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Abstract

The present study evaluated the level of heavy metal (HM) pollution in Vistula river sediments in a highly urbanized Warsaw
agglomeration (Poland). Magnetometry was used to assess the pollution level by measuring the fine fractions (0.071 mm and <

0.071 mm) of sediments collected from the surface layer of the riverbank. The magnetic methods (e.g., mass magnetic suscep-
tibility , temperature-dependence magnetic susceptibility, and hysteresis loop parameters) were supplemented by microscopy
observations and chemical element analyses. The results showed the local impact of Warsaw’s activity on the level of HM
pollution, indicated by the maximum concentrations of magnetic particles and HM in the city center. The sediment fraction <

0.071 mm was dominated by magnetite and by a large amount of spherical-shaped anthropogenic magnetic particles. The
pollution from the center of Warsaw was transported down-river over a relatively short distance of approximately 11 km.
There was a gradual decrease in the concentrations of magnetic particles and HM in areas located to the north of the city center
(down-river); furthermore, y and concentrations of HM did not decrease to the values observed for the area to the south of
Warsaw (up-river). The study showed two possible sources of sediment pollution: traffic-related and heat and power plant
emissions. The influence of an additional source of pollution cannot be excluded as the amount of spherules in the sediments
at the center was extremely high. The present study demonstrates that magnetometry has a practical application in detecting and
mapping HM pollution in river systems.

Keywords Magnetic methods - River sediments - Heavy metals - Magnetic spherules

Introduction

Aquatic systems are one of the collectors of different pollut-
ants, particularly heavy metals, which are likely to accumulate
in water suspensions and the top layer of sediments. As a
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consequence of the increase in the population of cities and
the urbanization process, the pollution of aquatic systems
due to industrial wastewater discharges, sewage wastewater,
fossil fuel combustion, and atmospheric deposition is becom-
ing a large and critical issue on the global scale (Jordanova
et al. 2004; Zhang et al. 2011).

The magnetic method (magnetometry) is one of the most
effective tools for detecting and monitoring aquatic systems by
measuring sediment properties. This method has been used in
the study of the pollution levels of streams, rivers, lakes, and
estuary sediments (Chan et al. 1997; Desenfant et al. 2004,
Georgeaud et al. 1997; Horng et al. 2009; Hu et al. 2003; Li
etal. 2011; Prajith et al. 2015; Scholger 1998; Wang et al. 2018).

The first parameter measured for assessing the pollution level
is magnetic susceptibility (x). Primarily, it is sensitive to the
concentration of anthropogenic magnetic particles (AMP) that
are accompanied by heavy metals. Magnetic susceptibility of
river sediments is used for mapping areas exposed to industrial
emissions from places such as coal-burning power plants, lead
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ore smelters, and sawmills (Jordanova et al. 2004; Petrovsky
et al. 2000; Prajith et al. 2015) and for tracing transport of pol-
lutants (Franciskovi¢-Bilinski et al. 2017). Many authors have
reported that sediments rich in AMP are attributed to close
sources of water pollution such as sawmills, paper industries,
and sewage water cleaning farms (Petrovsky et al. 2000); vicin-
ity of iron ore loading docks and iron ore plants (Prajith et al.
2015); and the activity of industrial cities and harbors
(Jordanova et al. 2004).

Magnetometry is also applied for tracing the transport of
pollutants along the river by observing the migration of the
strongly magnetic spherical-shaped particles (spherules) asso-
ciated with heavy metals, which commonly originate from
urban activities (power plants, smelting industries, disposal
sites, municipal wastes) (Cowan et al. 2015; Desenfant et al.
2004; Li et al. 2011; Zhang et al. 2011). Changes in
concentration-dependent magnetic parameters along core sed-
iments can adequately reveal the distribution of river pollution
over time. For instance, the maximum values of magnetic
susceptibility were attributed to pollution episodes and periods
of strong industrialization dating to the beginning of historic
industrial activity (ChudaniCova et al. 2016).

Moreover, magnetic methods can estimate the amount of
AMP accompanied not only by heavy metals but also by some
radionuclides, as magnetic susceptibility correlates with
232Th, 238 U, 40 K, and 226Ra radionuclides, presumably
associated with the use of fertilizers in the surrounding agri-
cultural areas (Chaparro et al. 2015; Krishnamoorthy et al.
2014; Suresh et al. 2011).

The present study aimed to evaluate the level of heavy
metal pollution in Vistula river sediments within a highly ur-
banized area. The research was conducted in Warsaw agglom-
eration, which, in the central part of Poland, is the largest
emitter of mainly urban pollution. The study was also de-
signed to indicate what kind of activities of a big city impact
the level of river pollution and how strongly urban pollution
affects areas located outside the city.

Magnetic susceptibility was used to detect AMP accumu-
lated in the top layer of sediments and for the evaluation of
heavy metal pollution levels. Temperature changes of magnet-
ic parameters and the hysteresis loops were used to identify
the mineralogy of APMs and to discriminate the grain size of
magnetic particles, respectively. Detailed magnetic analyses
were complemented by scanning electron microscopy
(SEM) observations to recognize the surface morphology of
the magnetic particles and chemical element composition
analysis to identify individual heavy metals.

