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Abstract 

In this study an interesting sampling medium - earthworm casts was examined in a highly Hg contaminated 
area. Enrichment factor (EF) has been applied to assess elevated concentrations of analyzed elements in earthworm 
casts and to determine elevated concentrations of these elements in soils and casts with regard to European average 
concentrations in topsoil. In a previous study (Teršič & Gosar, 2012) it was shown that Hg contents and dispersion 
in casts from studied roasting site are comparable to those in soil, which indicates that soil contamination 
is substantially reflected in contamination of earthworm casts. Therefore the comparison between elemental 
concentrations in earthworm casts and soil was investigated with the intention to assess the reflection of possible 
soil contamination in casts. Besides Hg contamination, elevated concentrations of As, Ca, Cd, Mo, Pb and U were 
also determined in earthworm casts. The calculated EFs show moderate enrichment of casts with Ca, Sr and P and 
minimal enrichment with Mg, Zn and Cu. Cast, SOM (surface organic matter rieh soil layer) and soil enrichments 
with regard to the European averages show extreme enrichment of all studied media with Hg, f ollowed by significant 
enrichment with Mo and Cd and moderate enrichment with As. Spatial distributions of analyzed elements in casts 
mostly show similar pattern as in soil, however, because of the different nature of different earthworm species 
and specific properties of different elements, the data about cast contamination can only serve as an approximate 
prediction about the dispersion and distribution of contaminant in soil. 

Izvleček 

Na močno obremenjenem okolju živosrebrne žgalnice v okolici Idrije smo raziskovali zanimiv vzorčni medij - 
deževnikove iztrebke. Faktor obogatitve (EF) smo uporabili za oceno povišanih vsebnosti analiziranih elementov 
v deževnikovih iztrebkih in tleh ter za primerjavo s povprečnimi vsebnostmi v tleh Evrope. Predhodna (Teršič & 
Gosar, 2012) in ta študija sta pokazali, da so Hg vsebnosti in prostorska porazdelitev v deževnikovih iztrebkih dobro 
primerljive z vsebnostmi in porazdelitvijo v tleh na raziskovanem ozemlju, kar kaže da se onesnaženje tal dobro odraža 
v vsebnostih v deževnikovih iztrebkih. Primerjavo med vsebnostmi kemijskih elementov v deževnikov iztrebkih in 
tleh smo raziskovali z namenom, da bi ocenili stopnjo ujemanja vsebnosti elementov v deževnikovih iztrebkih in 
tleh. Poleg povišanega Hg smo določili tudi povišane koncentracije As, Ca, Cd, Mo, Pb in U v deževnikovih iztrebkih. 
Izračunani faktorji obogatitve (EF) so pokazali zmerno obogatitev v iztrebkih z Ca, Sr in P ter rahlo obogatitev z Mg, 
Zn in Cu. Vsebnosti v deževnikovih iztrebkih, vrhnjem z organsko snovjo bogatem sloju tal in tleh so glede na evropsko 
povprečje izjemno obogatene s Hg, sledijo obogatitve z Mo in Cd ter rahla obogatitev z As. Prostorske porazdelitve 
analiziranih elementov v deževnikovih iztrebkih kažejo večinoma podoben vzorec kot v tleh. Zaradi različne narave 
različnih vrst deževnikov in specifičnih lastnosti nekaterih elementov, lahko podatke o vsebnostih v deževnikovih 
iztrebkih uporabimo le kot približne napovedi o vsebnostih in porazdelitvi onesnaževal v tleh. 

Introduction 

Soils are the major sink for heavy metals re- 
leased into the environment by anthropogenic ac- 
tivities; most metals released to the environment 
do not undergo microbial or chemical degradation, 

and their total concentration in soils persists for a 
long time after their introduction (Adriano, 2003). 
Heavy metal contamination of soil may pose risks 
and hazards to humans and the ecosystem; the dis- 
turbance of the natural biogeochemical cycle of 
metals can lead to toxic effects on flora and fauna. 
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Earthworms are an essential part of the soil 
fauna, representing up to 80 % of the total bio- 
mass of the soil fauna and play an important role 
as decomposers, especially in forest ecosystems 
and in chemical element transformations (Ed- 
wards, 2004; Ernst et al., 2008; Sizmur & Hodson, 
2009). They can survive and reproduce in anthro- 
pogenically metal-contaminated soil (Spurgeon et 
al., 1994) and have a demonstrated ability to effi- 
ciently accumulate heavy metals from soils (Nah- 
mani et al., 2007; Hobbelen et al., 2006). 

It is well known that earthworms are of special 
importance for nutrient cycling, soil structure and 
transport processes. The first scientific observa- 
tions on the effects of earthworms on soil struc- 
ture were conducted by Darwin (1881). He showed 
that earthworms have an ability to displace large 
amounts of soil and that by affecting the rate of 
weathering of rocks, humus formation and differ- 
entiation of the soil profile, they play a major role 
in soil formation. By feeding, burrowing and Cast- 
ing activities they contribute to the incorporation 
of organic residues or waste into the soil promot- 
ing decomposition and the release of nutrients to 
plants (Kizilkaya, 2004). Earthworms consume or- 
ganic matter and mineral particles and many of the 
species egest casts that are microbially very active 
and contain nutrients, which are readily usable 
by plants (Edwards, 2004). Earthworms are also 
known to significantly influence soil aggregate sta- 
bility. They regulate SOM (soil organic matter) de- 
composition and soil erosion (Jouquet et al., 2008). 

