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ABSTRACT

Railway operation can result in the significant environment contamination with heavy metals. The aim of the study
was to broaden the knowledge about the railway transport as a source of heavy metals. Railway ballast stones and
herbicides were chosen as the objects of the research since these contamination sources on railways are hardly
investigated. The location of sampling the ballast stones was a passenger station, which is characterized by the
high traffic intensity. The three most common glyphosate-based herbicides and two combination system herbicides
of burn-down with other active agents were chosen for the analysis. The heavy metal content in the railway bal-
last stones was detected by means of XRF, in the herbicides — by means of MP-AES. The railway ballast stones
did not contain a sufficient amount of Cd, Co, Mo, Pd, Sn and W for detection. Pb and As were detected at the
low concentration of less than 35 ppm only in several samples. The research results showed that the investigated
railway ballast contained a significant amount of Fe, Mn, Cu, Cr and Ni. According to the absolute content of HMs
in the contaminated ballast layer, they can be arranged in the following sequence: Fe > Mn > Cu > Cr > Ni > Zn >
Pb > As. The content of Fe in the contaminated ballast stones was strongly correlated with that of Ni (r = 0.972),
Cr (r = 0.954) and Mn (r = 0.943). These metals are components of the railway steel. Therefore, their source can
be the abrasion of rails and wheels. All the investigated herbicides contained Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and
Zn. The highest content of Cd, Cr, Ni and Pb was detected in the “Anti field bindweed” herbicide, which can be
related to its complicated composition. Compared to the heavy metal content in the ballast stones, the herbicides
can be considered a negligible source of these pollutants.

Keywords: heavy metals, railways, ballast, herbicides, XRF, MP-AES, Environmental Contamination, maximum
permissible concentration (MPC)

INTRODUCTION

and biocenotic pollution [Ascensdo & Capinha,
2017; Barrientos et al, 2019; Borda-de-Agua et

The influence of the railway transport on the
environment is underestimated and underrepre-
sented in modern science. It happens because rail-
ways are thought to be more ecologically-friendly
than the automobile transport. The approximate
ratio between the articles devoted to investigating
the railway and road impacts on wildlife is 1 to
15 [Popp & Boyle, 2017]. Although the railway
transport has a lot of advantages compared to the
automobile transport, its operation can also result
in significant chemical, parametrical, biological
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al., 2017; Lucas et al., 2017; Plakhotnik, et al.,
2005; Witkomirski et al., 2011; Zelenko et al.,
2014]. Thus, it is important to pay more scientific
attention to the ecological problems of railways,
which are still understudied.

In the last 20 years, the railway transport
has been understood to be a source of the en-
vironmental contamination with heavy met-
als (HMs). [Bobryk, 2015; Bukowiecki et al.,
2007; Burkhardt et al., 2008; Chen et al., 2014;
Dzierzanowski & Gawronski, 2012; Gil & Im,
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2015; Liu et al, 2009; Ma et al., 2009; Malawska
& Wiotkomirski, 2000, 2001; Mazur et al., 2013;
Meng et al., 2018; Metrak et al., 2015; Staszewski
et al., 2015; Seda et al., 2017; Stojic et al., 2017;
Wierzbicka et al., 2015; Witkomirski et al., 2011,
2012, 2013; Zhang et al., 2012, 2013].

The railway transport includes a lot of the
HM sources, which are presented in Figure 1.

The analysis of recent publications showed
that most scientists study the soil and plant
contamination with HMs caused by railways,
rather than the sources of HMs. However, when
analyzing the HM content in soils or plants, it
is difficult to identify the origin and sources of
pollutants.

The aim of the research was to broaden the
knowledge about the railway transport as a source
of HMs. Railway ballast stones and herbicides
were chosen as the objects of the research, since
these sources of contamination in railway areas
are hardly studied. Railway ballast is a primary
and secondary source of contaminants. However,
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unlike soils, ballast stones can be cleaned from

the metal dust much more effectively. That allows

assessing the level of pollution caused by rail-
ways and the natural content of HMs in crushed
stones. Railway ballast should be free from any
vegetation. That is why, herbicides are frequently
used for the track vegetation control, which is an
important part of the railway service process and
carried out every spring and summer.

The main tasks of the article include:

1) Identifying which hms and at which concentra-
tions are contained in the railway ballast;

2) Detecting hms in the railway ballast after and
before cleaning; analyzing if the herbicides
contain hms;

3) Determining the origin of hms in the herbi-
cides, based on the detected hms and their
concentrations;

4) Assessing and classify the railway ballast and
herbicides as a source of hms on railways;

5) Discussing other possible sources of hms on
railways.

