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ECOLOGICAL RISK ASSESSMENT OF HEAVY METALS
IN SOILS FROM THE LINEAR EMISSION
OF RAILWAY TRANSPORT IN WROCLAW, POLAND

The purpose of this investigation was to assess anthropogenic soil contamination by heavy metals
(HMs) from rail transport-related activities in Wroctaw. The concentrations of copper, zinc, lead, chro-
mium, nickel, and cadmium were analysed in the surface soil layer along the railway tracks and per-
pendicularly, at increasing distance from the rail line. Pollution indices were used to assess the level of
enrichment by single elements, the degree of total HM contamination, and the ecological risk associ-
ated with their presence in soils. The results indicated moderate enrichment with Cu, Zn, and Pb, while
Cr and Ni occurred at geochemical background levels. The highest degree of accumulation and ecological
risk was found for Cd, indicating its strong anthropogenic origin. Multi-elemental indices classified the
overall level of soil contamination as low, although locally elevated metal concentrations were observed.
A considerable proportion of samples exhibited high ecological risk. The phytotoxicity tests using Lepid-
ium sativum L. and Avena sativa L. confirmed a slight inhibition of plant growth.

1. INTRODUCTION

The toxicity of heavy metals (HMs) to microflora, microfauna, and higher plants
and animals [1, 2] raises interest in the environmental impact of rail transport, particu-
larly regarding the potential threat posed by HMs to soils adjacent to railway tracks [3—6].
In Poland, rail transport plays a significant role in passenger mobility and mass freight
transport. Poland’s accession to the European Union in 2004 contributed to the modern-
ization and improvement of the country’s rail network. Currently, Poland has a well-
developed railway infrastructure, with an average density of 6.2 km/100 km?, which is
higher than the average for all EU countries, 4.8 km/100 km? [7]. In 2021, the total

"Wroctaw University of Science and Technology, Faculty of Environmental Engineering, Wybrzeze
Wyspianskiego 27, 50-370 Wroctaw, Poland, corresponding author A. Hottra, email address: anna.holtra

@pwr.edu.pl



186 D. ZAMORSKA-WOJDYLA, A. HOLTRA

length of railway lines in Poland exceeded 19 300 km and has remained at a similar
level. The Lower Silesian Voivodeship accounts for one of the largest shares of the
length of the country’s rail network. Railway density in Lower Silesia, measured as
a line length, is 8.90 km per 100 km?, which represents a 9.19% share of lines operated
in 2021 [8]. Among all carriers in Poland, rail transport recorded the largest increase in
passenger transport in 2024, rising by 8.8% compared to the preceding year. The total
volume of freight transported decreased slightly by 3.9% relative to 2023. In the struc-
ture of freight transport, the largest share (23.3% in total) consisted of metal ores and
other mining products, peat, uranium, and thorium. Rail freight accounted for 64.7% of
domestic transport, most frequently covering distances of 150-299 km [9].

The negative environmental impact of rail transport is primarily associated with
noise emission, air and soil pollution, and landscape alterations. Operation of railway
networks generates pollutants, including heavy metals, along rail lines due to the abra-
sion of steel components, storage and transport of goods and solid or liquid fuels, leaks
of operational substances (oils, lubricants), leaching from treated railway sleepers, and
the use of herbicides [10, 11]. The presence of pollutants associated with rail transport
in soils results from the operation of rolling stock with outdated technology and low
efficiency, which leads to higher consumption of fuels and lubricants, and increased
exhaust emissions from engines running on solid and liquid fuels. Dust generated by the
wear of brake linings and the abrasion of wheels, surface layer of traction wires, track,
and turnout components (rails, switches, and crossings) constitutes a significant source of
pollution, primarily alongside railway lines [12, 13]. The extent of dust containing HMs
decreases with distance from railway tracks, although this decline is not linear [14, 15]. Sig-
nificantly larger amounts of dust are generated at railway junctions due to variable traffic
characteristics and frequent starting and braking maneuvers, as well as at switches, level
crossings, and traffic signals. Naturally, the magnitude of linear emission is influenced
by the terrain and surrounding development. There is also a risk of soil contamination
due to the uncontrolled release of goods during loading and unloading operations. Ad-
ditional hazards may arise from wastewater generated during the cleaning of wagons
and locomotives, which contains soot, mineral dust, and chemicals present in cleaning
agents. Moreover, sources of metal emissions can include railway accidents, repair and
maintenance work along the rail lines, periodic inspections, emergency repairs, and rou-
tine maintenance of rolling stock (wagons and locomotives) on railway sidings.

