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Abstract

TheBa,Pb and Zn ore deposit PleSe near Ljubljana is one of the formerly productive mines. The stream sediments
were sampled and analysed by XRF to establish the effect of grain size, mineralization, and downstream location
of sampling sites on geochemical composition based on various statistical analyses. Statistical analyses of the
geochemical data confirm the impact of mineralization. The parametric t-test, non-parametric Mann-Whitney
test and cluster analysis showed only minor differences in the geochemical composition of the samples with
different grain sizes (< 0.063 mm and 0.063-2 mm). The parametric and non-parametric correlation coefficients
as well as cluster analysis indicate that the contents of Si, Al, K, Rb, and Fe are associated with weathered
rock forming minerals such as micas, and clay minerals, whereas Nb and Zr are associated with minerals
resistant to weathering. Ca and Mg are associated with carbonates. S, Ba, Sr, Pb, Zn, and Mn indicate local
mineralization with sulphates and sulphides. The results of the t-test and analysis of variance, Mann-Whitney
tests and Kruskal-Wallis ANOVA of the groups established by the cluster analysis confirm that the contents of
Ba, Pb and Sr have a statistically significant influence on the classification of the cluster group -i.e., the influence
of sediment mineralization. There are no differences in elemental contents in the sediment samples downstream.
The statistical approach to evaluate the geochemical data has proven useful and provides a good basis for further
interpretation.

Izvlecek

V rudiséu PleSe v okolici Ljubljane so v preteklosti pridobivali Ba, Pb in podrejeno Zn. Vpliv velikosti
zrn, mineralizacije in lokacije vzorcevanih toc¢k dolvodno na geokemic¢no sestavo sem dolocala v vzorcih
potocnega sedimenta, katerega geokemicna sestava je bila doloc¢ena z metodo XRF. Statisti¢na analiza podatkov
geokemicne sestave je potrdila mineralizacijo vzorcev poto¢nega sedimenta. Rezultati parametri¢nega t-testa,
neparameti¢cnega Mann-Whitney-jevega testa in clustrske analize so pokazali, da se geokemicni sestavi vzorcev
frakeij <0,063 mm in 0,063-2 mm skoraj ne razlikujeta. Tako parametri¢ni kot neparametriéni korelacijski
koeficienti ter clustrska analiza so pokazali, da prvine Si, Al, K, Rb in Fe kazZejo na prisotnost preperelih
kamninotvornih mineralov (npr. sljud, glinenih mineralov), Nb in Zr na minerale odporne na preperevanje, Ca in
Mg sta znacilna za karbonate. S, Ba, Sr, Pb, Zn in Mn kaZejo na lokalno mineralizacijo s sulfati in sulfidi. Razlike
med skupinami, ugotovljenimi s clustrsko analizo, sem testirala s parametri¢cnim t-testom, analizo variance in
Mann-Whitney-jevim testom ter Kruskall-Wallis ANOVO. Na uvrstitev v skupine nabolj vplivajo vsebnosti Ba,
Pb in Sr, kar potrjuje vpliv mineralizacije sedimenta. Razlik v geokemiéni sestavi vzorcev sedimentov dolvodno
testi niso zaznali. Statisti¢ni pristop k interpretaciji geokemi¢nih podatkov predstavlja dobro osnovo za nadaljnjo
interpretacijo.
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Introduction

