution process
(Fanning and Fanning 1989; Fanning and Burch 1997; Sencindiver and Ammons 2000).
Sulfuricization may be the most important process of soil formation in acid mine soils
developed in pyritic materials (McCloy and Sencindiver 1991). Acid sulfate weathering
(sulfuricization) enriched soils with yellow jarosite (KFe3(SO4)2(OH)6) mottles, free sulfate
ions and cations such as H+, Ca2+, Mg2+, K+, and Al3+ (Singh et al. 1982; Ciolkosz et al. 1985;
Johnson and Skousen 1995; Marinkina 1999).

Oxidation of sulfides to sulfuric acid causes the phenomenon of “acid mine drainage”
through which many compounds are released in the environment (Benvenuti et al. 1997;
Sheoran and Sheoran 2006; Hegler et al. 2008; Donggan et al. 2011; Thorsten 2013). Acid
mine drainage is a unique pollutant because acid generation and discharges continue to occur
even when mining has ceased (USEPA 1978). In such devastating environment, the interac-
tions between soil components which determine the basic soil properties and functionality are
of great interest.

This paper deals with the characteristics of C, N and S pools and fluxes in pyrite containing
Technosols located in the area of Chukurovo mine (Gabra village, Bulgaria)) in a view of
nutrient geochemical transformations in a specific technogenic environment. The role of
vegetation and soil microbiota for stabilization of nutrient pools and fluxes has also been
taken into consideration.

2 Materials and Methods

2.1 A Brief Description of Studied Soils

Reclaimed soils located near “Chukurovo” mine are constructed as heterogeneous mixture of
Miocene geological materials which covered the coal horizons. They are directly reclaimed
(without soil amendment) with mixed black pine (Pinus nigra Arn.) and birch (Betula pendula
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Roth.) plantation - “Zapad” spoil (representative profile 1 with geographic coordinates: 42°33′
11.81″ N, 23°35′51.47″ E; Figs. 1 and 2) and by pure black pine plantation -“Mlada gvardia”
spoil (representative profile 2 with geographic coordinates: 42°32′24.94″ N, 23°36′15.55″ E;
Figs. 1 and 3). The period of post-reclamation development of soils is 30 and 20 years,
respectively.

The humus layer of cinnamon forest soil /Endogleyic Luvisols (Siltic, Chromic) with
geographic coordinates: 42°31′48.45″ N, 23°37′27.04″ E from the village of Gabra is also
included in the study in order to provide a control plot and a basis for comparison (Fig. 1).

2.2 Methodology

The field study was performed in accordance with the Guidance for soil description (FAO
2006). Sampling procedures were carried out by trial pit manual sampling described in ISO
10381–2 and ISO 10381–4 which are also Bulgarian State Standards (BSS) since 2005.
Disturbed samples were taken from each morphologically distinguished soil horizon or layer
related to each 20 cm depth as well. Preparation of samples for physico-chemical analysis
meets the requirements of BSS ISO 11464:2012.

The following parameters were determined:
Total nitrogen content - method BSS ISO 11261:1995;
Total sulphur content–method of soil extraction with acid mixture of HCl:HNO3 at ratio 3:1

and subsequent determination by BSS ISO 11048:2002;
Total carbon content–modified method of Turin (Banov et al. 2013).
The isolation, identification and enumeration of the main groups of microorganisms were

carried out by conventional methods described by Karavaiko et al. (1988) and Groudeva et al.
(1993).

Total bioactivity and biomass carbon were determined by gas chromatographic method
(Anderson and Domsch 1978). Microbiological soil characteristics were determined in undis-
turbed samples from humus horizons or surface layers with 5 cm depth.

Fig. 1 Location of studied objects
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3 Results and Discussion

3.1 Soil Features and Nutrient Pools

The studied soils’ taxonomy according to the World Reference Base Classification System
(2006) is:

& Gleyic Technosols (Siltic)–reclaimed soils with 30 years of post-reclamation development,
profile 1 (Fig. 2);

& Stagnic Technosols (Clayic) - reclaimed soils with 20 years of post-reclamation develop-
ment, profile 2 (Fig. 2).

