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Abstract

The discharge of high flood water (2010) into reservoirs located in the Upper Vistula River catchment
and into the overloaded Vistula River channel may strongly affect water and sediment quality. To investigate
the contamination of the flooded area in the center of Cracow, total of 32 sediment samples were collected
along the length of the Vistula River and also from the cross section in the floodplain area. Additionally, 12
samples of the flooded sediments were collected along the Wilga River — a tributary of the Vistula located
within the investigated area. The concentrations of Zn, Pb, Cd, Cu, Mn, Zn, and Fe in the bulk samples and
size fraction <20 um were studied. The metals concentration in the Vistula River flood sediment samples var-
ied in wide ranges (mg/kg): Zn 59-1013, Pb 17-263, Cd 2.6-23, Mn 145-469, and Fe 0.70-3.59%, and was
considerably higher in the size fraction samples. The concentration of Cu was low and reached up to 40 mg/kg.
The highest amount of Zn was found in the sediment sample from the cross section, located 38 m from the
Vistula River channel. Three-step sequential extraction revealed the most mobile metals in the sediment frac-
tion <20 um, which were as follows: Cd (77% of the total amount), Pb (55%), and Zn (42%). The contami-

nation of the Wilga River flood sediments was lower when compared with Vistula River contamination.
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Introduction

River bottom and flood sediments as well as soils in the
historical recent mining and smelting areas need special
management and monitoring. Heavy metals as the main
contaminants of the soil-river system undergo many reac-
tions and processes in the river channel, riverine floodplain,
and estuarine. The fate and transport of heavy metals
depends on topography, oxic-anoxic conditions and kinet-
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ics of the sorption/desorption processes. Moreover, pH,
salinity, and the presence of organic matter, clay minerals,
sulfates, and carbonates also affect metal mobility in flood-
plain sediments and soils [1-3].

For centuries Cracow has been exposed to floods
caused by the high flush of the Vistula River. Among dif-
ferent types of floods in the Upper Vistula catchment,
Cracow has been mostly exposed to a profuse rain, which
persists from a few to several days and usually appears in
summer months. During such rains in a large area of the
Carpathian Mountains total precipitation ranges from 100
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to 600 mm and causes high and durable state of waters in
the river valleys [4]. Two tributaries of the Vistula River-
the Sola and Skawa Rivers-mostly contribute to the amount
of flood water (total increase up to 70%) in Cracow.

Flush waters in the Upper Vistula are reduced by
Swinna Poreba dam on the Skawa River and by three water
dams: Czaniec, Porgbka, and Tresna on the Sola River. In
2010 Cracow experienced four catastrophic floods, in May,
June, July, and August/September, within the area of the
Upper Vistula River [5]. Swinna Poreba dam played a sig-
nificant role in flood wave attenuation in May 2010 (Fig.
1b). This specific dam collected ca. 60 mln m’* from the
Skawa River flood wave, and caused a considerable reduc-
tion of the Vistula River flood wave in Cracow.

During floods all compartments of the river water sys-
tem (water-suspended matter-bottom sediment) are
exposed to contamination. Apart from huge amounts of
waters the Upper Vistula River is also transporting high
loads of sediments and suspended matter. The Vistula’s trib-
utaries mostly contribute to the size of the flood wave.
Furthermore, since some of these tributaries flow through
historical and present mining and smelting areas in Upper
Silesia they transport substantial amounts of contaminants
of industrial origin [6, 7]. Since the Middle Ages Upper
Silesia has been known for exploitation and smelting of Pb
and Ag. At the beginning of the 19" century a very modern
Zn-industry started there, with 40% of the world production
of this metal.
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Fig. 1. Study area (a) photo of the Vistula River floodplain in Cracow; (b) Upper Vistula River catchment area: location of water dams
according to the Regional Water Management Board (RZGW) [5]; (c) sampling area on the satellite image of the Vistula River flood

in Cracow.