Different species of earthworms have differ- 
ent life histories, occupy different ecological 
niches, and have been classified, on the basis of 
their feeding and burrowing strategies, into three 
ecological categories: epigeic, anecic, and endo- 
geic (Bouche, 1977; Feller et al, 2003; Lee, 1985). 
Anecic species live in deep burrows and feed pri- 
marily on decaying surface organic residues. The 
organic materials are mixed with minerals and 
lead to formation of stable organo-mineral struc- 
tures within the casts. Endogeic earthworm spe- 
cies burrow extensively belowground and feed 
on soil enriched with organic matter. Portions of 
their burrows are often occluded with their casts, 
and occasionally they cast on the surface (Shipi- 
talo & Le Bayon, 2004; Six et al., 2004). Epigeic 
species of earthworms have little effect on the 
structure of mineral soils. They live in organic 
soil horizons, in or near the surface litter, and 
feed primarily on coarse particulate organic mat- 
ter. They ingest large amounts of undecomposed 
litter and excrete holorganic fecal pellets (Domin- 
guez & Edwards, 2011). Generally, all three eco- 
logical groups of earthworms increase the mobil- 
ity and availability of metals and metalloids in 
soils (Sizmur & Hodson, 2009). 

Recently, earthworms in contaminated soils 
have been a topic of many studies (Ernst et al., 
2008; Kamitani & Kaneko, 2007; Udovič & Leštan, 
2007; Zhang et al., 2009). Some laboratory experi- 

ments with earthworms were also performed (Bur- 
ton et al., 2006; Cheng & Wong, 2002; Dominguez- 
Crespo et al., 2012; Kizilkaya, 2004; Nahmaot et 
al., 2005; Zorn et al., 2005), while investigations in 
non-contaminated sites are not so frequent (Ernst 
et al., 2008; Rieder et al., 2011). Earthworms were 
proved to be a good biological indicator. They can 
be sampled easily, have a wide distribution ränge 
and strongly accumulate pollutants. However, the 
accumulation of metals varies between ecological 
categories and species (Jegou et al., 2001; Kamitani 
& Kaneko, 2004). Earthworms are important for 
bioturbation as they bring to the surface miner- 
als and soil materials from lower soil horizons and 
are depositing them on the soil surface as earth- 
worm casts (Jordan et al., 1997). 

Earthworm casts as sampling medium 

Casting occurs when earthworms ingest soil 
and leaf tissue to extract nutrients, and then 
emerge from their burrows to deposit the fecal 
matter (casts), as mounds of soil on the surface. 
99.9 % of ingested material is egested as casts. 
Earthworm cast consists of mixed inorganic and 
organic materials from the soils that are voided 
after passing through the earthworm intestine 
(Chaudhuri et al., 2009). Earthworm casts offer 
micro-environmental conditions very different 
from those occurring in the surrounding soil, re- 
sulting from both food selection and digestion 
process (Kizilkaya, 2004). Casts, deposited on the 
burrow walls, within the burrow, or on the soil 
surface, usually contain more clay and less sand 
than the surrounding soil because of selective in- 
gestion (Shipitalo & Le Bayon, 2004). Earthworm 
casts also usually have higher bulk density than 
the soil (Edwards & Bohlen, 1996; Görres et al. 
2001), and are higher in pH, contain more avail- 
able nutrients, and have higher levels of micro- 
bial activity (Shipitalo & Le Bayon, 2004). 

Surface castings can serve as a direct indica- 
tor of earthworm activity. Environmental factors 
such as soil temperature, soil moisture and an- 
nual rainfall greatly influence cast production 
(Chaudhuri et al., 2009). 

Chemical and physical properties of casts have 
been investigated in many studies (Bityutskii & 
Kaidun, 2008; Buck et al., 1999; Chaudhuri et al., 
2009; Jegou et al., 2001; JouqueT et al., 2008; Oye- 
dele et al., 2006; Schräder & Zhang, 1997; Zorn 
et al., 2008). Chaudhuri et al. (2009) reported that 
nutrient enrichment and physical properties of 
casts compared to the surrounding soil differed 
among the species. They suggested that the el- 
evated levels of cations (K+, Ca2+, Mg2+ and Na+) 
often observed in earthworm casts in the field 
(Jouquet et al., 2008; Oyedele et al., 2006) are 
probably due to selective feeding by earthworms 
on materials enriched in those cations (Chaud- 
huri et al., 2009). Higher pH and organic carbon 
content were also observed in earthworm casts as 
compared to parent soil (Bisht et al. 2006; Jou- 
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Fig. 1. Example of surface earthworm cast at investigated 
roasting site Pšenk 

quet et al., 2008; Oyedele et al., 2006; Reddy et al., 
1997; Schräder & Zhang, 1997). It was reported 
that casts are less water-stable than natural soil 
aggregates (Schräder & Zhang, 1997) and that 
they contain finer textured materials compared 
with the parent soil in A horizon (Oyedele et al., 
2006). 

Studies on metal contents in earthworm casts 
compared to surrounding soil are few (Kizilka- 
ya, 2004; Sizmur et al., 2011; Udovič & Leštan, 
2007; Udovič et al., 2007; Zhang et al. 2009; Zorn 
et al., 2005; Teršič & Gosar, 2012). Generally, an 
increased mobility of metals in earthworm casts 
was reported (Kizilkaya, 2004; Sizmur et al., 2011; 
Udovič & Leštan, 2007; Udovič et al., 2007). 