The study assessed the impact of railway infrastructure on the concentrations of six
heavy metals in the surface layer of soils along the tracks, and their spatial extent per-
pendicular to the outer tracks at the railway lines and sidings of the Wroctaw Brochow
(SW part of the city) and the Wroctaw Sottysowice (NE part) railway stations. Using
contamination indicators, soil enrichment by single elements and the total contribution
of heavy metals were determined, and the environmental risk associated with the toxic
effects of HMs on soil biocenosis was assessed.
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2. MATERIALS AND METHODS

Research area and collection points. The study area included two locations with
railway lines and transfer points in Wroctaw, in the Soltysowice and Brochéw districts.
The first study site is in the northeastern part of the city, within the Sottysowice district,
and serves two railway lines: Kalaty—Wroctaw Mikotajow and Jelcz Mitoszyce
—Wroctaw Osobowice. These lines are a part of the urban and suburban railway network
of Wroctaw County. Four collection points (4—D) were established along the rail line.
Soil sampling was carried out perpendicular to the outer track at distances of 1, 10, 20,
and 30 m, respectively (Fig. 1). In total, 16 samples were obtained.
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Fig. 1. Collection points [mapy.geoportal.gov.pl]

The studied section of the railway line is used for both passenger and freight traffic.
In 2024, the daily passenger exchange at Wroctaw Sottysowice station (C) was below
1000 persons [16]. Throughout sections A—C, two railway lines run in parallel (single-
and double-track), whereas at point D, only a single-track line is present. Train traffic
is variable due to the speed limit of 30 km/h, braking and starting maneuvers at the
active railway station, as well as deceleration and acceleration on the curve of the single-
track line (D), and at level crossings with light signals (4 and C). Near points A and B,
there are single- and multi-family residential buildings, while points C and D are sur-
rounded by shops and vacant lots. The tracks are laid on impregnated wooden sleepers
(4 and B) or concrete sleepers (C and D). At the railway siding B, trains stop for loading
and unloading operations and for joining or leaving regular traffic. There are no indus-
trial facilities near the rail line; however, approximately 250 m away lies a very busy
Bolestaw Krzywousty Street, which forms part of the RING 3 bypass in Wroctaw. Traf-
fic measurements recorded in 2024 were highest at the Krzywousty Bridges, nearest to
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point D. At the NE entrance to the Krzywousty Bridges, heading toward the city centre,
31 566 vehicles passed over 16 hours. Traffic in the opposite direction, at the SW en-
trance from the city centre, amounted to 30 869 vehicles over the same period. In total,
62 435 vehicles were recorded between 5 a.m. and 9 p.m. At Wroctaw Sottysowice sta-
tion (B), 10 716 vehicles passed over 16 hours. On the section of Soltysowicka Street
near the collection point 4, 11 809 vehicles were observed during the same period [17].

The second study site is a freight railway junction located in the southweastern part
of Wroclaw, in the Brochow district. It belongs to one of the two largest freight stations
in Poland. Adjacent to the freight station is a passenger station serving the railway lines
Wroctaw Gtoéwny—Opole and Wroctaw Glowny—Jelcz Laskowice. This station operates
as part of the suburban and intercity railway network. The daily passenger exchange at
Wroctaw Brochow station is below 1500 persons [16].

Along a 4 km section, nine collection points (4—/) were established. At each loca-
tion, soil samples were taken perpendicular to the railway line at distances of 1, 5, 10,
and 20 m from the outer track (Fig. 1). In total, 36 samples were obtained.