MIGRATION FROM WOODEN
AND FERROCONCRETE
SLEEPERS, BALLAST

wheels - Fe, Mn, Ni,V  brakes - Fe, Cu, Mn, Cr, Pb

rails -Fe, Mn, Cr

galvanization - Zn, Cd

RAILWAY TRANSPORT
AS A SOURCE OF SOIL CONTAMINATION

DOMESTICAND

HERBICIDE USE  (eecccccccccces WITH HEA METALS ............. » INDUSTRIAL WASTES
INTRODUCTION =" 5 e EXHAUST GASES
OFHEAVY METALS  .-**" & e , OF LOCOMOTIVE
WITH LUBRICANTS ENGINES
& '4

INTRODUCTION OF HEAVY COAL HEATING

METALS OF COACHES

WITH PAINT COATINGS

OF LOCOMOTIVES,

COACHES AND WAGONS

Fig. 1. The sources of heavy metals on railways
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MATERIALS AND METHODS

Railway ballast

Most railways in the world are ballasted. The
ballasted track contains rails, sleepers, fasten-
ers and ballast layer. Figure 2 shows the typical
structure of the ballasted track. The thickness of
ballast layer is 30—50 cm. Up to 2000 m* of bal-
last is laid per km of railway. Ballast is replaced
or recovered in 15-30 years. The railway ballast
performs the following functions:

e cnsuring the stability of the assembled rails
and sleepers under the influence of vertical,
transverse, horizontal and longitudinal hori-
zontal forces;

e perceiving concentrated pressures from
sleepers, distributing them on the largest
possible platforms and to transfer these
pressures to the main platform of earth-
works most evenly;

e converting elastically impulse dynamic and
shock-dynamic forces acting from rails on
sleepers and from sleepers on ballast;

2000 m® of ballast per km
Ballast

should be free from
any vegetation

e draining atmospheric water, preventing its ac-
cumulation on the upper structure of the track
and divert it from the track.

The railway ballast stones were sampled on
January 24th, 2020. The sampling location was
the “Kamianske-Pasazhyrske” railway station
(48°29°50.4”N 34°36’15.17E). It is a passenger
station, where most long-distance trains stop, in-
cluding high-speed “Intercity+” trains, as well
as all suburban electric trains. The station has
three tracks and two platforms. The stones were
sampled from the three tracks. The first and third
tracks are the main ones. The second one is addi-
tional, which is mainly used for suburban trains.
Figure 3 presents the sampling location.

This railway is characterized by the high traf-
fic intensity. According to the traffic schedule,
on average, 40 suburban trains and 35 long-dis-
tance trains pass through the above-mentioned
station. In summer, the number of long distance
trains increases (up to 45). The freight trains go-
ing through the station mainly carry the iron and
manganese ores, ferrous metals and their scrap,

30cm 5
s
e.

o
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Blanket

Subsoil

Fig. 2. The typical structure of the ballasted track

Fig. 3. The sampling site
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coal, coke, cement, chemical and mineral fertil-
izers, oil and oil-products and others. The railway
station is electrified and equipped with ferrocon-
crete sleepers. The fresh ballast layer was laid in
2008. The ballast material is granite.

Herbicides for controlling railway vegetation

Safe and reliable railway operations in gen-
eral, the service life of the track structure and the
condition of the earthworks depend directly upon
the condition and proper operation of the bal-
last layer. Any vegetation in the area of the bal-
last prism is a risk factor of reducing the level of
traffic safety due to retaining water and reducing
the wheel and rail adhesion [SBB, 2001; Thom-
mesen, 2014]

The herbicide use is an economical method of
vegetation control, but is effective only in short
term and is environmentally harmful. It should be
noted that the consequences of herbicide use on
railways are seldom investigated. There are sev-
eral articles devoted to this problem [Ramwell,
et al.,, 2004; Schweinsberg et al., 1999; Skark
et al., 2004]. Although this method has a lot of
shortcomings from an ecological point of view,
it has several advantages and is still widely used
on railways all over the world. Ecological audits
showed that using the thermal methods aimed at
decreasing of vegetation cover requires from 5 to
14 times more energy in comparison with the ap-
plication of the chemical methods [SBB, 2001].

Herbicides Ne 4 and 5 are effective against a
broad range of resistant weeds: false wheat (Ag-
ropyron repens), field bindweed (Convolvulus
arvensis), thistle (Carduus L.) and field horse-
tail (Equisetum arvense), all of which are widely
occur in Ukraine. All these types of weeds are
problematic during railway service. Rather than

Table 1. The characteristics of the investigated herbicides

glyphosate, herbicides Ne 4 and 5 can destroy such
persistent weeds due to other active agents. Field
horsetail is known not to be sensitive to glypho-
sate. The labels of all the herbicides state that it
is a poison and precautionary measures should be
taken during their use. Only the active ingredients
are provided on the label.

In order to carry out the investigation, three
glyphosate-based herbicides and two combina-
tion system herbicides of burn-down with other
active agents (Ne 4 and 5) were chosen. The her-
bicides were diluted 1:10 (1 ml of each herbi-
cide, 8.5 ml of distilled water and 0.5 ml of nitric
acid). Table 1 presents the characteristics of the
herbicides.

X-ray fluorescence analysis for
heavy metal detection

The HM content in the railway ballast stones
was detected by means of the X-ray fluores-
cence analysis. It is a qualitative and quantitative
analysis for the determination of many elements
in solids, highly concentrated liquids, powders,
and alloys.

