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for the Substantiation of Reasonable

Native Elemental Background Values

and Reference Variables in Topsoil on

Glaciogenic and Postglacial Deposits

in a Vilnius Peri-Urban Area.

Minerals 2023, 13, 1513. https://

doi.org/10.3390/min13121513

Academic Editors: Robert Šajn and
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Abstract: Geochemical indices used to identify the emerging anomalies of potentially harmful
elements in topsoil depend on background values (BVs). For urban sites, it is reasonable to estimate
native BVs through the targeted selection of peri-urban sampling sites or by distinguishing a useful
background subset (BS) within the peri-urban dataset. Here, the goals were to examine the influence
of Quaternary deposits on various types of topsoil variables, identify the variables most helpful for
cluster analysis intended for the choice of background subset (BS), and compare background values
(BVs) based on different background subsets. Composite topsoil samples from a peri-urban area were
used for the determination of the following variables: contents of 26 elements and components of
the bulk mineralogical composition, as well as the sand, silt, and clay fractions and loss-on-ignition
(LOI) at 550 ◦C and at 950 ◦C. Although Quaternary lithology influences topsoil elemental contents
or granulometric fractions, percentages of illite, kaolinite, orthoclase, quartz, albite, dolomite, and
LOI at 550 ◦C, the choice of BS, according to it, is not recommended, as BVs based on topsoil texture
are superior. However, cluster analysis using topsoil fractions < 2, <63, and >63 µm or the contents of
Al, Fe, K, Ti, Ga, Nb, Rb, and Si are preferable. It is recommended to use these reference variables for
the selection of BS.

Keywords: potentially harmful elements; reference variables; peri-urban topsoil; background subset

1. Introduction

The need to study topsoil contamination by potentially harmful elements (PHEs)
is undeniable, primarily for the evaluation of environmental and human risks and to
identify excessive or deficient concentrations that may lead to health problems [1]. Such
research is especially crucial in urban areas due to the exposure risks from PHE emissions
to children [2–4]. To characterize site contamination by PHEs, geochemical indices (GIs)
are used, the formulas of which can be found in, e.g., [5]. As the mono-elemental index of
each PHE is calculated in comparison with its reference value (RV), multi-elemental indices
also depend on RVs, which can vary.

According to the research objectives, there are two groups of GIs: (i) those for the
management of contaminated land, where RVs have various soil screening values [6],
such as Dutch target and intervention values [7], trigger or action levels [8], permissible
levels [9], and maximum acceptable concentrations [10], and (ii) those for identifying the
emerging anomalies and preventing their further increase up to hazardous to biota levels
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when background values (BVs), which are sometimes titled “baseline values” [11,12], are
used as RVs. The RVs of the first group of indices are usually constant or differentiated
only according to land use [6,13]. As a rule, they do not depend on BVs, e.g., the Dutch
target values employed by Lee et al. [14] for calculating the multi-elemental soil pollution
index were constants. However, in the added risk approach, BVs are taken into account
when deriving the maximum permitted concentrations [15,16]. This is evident from the
formula for the adjusted target value [2].

According to Galuszka, the geochemical background is “one of the most crucial issues
of recent environmental studies” [17]. However, BVs utilized in the formulas of GIs vary.
They are related to several aspects: (i) the scale for which they are intended, (ii) the choice of
reference material, and (iii) the assessment method and statistical characteristics employed.
The combination of these aspects predetermines the magnitude of BVs and whether they
are constant or vary from one site to another.

Some researchers use global-scale BVs, such as the content in the Earth’s crust, for the
calculation of the geoaccumulation index [18], the worldwide average of soils in the formula
of multi-elemental pollution index [19], or enrichment factors (EFs) [20]. Meanwhile,
others opt for large regional-scale BVs, like different natural soils of China [21,22]. In the
aforementioned publications, BVs are constants from other publications, but the reference
material is not always topsoil. Crustal values are too general, as it is not only the rock
types that differ in their elemental contents [23] but also soil types with different parent
materials [24]. The use of nonidentical reference materials is even found in publications
that take regional peculiarities into account, e.g., when BVs characterize ultrabasic igneous
rocks [25] or are estimated according to deeper soil layers [9,10]. However, EFs calculated
using the crust, rock types, or deeper soil as reference materials were criticized [11,26],
as the comparison of topsoil with subsoil or rock-derived BVs does not take into account
pedogenic processes.

According to Albanese et al. [8], the regional approach seems to be predominant
in urban topsoil studies, because the city area is considered to be “part of a regional
context”. However, large regions inevitably have different BVs [27]. Smaller regions also
demonstrate variability in BVs within spatial units that differ in geological settings and
other natural characteristics [28]. Therefore, Reimann and Garrett [29] stated that BVs
“change from area to area within a region”. This was recognized in the study by Yang
et al. [30], where pollution indices were calculated on the national, regional, provincial,
and city scales. Due to regional heterogeneity, it is advisable to select or estimate BVs in
smaller territories closer to the city, such as rural or peri-urban areas, or possibly even
within urban areas [4,31,32]. In such cases, BVs become more localized and can be referred
to as native BVs. However, the assessment of BVs within the city often causes problems
due to anthropogenic pollution [33], so it is reasonable to choose peri-urban or rural sites.
Nevertheless, not all of them may be suitable, e.g., when BVs are high due to geological
peculiarities and are even higher in areas with mining activity [34].

At a regional or local scale, the importance of the method of determination of BVs
increases. Most of the statistical methods described by Matchulatt et al. [35] and Reimann
et al. [36] yielded constant BVs, while the regression technique resulted in varied BVs at
each site. The differences between these two groups of methods affected the magnitude of
the same GI, such as the contamination factor [5], sometimes referred to as the pollution
index [37]. It is typically calculated using constant BVs [32], but sometimes, it is predicted
based on the soil variables, such as clay content and organic matter [38,39], or on inert
elements [12], which are rare pollutants and are referred to as reference elements [26]. In
the latter cases, BVs become site-specific, and there is no need to estimate the constant
values. On the other hand, the assessment of native constant BV of PHE and reference
element is necessary for calculating the EF, which is a normalized index. Its formula [31]
demonstrates that the primary constant background of a PHE becomes variable at each site
due to adjustment by the selected reference element.
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Methods that yield constant native BVs were tested in both rural areas [11,40] and
urban [41–43]. Most of these methods are based on eliminating element anomalies and
providing a background range. Still, some researchers select BV as its upper threshold [8,42],
while others prefer its median [44]. This ambiguity also influences the GI magnitude. We
have demonstrated the advantages of the second choice [43]. Namely, the median is useful
when the intention is not to reveal anomalies in peri-urban areas but to estimate more
accurate native BVs for urban territories. The non-parametric Median ± 2MAD method
for the elimination of anomalies is preferred over the parametric one, since Reimann
et al. [36] showed that it identifies the highest number of outliers and ensures a closer
approximation of the theoretical natural background. To mitigate the influence of specific
statistical methods applied to urban sites, Zhang et al. [12] even used the average of BVs
obtained using four methods as the final value.

Sometimes, the choice of areas for BVs is based on information from geological maps
or spatial units related to geology [28]. However, such selection becomes complicated
when the soil parent material in a peri-urban territory consists of diverse glaciogenic or
postglacial Quaternary deposits that vary even over short distances [45]. Some areas are
characterized by repeated advances of glaciers and complex deglaciation processes during
the penultimate and last glaciation [46]. As a result, differences in Quaternary lithology,
age, and genetic type appear. This suggests that peri-urban subsets for estimating topsoil
BVs can be distinguished not based on the proximity of sites but rather by classification
according to the aforementioned properties of Quaternary deposits.

On the other hand, another potentially more useful way for selecting peri-urban topsoil
subsets for BV assessment is by using specific types of continuous or discrete variables,
such as soil texture classes [44]. Subsets of sites can be identified by hierarchical cluster
analysis [45]. Its advantage lies in the ability to incorporate different types of variables
or their combinations, providing better visibility of groups compared to factor scores.
However, there is a lack of research on how the choice of different variables in peri-urban
topsoil influences the clustering of samples, the clusters of sites assigned to the background
subset (BS), and the corresponding topsoil BVs for the calculation of GIs in the adjacent
urban area.

The goals of this study were as follows: (i) to examine the influence of Quaternary
deposits on various types of variables determined in peri-urban topsoil, (ii) to identify the
variables most helpful for cluster analysis intended for the choice of background sites, and
(iii) to compare background values (BVs) based on different background sites.

The relevance of the present research lies in the fact that an alternative method based
on cluster analysis to estimate native BVs is tested, several types of variables are determined
in topsoil, and the methodology for assessing their utility in determining native BVs for
contamination assessment in urban areas is proposed.

2. Materials and Methods
2.1. Concepts, Terms, Their Abbreviations, and Study Design

The estimation of BVs always requires the selection of specific sites that constitute
the background subset (BS), while other sites that are excluded can be referred to as the
non-background subset (NBS). This process, known as site classification (to be precise,
binary class classification), serves as the initial step in BV estimation. Nonstatistical site
classification usually depends on expert knowledge. On the other hand, an alternative
approach for estimating constant BVs is based on statistical site classification; in our case,
the method used is hierarchical cluster analysis using specific variables.

Continuous variables determined in topsoil by using various analytical methods can
be categorized as elemental and non-elemental. In our case, elemental variables include the
contents of 10 PHEs, namely As, Ba, Co, Cr, Cu, Mo, Ni, Pb, V, and Zn, and 16 presumably
nonharmful elements, namely Al, Ca, Fe, K, Mg, Na, Si, and Ti (major elements), and Br, Ga,
Mn, Nb, P, Rb, S, and Sr (minor or trace elements). The primary non-elemental variables
include three types: (i) grain size fractions, such as 63–2000 µm (>63′), 2–63 µm (2–63′),
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and <2 µm (<2′), which are used to determine soil texture classes [47], and the fine fraction
<63 µm (<63′); (ii) loss-on-ignition (LOI) variables, namely LOI at 550 ◦C (550′), which is
related to organic matter, and LOI at 950 ◦C (950′), considered to be an indicator of carbonate
minerals [48]; and (iii) variables that characterize bulk mineralogical composition.

It seems that there is still a lack of a strict definition for the term “reference variable”,
although the term “reference element” is often mentioned in the explanation of the enrich-
ment factor formula, which implies normalization. The candidate element to be used in
this formula must meet several requirements: (i) it should be a rare pollutant and relatively
inert, (ii) it should correlate with the PHE [49], and (iii) it should have lower variability
when compared to the PHE [26]. These requirements are quite stringent, since a candidate
element for normalization of the PHE can be not correlated with it, only with a subset of
other PHEs and may exhibit higher variability than the PHE. Sometimes, the same elements
are utilized in regression equations to predict BVs, and this process is also referred to as
normalization. When selecting a candidate for a “reference variable” from the group of
presumably nonharmful elements, the primary criterion is its correlation with a greater
number of PHEs. The same criterion is necessary for a non-elemental variable to be used in
normalization equations, but other requirements for designating it as a “reference variable”
are insufficiently clear.

In this research, we proceed with non-elemental variables and employ the afore-
mentioned criterion to differentiate between influential and partly influential variables
among them. Influential non-elemental variables exhibit significant (p < 0.01) Spearman’s
correlation coefficients with the contents of all studied PHEs, whereas partially influen-
tial variables show such correlation with at least four PHEs. Presumably nonharmful
elements that are significantly correlated with all influential non-elemental variables are
designated as “potential reference elements” (PREs), while those showing correlations
with some of the partly influential non-elemental variables are labeled as “possibly useful
elements”. The initial lists of influential non-elemental variables and PREs are subject to
further adjustment. We also propose a potential additional criterion for assigning the term
“reference variable” to influential or partially influential non-elemental variables, as well as
to “potential reference elements” and “possibly useful elements”, namely their utility in
site classification.

The goals of this research were achieved through the following tasks.

1. Studying Quaternary geological maps and purposefully selecting topsoil sampling
sites in the Vilnius peri-urban area considering different ages and genetic types of
deposits, collecting composite samples, and determining different types of variables.

2. Obtaining new information regarding the magnitude and variability of the variables
and the correlation between their different types for identifying a preliminary list
of influential non-elemental variables and potential reference elements (PREs) and
adjusting this list after studying the clustering of basic variables selected, taking into
account mineralogical groups of selected common minerals.

3. Studying the influence of age, genetic type, and lithology of Quaternary deposits
on topsoil variables and identifying which of them is the key property, determining
whether BVs required for urban sites should be estimated using a subset of sites with
relatively lower or with relatively higher levels of PHEs and PREs.

