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abstract

This study focuses on geospatial distribution patterns of Cr, Ni and V, their abundance, associations 
and origin in surface horizons of soils surrounding Bobov dol Thermal Power Plant. The content of Si, Al, Fe, 
Ti, Mn, Mg, Ca, Na, K, S, P, C, Cu, Zn, Cd, and Co has been also analyzed in order to reveal the geochemical 
affinity and assemblages of studied elements. According to the results obtained Ni (4.15-39.40 mg/kg), Cr 
(9.03-73.81 mg/kg) and V (13.19-86.36 mg/kg) occur in low amounts that quantitatively parallel to the 
siliciclastic nature of soil parent rocks. Element assemblages resemble the lithogenic pattern and the most 
stable ones involve ferromagnesian trace elements and iron.Тhe natural geospatial distribution of Cr, Ni and 
V is perturbed by the anthropogenic activities and this leads to an initial stage of spot polymetallic (Cr and 
Ni) contamination of soils located in the close vicinity of the tailing pond. 

Key words: ferromagnesian microelements, geospatial diversity, petrogenic backgrounds, pollution 
thresholds

introDuction

Nowadays, concentrations of a number of trace elements in soils and sediments 
have increased all over the world as a result of various industrial activities including 
mining and ore processing. Thus, the necessity of generating new knowledge of chemical 
affinity and activity of technogenic elements has aroused in addition to their natural 
geochemical assemblages, fluxes and cycling.

The chemical elements Cr, Ni and V are considered less available for plants 
(Nemecek et al., 2002), but their technogenic presence in pedosphere provokes an 
interest in studying the new geochemical status of soils. 

The pedogeochemistry of Cr, Ni and V is distinguished for several features. Anions 
of the six valence chromium are often assumed mobile in the environment while cations 
of the three valence Cr are considered less mobile. However, Motzer (2004) documented 
several processes that can govern the mobility of Cr(III) in soils: i) oxidation to Cr(VI) 
during the adsorption from Mn(III) and Mn(IV) oxyhydroxides and Mn(IV) oxides 
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(such as the mineral pyrolusite) – the process accelerates with increasing of pH; ii) soil 
organic matter in particular simple amino, humic, and fulvic acids adsorbs and reduces 
Cr(VI) to Cr(III) within a few days; iii) reaction of Cr(VI) with ferrous [Fe(II)] iron 
reduce it to Cr(III). 

Since the trivalent cation of chromium has similar properties with trivalent cations 
of iron and aluminum, it participates in multiple substitution reactions. That is way, Cr 
content in the Earth’s crust widely varies from 1 to 3000 mg/kg (Kotas, Stasicka, 2000). 
Anthropogenic activities often alter the naturally occurring processes and also require a 
special attention. 

Nickel comes into the Earth’s crust from the mantle along with other siderophile 
elements such as Co and Mn. Although, Ni content in the crust  is not high (about 
90 mg/kg) it presents in all phases of the geochemical mineralogical cycle involving 
metamorphic and sedimentary rocks, soils and sediments. The element wide distribution 
is also due to its chemical activity - in primary minerals, Ni can substitute several alkaline 
and metallic cations such as Mg, Al, Li, Fe and Cu and also can substitute Fe even in 
pyrite (Alloway, 1995). Ni is a trace element in clayey minerals, Fe and Mn (hydro)
oxides and concretions. Its concentration decreases with increasing acidity of rocks and 
in granites is down to 5-15 mg/kg. 

The great variety of vanadium compounds is attributed to its ability to be either 
an electronegative or an electropositive metal. It is placed immediately after carbon 
regarding the number of compounds that is able to form (WHO, 1988). Vanadium is 
a lithophile-siderophile metallic element and likewise other transitional elements with 
intermediate ionic radius is frequently found as a substitute of Fe in magnetite and in 
the ferromagnesian silicate minerals (Smith, Carson, 1981). Therefore, mafic rocks are 
typically enriched in V compared to the most intermediate and felsic rocks. Coal may 
also contain appreciable amounts of V and become a source of environment pollution. 

Vanadium is of great interest due to lack of information on its geospatial variation 
and background content in Bulgarian soils. The threshold values for vanadium toxic 
content in soils have not been prescribed in Bulgaria yet as in many countries indeed. 
The European countries that have established the limit values for vanadium content in 
soils are summarized by Frank et al. (1996) and listed in Table 1.

The little attention to vanadium distribution in Bulgarian soils generates the 
interest in this study especially in view of the new artificially dressing of soils with trace 
elements around the Thermal Power Plants operating with coal.

