GEOLOGIJA 53/2,121-128, Ljubljana 2010
https://doi.org/10.5474/geologija.2010.009

Contents and spatial distributions of chemical elements in soil
at the ancient roasting site PSenk (Idrija area, Slovenia)
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Abstract

Analysis for 35 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, Sbh, Sc, Se, Sr, Th, Ti, T1, U, V, W, Zn) was performed in soil and SOM (soil organic matter; 0-5 cm) at the
ancient roasting site Psenk in the surroundings of Idrija, which is highly contaminated with Hg. It was estimated
that natural values of Al, Ba, Fe, K, Mn, Ni and Zn show normal distribution, while for the elements As, Au, Bi, Ca,
Cd, Co, Cr, Cu, Ga, La, Mg, Mo, P, Pb, Sc, Se, Sr, Th, T1, U in V the logarithms of elemental contents were considered
normally distributed. Contents of the analyzed elements in the sampling material are mostly within the normal
values for soils as also within Slovenian and European averages for soil. High contents of As were determined in
soils from investigated roasting site, reaching as much as 122 mg/kg in the depth of 5-20 cm. Additionally Cd, Mo,
Pb and U contents in the soil (5-20 ¢m) are higher compared to natural soils. Cd and Mo show somewhat increased
contents also in SOM from studied roasting site.

Izvlecek

Na nekdanjem zgalniskem obmoc¢ju Psenk v blizini Idrije, ki je mo¢no onesnazeno z zivim srebrom, smo v vzor-
cih tal in SOM (vrhnji, z organsko snovjo bogat sloj tal; 0-5 cm) dolocali vsebnost 35 kemijskih prvin (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, Th, Ti, T1, U, V, W, Zn).
Ugotovljeno je bilo, da normalni porazdelitvi ustrezajo naravne vrednosti Al, Ba, Fe, K, Mn, Ni in Zn. Za ostale
prvine (As, Au, Bi, Ca, Cd, Co, Cr, Cu, Ga, La, Mg, Mo, P, Pb, Sc, Se, Sr, Th, Tl, U in V) se logaritmirane vrednosti
bolje prilegajo normalni porazdelitvi. Vsebnosti obravnavanih prvin so vec¢inoma istega reda velikosti kot ocenjena
slovenska in evropska povprecja za tla. V obravnavanih tleh smo dolo¢ili visoke vsebnosti As, ki v globini 5-20 cm
dosezejo vrednost 122 mg/kg. Povisane so tudi vsebnosti Cd, Mo, Pb in U v tleh (5-20 cm). Cd in Mo kazeta nekoliko
povisane vsebnosti tudi v SOM iz obravnavanega obmocja.

Introduction

Psenk is one out of 21 localities of ancient ore
roasting sites in the woods surrounding Idri-
ja, where mercury ore was roasted in the first
150 years (16™ and first half of 17" century) of
mercury production in Idrija (Car & TErPIN, 2005;
Gosar & Car, 2006; Kaveié, 2008). It is located
about 2 km south-west from Idrija, on flattened
surface at Lacna voda stream below Hlevise hill,
above its confluence with the Padar ravine.

The detailed study on mercury contents in soils
at the area of former roasting site and its sur-
roundings, on approximately 210 x 180 m big area
(TerS1C & GOSAR, 2009; TERSIC, 2010), has shown that
the ancient roasting site PSenk and its surround-
ings are highly contaminated with Hg. The estab-

lished median Hg content in soils (5-20 cm) of the
investigated area is 70 mg/kg (5.5-8,600 mg/kg).
In SOM (surface organic matter rich soil layer; 0—
5 ¢m) the Hg contents ranged between 1.4 and
4,200 mg/kg with the median of 20 mg/kg. The
highest Hg values were found in soil (5-20 cm) of
supposed past roasting processes (approximately
40 x 50 m big area), where the determined median
was 695 mg/kg (60-8,600 mg/kg). Spatial distri-
butions of mercury in soil and SOM of the investi-
gated area show the highest Hg concentrations in
the central flat regions. On approximately 14 ha
(37 % of studied area) the area is highly polluted
(> 100 mg/kg Hg in soil). The contents decrease
rapidly with the distance from this area although
the anomaly in soil is continuing over the eastern
margin of studied area. Extremely elevated Hg


mailto:tamara.tersic@geo-zs.si
https://doi.org/10.5474/geologija.2010.009

122

concentrations in investigated soils are related to
considerable losses of Hg during ore processing
(spillages of liquid mercury and atmospheric emis-
sions) and the possible presence of numerous Hg
compounds in waste material (discarded roasting
vessels and unroasted ore residues) (Tersi¢, 2010).