Study area

The Vistula is the largest river in the Baltic Sea catchment and
the longest in Poland. It flows from the mountains in southern
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Poland, through the two biggest cities Cracow in the southern
part and Warsaw in the central part, and has the mouth to the
Baltic Sea in the northern part of the country. The research was
conducted in a 54-km section (approximately) of the Vistula
River, including Warsaw agglomeration (area B) and two
areas outside the city limits (areas A and C) (Fig. 1).

Area A is approximately 11 km up-river to the south of
Warsaw in the vicinity of two cities, Konstancin-Jeziorna and
Otwock, both smaller than Warsaw. This area is affected mainly
by local pollution and is less polluted by pollutants typical of a
large city. Area B located in Warsaw is mainly affected by
urban activities due to the low levels of industrialization. The
study was conducted in several subareas of area B (subareas 2—
6, Fig. 1) located on the right or left bank of the river, depend-
ing on access to the riverbank and the possibility of sampling.
Subarea 1 (part of area B, Fig. 1) was chosen as a reference area
because it is away from any industrial and urban activities and
represents the same sediment type as other areas. Riverbank
sediments are lithologically uniform, comprising mainly
Holocene sands and Pliocene silt and clay (Morawski 2011;
Morawski and Pielach 2011; Sarnacka 1980a, b). Subarea 2
is near the largest power and heating plant in Warsaw
(Siekierki station) and the power plant’s ash storage site.
Subareas 3 and 4 are at the very center of the city on the
unregulated left riverbank. Subareas 5 and 6 are approximately
a few kilometers to the north of the city center, near the second
largest power and heating plant (Zeran station) in Warsaw. The
primary fuel in both power and heating plants is hard coal.

Area C is located down-river approximately 13 km to the
north of Warsaw. There is no industrial or urban activity in
area C or in its surroundings.

Materials and methods

The collection of river sediments consisted of approximately
200 samples taken along the about 54-km section of the
Vistula River in Warsaw in July—October 2016. A relatively
low level and small flow velocity of water during sampling
allowed for calm sedimentation of the currently polluting par-
ticles on the surface layer of sediments. Our preliminary study
of'the Vistula river sediments (Szczepaniak-Wnuk and Gorka-
Kostrubiec 2018) confirmed that surface sediments corre-
spond to the maximum enhancement in magnetic particles
and can reflect anthropogenic impact.

Top river sediments, called “surface samples,” were col-
lected from each of areas A, B, and C. They were taken from
approximately 0.5 m* area up to ~2 cm thickness at the site
where the water floods the riverbank. Samples were collected
using a plastic shovel that was thoroughly cleaned in water
and dried with a paper to avoid cross-contamination. The wet
sediments (~0.5—1 kg) were put in plastic bags for transporta-
tion and storage. In laboratory, the samples were dried for few
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Fig. 1 The map of Warsaw with area C
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days at room temperature and then in an oven at approximate-
ly 50 °C for 3 h. Granulometric fractions with diameters be-
tween 1 and 0.5 mm (labeled as fraction 0.5), between 0.5 and
0.25 mm (labeled as fraction 0.25), between 0.25 and 0.1 mm
(labeled as fraction 0.1), between 0.1 and 0.071 mm (labeled
as fraction 0.071), and <0.071 mm (labeled as fraction <
0.071) were obtained using a laboratory shaker M/LPzE-2e
with a standard sieve set.

In our previous research, we studied the distribution of
magnetic susceptibility in granulometric fractions for approx-
imately 20 surface samples. In each area, the sediments
showed the highest magnetic susceptibility in the finest frac-
tions, i.e., 0.071 and < 0.071. Hence, the fine fractions 0.071
and <0.071 were studied in this work. Figure 2 shows the
distribution for exemplary samples taken from each area.

Magnetic susceptibility is a property that describes the capa-
bility of a substance to change its magnetization under the influ-
ence of an external magnetic field (Thompson and Oldfield
1986). This magnetic parameter provides information about the
concentration and mineralogy of magnetic particles and the con-
tribution of superparamagnetic particles (SPs). Low-field volume
magnetic susceptibility () was measured using the MFK1-FA
multifunction kappa-bridge (AGICO, Czech Republic) at two
magnetic field frequencies (976 and 1560 Hz) with an intensity
0f 200 A/m. Mass specific magnetic susceptibility () (referred to
as magnetic susceptibility for short and expressed as m’ kg ') is
normalized by a mass unit. The frequency dependence of mag-
netic susceptibility () Was calculated as the percentage of
magnetic susceptibility loss measured at low (976 Hz) and high
(1560 Hz) frequencies of the magnetic field (Dearing et al. 1996).
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The high-temperature changes of the magnetic susceptibil-
ity x(T) curves are useful in rapid recognition of magnetic
mineralogy by estimation of the Curie temperature, i.e., the
temperature at which an ordered ferromagnetic phase trans-
forms into a disordered paramagnetic phase. The «(7) curves
were measured in free air using a KLY-3 kappa-bridge
(AGICO) with a CS-3 high-temperature furnace, at tempera-
tures ranging from room temperature (7x) to 700 °C.

Low-temperature experiments were conducted for the <
0.071 fraction of the selected samples from area B by using
an alternating current measurement system (ACMS, Quantum
Design) and vibration sample magnetometer (VSM). The tem-
perature changes of magnetization—curve of M(T)—were
measured over the range 27 to —262 °C during cooling in a
magnetic field of 10 mT. The curve of thermal demagnetiza-
tion of saturation remanence (SIRM(T)) was measured over
the range of —262 to 27 °C in zero magnetic field. SIRM was
acquired in the magnetic field of 2 T at temperature — 262 °C.