The study area is characterized by a great variety of rail lines, laid on both concrete
and wooden sleepers. The Brochéw railway junction features numerous signalized
points, turnouts, and level crossings with concrete panels. The railway infrastructure in
Brochow is mostly surrounded by vacant land or allotment gardens. Along the tracks
flow the small Brochdéwka River (a left-bank tributary of the upper River Otawa) and
the Katarzynka River. Key locations in the studied section include the railway station
close to point C, and the maintenance halls for railway rolling stock and infrastructure
near point D. In the immediate vicinity, there are single- and multi-family residential
buildings, allotment gardens, green areas, and vacant land. Approximately 80 m from
the railway line runs Moscicki Street. Traffic measurements from 2024 indicate that on
the RING 3 section with the railway viaduct connecting Moscicki Street and Wiaduk-
towa Street (between points 4 and B), 15 681 vehicles passed over hours. Outside the
RING 3 area, the number of vehicles increased to 31 301 between 5 a.m. and 9 p.m.
However, beyond measurement point /, at the intersection of Moscicki Street and
Piecdziesigciu Bohaterow Street, the daily traffic was significantly lower, amounting to
2825 vehicles over 24 hours [17].

The operation of railway rolling stock and maintenance activities on the siding, in-
cluding inspections, routine and emergency repairs, cleaning of wagons, locomotives
(standard-gauge, electric, and diesel), and tank cars, can release heavy metals (HMs)
into the environment. The presence of viaducts and noise barriers may additionally
transport pollutants with air masses to greater distances from the source [18].

From an area of about 1 m? (including the corners and the center), five soil subsam-
ples were collected from a depth of up to 20 cm. The subsamples were combined, thor-
oughly mixed, and cleared of larger particles, then air-dried, ground, and sieved. The
total weight of the representative sample was approximately 100 g.
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Sample preparation and computing. Soil suspensions in a 1:2.5 (w:v) ratio were
prepared to determine electrical conductivity and exchangeable acidity. In the first se-
ries, soil portions of approximately 10 g were mixed with 25 cm? of distilled water. In
the second series, the samples were mixed with 25 cm?® of a neutral potassium chloride
solution at a concentration of 1 mol/dm>. Soil samples of approximately 0.2 g were
treated with 8 cm? of 65% nitric acid. Digestion was performed using a microwave min-
eralizer. The total content of heavy metals in the filtrates was determined by flame or
graphite furnace atomic absorption spectroscopy using an iCE3500 Thermo Solaar
spectrometer. Spectroscopic measurements were performed in triplicate for each solu-
tion. The results were verified based on standard deviation. Solutions of the certified
reference materials were used for method validation and calibration curves. The quality
of the procedure was controlled using a blank reagent sample containing only nitric acid.

The phytotoxicity of soil samples collected along railway tracks was assessed based
on the inhibition of seed germination and plant organ growth. Garden cress (Lepidium
sativum L.) and oat (Avena sativa L.) were used as test species. Garden soil served as
the control sample. The experiment was conducted under controlled temperature and
moisture conditions. Cress seeds (10 pieces each) were placed on test plates with a soil
extract prepared at a 1:10 (w/v) ratio, and oat seeds (10 pieces) were sown in pots con-
taining the studied soil. The experiment was conducted in three replicates. Observations
were carried out over a period of 7 days. Based on the measured lengths of cress roots
and oat roots, the percentage of growth inhibition was calculated.

The ecological exposure assessment considered the maximum permissible metal
concentrations in soils on transport areas, including railway areas (group 1V), as speci-
fied by Polish law in the Regulation of the Minister of the Environment of 1st September
2016, which are, in mg/kg: 2000 (Zn), 1000 (Cr), 600 (Pb and Cu), 500 (Ni), and 15
(Cd) [19]. For family allotment garden areas (group II), the acceptable metal concentra-
tions in soils along railway routes are, in mg/kg: 500 (Zn), 300 (Cr), 250 (Pb), 150 (Ni
and Cu), and 3 (Cd). The adopted reference environment was the elemental composition
of the upper continental crust with concentrations in mg/kg: 92 (Cr), 67 (Zn), 47 (Ni),
28 (Cu), 17 (Pb), and 0.09 (Cd) [20]. The assumed single-elemental (/o) and multi-
elemental (PLI, Plyg, PINemerow, RI, and MERMQ) environmental pollution indices have
been discussed in detail by Holtra and Zamorska-Wojdyta [21].