This paper deals with the geochemical hallmarks of Cr, Ni and V in soils 
surrounding Bobov dol Thermal Power Plant (TPP) in view of their abundance, spatial 
distribution, geochemical associations and origin in soils.

Materials anD MetHoDs

The applied methodology includes several routine methods presented by Nikova 
et al. (2016). In brief they are described below.
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site description and sampling
The geospatial variability of trace elements in soils is studied within a radius of 8 

km from TPP. The sampling procedure is designed as an irregular site-specific network 
including eighty-five grid points in agreement with Bulgarian State Standard, BDS ISO 
10381-2. Soil samples were taken to a depth of 30 cm (BDS ISO 10381-4).

In order to determine the origin of trace elements in soils we also analyzed the 
microelemental composition of soil parent rocks. Three rocks samples were collected 
from the outcrops along the conveyor belt transporting the ash to the tailing pond 
‘Kamenik’ by rock hammer and drill to penetrate to 20 cm depth (Fig. 1).

The intermediate tank for fly ash storage was also sampled using surface techniques 
in duplicate to reveal the content of trace elements in fly ashes.

The range of geochemical background reflecting the natural variety of the content 
of elements in indigenous rocks was calculated by the formula (equation 1) cited by 
Gałuszka et al. (2015):

Range of geochemical background = Mean value ± 2 SD  (1),
Where SD is a standard deviation calculated by the formula of Browne (1979).

analyses and statistics
Soil samples were pre-treated according to BDS ISO 11464:2010 and the content 

of trace elements was determined after extraction with aqua regia (ISO 11466:2010 and 
ISO 22036:2012). The content of macroelements was analyzed in sixty-eight soil samples, 
considered representative for all soil varieties by inter-laboratory method CNILG BM-
2:2013 using lithium metaborate fusion in the sample preparation step. Analyses of all 
samples were carried out by ICP - OES (ICP 720-ES Agilent Technologies). Quality 
control includes determination of all elements in blank and SMR - SOC001-30G 
samples on every 15 measuring. Accuracy and precision for microelements were below 
10% and 19% respectively.

Organic carbon analysis was accomplished through the modified method of Turin 
(Filcheva, Tsadilas, 2002) and pH by ISO 10390: 2010.

table 1. Risk values for vanadium content (total concentration in mg/kg) in soils of some European 
countries

country negligible risk Warning risk unacceptable 
risk (residential)

unacceptable risk 
(industrial)

The Netherlands 42 - 250 -

Czech Republic 180 340 450 -

Slovenia 120 200 500 -

Finland - 100 150 250

Sweden - 200 - -

Italy - - 90 250

Lithuania - - 150 -

Russia - - 150 -
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The descriptive statistical analysis of the results was made by Microsoft Excel™. 
Formula of Browne (1979) is applied for the standard error of the mean (SEM) 
calculation (equation 2):

 
      (2),

where σ is the standard deviation (SD) of the sample; n – sample size.

geoinformation and mapping
Satellite images ASTER (Advanced Spaceborne Thermal Emission and Reflection 

Radiometer) and Digital Elevation Model are used for analysis and visualization of the 
studied region. The Level 1B scene of ASTER obtained on 2002/07/04 (ID ASTL1B 
0207040929070208060920) is georeferenced and applied with digital SRTM (Shuttle 
Radar Topographic Mission) model of the relief with a resolution of 90 m. The ENVI 
and ArcGIS software packages are used for mapping the distribution of the studied trace 
elements. The ordinary kriging and spherical model of variogram function are applied 
for data interpolation. The directions of anisotropy vary from 105 degrees (Cr) up to 
130 degrees (V).

assessment of trace elements content
Several methods for assessment of Cr, Ni and V content are applied in the present 

study: three degree assessment based on the threshold concentrations established with 
Regulation 3/2008 (determined in aqua regia, in mg kg-1, Table 2); concentration 
coefficients revealing the accumulation level of Cr, Ni and V in soils are also calculated 
to account: i) the abundance of element in soils compared to the local rocks (local 
geochemical background) – it is marked with CCl and is calculated by dividing the 
average content of each element in studied soils with its average content in local rocks, ii) 
CCr reflecting the element abundance compared to its median content in main types of 
Bulgarian rocks, i.e., petrogenic background (Christova et al., 2007), iii) CCs reflecting 
the ratio of element content in studied soils and the median element content in Bulgarian 
soils (Kuykin et al., 2001), and iv) Clarkes coefficient, CC - global values estimated for 
the Earth’s crust (www.webelements.com); a geoaccumulation index proffered by Muller 
(1969) is also used to assess the accumulation trends (equation 3):

table 2. Threshold concentrations of Cr and Ni  in Bulgarian soils

elements pH 
(H2o)

precautionary 
concentrations

(a)

Maximum permissible 
concentrations (B) intervention 

concentrations 
(c)arable 

lands
permanent 
grasslands

Cr - 110 200 250 550

Ni
<6.0

6.0 – 7.4
>7.4

65
90
110
150

70
80
110

500
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   (3),

where Cn is the measured concentration of the metal n in soils, Bn is the 
background value for the metal n. The median of the element content n in main types of 
Bulgarian rocks was accepted as Bn. 