Nowadays, statistical analyses are very com-
mon and useful in many fields of geology (Swan
and Sandilands, 1995; Davis, 2002), especially
when dealing with geochemical data (e.g., Al-
banese et al., 2007; Grunsky et al., 2009). A statis-
tical approach can also be useful in determining
relationships between the geochemical compo-
sition of soils or stream sediments and mineral
occurrences (e.g., Candeias et al., 2011; Carvalho
et al., 2014; Levitan et al., 2015). There are some
former mines and small ore deposits of Pb, Zn,
Hg and Fe in the vicinity of Ljubljana (Dervaric¢
et al.,, 2005). The Plese Ba, Pb, and Zn ore deposit
is one of the formerly productive mines (Mlakar,
2003). Barite, galena, and some sphalerite were
mined here for at least 250 years. Between 1729
and 1963, when the mine was opened, more than
100,000 tons of barite, about 10,000 tons of Pb,
and some Zn were mined (Zebre, 1955; Fabjanéi¢,
1966; Mlakar, 2003). Today, water seeps and leaks
from the formerly productive mine and trans-
ports mineralized sediments that may affect the
local environment. Stream sediment chemistry
is one of the indicators of local geology and also
of mining activity (e.g., Hudson-Edwards et al.,
1996; Ettler et al., 2006; Tersic et al., 2018). It can
also be used as an indicator of potential contam-
ination from mining materials (Baptista-Salazar
et al., 2017; Potra et al., 2017; Gosar et al., 2020;
Zibret & Ceplak, 2021; Miler et al., 2022).

Sediments from the stream of the abandoned
mine tunnel in the PleSe area were sampled to
evaluate their geochemical properties and the in-
fluence of grain size (0.063-2 mm and < 0.063 mm)
based on statistical analyses. In addition, statis-
tical tests were performed to evaluate the impact
of the sampling site on sediment geochemical
composition.

Materials and methods

The oldest rocks of the area are the Carbon-
iferous clastites (Buser, 1974; Mlakar, 2003). The
Permian rocks of the Val Gardena Formation
are followed by Lower Triassic dolomites inter-
bedded with fine clastites, red claystones, oolitic
limestone and dolomite lenses. This is followed
by Anisian and Cordevolian dolomites, and fi-
nally the upper Triassic Main dolomite. Stream
and bog sediments with scree are the youngest
rocks in the area (Buser et al., 1969; Buser, 1974;
Mlakar 2003). The area has a complex tectonic
history (Buser, 1974; Premru 1974, 1980; Mlakar,
1987; Placer, 1998; Dozet, 1999; Mlakar, 2003). The
Upper Triassic dolomite is overthrusted by Pale-

ozoic beds. In addition, several faults of different
systems (e.g., cross-alpidic, dinaric, cross-dinar-
ic) are observed. Mineralization with barite, ga-
lena and sphalerite occurs in both Paleozoic and
Triassic beds (Buser, 1974; Mlakar 2003).

Stream sediment samples were collected at 10
sampling sites at a total distance of 250 m from
the abandoned mining tunnel (Fig. 1). The upper
30 cm of the stream sediment was sampled. In the
laboratory, all samples were dried at 40 °C. Sam-
ple size was reduced by quartering. Samples were
sieved through sieves with a 2-mm and a 0.063-
mm openings. A total of 15 samples were analysed
- 5 samples of fraction 0.063-2 mm (samples des-
ignated PO1-2, PO3-2, PO5-2, PO7-2, PO9-2) and
10 samples with grain size of < 0.063 mm (samples
designated PO1 to PO10). Geochemical composi-
tion was determined using a Thermo Fisher Niton
XL3t GOLDD portable X-ray fluorescence (XRF)
analyzer at the Department of Geology, Faculty of
Natural Sciences and Engineering, University of
Ljubljana. The accuracy was checked with sever-
al analyses of standard materials and found to be
good for elements in question. The only exception
is Ba, whose values were not standardised and
therefore should be used with caution and only for
relative comparison of the analysed samples. Re-
lative percentage difference (%RPD) of duplicate
measurements of sample POl showed very good
precision (< 10 % error) for most elements, with the
exception of S (< 12 % error). For further interpre-
tation, the contents of Si, Al, Fe, Mg, Ca, K, S, Mn,
Ba, Nb, Pb, Rb, Sr, Zn, and Zr were manipulated.
The contents of the other elements were below the
detection limit in the majority of the samples or
were not of our interest. Statistical analysis was
performed using Tibco Statistica software (2017).