X-ray fluorescence spectroscopy is based
on the wavelength-dispersive principle, which
states that individual atoms emit a relative abun-
dance of X-ray photons of energy or wavelength
feature that can be estimated [Weltje & Tjallin-
gii, 2008]. The X-ray fluorescence technique has
a lot of advantages. The first one is its ability
to conduct the analyses the bulk chemical con-
tent of major elements. The main-filter elements
are Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Zr,
Nb, Mo, Au, Pb and Bi. The high-filter elements
are Pd, Ag, Cd, Sn, Sb and Ba. The X-ray emis-
sion used in X-ray fluorescence spectrometry is
simple, systematic, relatively independent of the

Ingredients
Ne Name Concentration of the active agents Solution color | ©1@ss of Producer
- hazard country
glyphosate other active agents
The label
1 Round up 360 g/L - Green doesn’t Belgium
state
2 Napalm Forte 550 g/L (potassium salt) - Brown 1l China
3 Tornado Forte 500 g/L - Dark orange 1l Switzerland
4 Federal 480 gL of glyphosate 60 g/L dicamba Yellow I Ukraine
isopropylamine salt
Anti field 905 g/L of 2-ethylhexyl ester; The label
5 ) 480 g/L 600 g/L of 2,4 Turbid yellow doesn’t Belarus
bindweed . . .
dichlorophenoxyacetic acid state
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chemical state, and with uniform excitation and
absorption dependent on an atomic number. In
addition, the interference in the line of X-ray ra-
diation can be corrected, thereby enabling high
accuracy and precision to be easily attained. An-
other advantage of XRF is the sample prepara-
tion, which is simple, time saving and non-de-
structive [Oyedotun, 2018].

The hXRF measuring device functional prin-
ciple is as follows:
e tube voltage: 50 kV
X-ray tube: Ag
detector: ,,GOLDD* (SiliziumDrift-Detector)
measuring zone: 8§ mm
helium-flushing is possible

Figure 4 shows the used hXRF measuring de-
vice and the obtained results.

The investigation was carried out at the
laboratory of water chemistry analysis, TU Ber-
gakademie Freiberg, Institut fiir Bergbau und
Spezialtiefbau.

MP-AES for heavy metal detection

The HM content in the herbicides was de-
tected by means of Microwave Plasma-Atomic
Emission Spectroscopy (Model: 4200 MP-AES,
G8003A MP-AES, Serial No. MY 1447000). In
recent years, MP-AES has slowly been emerging

as one of the most powerful and popular ana-
lytical tools for the analysis of various materials
and elements. MP-AES uses the nitrogen plasma
instead of the argon plasma, which is used in
ICP-OE. The nitrogen plasma is sustained by a
lower pressure microwave source that operates at
atmospheric pressure. Nitrogen is non-flamma-
ble and cost-efficient, and can be easily sourced
from the atmospheric air using a compressor.
Moreover, the nitrogen plasma temperature is
lower (5000 K) compared to the argon plasma
(8000-10,000 K) [Donati et al., 2013; Vudagandla
et al., 2017]. As a result of this temperature differ-
ence, the spectral interferences are less significant
and the majority of elements remain in the atomic
state, thereby resulting in simpler atomic emis-
sion spectral lines than those obtained with the
argon plasma [Balaram et al., 2014; Vudagandla
etal., 2017].
Short characteristics of MP-AES 4200:
e atomizer: microwave excited plasma
e plasma gas: nitrogen
e axial magnetic and radial electrical fields gen-
erated by a magnetron
e sample aerosol is introduced into the nitrogen
plasma.

Table 2 presents the wavelength for measur-
ing each metal, limits of detection and quantita-
tion (mg/L). The measurement was carried out at

276 .8K 2.1K
67.8K 1.1K
11.0K 0.6K
6920 212
6076 925
2735 114
1662 177
121

Fig. 4. The appearance of the used hXRF measuring device and the obtained result
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Table 2. Some measuring characteristics for HM detection

Element Wave-length, nm LOD (Limit of detection) LOQ (Limit of quantitation)
Cd 228.802 nm 0.0014 0.0129
Co 340.512 nm 0.0374 0.0277
Cu 324.754 nm 0.0098 0.0155
Fe 371.993 nm 0.0272 0.0387
Mn 403.076 nm 0.0021 0.0049
Ni 352.454 nm 0.0233 0.0354
Pb 405.781 nm 0.0386 0.0495
Zn 213.857 nm 0.0040 0.0180

the laboratory of water chemistry analysis, TU
Bergakademie Freiberg, Institut fiir Bergbau und
Spezialtiefbau.

RESULTS AND DISCUSSION

Heavy metal content in railway stones

More than 30 elements were analyzed. Table 3
presents the content of HMs in the railway ballast.
After analyzing the samples, the Pearson correla-
tion coefficient was calculated for 11 elements.
Table 4 presents the calculated coefficient.

The concentration of Cd, Co, Mo, Pd, Sn and
W in each sample was below the limit of detec-
tion, which does not allow excluding the possibil-
ity that the railway ballast might be an insignifi-
cant source of these metals. As a rule, only two of
the above metals, namely, Cd and Co are related
to railway operations. It has been proven that the
railway soil contamination with cobalt was negli-
gible [Malawska & Wiotkomirski, 2001; Mazur
et al. 2013; Mgtrak et al. 2015; Witkomirski et
al., 2011]. The sources of the cobalt pollution on
railways are the oils for processing wooden sleep-
ers, the coal and fuel combustion and herbicides
[Defarge et al., 2018; Mazur et al., 2013; Zelenko
& Samarska, 2014].