In this study we examined the applicability of 
earthworm casts as a sampling medium for esti- 
mating the soil contamination. The investigation 
was carried out at the ancient Hg ore roasting 
site Pšenk in the surroundings of Idrija, where 
extremely high total mercury concentrations in 
soils (up to 8,600 mg/kg) and soil organic mat- 
ter (SOM) (up to 4,200 mg/kg) were determined 
in previous investigations (Gosar & čar, 2006; 
Teršič, 2010a; Teršič et al., 2011; Teršič & Gosar, 
2009). The contents and spatial distributions of 
37 elements were determined in earthworm casts 
and compared to the contents in SOM and soil 
(0-15 cm) from investigated area. 

The results of this investigation were partly 
published in Teršič & Gosar (2012) where Hg con- 

tents and Hg spatial distribution in earthworm 
casts were compared to the Hg values in SOM and 
soil (0-15 cm) from the same highly eontaminated 
area. Highly elevated Hg concentrations were de- 
termined in earthworm casts reaching as much as 
4300 mg/kg; the contents were in the following Or- 
der: soil > cast > SOM. It was shown that the con- 
tents and distribution in soil are strongly reflected 
in Hg contents and dispersion in earthworm casts, 
and that earthworm casts could be a suitable sam- 
pling medium for determining Hg soil contamina- 
tion at this particular area (Teršič & Gosar, 2012). 

In this work, enrichment factor (EF) has been 
applied to assess elevated concentrations of ana- 
lyzed elements in earthworm casts at the small 
historical Hg roasting site (Pšenk) and to deter- 
mine elevated concentrations of these elements in 
soils and casts with regard to European average 
concentrations in topsoil. Besides, we focused on 
the comparison of spatial distributions of ana- 
lyzed elements in casts and soil in order to assess 
the reflection of soil contamination in casts. 

Materials and methods 

Sampling 

Earthworm casts, deposited on top of the 
soil (Fig. 1), were collected at the ancient roast- 
ing site area Pšenk. Sampling was performed at 
the area of approximately 150 x 150 m (Fig. 2). 
Earthworm cast samples were collected at 32 
sampling points in the research grid 30 x 30 m. 
At each sampling location on average 5-10 casts 
were collected in the 2.5 m radius to create the 
composite sample. 

The detailed descriptions of the sampling area, 
sampling locations and elemental distribution 
in SOM and soil from the investigated area are 
given in the preliminary geochemical study at the 
Pšenk roasting site (Teršič & Gosar, 2009) and 
in the study of environmental influences of his- 
torical small scale ore processing at Idrija area 
(Teršič, 2010a, Teršič, 2010b, Teršič et al., 2011). 
Earthworm cast sampling and elemental contents 
in casts as well correlation between elemental 
contents in earthworm casts, soil and SOM are 
presented in Teršič & Gosar (2012). 

Soil characteristics 

The prevailing soil types are Cambisols with 
typical A-B-C/R layers sequence. Visibly ob- 
served, soils are generally rieh in organic mat- 
ter to the depth of about 30 cm; deeper the clay- 
ey loam prevails. Depth to the parent material 
is mainly about 50 cm. At the surface there is 
a loose leafy litter resting on a brown granulär 
horizon containing numerous earthworm casts. 
Boundaries between A and B horizon are most- 
ly gradual and irregulär. The more detailed de- 
scription of soil characteristics can be found in 
Teršič (2010b). 
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Fig. 2. Investigated 
roasting site at Pšenk 
with earthworm cast 
and soil sampling 
locations (reprinted 
from Teršič & Gosar, 
2012, with permissi- 
on from Elsevier) 

Earthworm cast preparation 

Earthworm cast samples were prepared in the 
same manner as SOM and soil samples in a previ- 
ous investigation (Teršič et al., 2011). The samples 
were air-dried and afterwards gently crushed in 
a ceramic mortar, sieved through a 2 mm mesh 
sieve and pulverized prior to chemical analysis 
(Teršič & Gosar, 2012). 

Multielemental analysis 

The powdered earthworm cast samples were 
submitted for chemical analysis to ACME Analyti- 
cal Laboratories in Vancouver (Canada) accred- 
ited under ISO 9001:2000. Analysis for Hg and 36 
chemical elements (Ag, Al, As, Au, B, Ba, Bi, Ca, 
Cd, Co, Cr, Cu, Fe, Ga, K, La, Mg, Mn, Mo, Na, 
Ni, P, Pb, S, Sb, Sc, Se, Sr, Te, Th, Ti, TL, U, V, 
W, Zn) was performed with inductiveiy coupLed 
pLasma mass spectrometry (ICP-MS) after aqua 
regia digestion. Sampies with more than 50 mg/kg 
Hg were anaiyzed with ICP emission spectrometry 
(ICP-ES). Anaiysis of soii and SOM sampLes was 
performed in ACME Laboratories in the same man- 
ner in 2008. Detaiied description of soii and SOM 
samples analyses is given in Teršič et al. (2011). 

The accuracy and precision of the analytical 
methods were verified against standard reference 
materials (Standards GXR-2 (Park City, Summit 
Co., Utah), GXR-5 (Somerset Co., Maine), GXR-6 
(Davidson Co., North Carolina) and SJS-1 (San 

Joaquin Soil)) (Abbey, 1983; EPSTEIN, 1990) and 
duplicate samples in each analytical set. The ship- 
ment of samples, duplicates (n=4) and geological 
Standards (n=4) to the laboratory was carried out 
in a random succession to distribute evenly any 
errors due to laboratory Performance. This pro- 
cedure ensured an unbiased treatment of samples 
and a random distribution of possible drift of 
analytical conditions for all samples. Objectivity 
was assured through the use of neutral laboratory 
numbers. 

