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Abstract

In cities where industrial facilities, railways, and roads are interspersed, whether dust within the same
environmental group has a similar elemental composition is a key question for defining monitoring units
and selecting elements of interest. This study examined 12 elements at 16 sampling sites in Belgorod,
Russia, using a local forest soil reference, hierarchical clustering, and Spearman rank correlation to
analyze inter-site differences in multiple elements and their relationships with proximity to transport
infrastructure. Cu and Zn exceeded the selected reference at all 16 sites, Pb exceeded the reference at 13 of
the 14 sites with valid observations, and As exceeded the reference at only four sites. S12 had the highest
concentrations of Zn, As, and Ba, whereas the correlations of Zn with As and Ba across sites were close to
zero, indicating that local co-occurrence of high concentrations and overall covariation are not equivalent.
Clustering identified a combination of relatively high Cu and As levels spanning thermal power plant,
railway station, and industrial-traffic areas. The clustering results showed that multi-element similarity
did not correspond one-to-one with the five environmental groups. Cu and As showed a relatively strong
positive correlation (p=0.827, p<0.05), whereas railway distance was negatively correlated with Pb (p=-
0.582, p<0.05). This study provides a basis for site selection and the choice of monitoring indicators for
local environmental monitoring.
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Introduction

Urban surface dust comprises both natural mineral particles and particles generated by
human activities, and its elemental composition is influenced by material inputs, surface re-
tention, and redistribution. Studies of solid atmospheric deposition in cities have emphasized
the transfer of particulate matter to surface systems [1]; tire and brake wear, road materials,
adjacent soils, and other local inputs can all influence the chemical composition of dust [2].
Therefore, dust geochemical studies need to consider both elemental concentrations and the
environmental context of the particles carrying these elements.

Previous studies have provided evidence for processes associated with traffic-related el-
ements: tire wear can release Zn into the environment [3], brake wear can generate particles
containing Cu and Fe [4], and railway activities can contribute Fe, Mn, and Cu to nearby air-
borne particulate matter [5]. Recent reviews of non-exhaust particulate matter and studies
of road and rail brake dust further show that the elemental composition of wear particles is
influenced by materials and operating conditions, and that different traffic-related processes
may have overlapping elemental characteristics [6,7].

Studies of road or urban dust in Tyumen and Moscow, Russia, have linked elemental com-
position to traffic load, potential sources, and spatial differences [8,9]. Previous research in
Belgorod compared elemental concentrations in surface materials near industrial facilities,
transport infrastructure, and preschool facilities, and discussed the effects of different as-
sessment benchmarks [10]. Building on this work, the present study further addresses two
questions: whether sites near similar types of facilities have similar elemental assemblages,
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and whether the co-occurrence of high concentrations of multiple
elements at an individual site is also reflected in covariation across
the entire set of sites. A study of urban mosses in Gubakha provides
arelated example of combining elemental measurements with spa-
tial analysis to examine surrounding activities [11].

This study examines surface dust material from 16 sampling
sites by sequentially comparing reference ratios, multi-element
similarity, and element-element and distance-element relation-
ships, with a focus on assessing the correspondence between chem-
ical similarity and field-based environmental grouping.

Materials and Methods

The study area is located in Belgorod, Russia. It is a multifunc-
tional city with approximately 12,500 active enterprises and or-
ganizations, including industrial facilities that periodically come
under the scrutiny of environmental regulatory bodies due to
risks posed to air, water, or soil. For our study, a spatial sampling

scheme for urban dust (on solid substrates) was established in
an area where industrial facilities, railways, roads, and residential
zones are interspersed. The analysis included 16 samples of ur-
ban surface dust, designated S01-S16 (Figure 1). Five descriptive
environmental groups were defined according to the surrounding
facilities: Group A comprised sites near the thermal power plant
and industrial railways (S01-S06); Group B covered the road-rail
junction area near Belaya Gora railway station (S07-S09); Group
C consisted of a road site used by vehicles serving a chalk quarry
(S10); Group D covered the Mekhanizatorov industrial and traffic
area (S11-S14); and Group E represented the southern residential
and traffic environment (S15-S16), including two spatially separat-
ed sites near Kindergartens No. 17 and No. 3. Across all sampling
sites, the shortest horizontal distances to the defined railway and
urban road centerlines ranged from 0.07 to 345.95m and from 1.77
to 390.10m, respectively; S10 was 345.95m from the railway and
1.77m from the urban road.

e
g

Figure 1: Distribution of urban surface dust sampling sites in Belgorod.

X-ray fluorescence spectrometry was used to determine the
total contents of elements and metal oxides in powdered samples.
Twelve common parameters were selected: Pb, Zn, Co, Cu, Mn, V, Cr,
Fe, Ni, As, S, and Ba. All reported concentrations were converted to
mg/kg. Where Fe,03 was reported as a mass percentage, its value
was first multiplied by 10000 and then by 0.699 to obtain elemen-
tal Fe; MnO values were converted to mg/kg and then multiplied by
0.774 to obtain elemental Mn. The coefficient of variation for each
element was calculated as CV=standard deviation/mean x 100%.