Beside extremely elevated Hg contents in soils
of investigated areas, the contents of 35 other ele-
ments were also analyzed in order to define their
contents and spatial distribution in soil (and SOM)
in researched area and to establish increased va-
lues of any of these elements. In this paper results
of multielement analyses and major soil charac-
teristics at the area of ancient roasting site PSenk
are presented.

Materials and methods

Soil (5-20 cm) and SOM (0-5 cm) samples were
collected from 73 sampling points on approxima-
tely 210 x 180 m big area. At the supposed roa-
sting site area (40 x 50 m big area in the central
part of investigated area) soil samples in two
depths were taken (5-20 cm and 20-30 ¢cm). Sam-
pling locations (Fig. 1) and the distribution of Hg
concentrations in soil and SOM are given in the
preliminary geochemical study at the PSenk roa-
sting site (TErSIC & GosAR, 2009).

Determination of soil and SOM pH

Soil pH is a measure of the acidity or alkalinity
of the soil solution. It affects the health of micro-
organisms in the soil and controls the availability
of nutrients and trace elements in the soil solu-
tion. A number of compounds contribute to the
development of acidic and basic soil reactions.
Inorganic acids and organic acids, produced by
the decomposition of soil organic matter, are com-
mon soil constituents that may affect soil acidity.
The H*ions may be present in soils as adsorbed H*
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ions on the surface of the colloidal complex, or as
free H*ions in the soil solution. The portion of H*
ions adsorbed by the clay complex becomes ex-
changeable H*ions. The exchangeable H*ions dis-
sociate into free H*ions, and the amount adsorbed
is usually in equilibrium with the amount free in
solution. The types of H*ions and the degree of
ionization and dissociation into the soil solution
determine the nature of soil acidity. The adsorbed
or exchangeable H*ions are the reason for the de-
velopment of potential, reserve or exchangeable
acidity that can be measured by addition of an ex-
cess of extracting cation such as K* or Ca*". The
free H*ions create the active acidity. Taking to-
gether, the active and exchangeable acidity make
up the total soil acidity (Tan, 1998).

Soil pH is the most important parameter in-
fluencing metal-solution and soil-surface chemi-
stry. The number of negatively charged surface
sites increases with pH. In general, heavy metal
adsorption is small at low pH values. Adsorp-
tion then increases at intermediate pH from near
zero to near complete adsorption over a relatively
small pH range; this pH range is referred to as the
pH-adsorption edge. At high pH values, the metal
ions are completely removed (Brapr, 2005).

A standard measurement of soil pH in CaCl,
is probably the most commonly used method
to characterize soil pH. The use of CaCl, has
some advantages for pH measurements (SWYNGE-
pouw & LEessarp, 2007): (1) the pH is not affected
within a range of the soil to solution ratios
used, (2) the pH is almost independent of the solu-
ble salt concentrations for non-saline soils, (3)
because the suspension remains flocculated, er-
rors due to the liquid junction potential are mini-
mized, (4) no significant differences in soil pH
determination are observed for moist or air-dried
soil and (5) one year of storage of air-dried soil
does not affect the pH.

The acidity of soil samples was determined elec-
trometrically using pH meter MA 5735 after addi-
tion of 25 ml of 0.01 M CaCl, solution to 10 g of

Investigated area with
__sampling points

Scale (m)
e ]
o 50 100 150

Fig.1. Location of Psenk
roasting site area with
sampling locations




Contents and spatial distributions of chemical elements in soil at the ancient roasting site P$enk (Idrija area, Slovenia) 123

fresh sample. For SOM samples 125 ml of 0.01 M
CacCl, solution was added to 10 g of fresh sample.