As for cadmium, it is a highly toxic metal.
The possible Cd sources are the exhaust gases of
locomotives, which are absent for the investigat-
ed station. While this metal was identified as one
of the priority pollutants on the Chinese railways
[Chen et al., 2014; Liu et al., 2009; Ma et al.,
2009; Zhang et al., 2012, 2013], most studies in-
dicated that the soil pollution with Cd due to the
railway operations was minimal [Malawska &
Wiotkomirski, 2001; Mazur et al., 2013; Metrak
et al., 2015; Stojic et al., 2017; Wiltkomirski
etal., 2011].

Arsenic (As). The arsenic content varied from
9.524+4.25 to 34.134£7.25 ppm. In eight samples,
the As concentration was below the limit of de-
tection. According to the obtained results, which
were minimal for this metalloid, the railway bal-
last cannot be considered as a serious source of
As. Witkomirski et al. [2013] proved that the soil
contamination with arsenic in the area of the track
was low enough. The possible source of the As
pollution on railways is herbicides, which can
contain this metalloid [Defarge et al., 2018]. Ar-
senic has been used as a pesticide for decades [Li
et al., 2016; Murphy & Aucott, 1998].

Lead (Pb). The lead concentration was
mostly below the limit of detection (18 samples),
which proves that the railway ballast stones are
not a source of this heavy and toxic metal. The
natural content of lead in some soils can be high-
er than that in the investigated stones. The high-
est Pb content was 33.424+5.59 ppm, the lowest
one — 13.08+6.08 ppm. As a comparison, the
background concentration of lead for Dniprop-
etrovsk oblast is 10 mg/kg.

The railway impact on the soil contamina-
tion with Pb is ambiguous due to the fact that the
research was carried out on both electrified and
non-electrified railways. On the non-electrified
railways, the exhaust gases of locomotives are
intensive HM sources. According to the Chinese
researchers, Pb was one of the three major con-
taminants in the railway infrastructure, along
with such metals as Cd and Zn. The research was
carried out in the high-mountain Tibet railway,
which is not electrified [Zhang et al., 2012, 2013].

It should be noted that lead was found only in
the samples from track 2, which is additional and
used for suburban trains. This can be explained
by the fact that trains can stand at track 2 for
30 minutes or even more. In this time, different lu-
bricants may drip on the track. Moreover, the lead
content is not correlated with that of other metals.
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Table 3. The content of heavy metals in the railway ballast stones, ppm (part per million)

Sample As Cr Cu Fe Mn Ni Pb Zn
T | B8 T W [ wn mE | A
e | 58 0 e mwen mmn e g %
T | B2 Mo e wees an mwe | g e
Track, stone4 | <LOD 22'18_2 <LOD 3;22;8%371 igg:gg <LoD | <LOD ig:gg
s | S| | I mem e mE e A
raoes | B8 AR | 0w wenn e W | 99
Track1, stone7 | <LOD 1524;1018 <LOD 41639747§5834 14763?31 t6225?548 <LoD i?:gg
renraoes | o0 | cion | B | WS S 80| o | A
s | 4% | |l wemm m we | o, g2
st | BI e ew mm s 0o g | m2
rmza | w0 | G| e wmw s s me
rwzaoes | A2 | MB | n wsas wom wn | L ms
rewzaoes | oo | | 1 e mn o, e
rmzaes | oo | Q8| MU des me s e
rwsaes | B fE | o e amw wn | g, s
e | qioo | S8 e mme ks s e s
rwzaoes | oo | U% | 27 cems | wm wo | om
Tk 2 stone | 10-06% 249,62 38145 | 11206448 | 118238 | 18526 | 13.08 | 143.28

* 4.87 +30.58 2401 | 474689 | 9151 | 3057 | 608 | +12.71
Tack3,stone 1| 3000 | laess | adasi | erdonce | s1o60p | sa1ar | L0 | JOT
Tack3,sione2 | 3000 | 10ds | sonea | s10330 | 10648 | s4097 | <EO0 | Ltads
Tack3,stoned | 4ol | 33010 | Jsgo | srona1 | se1s0 | sgey | <LOD | <LOD
Tack3,stoned | 1700 | ipi0 | sange | s1osanr | sirte | saess | <HOD | Lot
Tack3,stone5 | 3730 | aoss | sades | 06007 | 1075 | sges | <HOD | ii7ss
Tack3,stone6 | 0 | L00d | iieer | sriase | 4103 | oass | SLOD | <LOD

To sum up, according to the obtained re-
sults, lead is not a typical metal for both the
ballast stones and passenger stations, which
are electrified. For reference, the emission of
lead due to the friction processes on the Swiss
Federal Railways was 0.5 g/km, while that of
iron, copper, zinc and manganese was 302000,
6480, 2750 and 2170 g/km, respectively [Bur-
khardt et al., 2008].

Iron (Fe). All the samples contained a sig-
nificant amount of iron, which is one of the

38

most widespread metals in the Earth’s crust,
second to aluminum. The highest content of
iron was detected in stone 5 from track 3 —
276754.34+£2068.07 ppm, the lowest one — in
stone 4, track 1 —31215.31£298.07 ppm. Such
variability of the data can be explained by that
the samples were unevenly covered with the
metal dust due to their locations. The sampling
was carried out along 100 m. The mean value
for Fe was 141214.324+81499.35 ppm. There-
fore, the railway ballast is a significant source
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of iron. In addition, the railway operations re-
sult in the environmental contamination with
iron, which is obvious, since rails, locomotives
and rolling stock are made of steel, the main
component of which is iron. The Fe contamina-
tion could be seen without a laboratory analy-
sis, because the railway ballast and soil are
often covered with the iron corrosion products
(see figure 5).