The shape and parameters of the hysteresis loop give
information about magnetic mineralogy and domain struc-
ture of grains (grain size). The hysteresis loops were mea-
sured using an alternating gradient magnetometer with the
vibration sample (VSM, MolSpin, UK). Saturation magneti-
zation (M), saturation remanent magnetization (M), and
coercivity (H.) were determined from the hysteresis loops
after subtracting the paramagnetic contribution. Both M
and M, were mass-normalized. Remanence coercivity (H,,)
was obtained from the curve of subsequent direct current
(DC) back-field demagnetization of isothermal remanent
magnetization (IRM).
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Fig. 2 Distribution of magnetic
susceptibility for individual
granulometric fractions of surface
sediments collected in subareas 4
and 5 (Szczepaniak-Wnuk and
Gorka-Kostrubiec 2018)
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Magnetic studies were supplemented by microscopy obser-
vations and chemical composition analysis. The shape and sur-
face morphologies of magnetic particles were identified by SEM
(JSM-6480, JEOL Akishima, Tokyo, Japan). The chemical com-
position of individual magnetic particles was determined using
an energy dispersive X-ray spectrometer (EDS). The surface of
the particles was analyzed by mapping the distribution and rela-
tive proportion (intensity) of chemical elements over the scanned
area. The magnetic extract (magnetic particles) of sediments was
separated using a neodymium hand magnet.

Concentrations of Pb, Zn, Cr, Co, Cu, Ni, Al, Fe, Mn, Ti,
Cd, Ba, and As were determined using inductively coupled
plasma mass spectrometry (ICP-MS, ELAN 6100 DRC,
Perkin Elmer, USA). For chemical analysis, samples (0.15—
0.20 g) were exposed to microwave digestion (Milestone
UltraWAVE) in ~5 ml of 65% HNOs3, with the temperature
increasing by 12.5 °C min' to 270 °C, holding at 270 °C for
15 min, and then cooling down to room temperature. ICP-MS
measurements and SEM observations with EDS analysis were
conducted in standardized laboratories.

Results
Distribution of magnetic susceptibility of sediments

The distribution of average values of magnetic susceptibility
(Xay) for fine grain fractions of surface sediments from A and C
areas and from the six subareas of area B is shown in Fig. 3 and in
Table 1. The ,y is calculated as the sum of the volume magnetic
susceptibility of all samples collected from individual areas di-
vided by the sum of the sample masses. To the south of Warsaw
(area A), the X,y is ~ 30 x 10%m’ kg . In the subareas of area B,
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the values of Y,y vary as follows: ~ 17 x 10 m® kg™" in subarea
1 and ~24 x 10" m® kg ™" in subarea 2. In the very center of city,
Xay feaches a maximum of ~80 x 10 m? kg ' in subarea 3 and
~66x 107 m’ kgﬁ1 in subarea 4, and then decreases to ~36 x
10 m® kg ™' for subarea 5 and to ~30 x 10°® m* kg™ for sub-
area 6. In area C located to the north of Warsaw, ,, is relatively
low with the value of ~26 x 10°® m® kg "

In the very center of the city, the finest fraction reveals almost
two times higher values of average magnetic susceptibility () ay
<0.071») than fraction 0.071 (see Fig. 4), which indicates the
emission of fine-grain magnetic particles from sources typical
of urban activities. For areas located to the north of the city
center, Xav' <0.071” €Xceeds Xav-0.0717 Which could be the result
of transfer of the finest magnetic particles from the city center.
This is confirmed by the results obtained for reference subarea 1
and subarea 2 located in the south of Warsaw, for which values
of x,y do not differ significantly for both fractions. Moreover,
the higher value of y,, for the 0.071 fraction relative to the <
0.071 fraction obtained in area A located approximately 20 km
to the south of Warsaw can be related to the influence of slightly
different sources of AMP than those in the center of Warsaw
(subareas 3 and 4). Area A is located in the vicinity of two cities,
which probably, due to their smaller area than Warsaw, generate
lesser amount of particles typical for big urban agglomerations.
This is apparent by higher Y, values for the 0.071 fraction than
those for the fraction of <0.071.

Thermomagnetic analyses

For area B (Fig. 5c and d), all the heating curves indicate
magnetite, with a Curie temperature of ~ 580 °C, as the main
ferromagnetic phase for both 0.071 and < 0.071 fractions. The
slight decrease in magnetic susceptibility observed between ~
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300 and 450 °C is usually interpreted as the transformation of
magnetically strong and metastable maghemite to hematite
that has lower k (Dunlop and Ozdemir 1997). In both frac-
tions, the cooling curves below 580 °C run above the heating
curves, indicating thermally induced transition of weakly
magnetic minerals, mainly paramagnetic, into strongly mag-
netic minerals such as magnetite. However, for the 0.071 frac-
tion, the cooling curves (Fig. 5¢) start to increase at a slightly
higher temperature than during heating. This could be the
effect of formation of the new cation-deficient magnetite in
the samples during heating.