Reclaimed soils characterize with deep profiles (>2 m), which are partially changed by
hypergenic transformations. Pedogenesis in genetically older soils /Gleyic Technosols (Siltic)/
proceeds with accumulation of organic matter, in contrast to Clay loam soils (profile 2) which
are devoid of humus. The humus formed at this stage is referred to the calcium mull type
(Duchaufour 1970) and termed as non-mature form –dark colored saturated humus (V>70 %),
with neutral pH, crumbly with granular structure, well humified, stable. Considering the C:N
value (Table 1) it is slightly saturated with nitrogen (Orlov 1995). The low content of nitrogen
in carbon organic compounds occurring in C horizons might be considered as their paleogenic
feature which provokes chemical stability and prevents the loss of organic carbon.

Genetically younger soils /Stagnic Technosols (Clayic)/ are enriched with carbon and
sulphur due to the abundance of coal admixtures and high pyrite content (Table 1). Fine coal
admixtures of a size less than 2 mm were not removed during the analysis in order to avoid the
further treatment of the samples. Some studies confirmed the negligible mineralization of coal
fragments (Tsolova et al. 2011; Slattery and Surapeneni 2002; Yazawa et al. 2002) and reveal
that new nutrient flux formation or changes in the soil matrix can not be expected. Coal artefacts
therefore should be considered as an inert biogenic pool of carbon, nitrogen and sulphur.

(a) (b)

Fig. 2 Profile views of Technosols
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Cinnamon soils /Endogleyic Luvisols (Siltic, Chromic)/ contain naturally formed humus which
might be determined as eutrophic mull, a subtype of forest mull type (Duchaufour 1970) which
features include high base saturation (96.44 %), acidic pH (5.4) and specific morphogenesis.

Presumably, the cycle of element transformations will be more intensive in genetically older
soils, wherein water infiltration induces the visible morphological changes. The vegetation
cover is the major factor for stabilization of nutrient cycles and predominance of organic pools
of carbon, nitrogen and sulphur in these soils. The young soil solum is still slightly changed by
biogeochemical processes but the aggressive chemical environment could reform their matrix.
Historically, the aggressive soil environment had retarded the plant germination for 20 years
(Marinkina and Banov 2001).

The correlations between C and N (Figs. 3a and 4a) and C and S (Figs. 3b and 4b) illustrate
the basic pattern of nutrient cycles in studied Technosols.

Strongly interlinked (coupled) pools and cycles of nitrogen and carbon are found in both
soils while the pyrite form of sulfur increases inorganic flux of S by increasing the content of

Table 1 Chemical properties of studied soils

Horizon Depth (cm) pH Total C (%) Total N (%) Total S (%) C:N C:S

Gleyic Technosol (Siltic) - profile 1

АС 0–5 6.7 1.05 0.099 0.1277 11 8

С1 5–25 7.2 0.46 0.030 0.0728 15 6

С2 25–40 6.9 0.30 0.012 0.0302 25 10

Сg1 40–60 7.0 0.35 0.015 0.0796 23 4

Сg2 60–80 6.8 0.34 0.014 0.0206 24 17

Сg3 80–100 6.5 0.09 0.009 0.0151 10 6

Average 6.85 0.43 0.030 0.0577 14 7

Stagnic Technosol (Clayic) - profile 2

С1 0–5 4.1 3.07 0.076 0.1016 40 30

С2 5–20 4.1 2.11 0.054 0.7208 39 3

С3 20–40 4.0 2.24 0.055 0.0508 41 44

Сg1 40–70 3.4 0.63 0.023 0.1112 27 6

Сg2 70–100 3.8 0.31 0.011 0.1167 28 3

Average 3.85 1.67 0.044 0.2202 38 8

Endogleyic Luvisol (Siltic, Chromic)

Ah 0–5 5.4 2.82 0.300 0.0481 9 59

y = 0,1066x - 0,0157
R² = 0.9413
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Fig. 3 Relationships between C and N (a) and C and S (b) in profile 1
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sulfates up to 70 % of the total S content. Hence, sulfates could affect the rate of simultaneous
transformation of organic and inorganic pools resulting in decoupling of C and S cycles
(Delgado-Baquerizo et al. 2013).