The high levels of the Fe content in soil were
detected on the Polish railway [Dzierzanowski
& Gawronski, 2012; Witkomirski et al., 2011].
Moreover, the significant Fe content was found
in the dust settled at the northern railway sta-
tion of the Shijiazhuang city and on the Sidney
railway [Mohsen et al., 2018; Wan et al., 2016].

The content of iron in the samples was
strongly correlated with that of nickel (r =
0.972), chromium (r = 0.954) and manganese
(r = 0.943). In addition, the content of nickel
was strongly correlated with that of chromium
(r = 0.935) and manganese (r = 0.890). The
correlation coefficient between manganese and
chromium was 0.943. Such strong correlations
testify that these 4 metals have the same origin.
The source of Fe, Ni, Cr and Mn is the abra-
sion of steel rails and wheels, which is typi-
cal for passenger stations, where trains stop or
slow down. Ni, Cr and Mn are alloying metals,
which increase the strength and corrosion resis-
tance of steel, reduce the risk of brittle fracture.

Manganese (Mn). All the samples also
contained Mn in the concentration from
208.05£66.66 ppm to 2435.93+128.55 ppm,
which proves that railway ballast is a significant
source of this metal. The mean content of Mn
in the stones was 1097.52+606.59 ppm. On rail-
ways, the Mn emission sources are correlated

with those of iron: the abrasion of rails, wheels,
brakes and freight loss (iron and manganese ores
are the most transported freight by railways in
Ukraine), but manganese is introduced in small-
er quantities.

The railway contribution to the soil contami-
nation with manganese was confirmed by many
studies, although Mn did not rank first among
other HMs [Liu et al., 2009; Dzierzanowski &
Gawronski, 2012; Mazur etal., 2013; Witkomirski
et al., 2013; Samarska & Zelenko, 2018, 2018;
Staszewski et al., 2015].

Zinc (Zmn). The zinc concentration was
medium, this metal was not detected only in
two samples. Its highest concentration was
188.59+18.76 ppm, whereas the lowest content
was 19.64+6.9 ppm, which allows determining
the railway ballast as a moderate source of Zn. As
for other Zn sources on railways, Liu et al. [2009]
found the increased Zn content in the direct prox-
imity to the track, the origin of which may include
oils, lubricants, and paints. According to Plakhot-
nik et al. [2005] the Zn contamination could result
from litter and transported freight. The galvanic
coating abrasion also results in the zinc emission
(the third place after Fe and Cu) [Burkhardt et al.,
2008]. Moreover, zinc may be contained in rub-
ber, used for strengthening the slopes [Zelenko &
Samarska, 2014].

Most researchers determined this metal as
one of the priority soil contaminants in the rail-
way areas [Meng et al., 2018; Stojic et al., 2017;
Witkomirski et al., 2011]. However, our results
did not confirm the significant railway contribu-
tion to the ballast contamination with zinc.

Copper (Cu). Copper was not detected only
in two samples. The other samples contained Cu
from 36.45+13.14 ppm to 884.13+£34.35 ppm.

Table 4. Correlations between elements in the samples of the contaminated ballast from

Elements Fe Ni Cr Mn Zn Cu Ti Pb Rb Si Al
Fe 1
Ni 0.972* 1
Cr 0.954* | 0.935* 1
Mn 0.943* | 0.890* | 0.943* 1
Zn 0.489 0.355 0.550 0.595 1
Cu 0.404 0.285 0.408 0.428 0.796 1
Ti -0.499 -0.593 -0,471 -0.386 -0.001 0.0095 1
Pb -0.568 -0.203 -0.381 -0.601 -0.570 -0.386 -0.596 1
Rb -0.583 -0.595 -0.556 -0.518 -0.200 -0.241 0.435 0.116 1
Si -0.796 -0.837 -0.907 -0,803 -0.419 -0.254 0.658 0.379 0.501 1
Al -0.835 -0.806 -0.850 -0.777 -0.334 -0.140 0.617 0.566 0.620 0.944* 1

* Correlation is significant at the 0.05 level
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Therefore, the railway ballast can be deter-
mined as a significant source of Cu. The high-
est Cu content in the railway stones 44 times
exceeded the background concentration of Cu
in soil (20 mg/kg). The content of Cu is not cor-
related with that of iron (r = 0.404), although
Cu is an alloying metal. It can be explained by
the fact that this metal has two completely dif-
ferent sources. The first and main source of the
Cu emission (on the electrified railways) is con-
sidered to be the friction in the “pantograph-
contact wire” system. The other is the abrasion
of brakes and rails. [Burkhardt et al., 2008; Liu
et al, 2009; Malawska & Wiotkomirski, 2001;
Mazur et al., 2013; Witkomirski et al., 2011].
In addition, Seda et al. [2017] found that the
Cu pollution sources were wooden and ferro-
concrete sleepers.