The reference concentrations, B, were consistently taken from

the local forest soil values published by Lisetskii et al. [10]. This soil
reference originated from the 0-10cm layer of Greyic Phaeozems in
a primary forest within an urban protected area, with the sampling
location situated between four old oak trees. The dimensionless ra-
tio C/B was calculated by dividing the sample concentration, C, by
the corresponding B; C/B>1 indicates only that the concentration
exceeds this specific reference. Figure 2 uses a logarithmic vertical
axis; the boxes span the 25"-75" percentiles, the central lines indi-
cate the medians, the whiskers extend to the minimum and max-
imum valid observations, and the individual points represent the
sampling sites.
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Figure 2: Element concentration ratios relative to the local forest soil reference. The vertical axis is logarithmic, and

the dashed line denotes C/B=1. Boxes indicate the interquartile range, center lines indicate the median, and whiskers

indicate the minimum and maximum valid observations. Symbols represent environmental groups, and labels identify
the sampling site with the highest value for each element.

Valid elemental concentrations were log -transformed and
then standardized to Z-scores using the element-wise means and
population standard deviations of the log-transformed values. For
each pair of sites, squared differences in standardized values were
summed across elements with valid measurements at both sites.
This sum was multiplied by the ratio of the total number of ele-
ments to the number of jointly available elements, and its square
root was used as the distance between the sites. Hierarchical clus-
tering was performed using average linkage, and the heatmap was
displayed with optimal leaf ordering.

Traffic proximity was described by the shortest horizontal dis-
tances from each sampling site to the defined railway and urban
road centerlines. Distances derived from OpenStreetMap linear fea-
tures in the accompanying GIS records were used; the record date
was September 18, 2026. The original coordinates were treated as
WGS84 coordinates, and the shortest point-to-segment distances
were calculated in a local plane with its origin at 50.60 °N, 36.59
°E. Relationships between elements and between distances and el-
ements were assessed using Spearman rank correlations based on
pairwise valid observations. P values for the 66 inter-element cor-
relations were adjusted using the Benjamini-Hochberg procedure
[12].

Result

The degree of variability differed among the 12 elements.
As had the highest CV of all elements, at 126.3%, with a mean of
15.33mg/kg and a median of 9.55mg/kg. The CVs of Sr, Cr, and Pb
were 69.0%, 67.0%, and 63.1%, respectively, while those of Cu, Zn,
and Co were 58.4%, 56.5%, and 54.3%, respectively. V had the low-
est CV, at 18.0%. These results indicate that variation among sam-
pling sites was element-specific.

Relative to the local reference, Cu and Pb had the highest me-
dian C/B values, at 9.24 and 5.34, respectively; the corresponding
values for Zn, Co, Fe, Sr, and Cr were 3.94, 2.74, 2.62, 2.42, and 2.09,
respectively (Figure 2). All 16 valid observations for Cu, Zn, and V
and all 15 valid observations for Co exceeded their respective refer-
ence values. In contrast, the median C/B for As was 0.71, with only
four sites, S06,S09, S12, and S13, exceeding the reference. Thus, rel-
ative to the selected reference, elevated Cu and Zn concentrations
occurred throughout the set of sampling sites, whereas high As con-
centrations were mainly confined to a few sites.

The highest concentrations of individual elements occurred
at different sites. Pb at SO5 was 133.20mg/kg, and Cu at S06 was
84.68mg/kg, corresponding to reference ratios of 13.83 and 26.22,
respectively. S12 had the highest concentrations of Zn, As, and Ba
simultaneously, at 498.40, 77.90, and 1011.40mg/kg, respectively.
S02 had the highest Cr concentration, at 327.10mg/kg; S07 had the
highest Co, Mn, Fe, and Ni concentrations; and S16 had the highest
V concentration, at 84.20mg/kg. At S10, Sr was 519.02mg/kg and
Cr was 240.48mg/kg, whereas Pb was only 6.51mg/kg, showing an
elemental composition distinct from those of the sites described
above.

Hierarchical clustering showed that sites with similar chemi-
cal compositions could belong to different environmental groups,
while differences also occurred within the same group (Figure 3).
S09 and S13 formed a closely associated pair and subsequently
clustered with S06. The three sites belonged to groups B, D, and A,
respectively, and shared relatively high Cu and As concentrations.
S01 and SO2 in group A formed another branch, characterized by
relatively high Cr and low As concentrations. S14 and S15 belonged
to groups D and E, respectively, and had relatively low concentra-
tions of several elements within this dataset.
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Figure 3: Multi-element dendrogram and heatmap for the 16 sampling sites. Red and blue indicate values above and
below the mean log-transformed concentration of the respective element. Gray x symbols indicate values below the
detection limit.