Explanations for (b): 1 — reservoirs under RZGW management, 2 — reservoirs under other units of management, 3 — reservoirs under

construction, 4 — planned reservoirs, 5 — rivers.
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The Przemsza River is the most contaminated of all
Vistula tributaries [8, 9]. It is located in the area of Zn-Pb
mining and smelting and consequently is one of the most
polluted rivers in Europe with respect to heavy metals.

Since sediments and soils act as sorbents for contami-
nants released from many sources, such as mines, industri-
al plants, or landfills leachates, they are often regarded as
the “legacy of the past” [10-15].

The aims of the study were:

(1) To assess the main sources of heavy metals in the
flood sediments

(i)  To establish heavy metals concentration in the
flood sediment samples as well as in vertical pro-
file

(iii)  To determine mobility of heavy metals in the flood
sediment samples
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Materials and Methods

Study Area

Sediment samples (17 samples: V1-V17) were collected
from the flooded area approximately 7 km from the outlet of
the Rudawa River into the Vistula River and up to Nowa
Huta — the district of Cracow (ca. 82 km of the Vistula River
flow). Furthermore, 15 cross-section samples (VC1-VC15)
were collected from the floodplain, at up to ca. 200 m from
the riverbed. They were collected in proximity to the V17
sampling point, where the Vistula River dam was breached
because of a very high river tidal wave. Additionally, 12
samples (W1-W12) of the sediments were collected from
the Wilga River. The Sampling area is presented in Fig. 1c
and sampling points are presented on Fig. 2a.
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Fig. 2. Sampling points of the flood sediments along the Vistula River (V1-V17), Wilga River (W1-W12), the location of the cross
section location samples (VC1-VC15) (a) and variability of Zn, Mn, Pb, Fe, Cu, and Cd concentrations in bulk samples and the frac-

tion <20 um of flood sediments along the Vistula River (b).
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All samples were collected right after the flood disaster
in May 2010, when the overflowed sediments deposited on
the ground were still wet.

Methods

Sediment samples were collected manually in polyeth-
ylene containers up to a depth of 15 cm, depending on the
thickness of the overflow sediment. In the laboratory sam-
ples were homogenized, mixed with distilled water, and left
for 24 hrs. They were stirred for 10 minutes and after wet
sieving, the size fraction <20 pm was air dried and its mass
percentage was calculated. The metals concentration was
determined in both bulk and size fraction <20 pm samples
of the flood sediments.

The acid digestion with 10 ml of conc. HNO; (accord-
ing to EPA 3051) was performed on 0.5 g of each powdered
flood sample in a closed vessel device using temperature
control microwave heating (Milestone ETHOS lab station).
The samples were aged for 3 hrs and treated in a microwave
oven according to the 2-step program: 1% time — 5.5 min-
utes, the 2" — 10 minutes at 175°C and microwave power
up to 1000 Watt in both steps. The heavy metals concentra-
tion was determined by AAS (Unicam ICE 3500).

The metal speciation in the selected flood sediment
samples was determined using the 3" step sequential extrac-
tion procedure according to Quevauviller [16]. An addi-
tional 4" step of the extraction with conc. HNO; was per-
formed in order to determine heavy metal content in
remaining residuum. This step was commonly employed
by many authors e.g. [17-20] as a supplementary step to the
procedure.

To establish the salinity of the sediments, an aqueous
leaching test was performed on bulk samples according to
EN 12457:2006. Chloride content was determined via
Mohr titrimetric method and sulfites were measured using
the ICP-MS method (ELAN 6100).