Chromium (Cr). The Cr concentration was
below the limit of detection only in sample Ne 8
from track 1. Its content varied from 54.41+25.08
ppm to 467.88+61.71 ppm. The mean value for
chromium was 277.93+129.21 ppm, which ex-
ceeded the background value in soil 27.8 times,
while the highest Cr content exceeded the back-
ground concentration 46.8 times. One of the Cr
sources on railways is the railway ballast, which
was proven by the obtained data. Another source
of the Cr formation on railways involves the
friction processes. The amount of the chromium
emission (960 g/km) ranked fifth after that of Fe,
Cu, Zn and Mn on the Swiss Federal Railways
[Burkhardt et al., 2008].

Nickel (Ni). Ni was not detected in two
samples. The lowest content of this metal
was 42.97+26.04 ppm and the highest one —
407.16+46.58 ppm. The mean value for the
nickel content in the stones was 227.83+120.89
ppm, which 22.8 times exceeded the background
value in soil. The railway ballast can be classi-
fied as a source of Ni. The sources of the Ni in-
troduction on railways are freight loss, namely
the leakage of oil and oil-products, as well as the
friction of metal units, wheels, the fuel and coal
combustion [Burkhardt et al., 2008; Mazur et al.,
2013; Zelenko & Samarska, 2014].

According to the absolute content of HMs
in the ballast layer, they can be arranged in the
following sequence: Fe > Mn > Cu > Cr > Ni
> 7Zn > Pb > As. The obtained results can be a
framework for the development of methods for
cleaning the ballast layer from HMs.

40

Heavy metal content in railway stones after
washing

It should be noted that this study considered
railway ballast as both primary and secondary
source of HMs. Railway ballast itself contains a
lot of HMs and some of them at significant con-
centrations (Fe, Mn, Cu and Cr). However, at the
same time, it accumulates the pollutants result-
ing from the railway operation, especially, freight
losses. For example, the total amount of losses
during the transportation of mineral fertilizers in
bulk in covered cars reaches up to 8%, in gondola
cars up to 28%. When transported in multi-pur-
pose cars, up to 7% of ore and 3% of cement are
lost annually [Kazantsev, 2015]. According to the
statistics, 312.9 million tons of different freight
was carried by railways in 2019, among them:

e 40.0 MT of coal (42.7 MT in 2018);
e 4.3 MT of coke (4.9 MT in 2018);
e 3.3 MT of crude oil and petroleum products

(3.5MT in 2018);

e 08.3 MT ofiron and manganese ores (66.5 MT

in 2018);

e 19.1 MT of ferrous metals (20.1 MT in 2018);

e 2.4 MT of ferrous scrap metals (3.0 MT in
2018);

e 1.0 MT of timber freight (2.4 MT in 2018);

e 44 MT of chemical and mineral fertilizers

(3.4 MT in 2018);

e 39.8 MT of grain and grinding products

(32.9 MT in 2018);

e 5.4 MT of cement (5.7 MT in 2018);
e 29.1 MT of engineering materials (35.9 MT in

2018);

e 45.5 MT of other freight (46.6 MT in 2018).

The major part of this freight contains HMs,
released into the environment due to the signifi-
cant rail car wear, which is more than 90%.

The appearance of the new and investigated
ballast stones is completely different. The con-
taminated ballast is covered with the dust contain-
ing a lot of HMs and sometimes with oil-products.
Figure 5 shows the above-mentioned difference.

A thick layer of the metal dust has resulted
from many years of the railway operations (the
age of the ballast is 12 years). This dust is not re-
moved by the rain or wind. Moreover, it was very
hard to clean the samples from the dust using the
detergent agent and dishwashing sponge.

Table 5 presents the results before and after
washing the samples.
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Fig. 5. The appearance of the new and investigated railway ballast stones

After washing the samples, the content of Fe,
Mn, Ni, Cr, Cu, Zn and As decreased since a thick
layer of the metal dust was removed from the
stone surface.

The iron content significantly declined by
76.8% for sample 1, by 76.1% for sample 2 and
79.5% for sample 3, which proves that the rail-
way operations are a cause of the environmental
pollution with iron, which can be dangerous as
iron oxides and chelates sorb other more toxic
HMs and contribute to their accumulation in soil.
Lorenzo et al. [2006] found that the emissions of
the railway lines were dominated by the ‘iron’
particles, which contributed 2.9 pg/m?® or 67%
to the railway related PM . The Mn content was
also significantly reduced by 74.2% for sample
1, by 72.8% for sample 2 and 73.9% for sample
3, which correlates with the Fe results. The re-
duction of the Cr concentration was 69.7% (1),

-

62.1% (2) and 75.8% (3). The copper content
was reduced by 91.7% (1), 87.2% (2) and 62.1%
(3), which demonstrates that this metal can result
from freight losses and friction process. The sam-
pling location is a zone of intensive working the
brakes, which contain copper. The emission of the
dust containing Cu due to the contact wire abra-
sion can also contribute to this pollution, but tak-
ing into account the height of the contact system,
this emission spreads at longer distances. Accord-
ing to Liu et al. [2009], Cu showed further disper-
sion distance of 25 m due to a main Cu emission
source, the head-over traction cable, being locat-
ed higher than any other metal emission source
(wheels and tracks).