Further, the values obtained are evaluated by the 7-step scale of Forstner et al. 
(1993): Igeo < 0 symbolize practically unpolluted soils, 0-1 = unpolluted to moderately 
polluted, 1-2 = moderately polluted, 2-3 = moderately to severely polluted, 3-4 = highly 
polluted, 4-5 = highly to extremely polluted and > 5 = extremely polluted.

results anD Discussion

chromium geochemistry in studied soils – abundance, geospatial distribution, 
managing factors, and associations 

The impact of human activities on Cr geochemical cycle has sharply increased 
recently. According to Vassilev, Vassileva (1997), who studied 11 Bulgarian TPPs, the 
quantity of vaporized chromium varies between 30 and 40% of its content in coal. Fly 
ash which is the main combustion by-product contains 20.8 mg/kg (Table 3) and brings 
some idea of the element amount that is also distributed in the pedosphere.

The average chromium content in local parent rocks coincides with value typical 
of clastic rocks (Christova et al., 2007). In 75% of the sampled sites, its content is 
higher than the local background value (of indigenous soil parent rocks), and only 
in 6 sites it is higher than the background value for Bulgarian soils (Tables 3, 4). 
These enriched points (Bd13-1, Bd35-1, Bd65-1, Bd71-1, Bd89-3, Bd90-4, Bd91-1, 
Bd103-1) with Igeo 0.02-0.99 are located in direction of the prevailing wind (Fig. 1) 
and reflect Cr exogenic (technogenic) origin. ‘Kamenik’ tailing pond (in particular the 
installation where fly ash is transferred to the tailing pond under the water pressure) is 
a cross point where the air and water spray containing fine ash particles (and dissolved 
compounds during the ash transport) redistributed trace metals upon the surrounding 
soils. Therefore the highest level of contamination is found in Albic Luvisols (IUSS 
WG WRB, 2006) located here. 

Generally, the content of Cr decreases from north to south and a broad area of 
element dissipation is spread out immediately after TPP and Razmetanitsa catchment 
basin (Fig. 1). This basin is compiled of fluvial sandstones and fragmented conglomerates 
with a uniform composition (Vatsev, 2015) which mostly determine the soil elemental 
composition. The low value of CCl and Igeo (Table 4) shows that soil-forming materials 
are still the main source of Cr but evidence that human activity could accelerate the 
element deposition is also present. 

Data summarized in Table 5 and 6 show that Cr occurs related to silicate 
macroelements (Al, Fe, Ti), ferromagnesian trace elements (Co, Ni, Cu, Zn, Mn, V) 
and Cd.
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nickel geochemistry in studied soils – abundance, geospatial distribution, 
managing factors, and associations 

Its redistribution is also controlled by anthropogenic activity. Kabata-Pendias, 
Mukherjee (2007) noted that the share of energetics in Ni global distribution amounts 
to 62% due to the emissions of TPP. It is often present in coal in concentrations close 
to Clarke for coal – 9 mg/kg (Yudovich, Ketris, 2005) but data in Table 3 reveal higher 
content in fly ash and the risk to soil contamination. 

Nickel concentration varies from 4.15 to 39.42 mg/kg in studied soils (Table 
3) and is higher than the local lithogenic background content in 85% of the sampled 
sites. The concentration coefficient accounting the enrichment of topsoil with nickel 
compared to the deeper layers occupied by local rocks (CCl) shows a slight degree of 
accumulation (Table 4). Compared to the background (average) content in Bulgarian 
soils Ni concentrations in studied region is about 1.6-fold lower. 