Detection limits were 1 mg/kg for Ba, Cr, Ga, 
La, Mn, Sr and Zn, 0.5 mg/kg for As and Se, 0.2 
mg/kg for Te, 0.1 mg/kg for Ag, Bi, Cd, Co, Cu, 
Mo, Ni, Pb, Sb, Sc, Th, TI, U, and W, 0.01 mg/kg 
for Hg, 0.01 % for AI, Ca, Fe, K and Mg, 0.05 % 
for S, 0.001 % for Na, P and Ti, 2 mg/kg for V, 20 
mg/kg for B and 0.5 pg/kg for Au. 

Accuracy (A) of the analytical method was es- 
timated by calculating the absolute systematic 
error between the determined (Xa) and recom- 
mended values (Xp) of geological Standards using 
equation (Meier & Zünd, 2000): 

A = \Xa Xp\ loo /%/ 
xp 

Most elements determined in Standards differ 
on average by less than 15 % from their recom- 
mended values in the sample concentration ränge. 
Only La has higher average deviation (31.4 %). 
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Precision (P) was tested by relative differences 
between pairs of analytical determinations (xx, 
x2) of the same sample using equation (Meier & 
Zünd, 2000): 

P=2\X,'X2\ WO[°%ol 
(xi + X2) 

The precision of analytical determinations 
is acceptable and is <20 % for all analyzed el- 
ements. The reliability of analytical procedures 
was considered adequate for using the deter- 
mined elemental contents in further Statistical 
analyses. 

Statistical analysis 

In order to better describe and interpret ana- 
lytical results, descriptive statistics (mean, me- 
dian, standard deviation, first and third quartile, 
maximum, minimum, frequency histogram and 
Kolmogorov and Lilliefors test for normality) were 
determined using Statistica 6.1 Software to the 
database of earthworm cast, soil and SOM sam- 
ples results. Although 37 elements were analysed, 
only 32 were considered in the Statistical analysis. 
The rest of variables (Ag, B, Na, Ti, and Te) were 
excluded for having more than 30 % of observa- 
tions below the method's detection limit and for 
not being considered relevant for this study. 

Statistical normality of elemental distribu- 
tions was estimated with Kolmogorov and Lil- 
liefors test for normality and visually with the 
examination of shapes of histograms of natural 
and logarithmic values, with tests of skewness 
and kurtosis, and with comparison of average and 
geometric mean value with the median value. 

Mapping/Kriging 

Data analysis and production of maps were 
performed on a PC using the Statistica (ver. 6.1; 
StatSoft, Inc., USA), Autocad (ver. 2000) and 
Surfer (ver. 8.0; Golden Software, Inc., Colorado) 
Software. The universal kriging with linear var- 
iogram interpolation method (Davis, 1986) was 
applied to construct the maps of spatial distribu- 
tion of analyzed elements in earthworm casts and 
soil (0-15 cm). For class limits the percentile val- 
ues of the elemental distribution in investigated 
samples were chosen. Seven classes of the follow- 
ing percentile values were selected: 0-10, 10-25, 
25-40, 40-60, 60-75, 75-90 and 90-100. 

The determined elemental contents in ana- 
lyzed cast samples were compared to elemental 
contents in SOM and soil (0-15 cm) determined in 
previous investigation of environmental impact of 
historical ore roasting at Pšenk area (Teršič et al., 
2011). In order to perform an unbiased research, 
only the SOM and soil samples (n=32) taken from 
the same sampling locations as cast samples were 
used in comparison of descriptive statistics and 
construction of maps of spatial distribution of 
analyzed elements. 

Enrichment factors 

Enrichment factors (EF) of chemical elements 
in earthworm casts with respect to SOM and soil 
(0-15 cm) as also the cast, SOM and soil enrich- 
ment factors with respect to European soil av- 
erages (0-25 cm; Salminen et al., 2005) (EFEurc;pc) 
were calculated. The enrichment factor permits 
to classify the chemical elements in sample mate- 
rials with regard to their origin - natural or man 
produced (Fergusson & Kim, 1991). For the cal- 
culation of enrichment factors (EF) the following 
equations were used: 

EFsom = C (cast) / C (SOM) 

EF oil = C (cast) / C (soil) 

EFEurope= C (Pšenk area) / C (Europe) 
C = C (examined element) / C (reference element) 

In the calculation of enrichment factor we 
used a reference element in order to obtain a 
more accurate result. An element is regarded as a 
reference element if it is of low occurrence vari- 
ability and is present in the environment in trace 
amounts. The most common reference elements 
are Sc, Mn, Al and Fe (Loška et al., 1997). 

Elements which are naturally derived have 
an EF value of nearly unity. The degree of con- 
tamination can be described using 5 categories: 
<2 depletion to minimal enrichment, 2-5 moder- 
ate enrichment, 5-20 significant enrichment, 20- 
40 very high enrichment and >40 extremely high 
enrichment (Sutherland, 2000). 

