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Abstract

Concentrations of metals, i.e. As, Cd, Cu, Mn, Ni, Pb, Zn were analysed in bottom deposits of a ma-
rine port in Ustka and within the adjacent beach sections. Metal concentrations within the port chan-
nel may be ordered in terms of increasing values as: Cd < As <Ni < Zn < Cu < Pb < Mn. Heavy met-
al concentrations detected in port sediments were much higher than those in beach deposits. Samples
of surface waters were also collected from the port channel, harbour basins and nearby beaches and
selected physico-chemical indexes were determined, including heavy metal concentrations.
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INTRODUCTION

The marine port in Ustka is a major port located at the northern boundary of Poland.
It is one of the largest among small ports of the Polish coast. It covers an area of
over 30 ha, of which approx. 12 ha are sea areas, while land accounts for approx.
18 ha (Palmowski 1994, Pacuk and Michalski 2002). The port is administered by the
Maritime Authority in Stupsk (Pacuk and Michalski 2002). The Port in Ustka has
limited technical facilities required for cargo handling and as a result its function in
this respect is minimal (Palmowski 1994, Nowaczyk 2016). Additionally, the port
lacks support facilities, which results in a decline of inshore navigation. Major cargo
handling operations are provided by large ports equipped with specialist facilities



212 Jozef Piotr Antonowicz, Marcin Grobela, Magdalena Opalinska, Rafal Motata

(Palmowski 1994). For this reason the primary function of the port in Ustka is con-
nected with fisheries and the growing recreation and tourism services (Pacuk and
Michalski 2002). At present the port is gaining in popularity as a marina.

A significant problem observed in ports is connected with the accumulation of heavy
metals in bottom deposits in the port channel and harbour basins and its effect on
nearby beaches. The amount and type of bottom deposit pollutants in marine ports
and waters are connected with the number of ships mooring in the port (Radke et al.
2013). According to international environmental protection standards heavy metals
are the most important indicators for the degree of pollution in port sediments.
Heavy metals are deposited in bottom sediments, while their sources may be anthro-
pogenic or natural (Bolatek et al. 1999). Anthropogenic sources include domestic
wastewater, industrial wastewater, wastewater generated during excavation, refining
and processing of mineral resources as well as wastewater from agricultural produc-
tion processes. A considerable role in pollution is also played by non-point sources,
e.g. surface run-off, run-off from farmland and atmospheric deposition
(Dziatoszynska-Wawrzkiewicz 2008), as well as tourism and industrial processes
(Gheskiere et al. 2005, Santhiya et al. 2011).

The aim of study was to determine and compare concentrations of analysed heavy
metals and arsenic in port bottom sediments and beach deposits.

MATERIAL AND METHODS
Collection of water and bottom sediment samples
Bottom sediments were sampled in 2015 at 21 selected sampling stations as shown in

Fig. 1 from the marine port, the port channel (denoted by C), harbour basins (B) in the
Ustka port and from the western (W) and eastern beaches (E).

USTKA
HARBOUR

Fig. 1. Location of sampling stations
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Samples of bottom sediments were collected using an Eckman grab sampler. Surface
waters were sampled from a depth of approx. 10 cm using a dipper equipped with
a polyethylene container. Samples were collected at a distance of 2-3 m from the shore
at eight sampling stations located in the port channel and three in harbour basins, and
ten sampling stations located along beaches of the Baltic Sea (from the western
and eastern beaches).

Samples of water and bottom sediments were stored in polyethylene containers
washed with diluted nitric acid (V) 5% (soaking for 24 h) and subsequently rinsed
with deionised water by Hydrolab (Poland).