This element is unevenly distributed in the studied region and forms several 
geochemical zones (Fig. 2). Generally 1/3 of the area involves soils with lower content 

table 3. Basic statistical data on microelement content in studied materials from Bobov dol valley 

parameter
cr ni v

mg kg-1

Soils (n=85)
Max 73.81 39.42 86.36
Min 9.03 4.15 13.19
Average 29.04 18.73 43.68
Median 28.75 18.57 43.56
SD 8.45 5.67 11.87
SEM 0.92 0.62 1.29

Fly ash  (n=2)
Average 20.76 22.04 42.39

Local indigenous soil forming rocks (n=3)
Average 24.73 13.23 < 1
Median 22.7 11 < 1
SD 9.94 4.42 -
Range of geochemical background in local rocks 4.85 – 44.62 4.40 – 22.06 -

table 4. Average content of studied elements in diverse environmental samples (mg/kg) and relevant 
concentration coefficients 

element 
content 

in studied 
soils

local 
rock 

content 
ccl

content in 
Bulgarian 

rocks
ccr

content in 
Bulgarian 

soils
ccs

content 
in the 
earth’s 
crust

cc igeo

Cr 29.04 24.73 1.17 24.8 1.17 43.0 0.68 140 0.21 -0.42
Ni 18.73 13.23 1.42 17.0 1.10 30.0 0.62 90 0.21 -0.52
V 43.68 < 1.0 - 72.9 0.60 no data - 190 0.23 -1.35
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that median (up to 18.57 mg/kg) which gradually passes in area of approximately 12 
km2 with higher Ni content and a slight contamination of Bd 50-2 and Bd 51-1 located 
along the inferior stream of the river Babinska between the villages of Dolistovo and 
Golyamo selo. The geochemical assemblage of Ni and Mn (R2 = 0.53) established in this 
zone is presumably relict and inherited from the soil parent materials. The most enriched 
areas however, are small and scattered in the direction of prevailing wind, and overlap the 
zones contaminated with chromium.

The content of Ni correlates with high reliability with total Fe2O3 including AR-
extractable iron, prompting again for its lithogenic origin and belonging to resistant to 
weathering iron minerals and (hydro)oxides (Tables 5, 6). Nickel weaker correlation with 
Al also shows its slight accumulation in the labile mineral phases. It forms statistically 
significant associations with all presented ferromagnesian trace elements (Cr, V, Co, Zn 
and Cu), and Cd which evidences for the element high reactivity during the genesis of 

table 5. Matrix of correlations between macro- and microelements (in 68 representative grid points)

para-
meter al2o3 cao fe2o3 K2o Mgo Mno na2o p2o5 so3 sio2 tio2 cr ni v

Al2O3 1.0
CaO -0.6 1.0
Fe2O3 0.7 -0.2 1.0
K2O 0.4 -0.6 0.3 1.0
MgO -0.3 0.5 0.0 -0.3 1.0
MnO 0.2 -0.2 0.4 0.1 -0.1 1.0
Na2O -0.2 -0.2 -0.3 0.3 -0.1 -0.1 1.0
P2O5 0.1 0.2 0.3 0.0 0.2 0.2 0.1 1.0
SO3 -0.4 0.8 -0.2 -0.4 0.0 -0.1 -0.2 0.2 1.0
SiO2 0.3 -0.9 -0.1 0.4 -0.7 0.1 0.3 -0.4 -0.6 1.0
TiO2 0.6 -0.6 0.6 0.3 -0.3 0.5 0.0 0.0 -0.3 0.4 1.0
Cr 0.5 -0.2 0.7 0.2 0.0 0.4 -0.1 0.2 -0.2 0.1 0.6 1.0
Ni 0.6 -0.2 0.8 0.2 0.1 0.5 -0.3 0.3 -0.2 0.0 0.6 0.8 1.0
V 0.6 -0.2 0.8 0.1 0.0 0.5 -0.3 0.3 -0.1 0.0 0.6 0.9 0.9 1.0

table 6. Matrix of correlations between microelements and diversity drivers (n = 85) 

parameter ni v cr cd co zn cu fe pH corg
ni 1.0
v 0.9 1.0
cr 0.9 0.9 1.0
cd 0.7 0.7 0.7 1.0
co 0.8 0.8 0.8 0.7 1.0
zn 0.4 0.3 0.5 0.5 0.7 1.0
cu 0.6 0.5 0.7 0.6 0.7 0.5 1.0
fe 0.7 0.7 0.7 0.6 0.7 0.4 0.8 1.0
pH 0.9 0.9 0.9 0.8 0.9 0.5 0.8 0.7 1.0

corg 0.1 0.0 0.0 -0.1 -0.2 -0.4 0.1 0.2 0.0 1.0
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studied soils (Tables 5, 6). Likewise Cr, nickel accumulates apart from (independently 
of ) the organic carbon and pH. 

vanadium geochemistry in studied soils – abundance, geospatial distribution, 
managing factors, and associations 