3. RESULTS AND DISCUSSION
3.1. ORIGIN AND DISTRIBUTION OF HMs IN SOILS

Wroctaw Sottysowice railway line. The characteristics of train traffic between points
A-D significantly influenced the observed variability in HM concentrations in soils
(Fig. 2). On the A—C section, there are higher train traffic intensity, frequent braking and
acceleration maneuvers, and the presence of traffic lights at crossings, which correspond
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with the highest recorded metal levels, particularly of Pb, Zn, and Cu. These contami-
nants are typical of mechanical wear of brakes, traction components, and contact wires.
At point B, located near a railway siding where trains stop for loading and unloading,
local maxima of Pb and Cu concentrations are observed.
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Fig. 2. Spatial distribution of HMs in soils, Wroctaw Sottysowice

This may indicate the accumulation of pollutants originating from fugitive emis-
sions (metallic dust, lubricants, and rust particles) resulting from frequent maneuvering.
Point D, located along a single-track section, shows a decrease in Pb (except D10), Cu,
and Cd concentrations compared to the preceding points, suggesting a lower impact of
traffic-related emissions. At points C and D, the use of concrete railway sleepers may
reduce secondary emissions compared to wooden sleepers used at points 4 and B. Nickel
and chromium show an increasing trend with distance from the railway tracks. Such
a correlation may be related to the local geochemical background or to the deposition
of dust particles containing pollutants emitted from the nearby arterial road (e.g.,
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Krzywousty Street) and transported over long distances by air masses. This suggests
that part of the contamination at this location may have a mixed railway-road origin.

Copper and zinc exhibit highly variable concentrations at the collection points (Fig. 2),
with the highest recorded values at B1 (241 mg Cu/kg) and D10 (549 mg Zn/kg). Lead
levels reach a maximum of 160 mg/kg at B1, followed by 102 mg/kg at D10. Elevated
concentrations of HMs are observed locally despite greater distances from the tracks,
indicating a complex deposition mechanism. Lead particles might be transported and
deposited as a result of air turbulence and the movement of dust along the railway cor-
ridor. Fluctuations in chromium and nickel concentrations are somewhat more moder-
ate. Local soil enrichment in chromium reaches 51-61 mg/kg. Nickel levels rise from 19
to 28 mg/kg, mainly at points located farther from the railway corridor, suggesting its
higher mobility and a possible partial origin from road traffic emissions, specifically
from Krzywousty Street. Cadmium reaches a level of 1.5 mg/kg, with its accumulation
being highest in the zone of direct dust deposition, closest to the railway line at 1 m
from the tracks (4—C). With increasing distance from the railway infrastructure, cad-
mium concentrations decrease, reaching their lowest values at 30 m.

Wroctaw Brochow railway line. The variations in heavy metal concentrations
among collection points A—/ reflect the functional structure of the Wroctaw Brochow
railway junction (Fig. 3). Points located within the maneuvering area and near the roll-
ing stock maintenance halls (C—F and H) show the highest concentrations of most met-
als. The presence of concrete crossings, various types of railway sleepers, and intensive
vehicle traffic along the tracks in the vicinity of Moscicki Street further increases the
local heavy metal load in the environment.