Di Palma & Petrucci [2014] showed that only
a slight release of Cu and Zn was observed for
the uncontaminated ballast stones. The Cd con-
centration in the leachate was always below the

Table S. The heavy metal content in the railway stones before and after washing, ppm

Sample 1, track 1, before washing
As Cr Cu Fe Mn Ni Zn
25 83 +6.91 372.67 240.32 259782.14 1987.2 351.23+ 48.45
+49.68 +28.97 +1885.68 +123.73 46.72 +12.96
Sample 1, track 1, after washing
6.55 112.92+ 19.96+ 60242.09+ 513.08+ 54.78+ 455+
+3.32 27.99 12.39 452.93 74.4 25.76 8.28
Sample 2, track 1, before washing
15.39 306.86 184.97 166049.73 1292.23 269.47 36.02
+4.53 +40.36 +21.05 +1078.59 +96.74 +34.09 +9.5
Sample 2, track 1, after washing
<Loo L2375 gy | sasor | sroen <Lo 733
Sample 3, track 1, before washing
18,03 332.88+ 117.42 158418.45 1221.03 280.52 48.6
+5,26 43.25 +19.33 +1054.45 +97.55 +35.13 +10.23
Sample 3, track 1, after washing
<Loo 23149 di27o | w7 | s7008 <Lo 1752
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detection limits. These results are similar to ours
after cleaning the stones.

Heavy metal content in herbicides

The content of Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb
and Zn was detected in all the investigated herbi-
cides (the description of the herbicides is present-
ed in Table 1). Table 6 presents the HM content in
the investigated herbicides

All the samples contained Cd at the concen-
tration less than 0.3 mg/L. Cadmium is a non-
essential element that negatively affects the plant
growth and development. It is one of the most
dangerous metals due to its high mobility and its
effects on plants begin to appear even at a small
concentration [Benavides et al., 2005]. Therefore,
Cd can be added intentionally to enhance the her-
bicide effect. The highest Cd concentration was
found in herbicide 5 (“Anti field bindweed”),
0.25 mg/L, the lowest Cd concentration — in her-
bicide 1 (“Round up”), 0.1 mg/L. For comparison,
the Ukrainian maximum permissible concentra-
tion (hereafter — MPC) of Cd is 0.001 mg/L for
drinking water and 0.005 mg/L for fishery water.

It should be noted that there are no regulatory
documents for the levels of HMs in herbicides.
Moreover, their ingredients are confidential busi-
ness information [Defarge et al., 2018].

Co was detected in each sample at the concen-
tration less than 0.6 mg/L. Herbicide 5 was char-
acterized by the highest Co content, 0.58 mg/L.
The lowest content of Co was found in herbicide
3 (“Tornado Forte”), 0.01 mg/L. Cobalt is known
to be an essential component of several enzymes
and co-enzymes. Consequently, the Co present in
the herbicides can result from casual contamina-
tion. The cobalt toxicity for humans and plants
has been documented [Leyssens et al., 2017;
Palit et al., 1994]. The Ukrainian MPC of Co is

0.1 mg/L for drinking water and 0.005 mg/L for
fishery water.

The four samples contained Cr at the con-
centration less than 0.6 mg/L, except herbicide
5, which contained 1.79 mg/L of Cr. Such a sig-
nificant amount of Cr can be related to its toxic
properties. Cr causes oxidative stress, damages
membrane lipids and DNA. Cr may even cause
the death of plant species. Few plant species are
able to accumulate high amount of Cr without be-
ing damaged [Singh et al., 2013]. Cr was possibly
added to herbicide 5 to increase its influence on
plants. There are the MPC for different oxidation
degrees in Ukraine: Cr III for drinking water —
0.5 mg/L, for fishery water — 0.005 mg/L; Cr VI
for drinking water — 0.05 mg/L and for fishery
water — 0.001 mg/L.

For all the herbicides, the copper content was
less than 0.5 mg/L. The MPC of Cu is 1 mg/L for
drinking water and 0.005 mg/L for fishery water.
At high concentration, Cu can become extremely
toxic, causing such symptoms as chlorosis, necro-
sis, stunting, leaf discoloration and root growth
inhibition [Yruela, 2005].

Fe was detected in all the herbicides. The
lowest concentration was detected in herbicide
1 —0.63 mg/L. The MPC of Fe is 0.3 mg/L for
drinking water and 0.1 mg/L for fishery water.
The highest content of iron was detected in her-
bicide 2 — 10.47 mg/L. In addition, sample 5 was
characterized by the high Fe content, which can
point up the fact that Fe was added intentionally.
The ability of Fe to receive and donate electrons
plays an important role in the electron transport
chains of photosynthesis and respiration. How-
ever, this metal is highly reactive and toxic in
high concentration. As a result of the Fenton re-
action, hydroxyl radicals are released, which can
damage lipids, proteins and DNA. [Connolly &
Guerinot, 2002].