Moreover, mineralogical composition in the selected
sediment samples (V9 and V9 <2 um, V16, VC12, VC15)
of size fraction <20 um was determined using powder X-
ray diffraction (PXRD) followed by SEM-EDS analysis.
X-ray diffraction was performed for an air-dry powder
sample using a Philips PW 3020 apparatus with the fol-
lowing parameters: Cu ka, 35 kV, 30 mA; step-by-step
0.05°20, 1s/step. The d values obtained from the X-ray
pattern were used for identification of mineral phases of
the studied sample, according to the ICDD (International
Centre for Diffraction Data) catalog and the computer
program XRAYAN. In order to eliminate the influence of
the apparatus factors on the intensity of the X-ray escape
peaks, the 10 regulation relative to standard quartz sample
was made before sample measurement. The scanning
electron microscopy analysis was performed using FEI
Quanta 200 FEG SEM, equipped with a chemical compo-
sition analysis system based on energy dispersion spec-
troscopy EDS-EDAX.

Additionally, the content of carbonates in the samples
were measured using the gas volumetric Scheibler
method.

Data Quality

Method precision was verified by checking repeatabili-
ty. The assay of heavy metals was determined in six sam-
ples of sediments. The analysis was performed on bulk
samples and on fraction <20 um according to the conditions
described in the analytical method. The arithmetic mean
results of assay and its standard deviation are presented
below:

- Bulk sample [mg/kg]: Zn 272+6, Pb 30.1+5.5, Cd
3.82+0.87, Cu 16.940.9, Mn 254+11, Fe 9564+300;

- Fraction <20 pm [mg/kg]: Zn 635+14, Pb 89.343.0, Cd
7.83+0.62, Cu 41.4+0.7, Mn 892+6, Fe 26038+828.
The reproducibility of the data from multiplied mea-

surements was estimated as <5%.

Results
Physical-Chemical Parameters

The pH of the sediment samples varied insignificantly
and ranged from 7.5 to 7.8. The statistical parameters of the
size fraction content and heavy metal concentration for the
Vistula River flood sediment samples are shown in Table 1.
The relative amount of the size fraction <20 um in the sam-
ples collected along the Vistula River (V1-V17) ranged
from 1.9 to 20.9 wt% and in the samples from the cross sec-
tion (VC1-VCI15) ranged from 1.0 to 26.7 wt%. In the
selected samples (V9, V16, VC12, VC15) clay fraction
<2 um was separated, but its content was rather low and
varied from 1.52 to 5.77 wt%.

Mineralogical Composition

PXRD analysis revealed smectite, illite and kaolinite as
the main clay minerals in the sediment samples. Quartz,
calcite, dolomite, feldspars and traces of goethite and
hematite were also detected. Moreover, Ca-monosulfate
(anhydrite) was present only in the selected flood sediment
sample (Fig. 3), probably as a result of the reaction of
CaCO; with different forms of sulphur (both present in the
sediments), during thermal treatment at 560°C. The content
of carbonates (mainly calcite) detected via the Scheibler
method varied from 2.2% to 3.5%.

SEM-EDX Results

The scanning electron micrographs and X-ray energy
dispersive spectrum images presented in Fig. 4 revealed
that:

(a) Pb is present in carbonate form (cerussite) and is visible
as aggregate among silicates

(b) Cr mineral phase — chromite is adhered to Fe-oxides

(¢) Anhydrite grains or aggregates among fine particles of
aluminosilicates

(d) Yttrium grain adhered to aluminosilicate and to Ca-Mg
carbonate. The presence of Yttrium (Y) was also was
confirmed by the results of the aqueous leaching solution.
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Table 1. Statistical parameters of heavy metal concentrations in the flood sediments of the Vistula and Wilga Rivers in the Krakow area.