S12 had elevated values for Zn, As, Ba, and several other vari-
ables, whereas S10 was characterized by higher Sr and Cr and low-
er Pb and some other elements. Within group E, S16 differed from
S15 in having a relatively high V concentration. Of the 66 inter-el-
ement tests, 20 pairs yielded unadjusted p<0.05, and all were pos-
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itively correlated; eight pairs yielded q<0.05 after BH correction.
Cu-As showed the strongest correlation (p=0.827, p=0.000164,
q=0.010824). Other relatively strong correlations included Mn-Fe
(p=0.783), Fe-Ba (p=0.753), Mn-Sr (p=0.753), Pb-Ba (p=0.745), Co-
As (p=0.720), Fe-Sr (p=0.709), and Co-Cu (p=0.689) (Figure 4).
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Figure 4: Spearman rank correlations between elements and between traffic distances and element concentrations.
Cell values are p; *indicates p<0.05. Railway and Urban Road denote the shortest horizontal distances to railway and
urban road centerlines, respectively.
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Distances from sampling sites to railways ranged from 0.07
to 345.95m, and distances to roads ranged from 1.77 to 390.10m.
Among the 24 distance-element tests, only the correlation between
railway distance and Pb yielded p<0.05 (p=-0.582, p=0.0314).
Across the 14 sampling sites with valid Pb data, higher Pb concen-
trations generally tended to occur closer to railways. For example,
SO05 and S12, which were close to railways, had higher Pb con-
centrations, whereas S10, S15, and S16, which were farther from
railways, had lower Pb concentrations. Railway distance was also
negatively correlated with Co and Cu, while road distance was pos-
itively correlated with Pb and Zn; these correlations did not attain
the p<0.05 level.

Discussion

Relative to the selected soil reference, Cu and Zn were elevated
at all 16 sites, and Pb was elevated at 13 of the 14 sites with valid
observations; As exceeded the reference only at S06, S09, S12, and
S13. Within the current set of sites, the former pattern suggests
that attention should be given to accumulation conditions shared
by multiple locations, whereas the latter is more useful for guiding
denser sampling at and around local high-concentration sites.

The co-occurrence of high Zn, As, and Ba concentrations at S12,
high Cu at S06, high Co, Mn, Fe, and Ni at S07, and high Cr at S02 in-
dicates that different sites have distinct elemental assemblages. In
the clustering analysis, S09, S13, and S06 clustered together across
environmental groups B, D, and A, whereas compositional differ-
ences also occurred within individual environmental groups. This
indicates that classification by nearby facilities cannot fully capture
the multi-element similarity among sites. Road dust can be influ-
enced by the mixing of multiple inputs [2].

Studies of tire, brake, and railway wear provide evidence for
potential input processes for elements such as Zn, Cu, Fe, and Mn
[3-5], and recent reviews and studies of road and rail brake dust
also show overlapping elemental characteristics among different
wear materials [6,7]. The strong Cu-As correlation indicates similar
rank-order variation in these two elements across the current sites.
Correlations among Mn, Fe, Sr, and Ba may also reflect the mixing
of various mineral-bearing particulate components. Zn, As, and Ba
all reached their highest concentrations in this dataset at S12, but
the rank correlations of Zn with As and Ba across all sites were both
close to zero. This indicates that the co-occurrence of multiple ele-
ments at an individual site cannot be directly equated with covaria-
tion across the entire set of sites.

The Sr concentration at S10 was 519.02mg/kg, the highest val-
ue, while Cr was relatively high and Pb relatively low, giving this
site an elemental assemblage distinct from those at other industri-
al-traffic sites. Research has shown that Sr** can be incorporated
into the crystal structure of calcite [13]. S10 is located on a road
used by vehicles serving the chalk quarry; the input of Sr-bearing
carbonate particles into dust during extraction and transport is a
possible explanation for its elevated Sr concentration. The negative
association between railway distance and Pb suggests that areas
near railways warrant particular attention in subsequent monitor-
ing. Proximity to railways may also covary with industrial facilities,

surface materials, and historical contamination. Giordano et al. [14]
in their study of the fine fraction of urban dust and Pb isotopes,
showed that resuspension of contaminated soils can contribute to
the redistribution of potentially toxic elements in dust [14].

Thus, technogenic dust in urban ecosystems is a significant
source of pedogenic processes in cities, not only in quantitative
terms, but also due to the special association of chemical elements
that come from the atmosphere [15].

Conclusion

Differences in elemental concentrations among the investigat-
ed sites were element-specific. Cu, Zn, and Pb exceeded the selected
forest soil reference at many sites, whereas relatively high As con-
centrations were concentrated at a small number of sites, indicat-
ing that widespread exceedance of the reference and localized high
concentrations need to be identified separately.

Multi-element similarity did not show a one-to-one

correspondence with the five environmental groups. Cu and As
showed a significant positive correlation across sites. Railway
distance showed a significant negative correlation with Pb.
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