Certain shortcomings of using EFs as a means 
of recognizing and quantifying anthropogenic in- 
terference relative to natural element fluxes were 
stressed out by Reimann & de Caritat (2000). EFs 
have been widely used in environmental sciences 
to derive the origin of elements in the atmosphere, 
seawater, soils, lake Sediments or peat (Reimann 
et al., 2005). Usually, the EF for a given element 
was calculated as the concentration of that ele- 
ment, divided by the concentration of the same 
element in the Earth's crust, normalized to a ref- 
erence element (Reimann & de Caritat, 2000). Rei- 
mann & de Caritat (2000) demonstrated that due 
to the Variation in the composition of the Earth's 
crust and the various processes of rock and soil 
formation, the EF is not precise enough to dif- 
ferentiate between geogenic and anthropogenic 
element sources. 

In our investigation, the EF was calculated at 
each sampling location for all analyzed elements 
as the ratio between total element concentration 
in casts and SOM or soil from the same sam- 
pling location, normalized by concentrations of 
a reference element measured in the same media 
and the same sampling location. Besides, EFEu 

was applied in order to determine elevated rope x x 

concentrations of analyzed elements with re- 
spect to European average concentrations. Al- 
though European average elemental concentra- 
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Fig. 3. Enrichment factor (EF) in earthworm casts with respect to soil and SOM 

tions cannot be regarded as baseline elemental 
concentrations for this particular study, the 
comparison is needed for highlighting the im- 
portance of our results and for placing the study 
in a wider context. 

Kesults and discussion 

The univariate Statistical results for ali anal- 
ysed elements in earthworm casts, SOM and soil 
(0-15 cm) of studied roasting site Pšenk and the 
comparison to Slovenian and European averag- 
es of chemical elements in soil are presented in 
Teršič & Gosar (2012). On the basis of the results 
of normality tests and Visual inspection of distri- 
bution histograms for ali elements in earthworm 
casts, as also with comparison of average and 
geometric mean values with the median values it 
was estimated that natural values of the follow- 
ing elements show normal distribution: Al, As, 
Ba, Cd, Co, Cr, Cu, Fe, Ga, La, Mn, Ni, P, Pb, Sc, 
Sb, Th, V and Zn. For the rest of the elements (Au, 
Bi, Ca, Hg, K, Mg, Mo, S, Se, Sr, TI, U and W) the 
logarithms of elemental contents were considered 
normally distributed. 

Highly elevated Hg contents were determined 
in earthworm casts varying between 5.4 and 
4,330 mg/kg with the median of 31 mg/kg. These 
values were lower than in soil where they reach 
the maximum of 8,600 mg/kg. Highly significant 
correlation between Hg contents in casts and soil 
was found (r2=0.75). It was shown that Hg con- 
tents and distribution in casts are comparable to 
those in soil (Teršič & Gosar, 2012). 

Beside Hg, elevated concentrations of As, 
Ca, Cd, Mo, Pb and U were also determined in 
earthworm casts. All of these elements except 
Ca express elevated concentrations also in soil 
and SOM samples from investigated roasting site 
(Teršič & Gosar, 2012). We do not have an ex- 
planation for elevated concentrations of As, Cd, 
Mo and Pb. Idrija ore deposit is classified as a 
monometal deposit (Mlakar & Drovenik, 1971); 
mercury is the only metal found in the Idrija ore 
deposit in economically important quantities, 
while other elements appear only in traces or in- 
significant quantities. Therefore high contents 
of above mentioned elements in studied soils are 
probably not the consequence of historical ore 
roasting, with the exception of uranium, whose 
increased concentrations might be the result of 
roasting extremely rieh cinnabar ore from Skon- 
ča beds, which contain on average up to 7 times 
the average contents of radioactive elements such 
as uranium, radium, thorium and potassium, and 
also radon as a consequence of radioactive decay 
(Mlakar & Drovenik, 1971). 

Contents of the rest of analyzed chemical el- 
ements in the earthworm casts are within the 
normal values for soils as also within Slovenian 
(Šajn, 2003) and European (Salminen et al., 2005) 
averages for soil. 

For most of the analyzed elements the deter- 
mined concentrations were in the order of soil > 
cast > SOM. Only Ca, Mg, P, Sr, Cu and Zn con- 
tents were higher in earthworm casts compared 
to soil and SOM. Contents of Pb were the lowest 
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Fig. 4. Enrichment factors (EF) in cast, SOM and soil with regard to the Europen averages 

in casts and the highest in SOM, while Se and K 
were the lowest in casts and the highest in SOM 
(Teršič & Gosar, 2012). 

Enrichment factor 

After the examination of spatial distributions 
of analyzed elements in casts and soil we decided 
to use La as a reference element in the calcula- 
tion of enrichment factors, because it is not an- 
thropogenically enriched and it represents a good 
example of the natural component of elemental 
distribution in the discussed area. 

The factors of cast enrichment with regard to 
SOM and soil are shown in Fig. 3. The average 
enrichment factor (EF) in earthworm casts with 
respect to soil is the highest for Ca (3.4) followed 
by Sr (2.4) and P (2.1). These elements are mod- 
erately enriched with regard to soil. Minimal en- 
richment was calculated for Mg (1.85), Zn (1.69) 
and Cu (1.59). EFs above 1 were calculated also 
for Ba, Sb, Au, Mn, Ni, Pb, Bi, K, Cr, Tl, Cd, As, 
Fe, Se, Mo and Co. The lowest enrichment fac- 
tors were calculated for Hg (0.71), Th (0.73), U 
(0.80), V (0.81), Ga (0.86), Al (0.93) and Sc (0.98). 
Enrichment factors with regard to SOM are low. 
EFs above 1 were calculated only for Mg (1.52), 
As (1.28), Ca (1.16), Co (1.06) and Mn (1.03). 