Variations of C:N values in depth of Technosols (Fig. 5a) generally reflect the heteroge-
neous deposition of layers with different carbon and nitrogen contents. Still, a trend of the
gradual increase of C:N values along depth of profile 1 should be marked. The trend describes
negligible humus formation and low nitrogen proceeds (fixation) in older Technosols and
clearly differentiates A and C horizons.

The narrowing ratio in depth of young soils could not be assigned to pedogenesis or organic
matter morphogenesis occurring in natural soils. Coal fragments represent the major pool of
carbon and may provoke the established characterization. They contain little nitrogen (0.26 %)
bringing on extremely high value of C:N ratio (156) and excessive level of sulfur resulting in a
very low C:S value (0.61).

Sulfur content in young soils remarkably exceeds (4 times) the amount found in natural
soils /Endogleyic Luvisols (Siltic, Chromic)/ and sulfur clark concentration (480 mg/kg), and
could add a chalcophile nature of soil environment (in the meaning of chalcophile elements
prevalence). Still, the presence of both pyrite and coal fragments already modifies the
geochemical features of young soils.

Values of C:S ratio in all studied soils are low and reflect the local sulfur and carbon
geochemistry and cycle patterns (Table 1, Fig. 5b). Usually, the values of C:S in soil organic
horizons vary from 80 to 200 (Barber 1988) where S content is low due to the specifics of S
cycle pattern which is briefly summarized by Peck (1993): “in most soils and natural
environments, there is a continuous flux of sulphur through the biological sulphur cycle
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Fig. 5 Variations of C:N values (a) and C:S values (b) with depth of Technosols
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without the accumulation of intermediates or significant changes in the concentrations of sulfates
and sulfides. This situation can then be regarded as an uninterrupted or continuous sulfur cycle”.

3.2 Soil Microbiota and Nutrients Fluxes

Edaphological study help to reveal the leading processes and further development of pyrite
containing Technosols. Microbiological studies complement the knowledge of biochemical
processes controlling the fate of studied elements and are focused on the following microor-
ganism colonies (Table 2):

– Oligotrophic bacteria–they mineralize mainly carbon-containing substances such as hy-
drocarbons and monosaccharides;

– Amonifying bacteria–they mineralize readily available nitrogen containing organic sub-
stances, such as free amino acids;

– Bacteria growing on mineral nitrogen–they transform mineral forms of nitrogen in
organic compounds; actinomycetes - they decompose the more resistant organic substance
and pigmented soil humus.

– Oligonitrophylic bacteria-they actively develop in an environment containing high levels
of nitrogen and carbon and can fix the atmospheric nitrogen.

– Fungi -they are important decomposers in the soil food web. They convert hard-to-digest
organic material into available forms.

Data in Table 2 shows that microorganisms delivering atmospheric nitrogen
(Oligonitrophylic bacteria) prevail over those that transform organic compounds occurring
in soils. Rapid growth of Oligonitrophylous indicates that carbon accumulates in the form of
various readily available soil compounds in transformation of which ammonifyers and
Bacteria assimilating mineral N took part. A slight growth and low population density are
typical of Oligotrophs but obviously the acidic pH injures their functionality and retards the
mineralization rate of organic compounds in profile 2. Actinomycetes colonies usually grow
slowly and also are sensitive to acidity (optimum pH ranges from 6.5 to 8.0) and waterlogged
soil conditions. Fungi predominate in vegetated soils although acidic pH (profile 2) also
facilitates the growth of fungi genera. Oligonitrophylous and Oligotrophs are dominant in
unvegetated soils which offer poor nutritious environment. Regardless of some impressive
numbers, the microbial activity of Technosols is fainter than that of natural soils. Therefore, the
biomass carbon is 3 to 12 times less in comparison with that in natural soils.