The low-temperature technique offers a complementary tool
for the identification of stoichiometric magnetite by observing
structural transition, the so-called Verwey transition. It is a first-
order crystallographic transition from the cubic to the monoclin-
ic phase at T, between — 163 and — 153 °C. As the low-

Table 1
statistical parameters

Studied area

temperature measurement, in contrast to the high-temperature
experiment (above 7y), does not cause permanent chemical al-
teration (Moskowitz 1991), the M(T) curve was measured at
low temperatures in the present study. The cooling curve of
M(T) for area B (Fig. 6) showed the Verwey transition at ~ —
153 °C, confirming the presence of magnetite.

For areas A and C, all the heating curves of k(T) show the
Curie temperatures between 600 and 615 °C. This can be
indicative of the presence cation-deficient magnetite as the
primary magnetic phase in sediments from these areas. As
reported by Dunlop and Ozdemir (1997) and Tauxe (2005),
the partial oxidation of magnetite leads to loss in the volume
of the lattice structure of magnetite, resulting in characteristic
cracking of the surface, loss in magnetization, and increase in
the Curie temperature in comparison with stoichiometric
magnetite.

Average magnetic susceptibility (x,,) of the surface of Vistula river sediments for area A, for subareas 1-6 of area B and for area C with

X, 108 m’kg ™!

Number of samples Minimum values Maximum values Average values Median Standard deviation

Area A 5 24.0 38.0 30 30 4

Subarea 1 10.1 28.4 17 17 4

Subarea 2 19 8.3 523 24 24 11
Subarea 3 9 259 189.7 80 70 38
Subarea 4 14 20.4 106.2 66 55 22
Subarea 5 22 10.0 110.4 36 30 25
Subarea 6 13 13.2 89.0 30 31 19
Area C 8 14.7 52.6 26 27 10
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‘T; 120?5“.'2‘:‘_’:;::'::71 0.071 fraction (Fig. 8b), almost all samples are located along
o= s o macitin <6_071 ® the “3”” mixing curve of SD + MD elongated magnetite grains.
w.g. ] e & The frequency-dependent magnetic susceptibility parameter is
e gl / ) used for estimating the contribution of SP. However, different
> ] ! grain size ranges are sensitive to different frequencies of the
E 60 magnetic field. The MFK1-FA Kappa-bridge (AGICO)
§ operates in the magnetic field frequencies sensitive to SP at
% 40 the grain size of 15-25 nm. According to Dearing plot
S ] (Dearing et al. 1996), the values of xgyq, from ~1 to ~7%
-% 20 for the 0.071 fraction and from ~1 to ~6% for the <0.071
5 ] fraction indicate a little more than 10% contribution of SP
= 0 . . _ , ' grains of size 15-25 nm. To obtain information about the
" 1 2 3 . 4 5 6 " presence of SP grains with wider distribution of grain size,

Studied area

Fig. 4 Distribution of average magnetic susceptibility for the fine (yay~
0.0717) and finest (Xav~<0.071~) granulometric fractions of surface
sediments of the Vistula river for area A, subareas 1-6 of area B and for
area C

Only for a few samples from areas A and C, the course of
the cooling curve is the same as that for sediments from area
B, i.e., they are above the heating curves. In most cases, the
value of « after the heating-cooling cycle is lower than the
initial value before heating. According to Jordanova et al.
(2012), this phenomenon can be explained by the oxidation
of cation-deficient magnetite to weakly magnetic minerals
during heating.

Hysteresis parameters

In all investigated areas, the hysteresis loops are relatively
narrow and saturated at relatively low magnetic fields of ap-
proximately 300—350 mT. The number of measured samples
and the statistical parameters are presented in Table 2. The
narrow hysteresis loops (Fig. 7) and values of B, (Table 2)
confirmed the results of the thermomagnetic study, as soft
magnetic minerals such as magnetite and/or maghemite are
the main magnetic phase.

Figure 8 shows the ratios of hysteresis parameters on the
Day-Dunlop plot (Day et al. 1977; Dunlop 2002). The Day
plot demarcates areas with values of hysteresis ratios of M,/
M, and B_,/B. as follows: M, /M;>0.5 and B./B.<?2 for
single-domain (SD) magnetite (grain size 0.03—0.08 pum),
M, /M;<0.02 and B./B.>5 for multi-domains (MD) (grain
size >20 um), and M,¢/M;=0.02-0.5 and B./B.=2-5 for
pseudo-single domains (PSD) (grain size 0.1-20 pm).
Additionally, Dunlop (2002) empirically constructed three
curves for mixtures of SD + MD grains, mixtures of SD + SP
(10 nm) grains, curve for MD grains, and curve for mixtures of
PSD + SP (10 nm) grains. Regardless of the sampling areas,
most of the samples of the 0.071 fraction lay between the “3”
mixing curve of SD + MD elongated magnetite grains and the
mixing curve for PSD + SP (10 nm grains) (Fig. 8a). For the <
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the SIRM(T) curves were measured at low temperatures
(Fig. 9). During heating from —267 to —233 °C, the SIRM
curve shows rapid hyperbolic decrease typical of
superparamagnetic behavior, which can be ascribed to the
distribution of blocking temperatures due to the wide grain
size of SP particles (King and Williams 2000). A very well
visible inflection point at the Verwey transition of ~ — 153 °C
clearly confirms the presence of almost ideal stoichiometry
magnetite (O’Reilly 1984).