4. Testing whether a cluster analysis dendrogram of samples compiled using basic
variables is suitable for statistical site classification into BS and NBS and whether
additional information about sites is helpful for selecting BS.

5. Testing different variable type(s) for statistical site classification, followed by the
estimation of BVs in the respective background subsets with the aim of proposing the
most useful variables, i.e., reference variables.

6. Comparing statistical site classifications based on the most useful variables deter-
mined in topsoil with two selected nonstatistical site classifications, one of which is
based on the key property of Quaternary deposits while the other relies on the most
useful non-elemental variables related to this property.
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2.2. Sampling and Adjustment of Information about Properties of Quaternary Deposits in Sites

The selection of topsoil sampling sites in the peri-urban area of Vilnius was purposeful,
with planning based on a geological map and proportional representation of the areas
covered by different ages and genetic types of Quaternary deposits. The sites were chosen
in shallow relief meadows, as far as possible from past or current urban activities (Figure 1).
Each primary composite sample, weighing approximately 2.5–5 kg, consisted of five sub-
samples collected from the corners and center of a square measuring approximately 10 m ×
10 m. The subsamples were mixed in a plastic bucket and quartered to reduce the mass of
the final composite sample to around 2–3 kg. In total, 47 composite samples were collected.
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Figure 1. Topsoil sampling sites in the peri-urban area of Vilnius, with the location of sites frequently
used for topsoil geochemical investigations in the urban area indicated by a rectangle. Note: The
location of the sites is shown using a base map of the Ministry of Agriculture of the Republic
of Lithuania.

Revised information about the properties of underlying Quaternary deposits in peri-
urban sites was acquired from digital maps of the Lithuanian Geological Survey and their
respective database [50] according to the coordinates recorded during sampling (Table 1).
Similar information, using coordinates, was also collected for 32 urban sites where topsoil
geochemical investigations for monitoring purposes had been previously conducted most
frequently (Figure 1 and Table 1).
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Table 1. Stratigraphy and lithology of underlying Quaternary deposits in the study sites and certain
urban sites according to the Lithuanian Quaternary geological map.

Area Age a and Genetic Type b Sites and Lithology c

Peri-urban

gt II md 1 (gt), 2 (gt), 3 (gt), 4 (gt), 5 (gt), 6 (gt)

g III gr and gt III gr 7 (gt), 8 (gt), 9 (gt), 10 (gt), 11 (gt), 12 (gt), 13 (gt), 14 (gt),
15 (gt), 16 (gt), 17 (gt), 18 (gt), 19 (gt), 20 (gt)

f III gr and ft III gr 21 (sv), 22 (sg), 23 (sg), 24 (sg), 25 (sg), 26 (sv)
lg III gr 27 (sf), 28 (sf), 29 (sf), 30 (sf), 31 (sf), 32 (sf), 33 (sf)
gt III bl 34 (gt), 35 (gt), 36 (gt), 37 (gt), 38 9 gt)

f III bl and ft III bl 39 (sg), 40 (sf), 41 (sv), 42 (sv)
lg III bl 43 (cl), 44 (sm), 45 (cs), 46 (cs), 47 (cs)

Part of
urban

ft II md 1 (sf), 2 (sv), 3 (sv), 4 (sv), 32 (sf)

f III bl and ft III bl 5 (sv), 6 (sf), 7 (sv), 8 (sv), 9 (sf), 10 (sf), 11 (sg), 12 (sg),
13 (sv), 14 (sv), 15 (sf)

a III bl 16 (sv), 17 (sf), 18 (sf)
a IV 19 (sf), 20 (sf), 21 (sf), 22 (sf), 23 (sf)
d IV 24 (sc), 25 (sc), 26 (sc), 27 (sc), 28 (sc), 29 (sc), 30 (sc), 31 (sc)

a II md—Middle Pleistocene Medininkai, III gr—Late Pleistocene Grūda, III bl—Late Pleistocene Baltija, and
IV—Holocene. b lg—proglacial glaciolacustrine, g—basal till, gt—marginal till, f—proglacial glaciofluvial, ft—
marginal glaciofluvial, a—alluvial, and d—deluvial. c gt—glacial till, sg—gravelly sand, sv—various sand,
sm—medium sand, sf—fine sand, cl—clay, cs—silty clay, and sc—clayey sand.

2.3. Sample Preparation and Determination of Variables

Composite samples of topsoil were brought to the laboratory, where they were air-
dried, quartered, and sieved through a 2 mm nylon sieve to produce representative portions
of about 0.5–1.5 kg. Representative sub-portions were selected from each portion for all
types of analysis. These sub-portions were further denominated as laboratory samples.

The procedure of preparing laboratory samples for X-ray fluorescence (XRF) analysis
was as follows: (i) two independent laboratory subsamples (each being≥ 5.0 g) were chosen
and ground for 10 min at 27 Hz using a MM 400 mill with zirconium oxide grinding jars
and grinding balls; (ii) then, 4.00 g of each powdered material was homogenized with 0.90 g
of Licowax binder (dilution factor 0.816, as recommended by the equipment manufacturers)
and pressed for 3 min using 15 kN (press PP15) to produce 32 mm diameter pellets.

The pellets were analyzed using the energy-dispersive XRF equipment Xepos HE
(SPECTRO Analytical Instruments GmbH, Kleve, Germany) and TurboQuant (TQ) II
calibration for the pressed pellets module, as specified by the manufacturer. The TQ
method combines different procedures: calculation of the mass attenuation coefficient,
using the extended Compton module, and a final calibration based on the fundamental
parameter method. The advantages of the polarization method and TQ calibration method
were described by Schramm and Heckel [51]. TurboQuant II, the latest modification of
the TQ method intended for XEPOS HE, is offered by the manufacturer for samples with
various matrices [52]. More detailed information on the analysis quality and detection
limits is provided in [53]. A detailed description of the XRF conditions used was provided
earlier [51]. Duplicates of the pressed pellets were analyzed twice to quantify the contents
of the following 26 elements: Na, Mg, Al, Si, P, S, K, Ca, Fe, Ti, V, Cr, Mn, Co, Ni, Cu, Zn,
Ga, As, Br, Rb, Sr, Nb, Mo, Ba, and Pb.

The compliance with quality assurance requirements was ensured in the following five
aspects: (1) limits of detection (LOD), (2) levels of relative standard deviation (%RSD, see
pages 8 and 25–28 in [54]) calculated for the data of analyzed duplicates, (3) participation in
the International Soil-Analytical Exchange (ISE) program, (4) using the reference materials
(RMs) and certified reference materials (CRMs), and (5) adjusting via recalibration proce-
dures. Accordingly, (i) all analyte contents were higher than the respective lower LOD
values (see in Table 2 in [53]); (ii) the %RSD values were 5.0%–7.0% for Na, S, V, Cr, Co, As,
and Mo, while the values were below 5.0% for Mg, Al, Si, P, K, Ca, Fe, Ti, Mn, Ni, Cu, Zn,
Ga, Br, Rb, Sr, Nb, Ba, and Pb; and (iii) averaged values of the duplicate measurements
were adjusted via recalibration procedures using both a large number of RMs obtained
during our laboratory’s participation (period 1998–2019) in ISE, organized by WEPAL [55],



Minerals 2023, 13, 1513 7 of 36

and CRMs intended for soils, such as NIST 2702, NIST 2704, NIST 2709, NIST 2711, and
NIST 2782; CRM 277 and CRM 320; and DC73022 and DC73317a, as well as OKOOO201,
OKOOO202, OKOOO203, OKOOO204, OKOOO301, OKOOO302, and OKOOO303. The
used RMs and CRMs were prepared pari passu with our analyzed topsoil samples. Earlier,
we mentioned these procedures in a series of publications including [3,56–61].

Grain size measurements were conducted using the Fritsch Laser Particle Sizer Analy-
sette 22 MicroTec Plus, which was also employed in [62]. Loss-on-ignition (LOI) variables
were determined via combustion until 550 ◦C (550′) and further combustion until 950 ◦C
(950′) [63]. The quantitative assessment of the bulk mineralogical composition was carried
out at Tartu University using the X-ray diffraction (XRD) method with a Bruker D8 Ad-
vance diffractometer equipped with CuKα radiation and a LynxEye positive 192 sensitive
detector in the 2–70◦ 2 Θ range. The bulk mineralogical composition was characterized
by the following 13 minerals: quartz, orthoclase, microcline, albite, anorthite, hornblende,
muscovite, illite, kaolinite, chlorite, calcite, dolomite, and hematite.

2.4. Statistical Methods

The results that require special algorithms were obtained using the software STATIS-
TICA, version 8 [64]. The following algorithms were employed: (1) identifying significant
(p < 0.01) Spearman’s correlation coefficients (rS), (2) principal component analysis with
varimax rotation, (3) hierarchical cluster analysis of variables with 1-rS distance measure
and Ward’s method, (4) hierarchical cluster analysis of sites using Ward’s method and
the city block distance measure between standardized variables, (5) hierarchical cluster
analysis of site classifications using Ward’s method and the percent disagreement (PD) as
the distance measure, (6) Mann–Whitney U-test for comparing two groups, and (7) H-test
of the Kruskal–Wallis ANOVA with multiple comparisons for comparing more than two
groups, taking into account two-sided significance levels with Bonferroni adjustment.

Microsoft Office Excel 2003 [65] was used to calculate robust coefficients of variation,
determine BVs using the Median ± 2MAD method [36] (where MAD is median of abso-
lute deviations from the median), compute certain indices, prepare most figures, except
dendrograms, and reorganize data. Conditional color formatting, as described in [60], was
performed using Excel in Microsoft 365 [66].

3. Results
3.1. Topsoil Variables

The arrangement of major elements in descending order of mean or median contents
is as follows: Si > Al > K > Fe > Ca > Mg > Na > Ti (Table 2). In this group, Si has the lowest
variability, while Mg and Ca have the highest. The decrease in PHEs based on their mean
or median contents is as follows: Ba > V > Zn > Cr > Pb > Cu > Ni > Co > As > Mo. Among
them, Pb has the lowest variability and As has the highest. According to the descending
mean values, presumably nonharmful minor or trace elements are arranged as follows:
P > Mn > S > Sr > Rb > Nb > Ga > Br. Strontium has the lowest variability, while S has
the highest.

The dominant fraction is 2–63′, followed by >63′, while the <2′ fraction percentage
is the lowest. However, the dataset is more homogeneous, according to the 2–63′ and
>63′ percentages, than according to the <2′ percentage. The mean and median values of
550′ exceed the respective values of 950′, but the variability of 550′ is lower than that of 950′.

The arrangement of the 13 minerals according to descending mean percentages is as
follows: quartz > illite > orthoclase > albite > microcline > anortite > chlorite > kaolinite >
muscovite > dolomite > hornblende > calcite > hematite (Table 3). Quartz has the lowest
variability compared to the other minerals. Most feldspars (orthoclase, albite, and anorthite)
have relatively lower variability compared to illite and other minerals.
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Table 2. Statistical estimates of elemental contents and grain size and loss-on-ignition variables.

Groups of Variables Variable a Mean CV (%) b RCV (%) c LQ d Median UQ e

Major elements

Al 27,331 22.2 11.1 23,383 26,900 28,714
Ca 5787 72.3 23.9 3323 4287 5309
Fe 10,160 40.6 22.8 7206 9071 11,322
K 14,495 19.6 9.11 12,856 14,249 15,308

Mg 4274 58.7 32.6 2480 3341 5454
Na 1995 20.0 17.6 1610 1993 2300
Si 363,436 7.18 3.82 344,283 371,807 383,242
Ti 1365 29.7 15.0 1145 1291 1486

Minor or trace elements

As * 2.57 60.0 41.9 1.45 1.84 3.48
Ba * 302 13.5 10.5 268 302 330
Co * 3.69 40.3 25.0 2.45 3.52 4.26
Cr * 18.0 40.3 24.2 12.8 16.2 21.8
Cu * 13.0 34.7 20.2 10.1 12.4 15.1
Mo * 0.60 44.9 38.6 0.34 0.55 0.78
Ni * 11.3 35.0 19.6 8.45 10.5 12.7
Pb * 17.5 11.9 6.76 16.2 17.1 18.8
V * 42.5 33.4 21.9 32.4 39.9 49.2

Zn * 36.8 32.1 16.3 29.3 33.1 41.0

Br 2.78 26.3 16.4 2.23 2.75 3.14
Ga 6.16 26.1 12.5 5.07 6.01 6.60
Mn 302 34.8 20.6 243 297 362
Nb 6.22 26.6 14.9 5.35 5.89 6.84
P 729 22.9 18.1 598 718 843

Rb 48.9 23.6 11.5 42.6 47.9 51.4
S 191 60.9 30.1 114 155 219
Sr 72.3 11.1 6.52 67.1 71.6 75.8

Grain size fractions, %

<2′ f 14.6 54.4 29.2 9.69 11.9 17.1
2–63′ g 43.1 27.6 17.0 37.4 43.7 51.1
<63′ h 57.7 26.9 14.4 50.7 56.3 65.0
>63′ i 42.3 36.8 18.7 35.0 43.6 49.3

Loss-on-ignition (LOI)
variables, %

550′ j 3.29 33.8 19.4 2.58 2.89 3.77
950′ k 0.46 79.9 35.0 0.23 0.34 0.52

a Mean, median contents, and quartiles of elements are in mg kg−1. PHEs are denoted by an asterisk. b Coefficient
of variation. c Robust coefficient of variation. d Lower quartile (25th percentile). e Upper quartile (75th percentile).
f Clay fraction. g Silt fraction. h Clay and silt (fine) fraction. i Sand fraction. j LOI at 550 ◦C. k LOI at 950 ◦C.