Enrichment of earthworm casts with Ca and 
Mg contents compared to the soil was reported 
earlier (Oyedele et al., 2006; Jouquet et al., 2008). 
Oyedele et al. (2006) and Schräder & Zhang 

(1997) ascribed the high Ca content of casts to 
the presence of calcite spheroids originating from 
earthworms' calciferous glands and to the incor- 
poration of decomposed plant and animal debris 
which are usually rieh in bases. However, Chaud- 
huri et al. (2009) reported lower Ca values in casts 
compared to surrounding soil, suggesting that the 
elevated levels of Ca often observed in earthworm 
casts in the field are probably due to selective 
feeding by earthworms on materials enriched in 
those cations. Increase in P, particularly avail- 
able P in the casts relative to that of surround- 
ing soil was observed in investigations by Bisht 
et al. (2006), Chaudhuri et al. (2009) and Reddy et 
al. (1997) and was assigned to enhanced Phospha- 
tase activities in the casts. Cu and Zn were also 
found to be enriched in casts compared to the soil 
(Kizilkaya, 2004); it was shown that earthworms 
accumulate Cu and Zn when exposed to eontami- 
nated soil (Ash & Lee, 1980; Kizilkaya, 2004). 

Cast, SOM and soil enrichments with regard to 
the Europen averages (Salminen et al., 2005) are 
shown in Fig. 4. Extremely high EFs were calcu- 
lated for Hg - the average is amounting to 1400 
in casts, almost 1600 in SOM and almost 2000 in 
soil. Hg is followed by Mo (17 in casts and soil 
and 20 in SOM) and Cd (EF is 14 in SOM, 8.1 in 
casts and 7.4 in soil). In casts EFs above 2.0 were 
calculated also for As (6.1), Sb (3.6), Pb (3.5), Ca 
(3.3) and Zn (2.5). Similarly, in SOM Pb (7.8), Sb 
(6.4), As (4.8), Zn (4.2), Cu (3.4), Ca (2.8), and in 
soil As (5.7), Pb (2.7), Sb (2.3) and U (2.0) have EF 
above 2.0. 
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Calculated values of čast, SOM and soil EFs 
with respect to European averages do not indicate 
appreciable anthropogenic infiuences except for 
Hg which is highly enriched owing to ore process- 
ing activities. For Mo, a relatively wide ränge of 
average soil abundance (0.013 to 17 mg/kg) was re- 
ported (Kabata-Pendias & Pendias, 2001). Enrich- 
ment of Mo in čast, SOM and soil from the studied 
site with regard to European average Mo concen- 
tration in topsoil, could probably be explained 
with the known enrichment of Mo in soil on lime- 
stone in Slovenia, while low Mo values occur in 
central Finland, in the glacial drift area from the 
Netherlands to Poland and Lithuania, in eastern 
Hungary, south-western France, and small areas in 
Portugal, Spain and Greece with different geologi- 
cal Substrates, which lowers the average European 
concentration (Salminen et al., 2005). 

The average content of Cd in soil varies be- 
tween 0.06 to 1.1 mg/kg, whereas the global mean 
for surface soil has been estimated to be 0.53 mg/ 
kg, and apparently all higher values may reflect 
anthropogenic infiuences (Kabata-Pendias & Pen- 
dias, 2001). In investigated samples, the highest 
concentrations were measured in soils, where the 
maximum determined concentration was 2.8 mg/ 
kg. In casts and SOM all determined concentra- 
tions were below the Slovenian warning value of 
2 mg/kg (Off. Gaz. Rs 68/96). Enrichment of Cd in 
investigated samples with regard to European av- 
erages could be to some extent explained by geo- 
logical characteristics. Cd enrichment could not 
be associated with anthropogenic sources such as 
industry or fertiliser use in agriculture, because 
the studied location lies in the remote forest area 
about 700 m height above sea level. 

Of special interest and concern are elevated 
concentrations of As in all studied media at in- 
vestigated roasting site (up to 65 mg/kg in casts 
and 116 mg/kg in soil). Global As contents in soil 
vary from 4.4 to 9.3 mg/kg; the lowest As levels 
are found in sandy soil and, in particular, those 

derived from granite, whereas higher As concen- 
trations often occur in alluvial soil rieh in organic 
matter (Kabata-Pendias & Pendias, 2001). Natu- 
rally elevated levels of arsenic in soils may be 
associated with geological substrata such as sul- 
phide ores. Mining, smelting of non-ferrous met- 
als and burning of fossil fuels are the major indus- 
trial processes that contribute to anthropogenic 
arsenic contamination of air, water and soil. His- 
torically, the use of arsenic containing pesticides 
has left large tracts of agricultural land contami- 
nated (WHO, 2001). The median of soils presented 
in Geochemical Atlas of Europe is 6.02 mg/kg for 
subsoils and 7.03 mg/kg for topsoils (Salminen et 
al., 2005; Table 1). High As values in soils in cer- 
tain parts of Europe are mainly associated with 
geology and mineralisation or with mining activi- 
ties (Salminen et al., 2005). In Idrija and its sur- 
roundings As enrichments (concentrations from 7 
to 57 mg/kg) were found in some areas in previous 
investigations (Gosar & Šajn, 2005). No correla- 
tion with Hg was found, which was also the case 
in our study, so the origin of As in investigated 
area is still unknown. 