Morphology

The shape and surface morphologies of magnetic particles are
identified for magnetic extracts of 9 samples from area B, 3
samples from area A, and 3 samples from area C. SEM obser-
vations reveal spherical and irregular particles in magnetic
extract in both fine fractions (Fig. 10a—d). The largest amount
of spherules (~ 80-90% of the magnetic extract) with a diam-
eter varying from a few micrometers to ~ 100 pm is observed
at the city center. In areas outside the city center (subareas 2, 5,
and 6) and out of city limits (areas A and C), the amount of
spherules is significantly lower or comparable with the
amount of irregular particles. Individual spherules differ in
surface morphology, such as “orange peel,” hexagonal pat-
tern, and thread-like features, similar to those recognized by
Jordanova et al. (2004). EDS analysis shows that the spherules
mainly consist of iron oxides, Al, Si, and additional amounts
of Mn, Ca, and K. In area B, irregular particles constitute ~
10-20% of the magnetic extract, whereas in areas A and C, the
amount of these particles is comparable or higher. Irregular
particles also differ in shape (with angular or round ridges).
Their size ranges from a few to ~200 pum, and they consist of
iron oxides, Al, Si, Ca, Zn, Mn, and Ti.

Heavy metal concentration

As the fraction < 0.071 has the highest x and, by inference, is
rich in AMP, we determined the heavy metal concentrations
only for this fraction. The distributions of Pb, Zn, Cr, Co, Cu,
Ni, Al, Fe, Mn, Ti, Cd, Ba, and As concentrations are shown
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Fig.5 Changes in magnetic susceptibility curves during heating and cooling-~(7) for the 0.071 and < 0.071 fractions of sediments from areas A (a, b), B

(¢, d), and C (e, f)

in Fig. 11 and listed in Table 3. The red dashed line in Fig. 11
represents the background values of heavy metal concentra-
tions for Polish sediments from Geochemical Atlas of Warsaw
and the surrounding area (Tomassi-Morawiec 2016).

In area A, the concentrations of Pb, Zn, Cr, Co, Cu, Ni, Mn,
Cd, and As are higher than those for the background. The
largest increase is observed for Co and Cd concentrations, i.e.,
~ 5 times and ~ 8 times, respectively. The concentrations of Al,
Fe, Ti, and Ba are slightly lower than those of the background.
In the very center of Warsaw, the concentrations of heavy
metals increase, reaching a maximum and then decrease as

the distance from the center increases. The largest increase in
subareas 3 and 4 is observed for Cu (~24 times), Pb (~15
times), Co (~ 17 times), Zn (~ 10 times), Cd (~ 8 times), Mn
and Cr (~ 5 times), and As (~4 times). The smallest difference
in relation to background is observed for concentrations of Ni,
Al, Fe, Ti, and Ba, which are only ~ 1.5 to ~2 times higher.
One of the approaches to analyze the contribution of heavy
metals to the overall toxicity of sediments is to use the
Tomlinson Pollution Load Index (PLI) (Tomlinson et al.

1980). PLI is defined as the geometric mean of the concentra-
tion factor (CF,):
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Fig. 6 Exemplary low-temperature cooling curve of M(7) for a sample

from area B

PLI = {/CF,-CF,-...-CF,{/CF,-CF,-...-CF,,where CF, =

% is the ratio of the concentration of the nth heavy metal

(C,) to its corresponding background value (C,,g)). The PLI
shows how much the concentrations of heavy metals for par-
ticular samples exceed the background value; it is approxi-
mately 1 if the elemental load is near the background level
and > 1 if the environment is exposed to metal toxicities
(Tomlinson et al. 1980). According to Singh et al. (2003),
the following PLI ranges are used to estimate the level of
pollution: 1 <PLI<2 for moderately polluted, 2 <PLI<3
for highly polluted, and PLI>3 for extremely polluted. To

calculate PLI, the geochemical background values of heavy
metals for Polish sediments are used (Geochemical Atlas of
Warsaw and the surrounding area; Tomassi-Morawiec 2016).
We think that these background values best reflect the natural
level of heavy metals in unpolluted river sediments. In areas
located outside the city limits (A and C) and subareas outside
the city center (subareas 2, 5, and 6), the sediments are highly
polluted as the values of PLI range between 2 and 3. Higher
values of PLI, ~ 3 to ~4, at the very center of the city, point to
extremely strong pollution of sediments in this area (Table 3).
This result agrees with the distribution of magnetic suscepti-
bility as well as the concentrations of individual heavy metals.

Discussion

In the subareas of area B, the changes in the distribution of
magnetic susceptibility and concentration of heavy metals in
sediments indicate a high level of pollution and a strong im-
pact of anthropogenic factors associated with the activities of
city. The impact of local sources on the level of sediment
pollution is apparent in the distribution of ,, along the river,
as the values of x,, at the city center are approximately four
times higher than those obtained for the reference subarea 1. A
similar distribution trend is noted for heavy metals, i.e., Cu,
Pb, Co, Zn, Cd, Mn, Cr, and As. In relation to the background,
their concentrations increase over a dozen times, with decreas-
ing distance from the southern subareas to the center.