Normality of data distribution was checked by
comparison of medians, arithmetic and geometric
means, by kurtosis and skewness, by visual in-
spection of histograms, by Kolmogorov-Smirnov
and Lilliefors test, and by Shapiro-Wilk test. Be-
cause some of the variables aren’t normally dis-
tributed and because of the small number of sam-
ples and for comparison, we applied parametric
and non-parametric statistics (Swan and Sandi-
lands, 1995; Davis, 2002). For comparision para-
metric t-test and non-parametric Mann-Whitney
test were performed and correlations (Pearson s
product-moment and Spearman rank order cor-
relation coefficients) were calculated. Cluster
analyses of the variables and observations were
performed using Ward’s linkage rule method and
the 1-Pearson correlation coefficient and Euclid-
ean distance as a distance measure.
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Fig. 1. Map of the area
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Results and Discussion

Ba-Pb-Zn mineralization is clearly evident in
the geochemical compositions of the stream sedi-
ment samples (Table 1). In some samples, the con-
tents of Ba (the values reported should be used
with caution and for relative comparison only),
Pb, and Zn exceed the intervention values of 625,
530, and 720 mg/kg, respectively, in soils (Ur. list
RS 68/96) and in soils and sediments (VROM,
2000). The contents of Ba and Pb above interven-
tion values were also established by others (Go-
sar et al., 2014; Miler et al., 2022). For compari-
sion, median values for Ba, Pb and Zn in stream
sediments analysed by XRF in Europe are 370, 21
and 71 mg/kg (Salminen et al., 2005).

The presence of silicate and carbonate mine-
rals in sediment samples is also evident (Table 1).
The variations in geochemical composition is the
result of complex geological composition of the
area (Buser, 1974; Mlakar, 2003).

The effect of grain size on the distribution
of elements was examined using the parametric
t-test and the non-parametric Mann-Whitney
test. The parametric t-test revealed statistically
significant differences (95 % probability) in the
studied fractions (0.063-2 mm and < 0.063 mm)
with respect to the content of Mg (t = -2.53, p =
0.025), Nb (t = 2.26, p = 0.041), and Zr (t = 2.35,
p = 0.036). The results of the Mann-Whitney test
were very similar, with statistically significant
differences at the 95 % probability level for the
contents of Nb (Z = 2.02, p = 0.043) and Zr (Z =
2.88, p = 0.004) in the studied grain size fractions.

The results are also confirmed by box and whisk-
er plots (Fig. 2) - the geochemical composition
is very similar in both fractions. Some samples
are more mineralized than others, with no clear
trend as a function of grain size. Minor differ-
ences are observed only in Mg content, which is
almost twice as high in the coarse-grained frac-
tion, with a mean of 9.01 % and a median of 9.73 %
(in the < 0.063 mm samples, the mean is 5.44 %
and the median is 5.98 %). The Mg content can
be attributed to the presence of dolomite. Niobi-
um and Zr are more abundant in the fine-grained
fraction. For Nb, the mean is 16 mg/kg and the
median is 15 mg/kg in the < 0.063 mm fraction,
while it is lower in the coarser fraction at 9 mg/
kg and 7 mg/kg, respectively. The difference in
Zr content is even greater: mean and median are
251 mg/kg and 150 mg/kg in the finer fraction,
while 42 mg/kg (mean) and 41 mg/kg (median) in
the coarser fraction. Niobium and Zr are bound
in weathering resistant minerals.

The small number of samples and the (non-)
normality of the distribution clearly affect the
differences between mean and median values
(Swan & Sandilands, 1995). In the present case,
the number of samples (10 vs. 5 samples) also af-
fects the range - the ranges of the fine-grained
samples (< 0.063 mm) are generally larger than
the ranges of the 0.063-2 mm samples for most
elements. The exceptions with wide ranges for
S, Ba, Pb, Sr, and Zn in the coarser fraction are
probably due to the mineralization of the sedi-
ments.
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Fig. 2. Medians, interquartile ranges (boxes) with minimum and maximum values (whiskers) of measured elements in finer

(<0.063 mm) and coarser (0.063-2 mm) fractions.