Spatial distribution of analyzed elements in 
earthworm cast and soil 

Contents of Ca, As and U in cast and soil of 
the studied roasting site show interesting distri- 
bution patterns. Besides, these elements are of in- 
terest because they show elevated concentrations 
in one or both of the studied media. 

Spatial distribution of Ca in soil (Fig. 5 a) shows 
the lowest concentrations (above 0.88 %) in the 
centre of the investigated area, where the high- 
est Hg concentrations were determined (Teršič 
et al., 2011). The highest values are in the SW 
part of the investigated area. Comparing spatial 
distribution of Ca in casts (Fig. 5b) we can see 
much higher concentrations, above 0.88 % over 
the whole investigated area; however, the values 
in casts do not reach the maximum concentration 
class above 7.84 %. 

Fig. 5. Spatial distribution of Ca in earthworm cast (a) and soil (b) at Pšenk roasting site 
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Table 1. Elemental concentrations in earthworm casts, SOM and soil (0-15 cm) from Pšenk roasting site, Slovenian and European 
averages of elements in soil, casts enrichment factors with respect to SOM and soil and cast, SOM and soil enrichments with 
respect to European soil averages. 

Pšenk (after Teršič & Gosar, 2012) Slo- 
venija Europe Enrichment factor (EF) 

earthworm 
cast (n=32) SOM (n=32) soil (0-15 cm) 

(n=32) 
soil 

(0-5 cm) 

soil 

(0-25 cm) 
EF EF Europe 

Md (min-max) Md (min-max) Md (min-max) (Šajn, 
2003) 

(Salminen 
et al., 
2005) 

cast: 
SOM 

cast: 
soil cast SOM soil 

AI 1.0 (0.53-1.7) 0.79 (0.16-1.42) 1.8 (0.72-2.8) 6.90 11.10 0.83 0.93 0.16 0.19 0.17 

As 26 (6.1-65) 12 (2.0-39) 40 (3.3-116) / 7.03 1.28 1.07 6.14 4.81 5.74 

Au 1.9 (0.50-8.9) 4.2 (0.50-300) 1.6 (0.50-194) / / 0.35 1.49 / / / 

Ba 41 (20-62) 32 (11-62) 42 (13-59) 358.00 375.00 0.74 1.58 0.18 0.25 0.12 

Bi 0.40 (0.20-5.6) 0.30 (0.10-3.6) 0.55 (0.30-1.0) / / 0.76 1.26 / / / 

Ca 1.8 (0.61-6.3) 0.81 (0.35-5.3) 0.40 (0.02-12) 0.70 0.92 1.16 3.43 3.30 2.84 0.96 

Cd 0.70 (0.20-1.2) 0.70 (0.20-1.5) 0.90 (0.10-2.8) 0.40 0.15 0.57 1.10 8.10 14.18 7.37 

Co 5.0 (2.3-11) 2.7 (0.20-7.4) 7.5 (2.6-29) 16.00 7.78 1.06 1.01 1.08 1.02 1.07 

Cr 12 (2.0-22) 9.5 (3.0-25) 19 (3.0^2) 90.90 60.00 0.76 1.18 0.34 0.44 0.28 

Cu 15 (5.5-24) 15 (9.0-48) 14 (3.3-30) 30.60 13.00 0.57 1.59 1.93 3.39 1.21 

Fe 1.3 (0.66-2.1) 1.04 (0.20-1.6) 1.9 (0.25-3.9) 3.50 1.69 0.97 1.05 1.31 1.36 1.25 

Ga 3.0 (2.0-5.0) 2.5 (1.0-6.0) 6.0 (2.0-19) / / 0.86 0.86 / / / 

Hg 31 (5.4^330) 20 (1.5-4200) 68 (6.28-8600) 0.065 0.037 0.90 0.71 1410 1590 1970 

K 0.13 (0.08-0.28) 0.14 (0.08-0.26) 0.15 (0.07-0.45) 1.60 1.92 0.53 1.20 0.11 0.21 0.09 

La 14 (4.0-22) 9.0 (1.0-15) 21 (5.0^4) 32.10 23.50 1.00 1.00 1.00 1.00 1.00 

Mg 0.80 (0.21-3.3) 0.33 (0.11-2.2) 0.64 (0.22-6.8) 0.70 0.77 1.52 1.85 1.74 1.14 0.94 

Mn 611 (408-1615) 346 (74-1025) 714 (69-2013) 1054.00 650.00 1.03 1.35 1.58 1.53 1.17 

Mo 6.5 (0.80-83) 4.9 (0.80-74) 9.8 (1.9-137) 0.80 0.62 0.86 1.02 17,60 20,37 17,23 

Ni 14 (5.8-25) 9.7 (2.7-18) 18 (3.9-39) 49.50 18.00 0.89 1.32 1.28 1.44 0.97 

P 0.05 (0.02-0.07) 0.07 (0.05-0.12) 0.03 (0.01-0.08) 0.10 0.13 0.42 2.12 0.66 1.56 0.31 

Pb 47 (26-91) 59 (31-106) 57 (38-113) 41.70 22.60 0.45 1.31 3.52 7.77 2.69 

S 0.11 (0.07-0.21) 0.18 (0.09-2.1) 0.16 (0.03-5.7) / / 0.35 1.08 / / / 

Sb 1.3(0.60-3.0) 1.4 (0.40^.4) 1.3 (0.40-10) 1.10 0.60 0.57 1.57 3.64 6.36 2.31 

Sc 1.5 (0.10-2.5) 1.0 (0.30^.7) 2.6 (0.60-4.9) 12.00 8.21 0.82 0.98 0.31 0.38 0.31 