Table 2 Average concentrations

of heavy metals and PLI index for ~ Ms 107 Am” kg™ fraction 0.071

area A, subareas 1-6 of area B, Area A

and area C Number of samples 4
Minimum values 523
Maximum values 2223
Average values 158.8

M 107 Am? kg_l fraction 0.071

Number of samples 4
Minimum values 44
Maximum values 12.4
Average values 9.6
B, [mT] fraction 0.071
Number of samples 4
Minimum values 3.0
Maximum values 6.5
Average values 5.3
B, [mT] fraction 0.071
Number of samples 4
Minimum values 12.0
Maximum values 46.0
Average values 27.7

M 1072 Am? kg ! fraction <0.071

Area B Area C Area A Area B Area C

35 4 4 34 4

14.5 80.5 87.4 17.7 130.2

356.3 295.8 254.6 136.6 566.8

78.2 171.1 157.5 54.9 276.0
M 107> Am* kg ™' fraction <0.071

35 4 4 34 4

0.9 5.0 43 1.2 52

32.6 25.0 12.2 8.8 414

59 14.0 8.10 4.1 20.5
B, [mT] fraction <0.071

35 4 4 34 4

2.0 4.0 5.5 3.0 5.5

10.5 9.0 8.5 10.5 7.0

5.3 6.1 7.0 7.1 6.4
B.[mT] fraction <0.071

35 4 4 34 4

4.0 20.0 22.0 7.0 16.0

43.0 27.0 40.0 45.0 27.0

26.0 23.0 333 28.5 24.0
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Fig. 7 Examples of hysteresis loops after subtracting paramagnetic contribution for sediments taken from area A: fraction 0.071 (a) and from area B:

fraction < 0.071 (b)

The very center of the city seems to be the most polluted
part of the river, and it relatively strongly affects areas located
in the north. A high concentration of magnetic particles and
almost 80% contribution of spherical particles to magnetic
extracts are characteristics for the finest (<0.071) fraction.
This result is confirmed by studies of the Arc River in
France (Desenfant et al. 2004), which showed that the fraction
with a grain size below 63 pm is enriched in spherical AMP.
The thermomagnetic curves supplemented by relatively nar-
row hysteresis loops, which saturated in a field of ~300-
350 mT, indicate magnetite as the dominant magnetic phase.
It is well known that magnetite is typical mineralogy of parti-
cles formed by the anthropogenic process in urban areas
(Brown et al. 2011; Flanders 1994; Jordanova et al. 2004;
Kukier et al. 2003). The distribution of hysteresis parameters
on Day-Dunlop plot indicates the mixture of SD grains with
approximately 70% contribution of MD grains in the finest
fraction. As reported by Gorka-Kostrubiec et al. (2014) and
Gorka-Kostrubiec et al. (2012), it is characteristic for pollution

a 4 :

Fraction 0.071
A areaA

® areaB

1 B /B 10
er ¢

accumulated in urban dust, soil, and air filters in Warsaw ag-
glomeration. For fine fraction of 0.071 the mixture of PSD
grains with small contribution of SP grains is identified from
the Day-Dunlop plot and the low temperature curve of
SIRM(T). The SP with a wide range of grain size could orig-
inate from weathering and erosion processes of naturally
formed lithogenic riverbed (Nguyen et al. 2016).

The most frequently observed particles in the finer-grained
magnetic extract of the Vistula sediments are spherules with
different surface morphologies and diameters ranging from a
few to ~ 100 um. Many studies show that in urban areas, the
magnetic spherules in the size range 0.001-90 pum are usually
produced in coal burning processes (Jordanova et al. 2006;
Kukier et al. 2003; Kutchko and Kim 2006; Magiera et al.
2011). The spherical particles are mainly derived from fossil
fuel combustions in heat and power plants, and they are very
often found in fly ash, top soils, and indoor and outdoor air.
Magiera et al. (2011) reported that polluted industrial soils
contain spherical particles enriched in magnetite/maghemite

b .

Fraction <0.071
/N areaA
O areaB

M /M

20.1 |

Fig. 8 Ratios of hysteresis parameters for 0.071 (a) and <0.071 (b) fractions of sediments on Day-Dunlop plot
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Fig. 9 Curve of thermal demagnetization of SIRM acquired at —267 °C

in a magnetic field of 2 T (b) for selected sediment samples from area B

that originated from burning coal. Spherical particles were
also observed by Petrovsky et al. (2013) in PM10 daily sam-
ples collected at sites with different degrees of atmospheric
pollution and by Goérka-Kostrubiec (2015) in the finest frac-
tion of indoor dust in Warsaw agglomeration. Surface mor-
phology and chemical composition of individual spherules
from sediments collected in the vicinity of major cities along
the Danube River were studied by Jordanova et al. (2004).
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The authors showed that industry-origin spherules have very
diverse surface morphologies such as orange peel, dendritic
structure, hexagonal pattern, and thread-like structure; strong
magnetic properties; and are often associated with various
chemical elements, a.o. iron oxides, Si, Ni, and Cu.

In Vistula river sediments, SEM observations reveal sever-
al types of surface morphology of spherules: smooth, wrin-
kled, and with mineralization on the surface. In addition to the
typical peaks for iron oxides, Al, and Si, the peaks for Mn, Ca,
and K are also identified on EDS spectra. The presence of
magnetite-like spherical particles in <0.071 fraction may in-
dicate the strong influence of local sources on the pollution
level in the center of Warsaw. Because Warsaw is not a highly
industrialized area, the magnetite-like spherules produced in
high-temperature processes may be the effect of emissions
from two heating and power plants operating in the limits of
the city. A significant share in the emission of magnetic spher-
ules in Warsaw is that of low-stack emission, i.e., fireplaces
and boiler rooms in household and public buildings in which
solid and liquid fuels (gas, coal, and coke) are burned. These
emissions can also contribute to the large amount of spherules
observed in the surface of sediments and river water in the city
center. As fine spherules transferred indoor by air were ob-
served in indoor dust collected from apartments in the center
of Warsaw (Gorka-Kostrubiec 2015), it is very likely that
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Fig. 10 SEM images and chemical composition (EDS spectra) for magnetic extracts of <0.071 fraction: area A (a), area B (b), and area C (c, d)
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Fig. 11 Concentrations of selected heavy metals for <0.071 fraction of sediments for area A, subareas (1-6) in area B, and area C

spherules in sediments and water originate from atmospheric
air.