Table 3. Topsoil bulk mineralogical composition (%) and its variability (%) in peri-urban sites.

Minerals, % (Abbreviations) Mean CV a RCV a 10th b LQ Median UQ 90th c

Quartz (Q) 71.5 10.0 4.81 63.3 69.5 72.0 75.6 80.1
Illite (IT) 7.09 54.1 28.5 3.66 4.58 6.03 7.97 12.2

Orthoclase (OR) 6.03 22.7 12.7 4.80 5.18 5.74 6.79 7.97
Albite (AL) 4.09 17.8 13.3 3.10 3.58 5.46 4.63 4.96

Microcline (MC) 4.02 53.4 58.1 1.74 1.93 4.10 6.04 6.47
Anorthite (AN) 1.89 25.7 20.5 1.31 1.47 1.85 2.27 2.62
Chlorite (CH) 1.56 59.2 46.4 0.65 0.77 1.50 1.98 2.72
Kaolinite (KA) 1.29 64.4 37.0 0.25 0.48 1.30 1.69 2.19

Muscovite (MU) 0.90 83.3 67.7 0.03 0.21 0.89 1.37 1.86
Dolomite (DO) 0.50 113.6 45.9 0.14 0.19 0.42 0.48 1.14

Hornblende (HO) 0.48 42.6 38.7 0.22 0.30 0.35 0.65 0.77
Calcite (CA) 0.35 92.7 75.3 0.06 0.08 0.25 0.53 0.68

Hematite (HE) 0.26 35.0 29.0 0.17 0.19 0.23 0.35 0.39

a Most abbreviations of statistical estimates are in Table 2. b 10th percentile. c 90th percentile.

Nine common minerals, known as representatives of terrigenous or carbonate rocks,
were selected for factor analysis (Table 4). Five of them have significant (p < 0.01) loadings
on the first factor (F1), namely illite, kaolinite, muscovite, orthoclase, and quartz. This
factor exhibits the highest variability. The other two factors, F2 with significant loadings
of dolomite and calcite and F3 with significant loadings of albite and anorthite, have
lower variability.
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Table 4. Factor-loading matrix of selected minerals in topsoil.

Factor IT a KA MU OR Q DO CA AL AN Expl. Var, % b

F1 0.95 * 0.89 * 0.77 * 0.67 * −0.98 * 0.05 −0.22 0.10 −0.03 41.8
F2 0.01 −0.22 −0.22 0.05 −0.03 0.95 * 0.91 * 0.17 −0.15 20.9
F3 0.18 −0.20 −0.33 0.36 0.17 −0.05 0.02 −0.63 * −0.84 * 16.1

a Abbreviations of minerals are as in Table 3; they are listed in descending order of their significance (p < 0.01),
denoted by asterisks, of loadings on F1, followed by F2 and, finally, F3. b Percentage of total variance explained
by the factor.

3.2. Correlation between Different Types of Variables in Topsoil

The Spearman’s correlation coefficients of elemental contents with non-elemental
variables (Table S1) are valuable for determining which of the latter are more suitable to
be used in site classification. Based on their correlation with PHEs, the non-elemental
variables can be categorized into three groups: (i) influential, which include clay (<2′),
sand (>63′), and fine (<63′) fractions; 950′; illite, kaolinite, orthoclase, and quartz; (ii) partly
influential, consisting of silt (2–63′), muscovite (MU), and 550′; (iii) weakly influential, such
as dolomite, calcite, albite, and anorthite. Influential non-elemental variables exhibit a
significant (p < 0.01) relationship (either positive or negative) with all PHEs. Four minerals
in this influential group have significant loadings on F1 (Table 4) and are also significantly
correlated with other non-elemental variables (Table S2).

In addition, all eight influential non-elemental variables consistently show significant
(p < 0.01) correlations with nine presumably nonharmful elements, i.e., Al, Fe, K, Mg, Si, Ti,
Ga, Rb, and Nb (Table S1). They will be referred to as potential reference elements (PREs).
The significant correlation of influential non-elemental variables with both all of the PHEs
and the nine PREs indicates that their selection for site classification is justified. This also
suggests that the nine PREs can potentially replace influential non-elemental variables.

Partly influential variables (2–63′, MU, and 550′) are also quite suitable for site classifi-
cation, as they exhibit a significant (p < 0.01) correlation with a subset of PHEs (Table S1).
Furthermore, the significant correlation of 2–63′ and MU with all PREs indicates that these
variables are more suitable for site classification than 550′, which correlates with only
seven PREs.

The correlation of weakly influential non-elemental variables (four minerals) with
PHEs is mostly insignificant, with only three exceptions: Ba–albite and Pb–albite show
positive correlations, and Ba–calcite shows a negative correlation. None of these minerals
have a significant correlation with PREs. This result suggests that they are the least suitable
for site classification.

3.3. Grouping of Different Types of Variables

The contrast observed among variables of certain types—specifically, grain size, min-
erals, or elements—and expressed through significant negative correlation proves that
they are highly beneficial for site classification. This is demonstrated in dendrograms of
basic (40 or 39) variables (Figure 2). Considering the partial overlap between fractions
2–63′ and <63′, only <63′ was selected for its stronger correlation with PHEs and PREs
(Table S1). Influential non-elemental variables are in different branches: significantly
positively correlated quartz and sand fractions (>63′) are in the upper, while closely posi-
tively intercorrelated clay (<2′) and fine (<63′) fractions and illite, orthoclase, and kaolinite
(Table S2) are in the lower. Muscovite, partly influential, contributes to the lower branch. If
950′ is included, it is also placed in the lower branch (Figure 2a). However, 550′, which has
the highest positive correlation with S and Br (Table S1), is in the upper branches due to
insignificant correlations with minerals and clay fractions.

Eight PHEs are positioned in the lower branches. The placement of Pb and Ba in the
upper branches is attributed to their significant correlation with albite and also because Pb
has the highest positive correlation with 550′ among the PHEs.
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All PREs, except Si, closely correlated with the sand fraction and quartz, are in the
lower branch due to correlations with clay; fine fractions; and four minerals: IT, KA, MU,
and OR (Table S1).
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The location of Ca is different; if 950′ is included (Figure 2a), the element is in the lower
branch, although its correlation with influential non-elemental variables <2′, MU, KA, and
OR is insignificant (Table S1). The reason is that Ca is significantly negatively correlated
with the sand fraction (>63′) and, therefore, significantly positively correlated with the
fine fraction (<63′). Moreover, Ca and Mg are somewhat separated from most variables
of the lower branch, since both have significant and the highest positive correlation with
950′ in comparison with the other non-elemental variables (Table S1). However, 950′ is
significantly positively correlated not only with IT, KA, MU, and OR but also with the
weakly influential dolomite (Table S2), although this correlation is lower. Only Ca has a
significant correlation with dolomite but not Mg (Table S1). Therefore, if 950′ is included,
both elements are not in the same branch as dolomite and calcite (Figure 2a); otherwise, Ca
is closer to carbonates, while Mg is closer to clay minerals (Figure 2b).

The correlation of Ca (Table S1) and 950′ (Table S2) with minerals attributed to different
factors (Table 3) confirms that it was logical to avoid including Ca in the PREs and raises
doubt about the need for the 950′ variable in site classification, as the interpretation of the
results might become more complicated. The fact that Mg is associated with Ca and 950′

also suggests eliminating Mg from the nine PREs.

3.4. Influence of Properties of Quaternary Deposits on Topsoil Variables

To analyze the influence of age, genetic type, and lithology of Quaternary deposits on
topsoil variables, sampling sites were classified into three groups in three ways: (i) sites
on deposits of Medininkai, Grūda, and Baltija ages; (ii) sites on glacial, glaciofluvial, and
glaciolacustrine genetic types; and (iii) sites on sandy, clayey deposits, and glacial till.

The question of whether age or genetic type of Quaternary deposits has a greater
influence on topsoil variables is complicated. We attempted to address this by fixing one of
the two properties to judge the other when possible.
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The influence of the age of Quaternary deposits on topsoil variables appeared to vary
depending on the genetic type (Table S3). It was noticeable in sites on glacial deposits,
where the number of variables with statistically significant (p < 0.05 or even p < 0.01)
age-related differences was seven (Fe, Mg, Ni, P, <2′, illite, and 950′), but invisible in sites
on glaciofluvial deposits and clearly expressed in sites on glaciolacustrine deposits, where
this number was 25, including all grain size fractions; five minerals that significantly load
F1 (Table 3); seven PHEs; and seven PREs (Al, Fe, K, Ti, Ga, Nb, and Rb).

The influence of Quaternary genetic type on topsoil variables could not be studied for
the Medininkai age, as all sampling sites were on glacial deposits. The results regarding other
ages were also controversial. In sites on Grūda age deposits, the influence of genetic type was
low, with only four slightly significant differences: Ca, Sr, albite, and anorthite—elements not
attributed to PREs and minerals related to the least variable factor, F3 (Table 4). Meanwhile, in
sites on Baltija age deposits, this influence was found to be much greater, with 19 statistically
significant differences, including most grain size fractions, two clay minerals, five PREs, six
PHEs, 550′, and S and Br, which are correlated with it.

Such controversial results suggest analyzing seven groups according to a combination
of age and genetic type. In this case, much more (27) statistically significant differences
in topsoil variables are revealed, including <2′ and 2–63′ fractions, five minerals with
significant loadings on F1, seven PREs, six PHEs, and both LOI variables.

However, the classification of sites according to the lithology of Quaternary deposits
demonstrates the highest influence, as reflected in 34 from 41 tested topsoil variables,
including almost all elements (Figure 3); all four grain size fractions; 550′; and six minerals:
IT, KA, OR, Q, DO, and AL (Table S3). It is the only one that reveals significant differences
in the topsoil content of Si and the percentage of dolomite. Lithology is related to both age
and genetic type and, therefore, inevitably has the highest influence on topsoil variables.
Using classification according to this key property, the p-values of multiple comparisons
show that most of the elements have a statistically higher (p < 0.05 or p < 0.01) mean rank
in sites on clayey deposits than on sandy deposits or glacial till (Figure 3).
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Figure 3. Ratios of topsoil elemental medians in groups of sites on different lithologies of Quaternary
deposits and results of the Kruskal–Wallis ANOVA with multiple comparisons. Notes. (1) The
shading of labels for the group of sites on clayey deposits reflects the significance level of the H-test:
gold indicates significance (p < 0.01), yellow indicates slight significance (p < 0.05), and grey indicates
insignificance (p≥ 0.05). (2) Asterisks, as labels of the groups on glacial till or sandy deposits, indicate
p-values of multiple comparisons: * is p < 0.05; ** is p < 0.01. (3) Rose-colored asterisks indicate
cases where the topsoil elemental content in the group on glacial till differs from the group on clayey
deposits more significantly compared to the group on sandy deposits.
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3.5. Reflection of Quaternary Lithology and Topsoil Texture in Dendrograms of Sites

Since the classification of sites according to the lithology of Quaternary deposits pro-
vides the highest number of statistically significant differences in the values of topsoil
variables (Table S3), and this property is related to the proportion of sandy and clayey
components in samples (Figure 3), it might be presumed that sites will be clustered ac-
cording to this feature. However, the dendrogram compiled using the basic 40 variables
demonstrates that the reflection of this feature is far from ideal (Figure 4a): (i) 18 sites on
sandy Quaternary deposits are distributed not only in clusters C1 (n = 2) and C2 (n = 16)
but also in C3 (n = 9) and C4 (n = 1); (ii) 20 sites on glacial till are in almost all clusters,
except C1; and (iii) four sites on clayey deposits are in the C5 (n = 3) and C4 (n = 1) clusters.
An analogous result is when clustering is without a 950′ variable (Figure 4b).
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Figure 4. Comparison of the clustering of 47 sites. (a) Using 40 basic variables; (b) using 39 basic
variables without 950′. Notes. (1) Indices of Quaternary deposits and their lithology as explained
in Table 1, followed by topsoil texture classes and site number. (2) Texture classes (their number):
SL (10)—sandy loam; L (20)—loam; SiL (13)—silt loam; finer texture classes, including CL (1)—clay
loam, SC (1)—sandy clay, SiC (1)—silty clay, and SiCL (1)—silty clay loam. (3) Characteristics of
clusters: n—number of sites; CT—the percentage of SL + L, i.e., relatively coarser texture.