The relations between elements have been
determined by calculation of correlation coef-
ficients and by cluster analysis. Care should be
taken when comparing parametric and non-par-
ametric correlation coefficients calculated using
Tibco Statistica software. The software requires

all data to calculate the parametric correlation
coefficient. If one or more variable values are
missing, the entire observation is excluded from
the analysis. As Mn content in sample PO9-2 was
not detected by XRF, the entire observation was
eliminated from the analysis. Therefore, when
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Table 1. Results of geochemical analysis.
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comparing the two correlation coefficients, some
data are “lost” - regardless of whether we omit
the entire observation or the variable with the
missing data. Consequently, the results may dif-
fer to some extent and may also be biased.

First, the coefficients were calculated without
the sample PO9-2 data. For most elements, there
are almost no differences in the statistically sig-
nificant correlation coefficients calculated with
the parametric Pearson's product-moment corre-
lation coefficient (Table 2) or with non-paramet-
ric Spearman rank order correlation coefficient
(Table 3). Exceptions are Si-Nb, Fe-Zr, and Mn-
Pb, for which parametric correlations were deter-
mined to be statistically significant, and Si-Pb,
Mn-Nb, Mn-Rb, and Ba-Zn with statistically sig-
nificant non-parametric correlation coefficients.
The results look slightly different if we omit
the Mn values (Tables 4 and 5) instead of PO9-2
observation. In this case, the differences are in
S-Zn, Ba-Nb, Ba-Zn, Nb-Sr, and Sr-Zn correla-
tions, where non-parametric correlation coeffi-
cients are statistically significant, and Pearson's
product-moment correlation coefficients aren't.
The Pearson's product-moment correlation coef-
ficient is based on the agreement and direction
of the linear relationship between two variables,
while the non-parametric correlation is based on
the ranking of the data values rather than the
values themselves (Swan & Sandilands, 1995).
Therefore, scatter plots with a distinct trend line
may have a low non-parametric correlation even
though the parametric correlation is statistically
significant because the positive and negative de-
viations from the line almost cancel each other
out. The non-parametric correlation is also less
sensitive to extreme values (Swan & Sandilands,
1995). On the other hand, the calculation of Pear-
son's product-moment correlation coefficient re-
quires a larger number of samples and normality
of the distribution. Therefore in presented case,
the results of non-parametric correlations are
more trustworthy, while parametric Pearson's
product-moment correlation coefficient should
be used with caution.

The results of cluster analysis of the var-
iables show two main groups (Fig. 3). The first
group consists of Si, Al, K, Rb, Fe, Nb, and Zr,
while the second group can be divided into two
subgroups, with Ca and Mg in one and Zn, Pb,
Mn, Sr, Ba, and S in the other subgroup. Cluster
analysis confirms the results of correlation coef-
ficients. Namely, members of the groups have in
general higher correlation coefficients. The con-
tents of Si, Al, K, Rb, and Fe can be attributed
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to secondary minerals (e.g., clay minerals, micas)
or oxides (hematite; Mlakar 2003), Nb and Zr to
weathering-resistant minerals, and Ca and Mg to
carbonates. Ba, Pb, Zn and S indicate local min-
eralization with sulphates and sulphides, while
Sr might be attributed to trace elements in barite
(Mlakar, 2003) and Mn in galenite and sphalerite
(Drovenik et al., 1980) or to secondary minerals
formed with ore mineral weathering (Miler et al.,
2022).

8

When clustering the observations without
sample PO9-2 (using Ward’s method as a linkage
rule and Euclidean distance measurement), three
groups are distinguished (Fig. 4): the first group
with samples PO1, PO1-2, PO2, PO3, PO3-2, PO"7-
2; the second group with samples PO6, PO7, POS8,
P09, PO10; and the third group with samples
PO4, P05, and PO5-2. We checked the differences
between the groups obtained by cluster analysis
using analysis of variance and Kruskal-Wallis