<20 mm fr. Zn Pb Cd Cu Mn Fe
Parameter . mg/kg %
" Bulk | <20 mm | Bulk | <20 mm | Bulk | <20 mm | Bulk | <20 mm | Bulk | <20 mm | Bulk | <20 mm
Vistula River (samples V1-V17)
Maximum 20.92 728 754 163 263 14.9 14.9 37 37 452 856 2.16 | 347
Minimum 1.89 153 388 38 46 <QL 2.6 10 5 145 443 0.70 | 2.25
Arithm. mean 9.91 262 540 80 137 6.6 8.7 17 21 214 692 1,04 | 283
Median 9.14 223 502 75 132 7.0 8.3 14 22 192 708 095 | 2.83
SD 4.83 132 114 29 55 32 3.8 7 8 74 102 035 | 0.36
Vistula River Cross-section (samples VC1-VC15)
Maximum 26.68 591 1013 137 227 233 16.6 31 40 469 979 2.16 | 3.59
Minimum 0.60 59 352 | <QL 17 <QL 3.0 <QL 17 17 605 0.15 | 2.6l
Arithm. mean 13.84 309 558 70 118 7.7 10.3 15 29 281 770 125 | 293
Median 17.04 288 558 85 118 6.0 10.9 16 32 316 793 144 | 293
SD 8.72 152 162 45 57 7.0 3.7 9 8 144 113 0.58 | 0.25
Wilga River (samples W1-W12)

Maximum 55.25 146 352 62 227 6.5 8.7 56 115 353 686 1.55 | 3.08
Minimum 4.07 12 119 <QL 49 <QL | <QL |<QL 24 99 376 0.35 1.99
Arithm. mean 19.42 51 178 24 99 2.0 2.0 13 41 217 473 0.83 | 231
Median 13.42 43 154 <QL 77 <QL 1.2 10 29 234 452 0.85 2.17
SD 16.00 36 70 30 58 2.7 2.6 14 27 82 82 0.37 0.32

g;f;iﬁfial [21] 95 20 03 45 850 47

Il;;’ccli‘;mun q 8] 110 45 2 40 140 13

<QL — below quantitive limit

Heavy Metals Concentration

The maximum concentration of metals in the bulk sed-
iment samples and in the fraction <20 pm collected along
the Vistula River were as follows (mg/kg): Zn 728 and 754,
Pb 163 and 263, Cd 14.9 in both samples, Cu 37 (in both
samples), Mn 452 and 856, Fe 3.47 and 2.16%. The mean
concentration of the investigated metals in the size fraction
<20 um was rather high and exceeded the background val-
ues introduced by Helios-Rybicka [8] (Table 1).
Concentration of Zn was 540 [mg/kg], Pb 137 [mg/kg] and
Cd 8.7 [mg/kg]. Metals concentration in the cross section
samples (VC1-VC15) was comparable to its content in sed-
iment samples, except for Zn concentration. According to
the obtained results (Table 1) arithmetic mean concentra-
tion of all investigated metals were higher in fraction
<20 pm rather than in bulk samples. The highest differ-
ences were observed for Zn, Pb, Fe, Mn, and in some sam-
ples for Cd (Figs. 2, 5).

Flood sediment samples from the Wilga River revealed
lower mean metals concentration than the Vistula sediment
sample, with the exception of Cu in the <20 um sample
(Table 1). However, the amount of fraction <20 um was
higher (mean value ca. 20 wt%) in the Wilga than in the
Vistula River sediment samples (mean values ca. 10 wt%
and 14 wt% in the profile).

In general, in all bulk flood sediment samples the met-
als concentration was increasing with higher content of the
<20 um size fraction. The obtained results for Zn concen-
trations in the Vistula River flood sediments are consistent
with the findings for both fine-grained fraction <20 pm
and/or <2 um published earlier [8, 22-24].

Metals Speciation

Chemical forms of metals were determined in the
<20 pm size fraction of the samples V9, V16, VC15, and
VCI12, and additionally in the <2 um fraction separated
from V9 sample.
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The relative amounts of exchangeable and carbonate
fractions (step I), which are the most mobile portion of the
metal ions, were high and varied in wide ranges: Cd 51-
77%, Zn 38-52%, Pb 8-54%, Cu 10-20%, and Mn 37-57%
(Fig. 6). The highest concentration of Pb and Zn was asso-
ciated with the reducible fraction, up to 71% of Pb and 31%
of Zn. The relative amounts of acid-extractable and
-reducible fractions for Cd, Zn, and Pb were comparable
with the amounts of these two fractions for Mn. Moreover,
up to 55% of Cu was bound with Fe(hydro)oxides and sul-
fides (oxidizable fraction). Iron was the least mobile of all
metals in the investigated samples and up to 72% of this
metal was bound with residual fraction (step IV).
Additionally, as presented in Fig. 6, 46% of Cu remained
immobile as well as 20% each of Zn and Cd.