Multielemental analysis

The powdered soil samples were submitted for
chemical analysis to ACME Analytical Laborato-
ries in Vancouver (Canada) accredited under ISO
9001:2000. Analysis for 35 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, Th,
Ti, T1, U, V, W, Zn) was performed with inductively
coupled plasma mass spectrometry (ICP-MS) after
aqua regia digestion.

The accuracy and analytical 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 shipment of samples, duplicates (n=30) and
geological standards (n=7) to the laboratory was
carried out in a random succession to distribute
evenly any errors due to laboratory performance.
This procedure ensured an unbiased treatment of
samples and a random distribution of possible
drift of analytical conditions for all samples. Ob-
jectivity 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,
0.1 mg/kg for Ag, Bi, Cd, Co, Cu, Mo, Ni, Pb, Sb,
Sc, Th, T1, U, and W, 0.01 % for Al, Ca, Fe, K and
Mg, 0.05 % for S, 0.001 % for Na and P, 2 mg/kg
for V, 20 mg/kg for B and 0.5 ug/kg for Au.

Accuracy (A) of the analytical method was
estimated by calculating the absolute systematic
error between the determined (X,) and recom-
mended values (X)) of geological standards using
equation:
| xe-x, |

A= 100 [%]

Xp

Most elements determined in standards differ
on average by less than 15 % from their recom-
mended values in the sample concentration range.
Higher average deviations have only Au (16.1 %)
and Cr (15.4 %).

Precision (P) was tested by relative differences
between pairs of analytical determinations (x,, X,)
of the same sample using equation:

2 x| 100 [%]

x1tx2)

The precision of analytical determinations is
acceptable; repeatability is not so good only for
Au, Cd, Cr, Cu, Se and TIl, at which P exceeds
20 %. The reliability of analytical procedures
was considered adequate for using the determi-
ned elemental contents in further statistical ana-
lyses.

Statistical analysis

In order to better describe and interpret ana-
Iytical 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 soil and SOM samples results.
Although 35 elements were analysed, only 29
were considered in the statistical analysis. The
rest of variables (Ag, B, Na, S, Sb and W) 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 distribution
was estimated with Kolmogorov and Lilliefors test
for normality and visually with the examination
of shapes of histograms of natural and logarith-
mic values, with tests of skewness and kurtosis,
and with comparison of average and 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 vario-
gram interpolation method (Davis, 1986) was ap-
plied to construct the maps of areal distribution of
Hg in SOM and soil (5-20 cm). For class limits the
percentile values of the Hg distribution in inve-
stigated samples were chosen. Seven classes of the
following percentile values were selected: 0-10,
10-25, 25-40, 40-60, 60-75, 75-90 and 90-100.

Results and discussion
Soil characteristics

The prevailing soil types are Cambisols with
typical A-B-C/R layers sequence. Visibly ob-
served, soils are generally rich in organic matter
to the depth of 30-40 cm; deeper the clayey loam
prevails. Soils are variable in depth; depth to the
parent material is mainly about 50 cm, but tongues
extend to depths of 1 meter and more. At the sur-
face there is a loose leafy litter resting on a brown
granular horizon containing numerous earth-
worms. Boundaries between A and B horizon are
mostly gradual and irregular. B horizon changes
horizontally from location to location from dark
brown loose and sandy to light brown firmly and
loamy. These changes are observed also with depth
in soil profile. In places A horizon is greyish brown
mixture of organic and mineral material; this
changes into a grey brown sandy layer, followed
by a sharp change into a brown blocky or prisma-
tic horizon with a high content of clay, then there
is gradation to unaltered material. Soils are also
characterized by the presence of many rock frag-
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ments, from fine pebbles to stones, and by densely
developed root-system, which aggravated digging
and collecting of soil samples, especially deeper
soil layers. Rock fragments are mostly sandstone,
interchanging with dolomite. At the central inve-
stigated area soils are developed on waste mate-
rial (pottery fragments and pieces of unroasted
ore fragments).

pH in soil and SOM

The determined pH values in SOM samples
from investigated area Psenk range from 3.0 to 6.8
with the average of 4.7. At the roasting site area
the average pH in SOM is 3.9 (range 3.3-6.5). In
soils the pH values range between 3.1 and 7.1 with
the average of 5.3 at the total investigated area
and between 3.1 and 6.9 with the average of 4.8
at the supposed roasting site area. In soil samples
of the narrow roasting site area the average pH of
4.5 (range 3.1-6.8) was determined in the depth of
5-20 cm, and 5.1 (3.4-6.9) in the depth of 20-30 cm
(Table 1). Generally, pH on certain location is the
lowest in SOM and it increases with depth in soil
profile. Regarding the whole investigated area, pH
values are lower in SOM and soils of the supposed
roasting site area.