On the other hand, the clustering of sites is a useful tool for determining subsets with
different levels of PHEs or PREs, selecting a background subset (BS), and estimating the
respective BVs. This becomes evident after applying conditional color formatting to the
rearranged data matrix (Figure 5), where the basic 39 variables are sorted as shown in
Figure 2b and the sites as in Figure 4b. The downward decrease in Si, quartz, and the sand
fraction in five clusters of sites is visible. On the contrary, the contents of most PREs (Al, Fe,
K, Rb, Ga, Ti, and Nb) and PHEs (Cr, Ni, Co, As, Zn, Cu, and V) increase in this direction.
The shading of their values mainly corresponds to that of illite, <2′, and 2–63′ fractions.
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Figure 5. Conditional color formatting of the rearranged data matrix. Notes. (1) Green shading
indicates the lowest values, red the highest values, and yellow the medium values. (2) Horizontal
lines separate clusters of sites, and vertical lines denote four clusters of variables at a linkage distance
of about 2 (Figure 2b).

Since urban sites of Vilnius are often on sandy Quaternary deposits (Table 1), the BS
should include clusters mainly with green-shaded values of the aforementioned elements,
i.e., the 18 uppermost samples.

The insufficient reflection of the Quaternary lithology in the dendrograms of the cases
can be explained by pedogenic processes, which influence the absence of a one-to-one
correspondence between the Quaternary lithology and topsoil texture classes (Figure 6).
However, the greater part of topsoil on sandy Quaternary deposits is either sandy loam
(SL) or loam (L).

Topsoil texture classes are reflected in clusters better than Quaternary lithology. For
example, both background subsets in Figure 4 include only sites with a coarser texture,
i.e., all SL samples and part of the L samples. The advantage of the coarser texture SL +
L criterion is confirmed by the decrease in relative medians of Si and the tendency of an
increase in 23 other basic elements (except Na and P) in the sequence of topsoil texture
classes: SL < L< SiL < finer texture (Figure 7).
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3.6. Clusters Distinguished Using a Certain Type of Variables or a Combination of Clay Fraction
and Soil Organic Matter Indicator

Is the inclusion of all variables in the cluster analysis necessary for reasonable site
classification and the selection of BS? It is quite possible that some of them are redundant
and distort the clustering version that is most helpful for the choice of BS. Moreover, it might
be useful to determine the relative role of the different types of variables in site classification.

Using solely grain size fractions, the BS is formed from C1 and C2, with 21 sites in
these two clusters (Figure S1a). This version well reflects the topsoil texture classes: all the
SL samples and about half of the L samples are in these clusters; moreover, C1 consists
solely of SL. Meanwhile, if the variables <2′ and 550′ are used (Figure S1b), the BS contains
more (27) sites in the C1 and C2 clusters. However, this clustering version insufficiently
reflects texture classes: (i) not all SL sites are in the BS, and (ii) the BS includes not only SL
and L but also silt loam (SiL). Both versions in this figure are similar according to the same
scheme of the amalgamation of clusters: (C1–C2)–[(C3–C4)–C5].

A comparison of four versions of clustering using solely elemental contents was
conducted (Figure S2). The versions using all 26 elements (Figure S2a) or only eight PREs,
i.e., Al, Fe, Ga, K, Ti, Nb, Si, and Rb (Figure S2b), are similar according to the number of
sites included in the BS and the scheme of the amalgamation of five clusters, i.e., [(C1–C2)–
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(C3–C4)]–C5. But the b-version better reflects the texture classes: (i) BS does not include the
SiL sample, and (ii) SL dominates in the C1 cluster, while L dominates in the C2 cluster.
The version based on 11 elements (Figure S2c) when S, Br, and P, which are related to
550′ (Figure 2a), are added to PREs shows that the BS includes the same 19 sites as the
dendrogram compiled using only eight PREs (Figure S2b), despite the arrangement in the
C1 and C2 clusters of two dendrograms slightly differing. The version based on 10 PHEs
(Figure S2d) demonstrates that the BS has more sites (28) from the C1 and C2 clusters;
moreover, it includes almost all sites from the BS of the a-version, except site 24. But in the
d-version, the relation of the BS to a coarser topsoil texture is weaker, since it includes two
silt loam (SiL) samples.

Two versions of clustering using only mineralogical data (Figure S3a,b) are similar
according to the same number of sites in the BS and the amalgamation scheme of clusters,
i.e., (C1–C2)–[C3–(C4–C5)]. But both versions insufficiently reflect the soil texture classes,
and it is difficult to judge which version is better due to controversial results: (i) in the
a-version, the BS includes four SiL samples, while, in the b-version, there are only three;
(ii) in the a-version, BS includes eight SL sites, while, in the b-version, there are only
seven. The fact that, in the b-version, the CT value of C3 is higher than that of C2 causes
doubt regarding whether C1 + C2 or C1 + C3 should be included in the BS. Therefore,
solely mineralogical data are less helpful for site classification than grain size fractions or
elemental contents.

3.7. Comparison of Eight Site Classifications into Background Subsets and
Non-Background Subsets

There are two identical site classifications to background subset BS and non-background
subset NBS: using 11 elements (Figure S2c) and using PREs (Figure S2b). This means that,
in our study area, S, Br, and P, which are related to the 550′ variable, have a much lower
influence on site classification in comparison with Al, Ga, Fe, K, Nb, Rb, Si, and Ti.

All eight versions of site classification are rather similar: six sites, i.e., 2, 8, 18, 19, 27,
and 41, are always in BS, while 12 sites, i.e., 10, 13, 21, 28, 33, 34, 36, 39, 43, 45, 46, and 47, are
never in it (Table S4). Six sites, which are in each BS, have coarser texture: five are attributed
to SL and only one to L. Meanwhile, Quaternary deposits in BS sites are variable: four sites
are on glacial till and two on sand; their ages and sedimentation types are also different.

The dendrogram of eight site classifications using the percent disagreement (PD)
(Figure 8) as a distance measure demonstrates that two pairs of versions are most similar:
(i) using nine minerals and using five minerals and (ii) using three grain size fractions and
using eight PREs (or PREs with S, Br, and P).

Both pairs have PD = 0.04, which is the lowest (Table 5). The first pair shows the
natural similarity of site classifications using the same variable type; meanwhile, the second
pair demonstrates similarity when using different types of variables.

The latter result is very useful for application in practice, since it indicates that PREs
can substitute for grain size fractions that describe the topsoil texture. Moreover, the fact
that site classification using 40 basic variables is very similar to that using eight PREs
(PD = 0.04) demonstrates the efficiency of PREs among all the variables.

Four site classifications, i.e., using grain size variables, eight PREs, 26 elements, and
40 basic variables, are most similar and form an associated group (AG) (Figure 8). All
17 sites in BS when using 40 variables (Figure 4a) are also in background subsets of the
other three versions, but the latter three versions include some additional sites (Table S4).

Meanwhile, two site classifications using mineralogical data are less similar to the AG
versions (PD > 0.23) (Table 5); the same results are found in the site classification using <2′

and 550′ (PD > 0.36). Only the site classification using 10 PHEs is slightly closer (PD range
is 0.17–0.23). We can entitle these four versions as less-associated group (LAG). Compared
to the members of LAG, site classifications of AG result in a higher contrast between NBS
and BS (Table S5): (i) contrast ratios (CR), i.e., the median in NBS divided by the median in
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BS, are slightly higher for 23 basic elements (except Si, Na, and P), and (ii) the significance
level of differences is higher, especially for PREs and As, Co, Cr, Cu, Ni, and Pb.
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Table 5. The percent disagreement between eight versions of site classification into BS and NBS.

Variables Used in
Cluster Analysis

<2′, <63′ and
>63′ 8 PREs 26 Elements 40 Variables <2′ and 550′ 10 PHEs 9 Minerals c 5 Minerals d

<2′, <63′ and >63′ a 0.00 0.04 0.06 0.09 0.38 0.19 0.26 0.26
8 PREs a 0.04 0.00 0.06 0.04 0.38 0.23 0.26 0.30

26 elements a 0.06 0.06 0.00 0.06 0.36 0.17 0.23 0.28
40 variables a 0.09 0.04 0.06 0.00 0.38 0.23 0.30 0.34
<2′ and 550′ b 0.38 0.38 0.36 0.38 0.00 0.23 0.47 0.51

10 PHEs b 0.19 0.23 0.17 0.23 0.23 0.00 0.36 0.36
9 minerals b 0.26 0.26 0.23 0.30 0.47 0.36 0.00 0.04
5 minerals b 0.26 0.30 0.28 0.34 0.51 0.36 0.04 0.00

a Associated group (AG) of site classifications. b Less-associated group (LAG) of site classifications. c IT, KA, MU,
OR, Q, DO, CA, AL, and AN. d IT, KA, MU, OR, and Q. The arrangement of versions is the same as in Figure 8.

Site classification using 10 PHEs is most similar to the version using 26 elements
(PD = 0.17). Its lower similarity to versions using grain size fractions (PD = 0.19) or eight
PREs (PD = 0.23) can be explained by the influence of topsoil organic matter on the contents
of some PHEs. This presumption is confirmed by the clustering of site classification using
10 PHEs with that using <2′ and 550′ variables (Figure 8) with PD = 0.23 (Table 5). Moreover,
site classification using 10 PHEs is even less similar to both versions of site classification
using mineralogical data (PD = 0.36).

Although the inclusion of mineralogical data among the 40 variables does not decrease
similarity with site classification using 10 PHEs (PD = 0.23), it seems that the determination
of bulk mineralogy is redundant. The lower contrast between BS and NBS when using
solely mineralogical data for site classification (Table S5) confirms this presumption.
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To conclude, two versions of site classification based on elemental contents are ad-
vantageous: (i) using 26 elements and (ii) using eight PREs. Both ensure a less expen-
sive estimation of BVs, since the determination of grain size fractions and LOI vari-
ables is not necessary. The first version uses a wide elemental group, including not only
PHEs but also PREs, which are necessary for the calculation of EFs. It has a rather low
PD = 0.06 with all versions in AG and relatively the lowest PD = 0.17 with the version using
10 PHEs. However, its drawback can manifest when elevated contamination by PHEs exists
in the peri-urban area. In this case, although PHEs are determined, their inclusion among
other elements can distort clustering, so it is better to rely on site classification using solely
PREs. Greater similarity with site classification based on grain size or even all 40 variables
(PD = 0.04) confirms the advantage of this version, although it is slightly less similar to the
version based solely on PHEs (PD = 0.23).

3.8. Comparison of Background Values (BVs) Obtained from Eight Background Subsets (BSs)

Even if cluster analysis enables the selection of BSs, it can still include anomalies
of some elements. Therefore, it is necessary to eliminate them. Of course, they can be
identified by the conditional color formatting of 39 variables (Figure 5) and respective sites
removed for further estimation of BVs according to the remaining samples. For example, it
seems that, according to the non-elemental variables, there are two anomalous samples:
(i) 20 (elevated values of <63′ resulting in SiL texture and also 550′, IT, and OR) and (ii)
31 (increased values of CA, DO, and 550′).

But we preferred to use the Median ± 2MAD method, because it performs individual
elimination of anomalies for each element. In this way, the refined background subsets
(BSr) were obtained and BVs were estimated as their medians (Table S6). The number of
sites in the BSr is different for each element but is always lower or equal to the number of
sites in the initial BS.