Fig. 3. Cluster analysis of

Linkage Distance
=

measured elements (calcu-
lation is based on Ward's
method as a linkage rule
and 1-Pearsonr as a distan-
ce measurement).
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Fig. 4. Cluster analysis of
investigated samples witho-
ut PO9-2 (calculation is ba-
sed on Ward's method as a
linkage rule and Euclidean
distances as a distance
measurement).
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investigated samples witho-
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ANOVA test. The results show that the content
of Pb, Ba, Mn, and Sr (i.e., the mineralization of
the sediment) has the greatest influence on the
classification into these three individual groups.
If we exclude the Mn content from the analysis
(it was not detectable in one sample) and manip-
ulate all 15 sediment samples, the result of the
cluster analysis looks somewhat different (Fig.
5). Only two groups can be distinguished: PO1,
P02, PO3, PO7, PO8, POT-2, PO3-2, PO1-2 and
PO9-2 form one group, PO4, PO5, PO6, POY,
PO10 and POO05-2 form the second. According
to the results of the parametric t-test for inde-
pendent groups, the contents of Pb and Sr have a
significant effect on the grouping. Due to the re-
sults of the non-parametric Mann-Whitney test,
the contents of Pb, Ba and Sr have a statistically
significant influence on the grouping of observa-
tions. The statistical analysis clearly shows the
different contents of ore minerals of the samples
and its effect on the clustering of observations.
However, the grain size has no influence on the
geochemical composition of the studied samples
(< 0.063 mm and 0.063-2 mm; Figs. 4 and 5) as
geochemical composition is practically the same
in both fractions. Cluster analysis of the samples
also shows no significant differences in the geo-
chemical composition regarding the downstream
location of sediment samples.

PO7-2

PO8& PO3 PO1
PO7 PO2

Conclusions

Mineralization with barite, galena and
sphalerite in the PleSe area is clearly demon-
strated in the geochemical composition of stream
sediments. The contents of Ba (the values given
should be used with caution and only for relative
comparison), Pb and Zn in some samples exceed
the intervention values of 625, 530 and 720 mg/
kg, respectively (Ur. list RS 68/96; VROM, 2000).

The parametric t-test and the non-parametric
Mann-Whitney test showed only minor differ-
ences in geochemical composition between sam-
ples with different grain sizes, whereas cluster
analysis shows no differences. The Mg content
is statistically significantly higher in samples of
0.063-2 mm, and the contents of Nb and Zr are
higher in < 0.063-mm samples. The number of ob-
servations (sediment samples) influence the rang-
es of the variables as the ranges of fine-grained
samples are generally larger than ranges of
coarse-grained samples. The diverse composition
is the result of the complicated geological com-
position of the area (Buser, 1974; Mlakar, 2003).
Ba, Sr, Pb, Zn, Mn and S indicate local mineral-
ization with sulphide and sulphate minerals and
their weathering products.

Pearson's product-moment correlation coeffi-
cients, non-parametric Spearman rank order cor-
relation coefficients and cluster analysis indicate
that Si, Al, K, Rb, and Fe contents are associated
with weathered rock forming minerals such as



234

Simona JARC

mica, and clay minerals, whereas Nb and Zr are
associated with weathering-resistant minerals
(oxides, silicates). Ca and Mg are characteristics
of carbonates and S, Ba, Sr, Pb, Zn and Mn of lo-
cal mineralization with sulphides and sulphates.
The results of the parametric t-test, analysis of
variance, and non-parametric Mann-Whitney
and Kruskal-Wallis ANOVA tests of the clustered
sediment samples confirm that the contents of
Ba, Pb and Sr have a statistically significant in-
fluence on the clustering of the sediment samples,
i.e., the statistical analyses confirm the influence
of sediment mineralization. Cluster analysis of
the observations also shows no significant differ-
ences in the geochemical compositions regarding
the downstream sampling position.

Although the number of sediment samples
was relatively small, the combination of various
statistical tests and analyses shows results that
have a geologic basis and significance. The sta-
tistical approach to evaluating the geochemical
data has proven useful and provides a good basis
for assigning elemental data to parent rocks and
for identifying potentially contaminated areas.
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