Table 1. pH values in SOM and soils of the investigated area
at Psenk locality

Depth (¢cm) pH (CaCl,)
Area
n (Mean Md Min Max
SOM 67 | 47 44 3.0 6.8

total

investigated 5-30% RIS BN W LT

area ol 520 | 73|53 57 31 7.
SOM 20139 3733 65

——— 530 |38 | 48 43 31 69
area soil 90 Lozl 45, 38 '3%..68
2030 | 16| 51 50 34 69

Md = median, min = minimum, max = maximum
* all soil samples

The spatial distributions of pH in SOM and soil
of the investigated area (Figs. 2 and 3) are quite
similar. They both show the lowest values in the
central lowland part of the investigated area,
while higher values prevail on the northern and
southern elevated regions.

Elemental contents in soils and SOM

The univariate statistical results for analysed
elements in soils and SOM of studied roasting
sites PSenk are given in Table 2.

On the basis of the results of normality tests and
visual inspection of distribution histograms for all
elements in soil and SOM, as also with compari-
son of average and mean values with the median
values it was estimated that natural values of the
following elements show normal distribution: Al,
Ba, Fe, K, Mn, Ni and Zn. For all the rest elements
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Fig. 2. Spatial distribution of pH (CaCl,) in SOM at the roa-
sting site PSenk
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Fig. 3. Spatial distribution of pH (CaCl,) in soil (5-20 em) at
the roasting site PSenk

(As, Au, Bi, Ca, Cd, Co, Cr, Cu, Ga, La, Mg, Mo, P,
Pb, Sc, Se, Sr, Th, Tl, U and V) the logarithms of
elemental contents were considered normally di-
stributed.

Contents of the above mentioned chemical ele-
ments in the sampling material are, with some ex-
ceptions, within the normal values for soils (Ure &
Berrow, 1982 in Bipovec et al., 1998) as also within
Slovenian (San, 2003) and European (SALMINEN et
al., 2005) averages for soil (Table 3). However, cer-
tain elements exhibit elevated and highly elevated
concentrations in analyzed media. High contents
of As were determined in soils from investigated
roasting site, reaching as much as 122 mg/kg in
the depth of 5-20 c¢m. Additionally Cd, Mo, Pb
and U contents in the soil (5-20 cm) are higher
compared to natural soils. Cd and Mo show some-
what increased contents also in SOM from studied
roasting site.

It is unknown why these elements express
elevated concentrations. Idrija ore deposit is clas-
sified as a monometal deposit (MLakAR & Drov-
ENIK, 1971); mercury is the only metal found in the
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Table 3. Slovenian averages of chemical elements in soil, overbank sediment and stream sediment and world averages for mud-

stone, limestone and soil

Slovenia Europe World
< Overbank Stream :
Element ( O_SSOLIm ) sediment sediment ( ()—gglf:m) (s)::;:::::( szcti;f::l ¢ Mudstone Limestone Soil
(n=142) (n=129)
% S y § (Turekian & R *(Ure &
(:?)‘(‘;;) (Bllgf;;,;t" (?8:)12; (Salminen et al., 2005) Wﬁ%eﬁplo)hl, (Blt;\;v;;]. Blc;;(é\)v.