Discussion

During the 2010 flood high waters in the Upper Vistula
were caused mainly by its Carpathian tributaries, which in
spite of a few dam reservoirs (Fig. 1b) were not able to store
so much water. Sediments re-deposited were contaminated
mainly with Zn, Pb, and Cd. High concentrations of these
metals in the investigated sediments originate mostly from
historical and recent mining, processing, and smelting of
the Zn-Pb ores deposited in the Przemsza River catchment.
Obtained results revealed that the concentration of metals in
the Vistula River flood sediment, both in bulk samples and
in <20 pum fractions, were (mg/kg): Zn 1013-59, Pb 263-17,
Cd 23.3-<QL, Mn 469-145, and Fe 3.59 — 0.70%.
Concentrations were considerably higher in the size frac-
tion <20 pum than in bulk samples. The concentrations of
Zn, Pb, and Cd in the flood sediment exceeded geochemi-
cal background values established by Turekian and
Wedephol [21], as well as local background introduced by
Helios Rybicka [8]. Obtained results can be compared to
the previous studies [8, 25], which revealed that in the pre-
historically fine-grained sediments of the Upper Vistula, Zn
concentration was up to 190 mg/kg, Pb up to 100 mg/kg,
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and Cd up to 10 mg/kg. However, in the younger alluvia,
dated back to 150-200 years, the concentrations of these
metals were as follows: Zn 11,500 mg/kg, Pb 1,745 mg/kg,
and Cd 625 mg/kg. Moreover, the results of the research
conducted for over 15 years (1991-2005) by Bojakowska
and Gliwicz [26], showed that the mean Cd concentration
in the sediments was 7.1 mg/kg, while the highest was 135
mg/kg. The highest average Cd concentration (ca. 50
mg/kg) in the Vistula River sediments was found in
Oswigcim — the sampling point located below the Przemsza
River inflow, while the river section Tyniec-Niepotomice
close to Cracow was considerably lower and reached 16.5
mg/kg.

Moreover, the results of Gueguen and Dominik [27]
regarding the Upper Vistula River system revealed that Pb
and Cd pollution was transported mostly in particulate
form, Cu and Mn in dissolved form, and zinc Zn was show-
ing an intermediate behavior. According to that study, the
portion of metals in the colloid form was very low. That
was probably due to an increase of Vistula water salinity,
which has caused the release of some metals from this frac-
tion by this desorption from colloid surfaces. These find-
ings are convergent with the results of a laboratory experi-
ment run on sediments at various salinities by Zhao et al.
[28], which proved that heavy metals are mobilized from
polluted sediments if they are exposed to increasing salini-
ty. In general, the concentration of CI in the Vistula River
water during the last decade was rather high, reaching up to
2000 mg/L, (741 mg/L in 2011) while SO} concentration
considerably decreased to 150 mg/L (147 mg/L in 2011)
[29]. An elevated salinity of the Vistula River water, caused
by dewatering of the coal mines, can influence the desorp-
tion processes, especially of Cd ions combined with
exchangeable sites of fine-grained clay minerals. The met-
als can also precipitate or co-precipitate with carbonates
(mainly calcite) present in the flood sediment samples.