Se 1.1 (0.60-26) 1.2 (0.50-12) 1.6 (0.50-100) / / 0.58 1.05 / / / 

Sr 18 (9.0-28) 16 (9.5-36) 10 (1.0-57) 77.00 89.00 0.64 2.36 0.34 0.53 0.14 

Th 2.1 (1.0-3.2) 1.5 (0.20-3.6) 4.7 (1.15-7.6) 10.60 7.24 0.84 0.73 0.49 0.58 0.66 

T1 0.50 (0.20-3.2) 0.40 (0.10^.0) 0.70 (0.20-1.4) / / 0.95 1.12 / / / 

U 1.9 (0.60-12) 1.4 (0.20-25) 3.6 (1.0-37) / 2.00 0.84 0.80 1.59 1.91 2.00 

V 34 (13-85) 33 (8.0-119) 74 (17-2397) 102.00 60.40 0.68 0.81 0.94 1.39 1.17 

W 0.20 (0.10-0.90) 0.20 (0.10-2.0) 0.20 (0.05-8.7) / / 0.57 1.57 / / / 

Zn 76 (44-93) 76 (42-103) 74 (35-115) 124.00 52.00 0.58 1.69 2.45 4.24 1.45 

* AI, Ca, Fe, K, Mg, P and S in %, Au in mg/g, all other elements in mg/kg 
Md = median, min = minimum, max = maximum 
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Spatial distribution of As in soil (Fig. 6 a) 
shows the highest concentration at the N and S 
parts of investigated area, while the lowest val- 
ues prevail in the central part, just opposite from 
the spatial distribution of Hg in soil (Teršič et al., 
2011). High As concentrations (above 50 mg/kg) 
are continuing across NW and SE margin of in- 
vestigated area. Distribution of As in casts (Fig. 
6b) is similar and shows the lowest concentra- 
tions in the central part of the studied area, while 
higher concentrations (above 26 mg/kg) appear in 
the N and S. Concentrations in casts are lower 
than in soil, which probably implies that either 
earthworm species at this area do not accumu- 
late As in their bodies or they do accumulate As, 
but do not excrete it efficiently. Further investi- 
gations on heavy metal concentrations in the tis- 
sues of earthworms are needed to confirm this as- 
sumption. 

in the region similar to the highest anomaly of Hg 
in soil (Teršič et al., 2011). High concentrations 
are then continuing in the medium-sized zone 
towards the NW and SE. Interestingly, the low- 
est values prevail at the flat surface in the central 
western margin of the studied area, where large 
amount of roasting vessels were found and highly 
elevated Hg contents were determined. This sug- 
gest that U is not linked only to roasting of ore 
from radioactive Skonca beds and that there might 
perhaps exist another source of elevated U in this 
area. Spatial distribution of U in earthworm cast 
(Fig. 7b) shows the highest contents in the same 
region as in soil, only the anomaly is smaller; the 
contents rapidly decrease with the distance from 
this central part and reach the contents of below 
3.1 mg/kg in the major part of investigated area. 

Conclusions 

The highest concentrations of U in soil from 
Pšenk roasting site (Fig. 7a) appear in the centre 
of the investigated area, with the highest anomaly 

Comparison of elemental concentrations in 
earthworm casts and soils and elemental enrich- 
ments with regard to European average concen- 

Fig. 6. Spatial distribution of As in earthworm cast (a) and soil (b) at Pšenk roasting site 

Fig. 7. Spatial distribution of U in earthworm cast (a) and soil (b) at Pšenk roasting site 
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trations in topsoil were studied at highly Hg eon- 
taminated roasting site Pšenk. Beside extreme 
contamination with Hg, elevated concentrations 
of As, Ca, Cd, Mo, Pb and U were also determined 
in earthworm casts. Of these, only elevated U can 
be explained and are probably linked to roasting 
of extremely rieh cinnabar ore from Skonca beds, 
which contain high U. Of concern are also ele- 
vated concentrations of As in all studied media. 
Additional investigations are needed in order to 
explain these anomalies. 

Calculated EFs show moderate enrichment of 
casts with Ca, P and Sr and minimal enrichment 
with Mg, Zn and Cu. Enrichment of Ca, P, Cu and 
Zn in casts compared to that in the surrounding 
soil was observed also by other researchers. Cast, 
SOM and soil enrichments with regard to the Eu- 
ropean averages show extreme enrichment of all 
studied media with Hg, followed by significant 
enrichment with Mo and Cd and moderate enrich- 
ment with As. Calculated values of cast, SOM and 
soil EF„ do not indicate appreciable anthro- Europe x x 

pogenic irmuences except for Hg which is highly 
enriched owing to ore processing activities. 

Spatial distributions of analyzed elements in 
casts mostly show similar pattern as in soil. Re- 
sults of this study have confirmed the findings of 
previous investigation which proved that earth- 
worm casts could be an appropriate sampling 
medium for determining soil contamination with 
Hg at the investigated area. Various species of 
earthworms have different feeding and digestion 
characteristics and different elements are accu- 
mulated and egested in specific way; therefore, 
elemental concentrations in casts can be a useful 
supplementary data but caution is needed when 
using the dispersion and distribution of contami- 
nant in casts for prediction of soil contamination. 
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