For most elements (16 out of 26), the eight versions of refined background subsets are
similar (p-value of H-test exceeds 0.05), while statistically significant differences exist only
for ten elements (Table S6). However, four of these elements—Al, Ti, Br, and Nb—have only
slightly significant (p < 0.05) differences, and multiple comparisons do not show statistically
significantly different pairs of versions. Such pairs exist only for six elements: K, Rb, Co
(p < 0.01), Ba, Cu, and Ga (p < 0.05). The greatest number of statistically significant
differences is between BSr based on <2′ and 550′ variables and based on other versions.
The version based on PHEs results in additional statistically significant differences: two
for K and one for Ga. But there are no statistically significant differences between refined
background subsets of AG site classifications.

Most similar AG site classifications (Figure 8) result in similar BVs (Table S6). In this
group, the ratio of maximum to minimum BV (MaxMin) for 23 elements is lower than 1.1,
with only three higher values, namely for Co (1.2), Cu (1.2), and Mo (1.3). Meanwhile, LAG
site classifications are less similar; therefore, MaxMin < 1.1 only for 14 elements, while, for
10 (Fe, K, Mg, As, Cu, Ni, V, Br, Ga, and Rb), it is within the interval 1.1–1.3, and for two, it
is even higher, namely for Co (1.4) and S (1.3). The MaxMin values calculated according
to eight site classifications are within the following intervals: ≤1.1 for 7 elements (Ca, Si,
Pb, Zn, Mn, P, and Sr); 1.10–1.3 for 12 elements (Al, K, Na, Ti, As, Ba, Cr, Ni, V, Br, Nb, and
Rb); and ≥1.3 for 7 elements, namely Fe (1.3), Mg (1.4), Co (1.7), Cu (1.4), Mo (1.3), Ga (1.3),
and S (1.3). The wider range of MaxMin calculated according to eight site classifications
indicates that the main differences are between versions from AG and LAG. According to
multiple comparisons, the greatest number of statistically significant differences is between
two background subsets: (i) based on the <2′ and 550′ variables and (ii) based on 40 basic
variables (Table S6). In comparison with a version of 40 variables, the BVs based on site
classification using the <2′ and 550′ variables are higher for most elements, except Na, Si, S,
and P. Moreover, for Co, Cu, Mo, and Ga, the respective ratios of BVs are the highest.
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4. Discussion
4.1. Mineralogical Specificity of the Study Area

Due to challenges in finding XRD-determined published topsoil bulk mineralogical
results in neighboring countries, a comparison of our data was conducted with the results
of soil analyses in two continental-scale transects across the United States and Canada [67],
where mineral soil was sampled not only from the A-horizon but also deeper [68].

The main difference from the American results is a much higher percentage of quartz,
orthoclase, and plagioclases in Vilnius peri-urban topsoil (Table 3). The mean value of
quartz is 1.8 times, of orthoclase is 1.7 times, and of plagioclases is 1.5 times higher. Mean-
while, in the American A-horizon and in deeper soil, the mean values of quartz and
orthoclase are even below the respective 10th percentiles of data around Vilnius (Table 3).

In contrast, the topsoil in our study area is deficient in many other minerals, as
demonstrated by their arrangement based on decreasing ratios obtained by dividing the
mean values in American soil from the A-horizon [67] by the respective mean values around
Vilnius (Table 3): calcite (13) > kaolinite (4.7) > dolomite (3.2) > muscovite (2.8) > chlorite
(1.9) > microcline (1.6). In both the A-horizon and deeper soil of the American transects,
the mean values of these minerals, except for dolomite, exceed the 90th percentiles in the
Vilnius surroundings (Table 3). The sum of the mean values of illite, kaolinite, chlorite, and
muscovite, i.e., minerals attributed to layer silicates (phylosilicates) [69], in topsoil around
Vilnius is 1.6 times lower than in the American A-horizon.

The main mineralogical similarity between the two areas lies in the percentage of illite,
as its mean values in the American A-horizon and deeper soil fall within the interval from
the 10th to 90th percentile of our data. Based on this criterion, the topsoil of the two areas
is also comparable in the hornblende, hematite, dolomite, and albite percentages.

Comparison with highly developed soils of Central Spain [70] also confirms that
topsoil around Vilnius is enriched in quartz; its mean percentage is 1.2 times higher.
Additionally, there are 5.5 times more feldspars but 3.3 times fewer phylosilicates.

4.2. Relationship of Minerals with Grain Size and Elemental Contents

Quartz, constituting up to 95% of quartz in the sand [71], naturally shows a significant
positive correlation (0.70) with the >63′ fraction (Table S2). The relationship extends to Si
(0.71) being a constituent of quartz. Similarly, albite is the only mineral with a significant
correlation with Na (0.48) (Table S1). Both results are analogous to those in the American soil
A-horizon, where the Si–quartz relationship has an r2 value of 0.74 and the Na–plagioclases
correlation is 0.89 [67]. Clusters like quartz–sand–Si and Na–albite–anorthite include
different types of variables (Figure 2).

In the peri-urban topsoil of Vilnius, quartz is about 2.5 times more abundant than the
sum of the other minerals, while, in American soil, it is only two times [67]. Quartz plays a
high role in the topsoil of the Netherlands as well [71].

The increase in quartz and the sand fraction (>63′) inevitably leads to a decrease in
the fine fraction (<63′) and its constituents, namely clay and silt fractions, as well as the
minerals accumulating in them. In our study, four minerals (illite, kaolinite, muscovite,
and orthoclase) exhibit significant positive loadings on F1, contrasting with the significant
negative loading of quartz (Table 4). Almost all elements, except Na, Si, Br, P, and Sr, also
exhibit a significant negative correlation with quartz (Table S1), indicating that it acts as a
diluent agent for their concentrations and background levels.

It is natural for illite and kaolinite, acknowledged representatives of clay minerals, to
accumulate in the <2′ fraction, resulting in the highest significant correlation coefficients
with it (Table S2). However, in topsoil around Vilnius, both of these minerals are also
related to the 2–63′ fraction, albeit with lower rS compared to <2′ (Table S2). A possible
explanation can be inferred from a study on soils in Central Spain, which demonstrates
that these minerals are also present in fine silt, although with a lower percentage than in
the clay fraction [70].
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The contents of most elements, except Na, Si, Br, Mn, P, S, and Sr (Table S1), are
significantly positively correlated with both clay minerals. An analogous finding was
obtained in the study of soil in Spain [70], where phylosilicates and Al, Fe, V, Cu, Cr, Zn,
and Ni form the highest positive loadings on the first most variable factor, while quartz
and Si form the highest negative loadings. Our study demonstrates that elements are more
strongly correlated with illite than with kaolinite (Table S1). The explanation is a higher
specific surface area of illite (10–100 m2/g) in comparison with kaolinite (5–40 m2/g) [69].
Therefore, the adsorption of PHEs on illite is more obvious. An additional explanation
is from the following facts about this mineral: (i) it has more element constituents in its
formula, i.e., not only Al but also Mg, Fe, and K; (ii) it is a 2:1 type layer silicate but not 1:1
type; and (iii) “its tetrahedral sheet has more negative charge” because 20% of Si atoms are
replaced by Al [69].

While feldspars are generally recognized as a group from which clay minerals form
through hydrolysis [69], plagioclases (albite and anorthite) stand out due to their lack of
significant correlation with fine fractions (Table S2). Furthermore, their abundance is lower
compared to orthoclase (Table 2), which is similar to the lower mean of albite compared
to orthoclase in the American soil A-horizon [67]. This suggests that plagioclases weather
much more rapidly, a notion supported by observations of natural soil demonstrating
a more rapid weathering of albite compared to K-feldspar [72]. Plagioclases and clay
minerals may undergo separation and accumulation in different grain size fractions. This
could explain the absence of a correlation between albite or anorthite with clay and silt
fractions (Table S2), as well as the fact that plagioclases contribute significantly to the least
variable mineralogical factor, F3 (Table 4). Consequently, in addition to Na, only a few
elements exhibit a significant correlation with albite (Ba, Mn, Pb, and Sr) or anorthite (Sr)
(Table S1).

During weathering, feldspars function as the primary minerals for both illite and
kaolinite [69]. Therefore, the correlation of orthoclase with clay and silt fractions is quite
natural. The higher percentage of feldspars in two silt fractions compared to the clay
fraction in soil from Spain [70] suggests that this mineral should be correlated primarily
with silt. A higher correlation of orthoclase with the clay fraction (Table S2) may be indirect,
given its correlation with illite, known as a modified weathering product not only of
feldspars but also of muscovite [69]. Muscovite, representing mica, i.e., a layered silicate,
correlates with the <2′ fraction but not with the silt fraction (2–63′).

The mean values of dolomite and calcite are even lower than those of plagioclases
(Table 2). Carbonate minerals have significant loadings on F2, which is also less variable
than the F1 factor (Table 4). Their correlation with grain size fractions is insignificant
(Table S2), and the influence on elemental contents is negligible (Table S1). The fact that
only Ca is significantly correlated with dolomite (Table S1) suggests that Mg is mainly
related to clay minerals, muscovite, or orthoclase. This presumption is confirmed by the
table with the most common minerals in the Netherlands, where Mg is shown as a minor
component in illite, muscovite, and alkali felspars [71].

4.3. Correlation of LOI Variables with Other Variables

The correlation between minerals and LOI variables differs: 950′ is significantly
correlated with all minerals that load F1 significantly, as well as with dolomite; meanwhile,
550′ shows a correlation only with illite (Table S2).

In sediment analysis, both LOI variables have been in use for a considerable time [73,74]
and currently assist us in paleoclimate reconstruction [75], while, in soil studies, mainly
550′ or organic carbon variables are employed [76,77] and are helpful as predictors of BVs
for PHEs [38]. However, the variable 950′ might also be valuable for soil geochemical
research, considering two important aspects of carbonates [78]: (i) coprecipitation of trace
elements with incorporation into the structure of these minerals and (ii) precipitation of
Fe and Mn oxides onto carbonates, thereby increasing the sorption of trace elements. In
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soils rich in CaCO3, the hydrated hydroxides and insoluble carbonates of metals easily
form [79].

Applying the LOI method for the assessment of inorganic carbon was successful in
arid soils [80]. Meanwhile, our study shows that, despite the existence of the Ca–Mg–950′

cluster in the lower branch of the dendrogram (Figure 2a), the 950′ variable is a poor
indicator of carbonates in the topsoil. A couple of facts contribute to this doubt: (i) an
insignificant correlation of this variable with calcite (Table S2), leading to the separation
of the three aforementioned variables from both carbonate minerals located in the upper
branch, and (ii) an even higher positive relationship of 950′ with clay minerals (IT and
MU) (Table S2). This can be explained by the finding that the increase in 950′ values may
be due to the loss of some volatile noncarbonate components, especially lattice water in
clays [74]. Experiments conducted by researchers on the thermal decomposition of illite
have shown that the gradual removal of the hydroxyl groups from its tetrahedral sheet
continues up to 850 ◦C [81]. The higher correlation of the 950′ variable with clay minerals
than with carbonates in our topsoil also explains its significant relationship with the clay
fraction (0.80), silt fraction (0.46), and fine fraction <63′ (0.75), as well as with muscovite
and orthoclase, which directly associate with clay minerals in F1 (Table 4). The elements
that have a significant correlation with 950′ are the same as those closely related to the clay
fraction and include all PHEs; the only difference is that 950′ is additionally related to Ca
and Sr (Table S1).

A possible explanation for the significant correlation of 550′ with illite (Table S2) is that
this mineral tends to accumulate in clay fractions, where an increase in organic matter is
commonly observed [69]. Clays are known to stabilize soil organic matter [82], suggesting a
correlation between them. However, our present study shows that the 550′ variable has an
insignificant correlation with the clay fraction (rS = 0.12) but a significant correlation with
silt (rS = 0.70). Similar results were obtained in our earlier investigations of minerogenic
topsoil around Vilnius [40], as well as by researchers studying topsoil in Spitsbergen [83].