The angular particles with sharp or round ridges are formed
in processes related to the movement of vehicles and the abra-
sion of road surfaces (Bucko et al. 2010, 2011, 2013; Kim
et al. 2007; Maher et al. 2008; Moreno et al. 2003;
Muxworthy et al. 2001). Thus, it may be concluded that mov-
ing vehicles could be the source of angular particles often
associated with Pb, Zn, and Cu, which are observed in the

Vistula sediments. In Warsaw area, traffic-related pollution
can enter the river in the form of dry and/or wet precipitation
from the main routes on both banks and from high-traffic road
bridges. Traffic-related pollution enriched in Cu, Pb, and Zn
metals together with storm wastewater can also enter the river
as sludge from stormwater drains. Unlike municipal and
industrial wastewater, the storm wastewater is not treated in
water purification plants to neutralize heavy metals and other
hazardous substances to protect the aquatic ecosystem.
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Table 3 Hysteresis loop
parameters for 0.071 and < 0.071 Element (ppm) Granulometric fraction of <0.071
fractions of sediments
A 1 2 3 4 5 6 C
Pb 47.1 35.6 49.3 155.3 227.4 60.9 86.1 136.3
Zn 109.0 92.5 121.5 267.4 496.3 147.2 214.4 237.3
Cr 15.1 12.6 13.6 2.8 249 17.3 17.5 7.4
Co 10.2 10.1 11.1 24.7 32.3 10.9 10.4 7.4
Cu 13.8 10.1 19.8 98.3 165.9 27.2 17.1 16.1
Ni 16.6 14.8 144 17.9 17.0 15.8 15.7 12.4
Al 2455.1 2205.7 2138.8 3516.1 3410.7 2754.8 2262.4 2646.8
Fe 5966.1 5291.7 7714.5 9058.7 8970.5 7305.6 6395.1 12,280.9
Mn 689.0 371.7 1633.0 664.8 976.6 435.2 403.8 992.0
Ti 30.7 25.7 25.0 47.1 67.5 24.7 25.0 113
Cd 8.1 6.2 7.3 7.5 8.4 7.1 7.9 0.9
Ba 38.2 42.0 100.1 74.5 87.4 529 27.8 39.5
As 12.7 9.9 15.6 14.4 17.9 12.7 133 6.7
PLI 23 1.9 2.7 4.0 3.0 2.5 23 1.9
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Adamiec (2017) studied the heavy metal content in road dust,
sludge from storm drains, and roadside soil from Warsaw by
using chemical analysis combined with chemical fraction-
ation. The author showed that in <20-um grain fraction of
the street dust, the concentration of Zn and Cu exceeded 15—
18 times and 6—14 times the background value on average,
respectively. Among road dust, sludge, and roadside soil, the
highest concentration of Pb was identified in the sludge. Zn
and Cu mainly originate from brake and tire wear, while Pb is
an important component of bearing alloys and is commonly
used as the material for wheel balancing weights in cars
(Adamiec 2017; Haus et al. 2007; Hjortenkrans et al. 2007,
Schauer et al. 2006).

Other sources of angular particles could also be wearing of
constructions, gutter outlets, and sawmills that contribute to in-
crease in magnetic susceptibility as well as the pollution levels
of river sediments (Petrovsky et al. 2000). The highest concen-
trations of Mn, Cd, Ba, and As observed in subarea 2 in Warsaw
may be related to contemporary and historical sources of pollu-
tion transported by the Wilanéwka River flowing into the
Vistula River in this subarea. The presence of Mn, Cd, Ba, and
As in the waters and sediments of Wilanowka is linked with a
paper mill operated earlier in this area (Geochemical Atlas of
Warsaw and the surrounding area 2016). The Wilanéwka stream
reservoir is supplied by the waters of Stuzew Stream and
Wilanéw Lake into which wastewater is discharged, especially
from the Stuzew industrial area in the past and from the airport at
present. Currently, the water sediments of the Stuzew Stream are
still enriched with heavy metals such as Cr, Cu, Pb, Ni, Cd, and
Hg as their concentrations exceed the values of the geochemical
background (Bojakowska et al. 2014). The sediments of
Wilanéwka may act as a potential source of secondary pollution
of the water and sediments of the Vistula river, e.g., by remobi-
lization of heavy metals due to the active fluvial processes and
changes in geochemical conditions.

In areas A and C, there are differences in the distribution of
magnetic particles in the fine granulometric fractions of sedi-
ments. In area A, the highest concentration of magnetic parti-
cles is in the fraction of 0.071, whereas in area C, most of the
magnetic particles are present in the fraction of <0.071.
However, the magnetic fraction of sediments from both areas
reveals similar mineralogy and domain state of magnetic
grains. The fraction < 0.071 contains the mixture of SD grains
with approximately 70% contribution of MD, whose mineral-
ogy is dominated by cation-deficient magnetite, whereas the
fraction of 0.071 contains PSD grains with SP particles in
relatively wide range of grain size. In contrast to the highly
polluted part of the city center, the sediments from areas A and
C consist of irregular-shaped particles with angular or round
ridges.