Analysis of HM distribution in soils revealed significant variability in concentrations
depending on the distance from the rail tracks and the characteristics of points A—/
(Fig. 3). The studied section includes segments of main railway lines, switches, sidings,
and maneuvering zones, which favor local fluctuations in metal contents. The highest
levels of copper (195 mg/kg at H1) and zinc (859 mg/kg at D1) were recorded closest
to the tracks in the maneuvering area. Elevated concentrations of both metals at dis-
tances of 1-5 m indicate their transport-related origin from brake wear, abrasion of trac-
tion components, and rolling stock operations. At greater distances (10-20 m), copper
and zinc concentrations drop significantly, often by 50-70% compared to values near
the tracks. Lead shows a very high local variability, with a maximum value of
1195 mg/kg at HS. Such elevated concentration at this point may result not only from
operational activities but also from incidental contamination. In most points, lead levels
decrease with distance from the tracks. Local increases in metal concentrations are ob-
served at D5 and E20, suggesting the influence of secondary factors such as track bed ero-
sion or technical activities within rolling stock maintenance areas. Chromium and nickel
exhibit more irregular variation patterns. In the case of chromium, both localized and dis-
tance-dependent (57-106 mg/kg at F1-10) enrichment in soils is noticeable. This may
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result from the geochemical background or the presence of mineral admixtures in the
materials used for track bed construction. Nickel reaches its highest concentrations also
at point F, with a maximum of 157 mg/kg at F20, which may indicate local soil enrich-
ment. Nickel shows an increasing trend with distance from the tracks, suggesting
a source other than rail transport. Cadmium is characterized by low concentrations in
the studied soils, but its spatial distribution clearly reflects the impact of rail transport.
The highest values were noticed at points located 1-5 m from the railway line, with
a maximum of 2.6 mg Cd/kg at BS5. At greater distances from the tracks, a systematic
decrease in cadmium contents is observed.
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Fig. 3. Spatial distribution of HMs in soils, Wroctaw Brochow

The obtained HM concentrations in soils were compared with their permissible
levels established for both transport-related areas, including railway sites (group 1V),
and residential allotment gardens (group II), located at greater distances (over 10-20 m)
from the railway infrastructure. Only lead levels were nearly twice the allowable limit
at point H5 in Wroctaw Brochéw. The remaining HM levels in the analysed soils fall
within acceptable limits according to the Polish standard.
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3.2. SOIL CONTAMINATION, ECOLOGICAL RISK, AND PHYTOTOXICITY ASSESSMENT

Analysis of the /4, index showed that soils from Wroctaw Soltysowice are charac-
terized by low to moderate heavy metal contamination (Fig. 4). The highest enrichment
was observed for Cd, Zn, Pb, and Cu, whereas Cr and Ni occurred at natural background
levels. The results indicate that the primary sources of contamination are operational
activities of the railway infrastructure and road traffic in the vicinity of the tracks.

In the Wroctaw Brochdéw area, the studied soils are mostly unpolluted or slightly
contaminated with heavy metals, although localized enrichment in Pb, Zn, and Cd was
observed (Fig. 4). The highest contamination level was found for Cd, confirming its
strong bioaccumulative potential. The results indicate that the dominant source of pol-
lution is linear emission related to rail transport. Compared with Wroctaw Brochow,
soils from Wroctaw Sottysowice exhibit a lower overall pollution level. However, the
presence of Cd in higher I, classes highlights the need for continued monitoring of this

element in soils surrounding railway infrastructure.
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Fig. 4. Soil pollution according to the single-elemental index
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The PLI indices for Wroctaw Soltysowice and Wroctaw Brochow show a moderate
decrease in soil environmental quality within the railway-adjacent zone, resulting from
long-term, dispersed anthropogenic impacts (Figs. 5 and 6). These values are consistent
with the Iy, distribution (Fig. 4).

The distribution of P, values indicates low to moderate contamination in more
than 60% of the analysed soils (Figs. 5 and 6). The remaining 37% of samples from
Wroctaw Sottysowice and 36% from Wroctaw Brochow were classified as strongly and
very strongly polluted. This suggests that, although the overall level of soil contamina-
tion is relatively low, there are areas with locally elevated metal concentrations. The
applied index effectively averages environmental conditions, thereby reducing the in-
fluence of point-source anomalies.