Despite the insignificant correlation between 550′ and <2′ in our study, a more pro-
nounced influence of organic matter in the clay fraction on the contents of most PHEs is
evident. This is observed for As, Cr, and Zn, which are significantly correlated with 550′,
and Mo, Cu, Ni, V, and Co, which have an insignificant correlation (Table S1). There are only
two exceptions, namely Pb and Ba. Lead, which exhibits the highest significant correlation
with 550′ (0.58), demonstrates a higher correlation with silt (0.84) than with the clay fraction
(0.55) (Table S1) and is positioned in the upper branch of the dendrogram, along with 550′

(Figure 2). Experiments on the competitive sorption of PHEs by various soil components
have shown that Pb is preferentially sorbed by humified organic matter, as well as Fe and
Mn oxides [84]. Presumably, their contents are higher in the silt fraction coinciding with a
higher organic matter content. Meanwhile, As, Cr, and Zn show a stronger correlation with
the clay fraction and are, therefore, in the lower branch; moreover, they are closer to <2′

than to <63′.
According to our results, the role of soil organic matter for PHEs seems to be relatively

lower compared to the clay fraction. This presumption can be partly confirmed by other
studies. For example, multiple regression experiments to predict the transformed contents
of nine PHEs using clay and organic carbon as predictors have shown that, in the Cr
equation, the second variable should be excluded [38]. An additional argument can be
found in Dutch soil-type correction formulas, where some PHEs, namely Cr and Ni [85],
as well as Ba, Co, and V [86], have zero coefficients before organic matter. Moreover, even
an alternative model, namely robust linear regression based only on the clay fraction, has
been proposed by Spijker [86]. Our results support this proposal, as most other elements
that correlate with the clay fraction are also significantly correlated with the 550′ variable,
with the only exception being K (Table S1).

However, the variable 550′ has additional significant correlation coefficients with S,
Br, and P, with the first two especially high (Table S1). All four variables are significantly
intercorrelated and form a cluster in the upper branch of the dendrogram (Figure 2).
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Therefore, S, Br, and P are presumed indicators of organic matter in topsoil. The clustering
of organic matter with Br was determined in the topsoil of rural domains in the London
region [87]. The association of S with organic matter is quite natural, as it is a constituent
of the functional group SH in humic acids, which are easily adsorbed by soil clay and
oxides [78]. The significant correlation of P with organic matter is also understandable, as
P is a nutrient and constitutes about 0.2% of the dry weight of plants [88]. However, in
the topsoil of Spitsbergen, the correlation of P with organic matter has been assessed as
insignificant [83], most probably due to the absence of a significant correlation between
organic matter and the clay fraction, in contrast to that with the silt fraction. An earlier
study of Vilnius peri-urban topsoil showed a significant correlation of 550′ with S but
not with P [40]. A possible explanation is that the total P in the soil consists not only of
30%–65% of organic forms but also 35%–70% inorganic forms, namely phosphates, and
also sorbed or dissolved forms [88]. However, the significant P–S correlation in our present
research (0.40), as well as in the former one (0.30) [40], indicates that P can be attributed to
slightly weaker organic matter indicators.

4.4. Influence Level of Quaternary Deposits on Topsoil Variables

The elemental contents and other variables in the topsoil around Vilnius are influ-
enced by the properties of underlying Quaternary deposits (Table S3). The reflection of
parent material in soil geochemistry has been demonstrated in Eastern England, where site
classification according to parent material types accounted for 14%–48% of the variance in
elements [89]. This has also been observed in both rural and urban domains of the London
region [87], as well as in Pforzheim Town [90]. The influence of bedrock lithology on soil
elemental contents has been found in other countries as well [23,91,92]. In most of these
countries, a wide range of bedrock types exist; in Eastern England, the bedrock types range
from Permian to Holocene and from solid rocks to Quaternary deposits [89].

In most of Lithuania, soil is developed from Quaternary glacial and post-glacial
deposits, as demonstrated in the map of the maximum extent of the European ice sheets
presented in the Geochemical Atlas of Europe [93]. A thick cover of Quaternary deposits
in the study area implies that the geochemical fingerprint of pre-Quaternary deposits is
not expected to be noticeable. As a result, the variety of parent material types is lower
and depends on the ages and genetic types to which the lithology is related. Even though
75.86% of the surface area in Lithuania is covered by the deposits of the Late Weichselian
(Nemunas) age, the part of late-glacial and Holocene deposits is 20.35%, and the part of
the Saalian (Medininkai) age is only 2.25% [94]. The latter, more rare deposits occur in
Vilnius surroundings (Table 1). Moreover, the Late Nemunas advance consists of the older
Grūda Stadial and the younger Baltija Stadial [94]. Deposits from both these ages are also
spread near Vilnius (Table 1). This variety enables the classification of sites into seven
parent material groups according to a combination of age and genetic type. The fact that
they reveal 27 statistically significant differences (Table S3) confirms their obvious influence
on the topsoil variables. It is especially important that the levels of six PHEs, i.e., As, Ba,
Co, Cu, Ni, and Pb, and also seven PREs, i.e., Al, Fe, K, Ti, Ga, Nb, and Rb, are related to
the parent material groups. These groups not only influence the percentages of all minerals
related to F1 (Table 4) but also affect the albite, clay, and silt fractions, as well as both
LOI variables.

However, the classification of sites according to lithology reveals even more statistically
significant differences, especially in all four grain size fractions, with three of them showing
more significant (p < 0.01) differences (Table S3). This also applies to the 550′ variable and
four influential minerals (IT, KA, OR, and Q) related to F1 (Table 4). Consequently, the
contents of eight PREs, including Si, exhibit more significant differences than when sites
are classified according to seven parent material groups (Table S3). Only the content of
Mo is not influenced by the lithological classification of sites, while the other nine PHEs
show statistically significant differences. The effectiveness of the latter classification is due
to the notable differences in grain size between sandy and clayey Quaternary deposits



Minerals 2023, 13, 1513 22 of 36

and their reflection in the topsoil texture. Even in Portugal, with a great variety of pre-
Quaternary deposits, the heterogeneity of the soil texture greatly depends on the parent
material lithology [95]. Since our previous research has demonstrated that the textural
classification of sites, specifically according to clay and silt fractions in topsoil, was highly
ranked and very similar to geochemical classification [40], it implies that elemental contents
should also be related to the grain size of underlying Quaternary deposits. The study
in the Tallinn region supports this, as it mentions the increase in SiO2 in the soil where
the underlying deposits contain more sandy components and higher contents of Al2O3
and K2O where they are clayey [91]. However, contrary to the study in Estonia, where
more Al and K were found in the soil in the areas with prevailing Pleistocene till [91], our
study demonstrates that the topsoil contents of these and many other elements in sites
on glacial till are very close to those on sandy Quaternary deposits (Figure 3). Moreover,
the topsoil on these two Quaternary lithologies is very similar in grain size and rather
similar in mineralogical composition, as multiple comparison tests revealed only slightly
significant (p < 0.05) differences between them in the percentages of orthoclase and albite
(Figure S4).

Glacial till is defined as unsorted material deposited directly by glacial ice, but Quater-
nary digital maps do not provide information about percentages of its grain size fractions.
They can depend on the material brought by the glacier lobe and its degree of weathering.
Additionally, the natural geochemical composition of soil is influenced by pedogenic pro-
cesses [89]. Therefore, the topsoil on the glacial till in our study area is heterogeneous. This
heterogeneity is the reason for significant differences in the 950′ variable and slightly signif-
icant differences in the topsoil clay percentage and illite, as well as Fe, Mg, and Ni, which
are directly correlated with these variables (Table S3). The older age of glacial till implies a
longer duration of its weathering and more pronounced eluviation–illuviation (lessivage)
processes. They cause vertical variability in soil texture, as demonstrated in Luvisols from
Northern Poland [96]. Therefore, a gradual decrease in the aforementioned variables in top-
soil is observed as the age of the underlying till increases (Figure S5). Multiple comparisons
show that topsoil on the oldest Medininkai till has statistically significantly lower contents
of these variables compared to that on the youngest Baltija till. The geochemical atlas of
Lithuania also shows that sandy–loamy or loamy–clayey topsoil on Medininkai glacial
sediments has a lower median content of Ni compared to that on younger basal moraines
of several phases [97]. Additionally, the medians of some other trace elements, i.e., Co, Cr,
Cu, Sr, V, Ga, and Rb, are also the lowest [97]. This list includes four PHEs and two PREs.
A lower content of Sr can be related to the greater leaching of carbonates during a longer
weathering duration. Similar to the atlas results [97], our present study demonstrates a
slightly significantly higher content of P in the topsoil of the oldest till (Figure S5). The
study of pedons on glacial deposits in Sweden and Finland has demonstrated that P has
minimal chemical weathering losses in comparison with the major elements and Mn [98].
The higher topsoil P on the Medininkai till can also be explained by the agricultural origin
of this element [97].

Topsoil on glaciofluvial deposits of the Grūda and Baltija ages has rather similar
elemental contents (Figure S6), since all these deposits are sandy (Table 1). The similarity
in Quaternary lithology is reflected in the topsoil, where no significant differences in its
variables were revealed (Table S3). On the contrary, topsoil on glaciolacustrine deposits of
the same two ages has statistically significant differences in the contents of many elements,
including seven PREs and seven PHEs (Figure S6). The reason is that glaciolacustrine
deposits of the Grūda age in all sampling sites are represented by fine sand, while those of
the Baltija age are mostly clay or silty clay (Table 1). These lithological differences are well
reflected in the topsoil grain size and mineralogical composition (Figure S7). Significant
differences (p < 0.01) are observed for quartz, sand, and fine fractions.

Since the weathering of Grūda age deposits lasted longer than of the Baltija age,
different genetic types of this age deposits have a relatively small influence on topsoil
variables: the Kruskal–Wallis H-test revealed slightly significant differences only in the
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values of Ca, Sr, and both plagioclases (Table S3). Multiple comparisons further reduced
this number: only the values of Sr (p < 0.05), albite (p < 0.01), and anorthite (p < 0.05) in
topsoil on glaciofluvial deposits appeared to be statistically significantly higher compared
to those on glaciolacustrine deposits. The association of Sr and Ba with plagioclases has
been confirmed by the analysis of albite from Norway [99].

Meanwhile, the genetic types of the Baltija age deposits greatly influence the geo-
chemistry of the topsoil formed on them (Table S3). The decreasing median contents of
most elements in the topsoil on three genetic types of deposits are arranged as follows:
glaciolacustrine > glacial > glaciofluvial (Figure S8). Multiple comparisons revealed statisti-
cally significantly higher contents of many elements in topsoil on glaciolacustrine deposits
compared to that on glaciofluvial deposits. These include PREs (K, Ga, Nb, and Rb) and
PHEs (As, Ba, Co, Cu, and Zn), as well as organic matter indicators (S and Br). These
abundant differences are obviously determined by the lithology of Quaternary deposits:
glaciolacustrine deposits are mainly clayey, while glaciofluvial deposits are sandy (Table 1).
Therefore, topsoil on the youngest glaciolacustrine deposits has a statistically significantly
higher percentage of fine fraction (<63′), illite, and kaolinite but a statistically significantly
lower amount of sand compared to topsoil on glaciofluvial deposits (Figure S9).

The clayey lithology of the youngest glaciolacustrine deposits (lg III bl) explains why
the topsoil on them is distinguished among seven age and genetic groups by the highest me-
dian contents of all PHEs and 11 other elements: Al, Fe, K, Mg, Ti, Br, Ga, Mn, Nb, Rb, and
Sr. Multiple comparisons revealed that statistically significant geochemical differences exist
among five of these groups, which include glacial and glaciolacustrine deposits (Figure S10).
The contents of six PREs and five PHEs in topsoil on lg III bl are statistically higher than
in topsoil on one of the older glacial or glaciolacustrine deposits. The explanation is that
topsoil on the youngest glaciolacustrine deposits contains a statistically higher percentage
of kaolinite and orthoclase but a statistically lower amount of quartz. Additionally, the
medians of the illite, <2′, and <63′ fractions are the highest, while the median of the >63′

fraction is the lowest (Figure S11). The fact that topsoil on the youngest glacial deposits (gt
III bl) has the second-highest medians of the illite, kaolinite, <2′, and <63′ variables and the
highest median of muscovite (Figure S11), as well as of many PREs and PHEs (Figure S10),
corresponds to the shortest weathering duration of these deposits. The statistically higher
clay fraction percentage in topsoil on gt III bl means that the deillitization processes were
not pronounced.

4.5. Background Subsets Based on Quaternary Lithology and on the Clustering of Sites Using
Selected Topsoil Variables

The influence of Quaternary deposits, particularly their lithology, on topsoil variables
allows us to consider selecting background subsets based solely on information from digital
maps. In our case, the BS should include 18 sites on sandy deposits, while the remaining
29 sites, either on clayey deposits or on glacial till, should be attributed to NBS. However,
comparing this site classification with eight versions based on clustering according to the
selected topsoil variables (Table S4) reveals serious drawbacks (Figure 9): (i) only three
elements (Ca, K, and Rb) show statistically significantly different contents in these two
subsets; (ii) many elements exhibit improper (lower than 1) values of the contrast ratio (CR)
as a result of the slightly lower median Si content in BS compared to NBS and, conversely,
higher values for 11 out of 23 basic elements, including some PHEs and PREs; and (iii) very
low (<1.1) CR values for 11 basic elements and only 1.2 for K. These drawbacks indicate
a similarity between BS and NBS, the low contrast between them and, therefore, the lack
of meaningfulness of such site classification, as the BV estimated according to BS will not
always be lower than that estimated according to NBS.