Determination of metal contents in sediments

Contents of heavy metals in bottom sediments were analysed at the Laboratory of
Environmental Analyses, the Institute of Plant Protection — NRI, using certified ref-
erence materials. Samples of beach deposits, bottom sediments (circa 50 g) were
sieved through a sieve. Sediment samples were ground in a Fritsch Pulverisette 7
planetary micro mill. After milling 0.5 g of the sample was weighed. Ground sedi-
ment samples were mineralised in a microwave oven (CEM MARS 5) in 10 ml 65%
HNO; (Merck Suprapur®). Total contents of analysed metals were assayed by AAS us-
ing F-AAS (Varian AA240FS), ET-AAS (Varian AA240Z). Nitric acid (Merck
Suprapur”) was used in the blank test. All the analyses were conducted using ultrapure
water with conductivity of 0.05 uS/cm from a Polwater CDRX-200 deioniser. All la-
boratory glassware used in analyses was washed in diluted nitric acid (V) (soaking for
24h) and next rinsed with deionised water. Accuracy of the method was confirmed by
analyses of reference materials CONTEST 77 (LGC Standards Proficiency Testing,
mineral soil) and GM 2014.1.1 (PT-SChR verification test, mineral soil) and the ob-
tained results are presented in Table 1.

Table 1
Recovery rates of reference material, reference values and concentrations recorded in the study
Parameter
Reference material X
As Cd Pb Zn Cu Ni

reference value [ug g™']

CONTEST 77 211.75 1.61 931.60 | 340.49 185.03 51.36

GM2014.1.1 1.33 0.15 6.66 20.10 2.79 2.72

obtained value [ug g']

CONTEST 77 (AAS-F) - - 923.11 326.96 181.76 54.13
GM2014.1.1 (AAS-GF) 0.98 0.12 7.80 16.83 221 291

recovery [%]

CONTEST 77 - - 99.09 96.03 98.23 105.40

GM2014.1.1 73.46 83.56 117.12 83.73 79.21 106.98
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Chemical analyses of water samples

Samples of water for analyses (10 ml) were acidified to pH = 2 with 65% HNO;
(Merck Suprapur”™) and subsequently they were mineralised in a microwave oven
(CEM MARS 5). Heavy metals in the obtained extracts were assayed by the AAS
technique using the F-AAS (Varian AA240FS), ET-AAS (Varian AA240Z7).
Concentrations of dissolved ions: SO4*, NO;, CI,, Br, Ca*’, Mg%, K', Na" and
NH," were determined in a Methrom 881 Compact IC Pro ion chromatograph. Water
samples were filtered on syringe filters of 0.20 um in diameter. Standard series were
prepared by dilution from standard solutions of 1000 mg L Analyses were per-
formed using ultrapure water from a Hydrolab deioniser. Concentration of dissolved
oxygen was determined with a portable Martini Instruments Mi 605 oxygen meter.
Electrolytic conductivity was determined using a CP-315 Elmetron conductome-
ter. Water reaction was determined using a multiple parameter Martini Instruments
Mi 805 meter with a series of buffer solutions.

Statistical analysis

Statistical analysis was conducted using the Past 3.0 programme calculating the
mean, median, minimum, maximum, standard deviation, the normality test,
the Mann—Whitney U test as well as the multiple parameter cluster analysis (Ward’s
method, Euclidean similarity index) according to Hammer (2017).

RESULTS
Heavy metals in bottom sediments

Table 2 presents basic statistical parameter concerning heavy metal concentrations in
bottom sediments of the port in Ustka, its harbour basins and beach deposits. Metal
concentrations within the area of the port channel produce the following order of in-
creasing values: Cd < As <Ni < Zn < Cu < Pb < Mn. In turn, for beach deposits this
series was as follows: Cd <As <Zn <Ni < Pb < Cu < Mn.

Figures 2 and 3 present the distribution of Mn, Ni, Cu, Zn, Cd, Pb and As at the in-
dividual sampling stations. Graphs on the left give the distribution of metal concen-
trations along the port channel, while those on the right present the distribution of
heavy metals at the beach sampling stations. Concentrations of all analysed heavy
metals in the port channel bottom sediments were statistically higher (Table 3) than
those observed in the beach deposits.