Table 2 The microbial abundance, activity and enumeration in studied soils

Objects Bioactivity
(mg CO2 /100 g)

Biomass carbon
(mg/100 g)

Million/g Thous. g−1

Amoni-fying
bacteria

Oligo-trophs Oligoni-trophyls assimilating
mineral N

bacteria Actino-
micetes

fungi

Profile 1 2.919 8.951 8.633 5.697 116.667 28.133 6. 167 0.017

Profile 2 3.222 2.656 0.700 0.300 3.333 0.833 0.383 0.020

Luvisol 9.814 24.296 6.100 1.307 52.333 5.067 6.433 0.187
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The carbon pool predominantly involves fresh and the newly formed organic matter
although the stable form of organic carbon was also determined (paleocarbon, coal admix-
tures). The flux of available carbon is well distinguishable considering the number of
Oligonitrophylic bacteria in studied Technosols. The increase of nitrogen pool and flux
apparently is catalyzed by bacteria transforming the inorganic nitrogen into organic especially
in the newly formed humus horizon of Gleyic Technosols (Siltic). Amonification also occurs
in these soils and C:N ratio reveal the fate of ammonia and further development of the
nitrification process and N cycling. The sulfur pools and fluxes are more complicated and
more versatile in soils and involve both organic and inorganic compounds. The microorgan-
isms indigenous to acidic environments and known to be isolated from leached dumps and
acid mine drainage water are listed in Table 3. Data show that the main oxidants of interme-
diate inorganic sulfur compounds (tetrathionate, thiosulfate, pyrite, elemental sulfur)
Thiobacillus thiooxidans and Thiobacillus thioparus dominate in cinnamon soils followed
by the group of Heterotrophic acidophiles which are also capable to oxidize the organic
compounds. Colorless sulfur bacteria, Thiobacillus like and typical pyrite oxidants -
Thiobacillus ferrooxidans and Leptospirillum ferrooxidans joined to the oxidation of sulfides
in technogenic soils. We should also admit that thionic bacteria are conditionally profiled and
Thiobacillus thiooxidans also attack pyrite (Bacelar-Nicolau and Johnson Barrie 1999).

Data in Table 3 prove that microbial processes are pivotal for sulfur renewal and cycling in
young Technosols. Sulfur inorganic intermediate compounds are continuously oxidizing and
repeatedly transforming from pyrite and sulfides, the elemental sulfur and non-reduced
compounds to sulphate and organic forms. In addition the acidic environment inhibits the
growth of germs transforming carbon and nitrogen organic compounds.

Soil microorganisms which accomplish the intensive fixation of atmospheric nitrogen and
transform readily available nitrogen containing organic substances prevail in Gleyic
Technosols (Siltic) distinguished for lower pyrite content and neutral pH.

4 Conclusion

Controlling the success of plant germination and cover formation, Technosols geochemistry signif-
icantly influences the accumulation and chemical transformation of carbon, nitrogen and sulfur.

Carbon and nitrogen geochemical pools are interlinked by organic matter in Gleyic
Technosols (Siltic). Soil microbiota predominantly manage nitrogen organic and inorganic
fluxes and presumably are the main reason for low saturation of organic matter with nitrogen
(C:N =11). Amonification provides further N cycling. In young Technosols/Stagnic
Technosols (Clayic)/prevail the pools of coal carbon and the scarce flux of nitrogen. The
average value of C:N is 38 but still the strong correlation between these elements exists. Pyrite

Table 3 Enumeration of the groups of thionic bacteria in studied soils (number of cells/ml)

Objects Thioba-cillus
ferro-oxidans

Lepto-spirillum
ferro-oxidans

Thioba-cillus
thio-oxidans

Thioba-cillus
thio-parus

Thioba-cillus
like

Hetero-trophic
acido-philes

Colorless
sulphur-oxidizing
bacteria

Profile 1 1.2.102 – 4.2.103 5.0.103 – 1.0.101 101

Profile 2 4.1.102 0.4.101 1.6.10 2 1.0.10 4 8.3.101 3.3.102 101

Max 2.0.103 1.2. 101 8.5. 102 6.5.10 4 6.0.102 9.2.102 1.0.102

min 0.0 0.0 0.5.101 0.0 0.0 0.0 0.0

Luvisol – – 1.2.10 4 2.1.10 4 – 9.0.10 2 101
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is the main source of sulfur providing predominance of inorganic pools and fluxes. It conceals
the natural interlink beteewn carbon and sulfur organic pools resulting in very low values of
C:S (average value of 7.5). Microorganisms responsible for the oxidative turnover of inorganic
sulfur compounds prevail and further sustain the acidic pH in young soil solum.
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