The inadequacy of site classification based on Quaternary lithology is demonstrated
by the fact that, for most elements, except Ca, K, Na, and P, the CR is closer to 1 than the
median CR values in each of the two groups of site classifications based on the topsoil
variables (Figure 9). These drawbacks are understandable, because site classification is
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based on Quaternary deposits as reference materials, which differs from the topsoil material
where BVs should be determined (Figure 6). Weathering and pedogenic processes explain
these differences.

Minerals 2023, 13, x FOR PEER REVIEW 25 of 37 
 

 

 
Figure 9. Comparison of the contrast ratio (CR) for site classification based on Quaternary lithology 
with median CR values in AG and LAG site classifications based on clustering using selected topsoil 
variables. Notes. (1) The label indicates the significance of the differences between BS and NBS: * 
denotes p < 0.01, 2* denotes p < 0.001, 3* denotes p < 0.0001, and 4* denotes p < 0.00001 for the selected 
site classifications. (2) The label in red font indicates site classification based on clustering using the 
<2′, <63′, and >63′ variables (represents AG); blue font indicates clustering using <2′ and 550′ (repre-
sents LAG); and black font indicates site classification using information about Quaternary lithol-
ogy. (3) Labels of PREs are shaded in yellow, PHEs in gold, and organic matter indicators in green. 

The inadequacy of site classification based on Quaternary lithology is demonstrated 
by the fact that, for most elements, except Ca, K, Na, and P, the CR is closer to 1 than the 
median CR values in each of the two groups of site classifications based on the topsoil 
variables (Figure 9). These drawbacks are understandable, because site classification is 
based on Quaternary deposits as reference materials, which differs from the topsoil mate-
rial where BVs should be determined (Figure 6). Weathering and pedogenic processes ex-
plain these differences. 

Hence, site classifications based on topsoil variables are preferable, especially those 
attributed to AG. The advantage of AG site classifications is that they result in a greater 
contrast between BS and NBS, with more statistically significant differences and median 
CR values more distant from 1 in comparison with the respective values in the LAG (Fig-
ure 9). 

Furthermore, the comparison of two site classifications from the AG and the LAG, 
each being based solely on non-elemental variables, indicates that site classification using 
three grain size fractions ensures statistically significant differences between BS and NBS 
for each PRE and PHE, while that based on the <2′ and 550′ variables does not ensure them 
for three PREs (K, Nb, and Rb) and five PHEs (Ba, Co, Cu, Ni, and V) (Table S5 and Figure 
9). Therefore, site classification based on three grain size fractions is preferable compared 
to that based solely on the clay fraction and 550′. Of course, the latter has some advantages 
as well, since it ensures the greatest CR values for S and Br, which are elemental indicators 
of soil organic matter, as well as for Si, one of the PREs negatively related to the other 
seven. 

Site classification selected from the LAG and based on PHEs seems more attractive 
compared to that using the <2′ and 550′ variables, because it also ensures statistically sig-
nificant differences between BS and NBS for each PRE and PHE (Table S5). However, site 
classification using PREs is superior to using PHEs, since it ensures higher CR values not 
only for PREs but also for PHEs. These elemental site classifications are less similar (PD = 

Figure 9. Comparison of the contrast ratio (CR) for site classification based on Quaternary lithology
with median CR values in AG and LAG site classifications based on clustering using selected topsoil
variables. Notes. (1) The label indicates the significance of the differences between BS and NBS:
* denotes p < 0.01, 2* denotes p < 0.001, 3* denotes p < 0.0001, and 4* denotes p < 0.00001 for the
selected site classifications. (2) The label in red font indicates site classification based on clustering
using the <2′, <63′, and >63′ variables (represents AG); blue font indicates clustering using <2′ and
550′ (represents LAG); and black font indicates site classification using information about Quaternary
lithology. (3) Labels of PREs are shaded in yellow, PHEs in gold, and organic matter indicators
in green.

Hence, site classifications based on topsoil variables are preferable, especially those
attributed to AG. The advantage of AG site classifications is that they result in a greater
contrast between BS and NBS, with more statistically significant differences and median CR
values more distant from 1 in comparison with the respective values in the LAG (Figure 9).

Furthermore, the comparison of two site classifications from the AG and the LAG,
each being based solely on non-elemental variables, indicates that site classification using
three grain size fractions ensures statistically significant differences between BS and NBS
for each PRE and PHE, while that based on the <2′ and 550′ variables does not ensure
them for three PREs (K, Nb, and Rb) and five PHEs (Ba, Co, Cu, Ni, and V) (Table S5 and
Figure 9). Therefore, site classification based on three grain size fractions is preferable
compared to that based solely on the clay fraction and 550′. Of course, the latter has some
advantages as well, since it ensures the greatest CR values for S and Br, which are elemental
indicators of soil organic matter, as well as for Si, one of the PREs negatively related to the
other seven.

Site classification selected from the LAG and based on PHEs seems more attractive
compared to that using the <2′ and 550′ variables, because it also ensures statistically
significant differences between BS and NBS for each PRE and PHE (Table S5). However,
site classification using PREs is superior to using PHEs, since it ensures higher CR values
not only for PREs but also for PHEs. These elemental site classifications are less similar
(PD = 0.23) in comparison with the pair of versions based on grain size fractions and on
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PREs (PD = 0.04). The explanation could be that site classification using PHEs is slightly
affected by additional, possibly anthropogenic, factors.

The drawback of site classifications based on minerals is that they do not ensure
statistically significant differences between BS and NBS for Si, Mo, and V (Table S5). Still,
in comparison with the site classifications using <2′ and 550′ or PHEs, they are ranked
higher according to the basic contrast ratio (BCR), which takes into account the PHEs and
seven PREs (Al, Fe, K, Ti, Ga, Nb, and Rb) (Figure 10). According to this index, all AG site
classifications are superior to LAG site classifications. Moreover, the one based on eight
PREs is ranked in the first place, while another one based only on PHEs is in last place.
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selected topsoil variables.

Another finding is that BCR values in AG are very similar (Figure 10). This means that,
using each of the four AG site classifications, similar BVs can be estimated for elements nec-
essary for the calculation of GIs in the Vilnius urban area. Therefore, instead of 40 variables,
it is sufficient to use only grain size fractions or elemental contents. This fact indicates the
importance of these two types of variables compared to mineralogical or LOI variables.

The values of the extended contrast ratio (ECR), which additionally takes into account
soil organic matter indicators S and Br, as well as the inverse contrast ratio of Si, are also
very similar in AG site classifications (Figure 10). The fact that site classification according
to eight PREs resulted in the highest values of BCR and ECR indicates its high utility. This
means that, to minimize expenditure, it might be sufficient to determine only the total
contents of 18 chemical elements, namely ten PHEs and eight PREs.

Although site classification based on Quaternary deposits differs from the respective
versions based on topsoil variables, it is more similar to the versions based on (i) eight
PREs, nine minerals, or all variables (PD = 0.40) and (ii) three grain size fractions or five
minerals (PD = 0.45). This finding means that Quaternary deposits have a greater influence
on topsoil PREs, grain size, and minerals than on PHEs or LOI variables.

4.6. Is Cluster Analysis Helpful for Site Classification?

The rather high similarity between site classifications based on the lithology of Quater-
nary deposits and topsoil grain size fractions (PD = 0.45) is quite natural, as both reflect the
proportion of the sandy component, albeit in different reference materials. This property
is also evident in topsoil texture classes, which demonstrate an increasing tendency for
23 basic elements (Figure 7). This implies that topsoil texture classes are also suitable for
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assessing BVs, especially when considering the appropriateness of the reference material.
Such site classification has been successfully utilized [44]. It can be presumed that, instead
of employing cluster analysis of the sites using the <2′, <63′, and >63′ variables, it is suffi-
cient to simply determine the texture classes, especially given that they are distinguished
according to similar fractions (<2′, 2–63, and >63′). The challenge arises when the number
of sites for estimating BVs in a selected texture class is too low, necessitating the amalga-
mation of classes. In our case, ten sites with SL texture are insufficient, so it seems natural
to form a group with SL and L. This includes more sites (30), but the question arises as to
whether all L texture sites are needed for BV estimations, prompting the consideration of
cluster analysis. A comparison of three site classifications related to the proportion of the
sandy component once again highlights the drawbacks of the version based on Quaternary
deposits and reveals the similarity of the other two versions where topsoil is used as the
reference material (Figure 11).
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proportion of the sandy component. Notes. (1) Labels are provided for the version based on the
clustering of sites using the <2′, <63′, and >63′ variables; labels related to PREs are shaded in yellow,
while PHEs are shaded in gold. (2) The label “MS” indicates that this version, compared to the one
based on topsoil texture classes, not only exhibits more significant differences between BS and NBS
but also higher CR values, while the “ms” label indicates only more significant differences.

Furthermore, when considering PREs and PHEs, site classification using the clustering
of sites according to the <2′, <63′, and >63′ variables is superior to that based on the SL +
L group of sites. This is because (i) all these elements exhibit more significant differences
between their respective BS and NBS; (ii) all these elements possess proper CR values;
and (iii) most of these elements have CR values more distant from 1, namely seven PREs
(except Si) and six PHEs (Co, Cr, Cu, Ni, V, and Zn). The most probable reason for this
advantage is that, instead of relying on the internationally adopted limit values of soil
texture classes [47], cluster analysis considers the scatter of sites based on actual grain size
data, revealing the most separated groups.

A higher contrast between groups ensures an additional advantage of site classification
using cluster analysis based on the topsoil <2′, <63′, and >63′ variables, which is obvious
from the comparison of the ratios of the BVs (Figure 12a).

For most elements (except Ca, Na, Si, and P), these BVs are not only lower compared to
the BVs estimated using sites on sandy Quaternary deposits but also compared to sites with
SL or L topsoil texture. Naturally, there are more statistically significant differences between
the first pair of background subsets than between the second pair. Site classification based
on topsoil PREs also results in lower BVs for most elements compared to versions based on
sandy Quaternary deposits (except Na and Si) or on topsoil SL + L texture (except Na, Si, P,
and S) (Figure 12b). This analogous advantage is quite natural, considering the very high
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similarity between site classification based on the topsoil <2′, <63′, and >63′ variables and
that based on topsoil PREs (Figure 8 and Table 5).
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4.7. Importance of Reference Variables

In studies of topsoil contamination by PHEs, it is essential to minimize the influence of
natural factors on their contents. The case study of Vilnius peri-urban topsoil demonstrates
that eight PREs (Al, Fe, K, Si, Ti, Ga, Nb, and Rb) are highly beneficial for achieving this
objective. The following facts support this assertion: (i) a strong direct influence of <2′,
<63′, illite, kaolinite, and orthoclase and a strong inverse influence of >63′ and quartz are
observed not only on the contents of all ten PHEs but also on all eight PREs (Table S1), and
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(ii) statistically significant differences among three groups of sites based on the lithology of
underlying Quaternary deposits exist not only in the values of the seven aforementioned
granulometric and mineralogical variables but also in the contents of all eight PREs and
nine PHEs (Table S3).

It was noted in the review by Dung et al. [13] that, to compensate for grain size
and mineralogical differences in soils or sediments, normalization via granulometric or
geochemical methods is employed. According to Wang et al. [100], these methods have
predominantly been applied in sedimentary geochemistry. Given the experience of re-
searchers of sediments indicates that grain size differences do not capture all mineralogical
variations, Dung et al. [13] appeared to favor geochemical normalization and mentioned
its various modes. Their description by Herut and Sandler [101] clarified that geochemi-
cal normalization encompasses not only the calculation of EFs using a selected reference
element but also various regression methods. Therefore, in a broader sense, geochemical
normalization refers to methods for the determination of variable BVs. Consequently, not
only elements used in the formula of EFs but also those employed as predictors in different
types of regression or even in any other function should be treated as reference elements.