The Plnemerow indices confirm the heterogeneous nature of soil contamination, with
63% of samples from Wroctaw Soltysowice and 56% from Wroctaw Brochow falling
into the heavy pollution class (Figs. 5 and 6). Such a high proportion of the heavy pol-
lution class suggests the presence of local enrichment points, particularly for cadmium,
which reached values close to the highly polluted category in the /g, analysis (Fig. 4).
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anomalies. As an index sensitive to extreme values, the Plxemerow highlights the spatial
heterogeneity of contamination in soils along railway tracks.
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Fig. 5. Soil pollution according to the multi-elemental indices, Wroctaw Soltysowice
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Fig. 6. Soil pollution according to the multi-elemental indices, Wroctaw Brochow

The analysis of the R/ index showed that 44% of samples from Wroclaw
Sottysowice and 39% from Wroctaw Brochow exhibit strong or very strong ecological
risk (Figs. 5 and 6). The proportion of samples with high ecological risk is therefore
considerable. The main element responsible for the increase in R/ values is cadmium,
which has the highest toxicity coefficient compared to the other metals. This indicates
that even with a moderate level of overall soil contamination, the potential ecological
impact of Cd may be significant. However, the low salinity of all analysed samples
(below 25 mS/m) and their neutral (pH > 6.5 in 28% of soils) or alkaline (pH > 7.2 in 69%)
character reduces the potential ecological risk.

The MERMQ index, which defines the probability of toxic effects, showed that as
many as 94% of samples from Wroctaw Soltysowice and 81% from Wroctaw Brochow
fall into the medium probability of toxicity risk class (Figs. 5 and 6). The remaining
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samples exhibit a high probability of toxicity risk. This indicates that the soils are ex-
posed to a mixture of metals, which may adversely affect soil organisms, even though
the total levels of pollutants are not extreme.

The phytotoxicity test confirmed a low impact of railway soils on seed germination
and plant root growth, with an average inhibition of 12.6% for Garden cress (Lepidium
sativum L.) and 20.5% for oat (Avena sativa L.). No significant differences were ob-
served with the distance from the tracks, suggesting that phytotoxic factors may spread
up to 30 m from the railway line. In 11.2% of all samples, a growth-stimulating effect
was even recorded, which may result from low concentrations of microelements. Cases
of locally high phytotoxicity may be associated with the presence of other contaminants
and products of metal corrosion.

4. CONCLUSIONS

e The highest concentrations of Cu, Zn, Pb, and Cd are observed within 1-5 m of
the railway tracks, confirming the influence of linear emission associated with train traf-
fic and railway operation.

¢ The concentrations of Pb, Cd, and Cu gradually decrease with increasing distance
from the railway tracks.

e Cr and Ni show fewer regular variations in concentrations, which may partly re-
sult from local soil properties and geochemical background conditions.

o The sites with the highest metal accumulation are located near maneuvering zones
and railway crossings, where dust emission is most intense.

e At one point in Wroctaw Brochow, the Pb concentration exceeds the permissible
value for transport-related soils (group IV) according to the Polish standard.

o The soils from the Wroctaw Sottysowice study area show lower metal load com-
pared to Wroctaw Brochow, although local maxima of Cd, Pb, and Zn within the 1-5 m
zone may pose a potential ecological risk.

e The highest enrichment (/o) in soils at both locations was observed for cadmium,
lead, and zinc. These elements are of anthropogenic origin, associated with the operation
of braking systems and wear of traction wires and metallic components of rolling stock.
Chromium and nickel remained at geochemical background levels, indicating the ab-
sence of significant anthropogenic sources. Cadmium represents the element with the
greatest toxic potential in the studied area.

e The PLI and PI,.; indices indicated a deterioration in soil quality at both sites.

o The PlNemerow index showed the presence of areas with strong metal enrichment.
Over half of the samples are classified into the heavy pollution class. This indicates local
accumulations of metals within the track zone, representing potential point sources of
pollution.
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o The analysis of the R/ index revealed that the soils are exposed to ecological risk.
In both cases, cadmium is the main element determining the R/ value, as its high toxicity
coefficient means that even slight increases in cadmium concentration lead to an ele-
vated risk for soil organisms.

e The MERMQ index showed that soils with a medium probability of toxic effects
dominate. Some soils reach a high toxicity risk. These results clearly confirm the bio-
logical hazard.

e Soils near the Wroctaw Brochow railway station exhibit higher values of multi-
elemental indices compared to the soils along the tracks at Wroctaw Soltysowice. This
indicates a greater degree of soil environmental degradation in the studied area. These
differences result from more intensive use of the infrastructure, higher rail traffic den-
sity, and proximity to urban development.
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