Al 6.9 5.18 6.62 1.1 10.4 10.4 8 0.7 6.7
Ca 0.7 5.82 1.98 0.922 2.07 2.44 2.2 34 2

Fe 35 2.7 3.04 1.69 333 3.57 4.7 L7 2l
K 1.6 1.17 1.48 1.92 2 2.01 2.7 0.3 1.8
Mg 0.7 231 0.83 0.77 12 1.2 1:5 0.6 0.8
Na 0.5 0.72 0.72 0.8 0.8 0.8 1 0.1 1.1

P 0.1 0.053 0.04 0.128 0.11 0.13 0.07 0.07 0.08
Ti 0.3 0.27 0.29 0.572 0.48 0.634 0.5 0.03 0.5
As / 6.8 7 7.03 6 6 13 1 113
Ba 358 281 271 375 397 370 580 90 568
Cd 0.4 0.4 0.4 0.145 0.3 0.29 0.22 0.03 0.6
Ce 61.3 / / 48.2 50.2 65.1 / / /

Co 16 10 12 7.78 i 8 19 0.1 12
Cr 90.9 60 66 60 59 64 90 11 84
Cu 30.6 19 23 13 1 17 45 5. 26
Hf 1.4 / / 5.85 451 8.11 / / /

La 32.1 24 28 23.5 249 31.9 40 4.1 30
Li 50.1 / / / 22.5 20.8 / / /

Mn 1054 606 695 650 710 770 850 620 760
Mo 0.8 / / 0.62 0.62 0.6 / / /

Nb 8.3 5 7 20.8 21.3 27.6 18 0.3 15
Ni 49.5 32 37 18 22 23 68 7 34
Pb 41.7 21 22 22.6 22 21 20 5.7 29
Rb 107 / / 80 71 70 / / /

Sb 1.1 04 0.4 0.6 0.74 0.64 1.5 0.3 1.7
Se 12 10 13 8.21 / / 13 1 10
Sr 77 104 98 89 131 124 140 610 278
Ta 0.6 / / 0.68 0.83 1.01 / / /

Th 10.6 9 9 7.24 8 10 12 Ll 13
U / / / 2 2 2 / / /

v 102 69 72 60.4 56 62 130 45 108
Y 17.3 12 12 21 20.1 24.9 41 3.8 50
Zn 124 78 81 52 65 71 95 20 60
Zr 38.5 28 42 231 215 386 160 20 345

— Al Ca, Fe, K, Mg, Na, P and Ti in %, remaining elements in mg/kg

— * After Bmovec et al., 1998

Idrija ore deposit in economically important quan-
tities, while other elements appear only in traces
or insignificant quantities. Therefore high con-
tents 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 rich cinnabar ore from Skonca
beds, which contain on average up to 7 times the
average quantity of radioactive elements such as
uranium, radium, thorium and potassium, and
also radon as a consequence of radioactive decay
(MrLAKAR & DROVENIK, 1971).

Spatial distribution of chemical elements in soils
and SOM

Contents of As and U in soil of studied roasting
sites show interesting distribution patterns. Spa-

tial distributions of these elements in SOM and
soil (5—20 ¢m) are shown on Figures 4 to 7.

Spatial distributions of As in SOM and soil
(5-20 cm) from studied roasting site are very si-
milar (Figs. 4 and 5). They both show the high-
est concentration at the northern and southern
parts of investigated area, while the lowest values
prevail in the central part, just the opposite from
spatial distributions of Hg in SOM and soil (5-
20 cm) from this area (TerSIC & GosAR, 2009). High
As concentrations in SOM (above 30.5 mg/kg) are
continuing across NW margin and in soil (above
93.8 mg/kg) across NW and SW margins of inve-
stigated area.

The highest concentrations of Uin SOM and soil
(5—-20 ecm) from Psenk roasting site (Figs. 6 and 7)
appear in the centre of investigated area, with the
highest anomaly at the region similar to the high-
est anomaly of Hg (TerSi¢ & Gosar, 2009). High
concentrations are then continuing in the medi-
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Fig. 4. Spatial distribution of As in SOM at the roasting site
Psenk

Fig. 6. Spatial distribution of U in SOM at the roasting site
Psenk
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As (mglkg)~ ™|

Fig. 5. Spatial distribution of As in soil (5-20 cm) at the roa-
sting site PSenk

um-sized zone towards the NW and SE. Interes-
tingly, the lowest values prevail at the flat surface
SE from the camper’s cottage, where large amount
of roasting vessels were found and highly elevated
Hg contents were determined. This suggest that U
is not linked only to roasting of ore from radio-
active Skonca beds and that there might perhaps
exist another source of elevated U in this area.
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