The local impact of pollution sources for area A is caused
by the activity of two cities, namely Konstancin-Jeziora and
Otwock, located ~20 km to the south of Warsaw. Both cities

are significantly smaller than Warsaw, and they are likely to
generate less pollution, which enter the river. Lesser anthro-
pogenic impact of both cities results in lower values of mag-
netic susceptibility, lower contribution of magnetic particles to
the finest granulometric fraction, and lower content of spher-
ules than those in Warsaw area (Fig. 4), and it does not signif-
icantly affect the river sediments located below the cities (sub-
area 1). Although Konstancin-Jeziorna and Otwock are less
urbanized and populated than Warsaw, their activities generate
relatively large amounts of heavy metals such as Cd, As, Mn,
Ni, and Cr that can be considered as a potential hazard for the
aquatic ecosystem.

With the increase in distance from the city center to the
north (toward area C), the values of x,, decrease to approxi-
mately two times within a short ~ 11-km section of the river.
These changes in magnetic susceptibility are accompanied by
a decrease in the concentration of individual elements such as
Pb, Zn, Cr, Al, Fe, Cd, Ba, and As and the values of PLI.
However, the values of x,, and the concentrations of heavy
metals remain higher than those in the south of Warsaw (area
A), suggesting the transfer of magnetic particles together with
heavy metals from the heavily polluted central part of the city.
As area C is slightly urbanized and industrialized, the only
source of pollution may be particles carried by the river from
the city center. The rapid decrease in Y,, and heavy metal
concentrations within a short and unregulated ~ 11 km section
of the river could be explained by self-purification of the
Vistula water. The ability of self-purification of the river de-
pends on the effectiveness of the biochemical, hydrochemical,
and physical processes. Biochemical processes lead to the
degradation and decomposition of organic wastes by microor-
ganisms and plants in the water and riverbank. The biochem-
ical processes are controlled by the access to oxygen and di-
versity of ecological microhabitats. Such conditions are char-
acteristic of unregulated river. A self-cleaning capacity of un-
regulated river can be many times greater than that of a regu-
lated river. The intensity of hydrochemical processes such as
oxidation and mineralization depends on the presence of
clays, silts, colloidal particles, and Mn and Fe oxides and
hydroxides in water and sediments (Ugwu and Igbokwe
2019; Vagnetti et al. 2003) and coexist with physical processes
such as adsorption, dilution, and sedimentation. For area C, all
these processes could be responsible for the down-river de-
crease of the concentration of magnetic particles, resulting in
the decrease of the magnetic susceptibility in sediments.

Conclusions

Our research is focused on the assessment of heavy metal
pollution levels of the Vistula River sediments and the indica-
tion of urban activities (urban sources) affecting this pollution
level. The strongest anthropogenic impact is observed in the
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center of the city, where the magnetic susceptibility, concen-
tration of individual heavy metals, and PLI reach the maxi-
mum values in the finest faction < 0.071 mm. The most pol-
luted sediments in the area of city are dominated by magnetite-
like spherules with diverse surface morphologies, i.e., smooth,
wrinkled, and with mineralization on the surface.

In the city center, we found that the concentrations of Zn,
Cu, and Pb in sediments could be linked to the traffic-related
sources generating angular-shaped magnetic particles. The
spherical-shaped magnetite-like particles originate mainly
from the operation of the heat and power plants and low-
stack emission from the individual heating systems. It is very
likely that the majority of traffic-related angular particles are
discharged into the waters of the river reservoir by sludge
from stormwater drains, while spherules are transported main-
ly as dry precipitate by air. However, we believe that this is not
the only source of such a large number of spherules in the city
center sediments. It is very likely that another source supplies
spherical particles directly to the river; however, this assump-
tion needs to be confirmed by more detailed studies and re-
quires the collection of new samples.

In the area out of the city limits (area A), the decrease in
magnetic susceptibility and heavy metal concentrations in the
finest granulometric fraction in relation to the city center indi-
cates lower pollution level. The activities of poorly urbanized
and small populated cities are responsible for low pollution level
assessed in area A. However, even such limited urban activity
can generate relatively high amount of heavy metals such as Cd,
As, Mn, Ni, and Cr, which are harmful for the aquatic ecosys-
tems. In this area, the angular-shaped magnetic particles consist
of cation-deficient magnetite that primarily contribute to the
0.071 mm granulometric fraction of sediments.

Area C located down-river is highly affected by pollutants
transported from the city center; this is because for the finest
fraction < 0.071 mm, the increasing distance from the source
of pollution is accompanied by a systematic decrease in mag-
netic susceptibility and concentration of heavy metals. The
conditions of unregulated riverbank and vegetation richness
(biodiversity) between city center and area C intensify the
physical and biochemical processes, resulting in relatively ef-
fective self-purification of the river.

The study shows that the changes in magnetic susceptibil-
ity and heavy metal concentrations and the correlations be-
tween them enable to use the magnetic methods as a tool for
the assessment of heavy metal pollution of sediments in highly
urbanized areas.
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