In the current research the salinity of the flood sediments
were determined by conducting aqueous leaching test. The
results revealed that the concentrations of both suphates and
chlorides in the aqueous leachates was low and did not
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Fig. 3. X-Ray diffraction patterns of the <2 um clay fraction of the Vistula River flood sediment selected sample (V9): air-dried, eth-

ylene glycol-solvated, and heated at S60°C.
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exceed permissible values according to Polish legislation
[30]. The concentration of sulphates varied from 79.4 and
50.9 mg/L and chlorides varied from 4.6 and 3.8 mg/L.

Release of metals from the flood sediments is deter-
mined mainly by oxidation/reduction conditions and chem-
ical forms of metals. Bottom sediment being under reduc-
ing conditions can undergo oxidation processes when trans-
ported from the riverbed during a flood [25, 31-34].
Consequently, changing an anaerobic to aerobic condition
in the bottom sediment will strongly increase the mobility
of metals. According to the results of Helios-Rybicka [35,
36] and Aleksander-Kwaterczak [37] (Fig. 7), the mobile
portions of Pb, Cd, and Zn were very low in the anoxic sed-
iment samples of the Biata (BR) and Przemsza (PR) rivers.
However, in the same sediment samples, which underwent
oxidation, the mobile portion of metals significantly
increased and reached up to 10% of Zn, 17% Cd, and 64%
of Pb. As reported by Violante et al. [38] and Magdi Selim
[39], mobilization of the sediment-bound metals to the
water column under oxidizing conditions occurs mainly
during floods and dredging activities.

clka sample VC12 p1

Fekb

Current research conducted on the Vistula River flood
sediments, which underwent oxidation, also confirmed
high mobility of Zn and Cd. Up to 70% of these metals
were bound with exchangeable fractions. Moreover, Pb was
bound with less mobile forms (up to 75% with reducible
fraction), but in some cases the percentage of the exchange-
able fraction is even equal to 55%. Relatively small
amounts of Zn, Cd, and Pb were therefore bound with the
immobile fractions. From all metals in the investigated
flood sediment samples, Cd is the most important one due
to its high mobility and toxicity.

Clay minerals, present in the river sediments (Fig. 4) act
as scavengers and as the source of metal ions in the water-
aluvia soil system. Under reducing conditions, S* ions
become released from clay minerals and precipitate as sul-
fides. These findings are consistent with the results of the
Helios-Rybicka experimental study [40] on application of
different clay minerals as metal donors for precipitation of
their sulfide forms; eg. Cu as a rythmic formation of covel-
lite with clay mineral, or Fe and Pb as double coating of
pyrite and galena on silicate grain.
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Fig. 4. Scanning electron micrographs and X-ray energy dispersive spectrum for the <2 um size fraction of the Vistula River flood sed-

iment selected samples: VC12, VC15, VC16.
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Fig. 7. Total and bioavailable concentrations of Zn, Pb, and Cd in the selected samples of the Vistula flood sediments and of the Vistula

and Przemsza river bottom sediments, according to [35-37].

Conclusions

Sediments that are re-deposited on the floodplain in
2010 consist mainly of suspended matter and a mixture of
fine-grained clay minerals, carbonates, and Fe-Mn
(hydro)oxide particles. They are contaminated mostly with
Zn, Pb, and Cd, exceeding geochemical background. Metal
enrichment of the sediments originates from Zn-Pb mining
and smelting of ores deposited within the Przemsza River
catchment area. An elevated salinity of the Vistula River
water, caused by dewatering of coal mines, can influence
the desorption processes, especially of Cd ions combined
with exchangeable sites of fine-grained clay minerals.

From all the studied metals, Cd and Zn appear to be of
particular concern due to their mobility and, therefore,
bioavailability. Flood sediments re-deposited from the river
channel went through oxidation processes that caused the
metal sulfides to change to the sulfate forms, resulting in
the acidification of the water-sediment system. The acidifi-
cation will lead to further chemical degradation of alluvial
soils, particularly in terms of reduced biological activity
and in contaminated soil resulting from mobilization of
potentially toxic metals.
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