In multi-parameter normalization [101], the predictors include not only chemical
elements but also non-elemental variables, such as grain size. In guidelines for the study of
marine sediments [102], they are termed normalization factors and include (i) sand (>63′),
mud (<63′), and clay (<2′) fractions; (ii) three major elements, namely, Si, Al, and Fe; (iii)
three trace elements, namely, Sc, Cs, and Li; and (iv) organic carbon. In our topsoil research,
the same grain size fractions are influential and effective for site classification; therefore,
they can be referred to as reference variables. The aforementioned major elements, i.e.,
Si, Al, and Fe, are attributed in our study to PREs. Two other major elements among
the PREs, namely, K and Ti, along with trace element Rb, were identified by Grant and
Middleton [103] as candidates for normalization. Trace elements attributed in our study
to PREs, namely Ga, Rb, and Nb, were identified as potential normalizers in the research
of riverbed sediments [104]. Considering that our PREs demonstrate efficiency in site
classification, we can also designate them as reference variables.

In soil studies, predominantly major elements directly correlated with the <2′ or <63′

variables are employed for normalization, such as Al [18,49,100,105], Fe [49,100,106], and
Ti [100]. However, there is a lack of information regarding Si as a normalizer, possibly
because it is correlated with the >63′ variable, which acts as a dilution agent. Among the
trace elements attributed to our PREs, Ga has been utilized as a normalizer in the formula
of EFs during an urban topsoil study [41]. Sometimes, the normalizer is an element selected
from a certain group considering the significance of its positive correlation with PHEs
and treated as the most suitable for use in linear regression, such as Fe from the group
of Al, Fe, Ti, Mn, and Sc in the soil study by Zhang et al. [107]. This group contains two
of our eight PREs. Additionally, Zhang et al. stated that the reference element should be
relatively immobile and must be “an important constituent of one or more of the major
trace element carriers”.

Several major elements have also been used for normalization, such as Al and Ti [108]
or Al, K, and Ti [34,109]. Sometimes, larger groups of elements are used to identify variables
suitable for the prediction of BVs. For example, Wang et al. [100] compiled multiple linear
regression equations, selecting from two types of variables: (i) soil organic matter and
(ii) scores of three geochemical common factors determined via the principal component
analysis of Al, Ca, Fe, K, Mg, Mn, Na, P, and Ti.

The separation of elements from most PHEs in the dendrogram can serve as a criterion
that they are suitable as reference variables for normalization. Furthermore, the separation
of Si from the other seven PREs is evident both in the dendrograms of the peri-urban topsoil
of Vilnius (Figure 2) and in the two clusters obtained by Appleton et al. [87] in the rural
domain of the London region, despite these researchers applying cluster analysis to centered
log ratio-transformed elemental contents [110], i.e., using a compositional data analysis
approach [111]. Their dendrogram contains cluster 1, namely {[Al–(K–Rb)]–Th}–[Ga–(Nb–
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Ti)]}–[(Cs–Mg)–(Fe–V)–Sc], and cluster 2, namely Ba–[(Hf–Zr)–Si], and demonstrates that
our PREs are within these clusters. Appleton et al. [87] explained this separation as
topsoil on clay-rich parent material from that on arenaceous parent material. Our results,
demonstrating a close association of Si with the >63′ variable and quartz, confirm this
explanation. Both regions exhibit similar patterns in the two closest associations of PREs,
namely K–Rb and Nb–Ti. Our dendrograms show that K–Rb is closely related to <2′ and
illite, while Nb–Ti is associated with <63′ and orthoclase (Figure 2).

The two aforementioned regions also share similarities in the grouping of an organic
matter indicator (550′ variable) with Br in the branches of dendrograms not containing PREs.
However, in contrast to our study, P in the London region is slightly separated from them.
Unlike marine sediments, where organic carbon is one of the recommended normalization
factors as indicators of fine-grained organic matter [102], in the peri-urban topsoil of Vilnius,
the attribution of 550′ or Br to the reference variables is not substantiated. The explanation
is as follows: (i) the sampled topsoil has low (≤7.33%) values of 550′, indicating that it is
minerogenic; (ii) 550′ is only partly influential on the contents of PHEs (Table S1) and, even
together with the <2′ variable, is insufficiently effective for site classification (Figure 10);
(iii) 550′ has no significant (p < 0.01) correlation with the <2′ variable and most minerals
(Table S2), except for illite (also chlorite), and is less correlated with PREs compared to
the granulometric reference variables (Table S1); and (iv) the correlation of Br with all
minerals and the <2′ fraction is insignificant (Table S1). This implies that 550′ and Br are
insufficiently effective in compensating for grain size and mineralogical differences.

5. Conclusions

1. This research has revealed the following eight influential non-elemental variables that
are significantly (p < 0.01) correlated with all ten studied PHEs: (i) clay (<2 µm), sand
(>63 µm), and fine (<63 µm) fractions; (ii) illite, kaolinite, orthoclase, and quartz with
significant loadings on the most variable mineralogical factor; and (iii) LOI at 950 ◦C
(950′). Partly influential non-elemental variables included (i) muscovite related to the
same factor and significantly correlated with eight PHEs, i.e., As, Ba, Co, Cr, Cu, Ni, V,
and Zn; (ii) a silt fraction (2–63 µm) significantly correlated with nine PHEs, i.e., As, Ba,
Co, Cr, Cu, Mo, Ni, Pb, and Zn; and (iii) LOI at 550 ◦C (550′) significantly correlated
with four PHEs, i.e., As, Cr, Pb, and Zn. Dolomite, calcite, albite, and anorthite had
either an insignificant influence on the PHEs or were correlated with only one or two
of them. The group of influential non-elemental variables was adjusted, excluding
LOI at 950 ◦C due to its insignificant correlation with calcite and lower correlation
with dolomite than with the most variable mineral group. Presumably nonharmful
chemical elements significantly correlated with all influential non-elemental variables
were Al, Ga, Fe, K, Nb, Rb, Si, Ti, and Mg. The first eight elements were attributed to
potential reference elements (PREs) but not Mg due to its ambiguous clusters in two
dendrograms of basic variables: (i) Ca–Mg–950′ when the 950′ variable was included
and (ii) Al–illite–Cr–Mg when this variable was omitted.

2. Lithology is the key property of Quaternary deposits that influences the values of
34 out of the 41 tested variables, as evident from the comparison of groups of sites
on sandy deposits, glacial till, and clayey deposits. Statistically significant (p < 0.05)
differences among groups were found for (i) four grain size fractions, namely clay,
silt, sand, and the fine fraction; (ii) six minerals, namely illite, kaolinite, orthoclase,
quartz, albite, and dolomite; (iii) LOI at 550 ◦C, which is an indicator of organic
matter; and (iv) the contents of nine PHEs, namely As, Ba, Co, Cr, Cu, Ni, Pb, V,
and Zn, and all eight PREs, namely Al, Ga, Fe, K, Nb, Rb, Si, and Ti, as well as
Ca, Sr, Mn, Br, and S. This indicates that Quaternary lithology is reflected in all
influential non-elemental variables, all PREs, and almost all PHEs in the topsoil.
The results of multiple comparisons among the aforementioned groups, as well as
the prevalence of sandy Quaternary deposits in Vilnius City, suggest that, for a
substantiated estimation of the geochemical indices of PHEs, the background subset



Minerals 2023, 13, 1513 30 of 36

(BS) selected from peri-urban sites should have relatively lower contents of PHEs and
many possibly nonharmful chemical elements compared to the sites attributed to the
non-background subset (NBS).

3. The dendrogram of sites, compiled using 40 basic variables—26 elements, including
As, Ba, Co, Cr, Cu, Mo, Ni, Pb, V, and Zn (ten PHEs); Al, Fe, Ga, K, Nb, Rb, Si,
and Ti (eight PREs); Ca, Mg, Na, Br, Mn, P, S, and Sr (eight presumably nonharmful
elements); <2 µm, <63 µm, and >63 µm grain size fractions; LOI at 550 ◦C and LOI at
950 ◦C; and also illite, kaolinite, muscovite, orthoclase, quartz, dolomite, calcite, albite,
and anorthite (nine common minerals)—demonstrates that topsoil texture classes
are much better reflected in clusters than lithological groups of Quaternary deposits.
The increase in the median contents of PHEs and a greater portion of presumably
nonharmful elements towards finer topsoil texture shows that the percentage of sandy
loam and loam in each cluster can be a useful criterion when selecting clusters for
inclusion in BS.

4. The ranking of eight statistical site classifications into BS and NBS, using cluster
analysis of the selected variables, was based on generalized indices of elemental
contrast ratios—the median in the subset with relatively higher values divided by the
median in the subset with relatively lower values. The dendrogram of these eight
versions revealed an associated group of four high-ranked site classifications: (i) using
the aforementioned 40 basic variables; (ii) using the aforementioned 26 elements,
i.e., ten PHEs, eight PREs, and eight presumably nonharmful elements; (iii) using
<2 µm, <63 µm, and >63 µm grain size fractions; and (iv) using PREs Al, Fe, Ga, K, Nb,
Rb, Si, and Ti. Multiple comparisons did not reveal statistically significant (p < 0.05)
differences in the elemental contents between the refined background subsets based
on these four site classifications, so the respective BVs were very similar. The last two
versions, based on either a few elements or a few non-elemental variables, are less
expensive and are recommended for the selection of BS. The fractions 2 µm, <63 µm,
and >63 µm, as well as PREs Al, Fe, Ga, K, Nb, Rb, Si, and Ti, can be recommended
as reference variables. Meanwhile, the less-associated group of four low-ranked
site classifications—two of which are based on mineralogical variables, one on the
contents of PHEs, and one on <2 µm and LOI at 550 ◦C variables—are less effective
for the selection of BS, especially the last version. This result provides a BS where the
contents of K, Ba, Co, Cu, Ga, and Rb statistically differ from some other versions of
background subsets, and the respective BVs are higher.

5. The advantage of statistical site classification based on clusters distinguished using
the <2 µm, <63 µm, and >63 µm fractions determined in topsoil in comparison with
nonstatistical site classifications based on Quaternary deposits or topsoil texture
classes is confirmed by the higher elemental contrast ratios and more significant
differences between BS and NBS. Both statistical site classifications based on reference
variables <2 µm, <63 µm, and >63 µm or Al, Fe, Ga, K, Nb, Rb, Si, and Ti ensure
higher BVs of Si and lower BVs of the other PREs, as well as PHEs and potentially
useful elements S and Br, which are related to the partly influential indicator of
organic matter (LOI at 550 ◦C). Therefore, the substantiation of these BVs seems to
be adequate.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min13121513/s1: Table S1. Spearman’s correlation coefficients of
elemental contents with grain size and LOI variables and percentages of common minerals. Table S2.
Spearman’s correlation coefficients of grain size and LOI variables with common minerals. Table S3.
Significance of the Kruskal–Wallis H-test for basic topsoil variables and the silt fraction when classified
into groups according to the selected properties of Quaternary deposits or their combination. Table S4.
Background subsets and non-background subsets in eight clustering versions. Table S5. Contrast
ratios and significance of the differences in elemental contents between the background subsets and
non-background subsets in eight clustering versions. Table S6. Significance of the Kruskal–Wallis
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H-test comparing eight refined background subsets BSr and their respective background values BVs
in mg kg−1. Figure S1: Comparison of the clustering of sites based solely on grain size fractions
with that based on two variable types. (a) Using the <2′, <63′, and >63′ fractions; (b) using the <2′

and 550′ variables. Figure S2: Comparison of site clustering based solely on elemental contents.
(a) Using all 26 elements; (b) using Al, Fe, Ga, K, Ti, Nb, Si, and Rb; (c) using Al, Fe, Ga, K, Ti, Nb,
Si, Rb, S, Br, and P; and (d) using As, Ba, Co, Cr, Cu, Ni, Mo, Pb, V, and Zn. Figure S3: Comparison
of site clustering based solely on mineralogical data. (a) Using the nine minerals listed in Table 4;
(b) using five minerals, i.e., quartz, illite, orthoclase, kaolinite, and muscovite. Figure S4: Medians of
topsoil non-elemental variables with statistically significant (p < 0.05) differences between pairs of
groups based on the lithology of Quaternary deposits. Figure S5: Medians of topsoil variables with
statistically significant (p < 0.05) differences between pairs of groups based on the various ages of
glacial till. Figure S6: Ratios of median elemental contents in topsoil on younger Baltija deposits to
those on older Grūda deposits calculated for two genetic types. Figure S7: Medians of non-elemental
variables with statistically significant differences in topsoil on glaciolacustrine deposits of two ages.
Figure S8: Ratios of elemental medians in topsoil on different Baltija age genetic-type deposits to
those on glaciofluvial deposits. Figure S9: Medians of non-elemental variables in topsoil on different
Baltija age genetic-type deposits. Figure S10: Median contents of elements with statistically significant
differences in topsoil on glacial and glaciolacustrine deposits of different ages. Figure S11: Medians
of selected non-elemental variables in topsoil on deposits of different ages and genetic types.
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