Vanadium is a trace element in soils but its concentration depends on the parent 
material and the occurrence of V-bearing ore minerals (Auger et al., 1999). V is evenly 
distributed along depth, but higher amounts in the A horizon, possibly caused by plant 
biocycling are also found (WHO, 1988). It is relatively insoluble in rocks and soils 
wherein is present as vanadates of copper, zinc, lead, uranium, ferric iron, manganese, 
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calcium, and potassium (Lagerkvist, Oskarsson, 2007). It also replaces other metals 
such as Fe, Ti and Al in the crystal structures of minerals (Cannon, 1963). Beside 
element natural occurrence in soils and sediments, several anthropogenic sources can 
cause enrichment or even pollution with V. The combustion of coal makes a significant 
contribution to the environment contamination because V is typical microcomponent 
of coal (Yudovich, Ketris, 2005). According to a study of Vassilev, Vassileva (1997), 
and Yudovich, Ketris (2005) between 20 and 30% of its amount in the coal evaporates 
during the combustion. The fly ash, which is one of the main polluting factors contained 
40.50 mg/kg V (Table 3) and could contribute to the element redistribution.

fig. 3. Map of the geospatial variance of V content in the topsoil
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The median value of total concentration in European top soils is 60.4 mg/kg and 
33 mg/kg in AR extracts (Salminen et al., 2005). Since the median V content in studied 
soils is higher than in European soils the elevated baseline concentrations in Bobov dol 
valley are evident. In fact, in 76% of the sampled sites its concentration is higher than 
the average level in Europe. In the light of these data, it ought to be noted that most soils 
in the studied area contain environmentally acceptable concentrations set in Table 1. The 
lack of data on vanadium content in Bulgarian soils does not allow to further assess the 
element content on a local scale. Its content in indigenous soil parent rocks established 
in the present study lied below the detection limit of 1 mg/kg and does not reveal its 
lithochemical fluctuations in the valley. 

The geospatial distribution of V is characterized by frequently alternating zones 
with different element content (Fig. 3). The highest concentrations were registered on 
different distance from TPP but again culminate in Albic Luvisols (Bd89-3) showing the 
prevailing water-air pathway for distribution of technogenic V. Still, the values of Igeo 
are negative in all sampled points. 

Likewise ultramafic rocks, wherein V content generally reflects the abundance of 
Fe-Ti-Cr oxides and pyroxene (Burke et al., 2012), it forms stable mineral assemblages 
with Cr and Fe in studied soils (Table 5, 6). It also interlinks with the rest of studied 
ferromagnesian trace elements and Cd but the association with Ni is the strongest due 
to their geochemical similarity.

Discussion

The established content of Cr, Ni and V is closely related to the geological 
features of sediments on which the studied soils are developed and the stratigraphic 
processes occurred in the past. Sediments are basically clastic rocks - polylithoclastic 
conglomerates and thinly layered bituminous, limestone or sandy argillites with alluvial, 
lacustrine or marshy origin (Vatsev, 2015), which contributes to the fine sized particles 
domination in soils. The existing reduction conditions during the sedimentation in the 
area can explain the low content of the studied elements. They are sensitive elements 
to changes in oxidation-reducing environments, especially chromium, and only their 
resistant compounds occur in reducing conditions. Thus, as a result of the past processes, 
predominantly weathering-resistant, slightly mobile forms of Cr, Ni and V were 
accumulated in the soil parent sediments, and inherited from soils.

The lack of statistically significant correlation with pH and organic carbon could 
be assigned to the agricultural practices applied in Bobov dol valley.

conclusion

This first study of vanadium content in Bulgarian soils reveals some basic 
mechanisms for distribution, association and retention of the element in surface horizons 
of soils surrounding Bobov dol TPP. All studied elements tend to accumulate in topsoil 
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compared to the deeper layers occupied by the local sedimentary rocks. Indigenous 
rocks comprise low amounts of Cr, Ni and V, and form a negative geochemical anomaly 
compared to the Earth’s crust. The average content of chromium and nickel in top 
soil ranges below the precautionary values for soil pollution in Bulgaria (Ni<65 mg/kg 
and Cr<110 mg/kg) and quantitatively parallels to the siliciclastic nature of soil parent 
rocks. Both elements are abundantly distributed in the mountain areas and to great 
extent determine the natural distribution of V. Still the natural geospatial distribution 
of studied ferromagnesian trace elements is perturbed by the anthropogenic activities 
and this leads to an initial stage of spot polymetallic (Cr and Ni) contamination soils 
located in the close vicinity of tailing pond. Chromium, Ni and V assemblages resemble 
the lithogenic pattern and the most stable ones involve studied trace elements and iron. 

acknowledgment: the present publication has been prepared with the support of Project DMU 
03/34, which is financed by the Scientific Research Fund, Ministry of Education and Science of Bulgaria.
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