Table 6. The concentrations of heavy metals in the herbicides

Heavy metals, mg/L
Name
Cd Co Cr Cu Fe Mn Ni Pb Zn
Herbicide 1 0.1 0.28 0.05 <0.5 0.63 0.08 0.66 2.05 5.47
Herbicide 2 0.16 0.79 0.59 <0.5 10.47 0.09 <0.8 <1 <1
Herbicide 3 0.12 0.01 0.1 <0.5 2.88 0.12 0.65 1.93 4.07
Herbicide 4 0.15 0.03 0.17 <0.5 4.33 0.05 0.32 1.29 <1
Herbicide 5 0.25 0.58 1.79 <0.5 8.93 <0.1 2.1 3.25 <1
MPC i king water 0.001 0.1 00055(2{2) 1 0.3 0.1 0.1 0.03 1
MPC oy water 0.005 0.005 88815 ((:}II; 0.005 0.1 0.01 0.01 0.1 0.01
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All the herbicides contained lead. The lead
content in herbicide 2 was less than 1 mg/L.
The highest concentration of Pb was detected in
Anti field bindweed, which has the most com-
plicated content and is used for persistent weed
control. Lead significantly affects normal plant
metabolism, morph-physiological features and
crop growth and productivity. It often results in
diminished growth, cellular structure and ion ho-
meostasis deformation, reductions in chlorophyll
biosynthesis, hormonal misbalance and induces
over-production of reactive oxygen species in
plants [Ashraf et al., 2017]. The MPC of Pb is
0.03 mg/L for drinking water and 0.1 mg/L for
fishery water.

Ni was detected in all the herbicides. The
highest level of Ni was found in herbicide 5 —
2.1 mg/L, which 21 times exceeded the MPC for
drinking water and 210 times for fishery water.
Like other HMs, the excess concentration of Ni
in plants causes chlorosis and necrosis. Elevated
Ni concentration can inhibit the cell division in
root meristems in the non-tolerant plants and de-
crease the plant growth [Bhalerao et al, 2015].
Nickel is often contained in oil-products, some
types of which are used as formulations in her-
bicides, for example polyoxyethylenamines
[Defarge et al., 2018].

Three herbicides contained Zn at the con-
centration less than 1 mg/L. The concentration
of Zn in herbicide 1 was 5.47 mg/L, in herbicide
3 — 4.07 mg/L. Most plants contain from 30 to
100 mg Zn/kg dry matter, whereas the content
above 300 mg/kg is generally toxic [Noulas et
al., 2018]. Therefore, the zinc content detected in
the herbicides cannot cause plant death itself, but
in combination with active ingredients and other
HMs, such low concentration of Zn may increase
the herbicide effect. For comparison, the MPC of
Znis 1 mg/L for drinking water and 0.01 mg/L for
fishery water.

Manganese was detected in all the herbicides,
but at low concentration. This metal is unlikely
to be added intentionally. Mn is an integral mi-
croelement and like any other element, it can be
toxic at high concentration, but not at 0.1 mg/L
in herbicides. For comparison, the MPC of Mn
is 0.1 mg/L for drinking water and 0.01 mg/L for
fishery water reservoirs.

The herbicides can be determined as a neg-
ligible source of HMs. Moreover, herbicides
are always diluted prior to use, according to the
instruction. Thus, the concentration of HMs in

the solution significantly decreases. However,
HMs together with active ingredients, are a solid
reason for concern. Currently, there are a lot of
ecologically-friendly methods for weed control
on railways at our disposal: constructional, me-
chanical and biological ones. The constructional
methods include different types of weed barriers
(bituminous, porous concrete and lateral barri-
ers), insertion of foils and verge design. The me-
chanical measures involve ballast cleaning and
vacuuming, machine and manual weeding as well
as moving. Finally, the biological methods are
greening (deliberate sowing the desired plants to
protect soil from erosion and weathering), creat-
ing grassplots along railways, as well as mapping
plant species and soil types.

CONCLUSION

To sum up, the ballast layer contained insuf-
ficient quantity of Cd, Co, Mo, Pd, Sn and W for
detection. Only in several samples, Pb and As
were detected at the low concentration of less
than 35 ppm. Therefore, the contaminated rail-
way ballast layer cannot be identified as a source
of Cd, Co, Mo, Pd, Sn, W, Pb and As.

The research results showed that the inves-
tigated railway ballast is a significant source of
Fe, Mn, Cu, Cr and Ni. According to the absolute
content of HMs in the ballast layer, they can be ar-
ranged in the following sequence: Fe > Mn > Cu
> Cr > Ni> Zn > Pb > As. The content of Fe was
strongly correlated with that of Ni (r = 0.972), Cr
(r=0.954) and Mn (r = 0.943) All the metals are
components of the railway steel. Therefore, their
source is the abrasion of rails and wheels.

As for Zn, its content in the stones changed
from 19.64+6.9 ppm to 188.59+18.76 ppm.
It was not detected only in two samples. After
washing the stones, the zinc content did not
change substantially; it remained within the
measurement limiting accuracy. In this case, the
railway ballast can be considered as a moderate
source of zinc itself.

All the herbicides contained Cd, Co, Cr, Cu,
Fe, Mn, Ni, Pb and Zn. It is hard enough to identi-
fy if HMs are added deliberately as nanoparticles
or they result from unintentional pollution, dur-
ing the manufacturing process. The highest con-
tent of Cd, Cr, Ni, Pb was detected in herbicide
5 (“Anti field bindweed”), which can be related
to its complicated composition. Compared to the
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HM content in the ballast stones, the herbicides
can be considered an insignificant source of these
pollutants.
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