At the 1C sampling station (the last section of the Stupia River before the entrance
to the port) the concentrations of heavy metals were lower in comparison to those in
the farther sections of the channel: 3C-10C. At section 11C the bottom sediments
had a similar chemical composition as beach deposits.

Manganese concentrations in bottom sediments of the port channel increased from
sampling station 1C to station 5C. In the beach deposits from the western beach the
concentration of manganese was almost 1.5-fold higher than at the eastern beach.
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Table 2
Statistical parameters for heavy metal and As concentration in bottom sediments and beach deposits
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Ni 12.87( 1.77( 16.57 1.64 7.70 0.51 1.82 1.26 22.66( 2.9610280| 0.550
Cu 75.10( 2.45]| 3742 2.43| 90.69 0.22] 3.81 2.06] 267.13] 2.84(0330( 0.660
Zn 42.45|<LOD| 32.24|<LOD| 31.58| <LOD| 2.09|<LOD| 113.93] 2.18|1840| 3.690
Cd 0.28|<LOD 0.32| <LOD| 0.17| <LOD| 0.01|<LOD 0.55] 0.01{0.006( 0.012
Pb |131.32| 1.79|157.10) 1.78| 73.74| 0.65| 6.23| 0.80| 249.20( 2.85(0210| 0410
As 502 034 450 033 4.88 0.06] 052 026 16.38| 0.47(0.110] 0210

Explanations: LOD — limit of detection, LOQ — limit of quantitation

The lowest nickel concentration was observed at sampling stations 1C to 3C. Three
high Ni levels were recorded at stations 5C, 8B and 10C. Nickel concentration with-
in the port channel was approx. 10.5-fold greater than in the beach deposits. A com-
parison of the values in beach deposits showed higher concentrations of this metal at

the western

beach.

In the case of copper the highest concentrations in the port channel sediments were
recorded at sampling station 2C. A slightly lower value was found in the harbour ba-
sin — 9B — and a slight increase of the concentration was observed at sampling sta-
tion 4B. Mean concentrations in the beach deposits were on average 15-fold higher
than in the port channel.

Differences in significance between concentrations of heavy metals and As recorded

Table 3

in beach deposits and bottom sediments of the port provided by the Mann—Whitney U-test
(after Kolmogorov—Smirnov normality test)

Parameter Z value Level of statistical significance
Pb -3.84 wkx
/n -3.77 Hokx
Cu -3.84 ook
Ni -3.63 wokx
Mn -3.84 ook
Cd -3.85 wokok
As -3.84 ook

ok p < 0.001
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Fig. 2. Concentrations of Mn, Ni, Cu and Zn in bottom sediments (left) and beach deposits
(right) (for Zn in beach deposits data below LOD except data from sampling station 1W)

The maximum value for zinc was recorded at sampling station 4B, which is within
the harbour basin. High values were also found at sampling stations 2C and 9B. Zinc
concentration in the beach deposits (LOD value) was over 23 times greater than the
mean for the port channel. It should be stressed here that the highest concentration in
the beach deposits was observed at the sampling station extending farthest into
the Baltic (1W).
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Fig. 3. Concentrations of Cd, Pb and As assayed in bottom sediments (left) and beach depos-
its (right) (for Cd in beach deposits data below LOD)

Cadmium concentration in the bottom sediments of the port channel increased from
sampling station 1C to station 5C, where it reached the maximum value. For Cd high
concentrations were recorded at sampling stations 5C, 8B and 10C, respectively. In
the beach zone higher concentrations were observed at the eastern beach, reaching
the highest value at sampling station 2E, whereas LOD value of cadmium concentra-
tions in the beach deposits were approx. 46-fold lower than in the port sediments.

In the case of lead a systematic increase was found for the concentrations from sam-
pling station 1C to station 5C, where it reached the maximum. Another increase in
lead concentration was also observed at sampling station 9B. In the beach deposits
Pb concentrations were approx. 70-fold lower than the mean recorded for the port
channel. In the beach deposits from the eastern beach concentrations of lead were
decreasing with an increasing distance from the port entrance, while at the western
beach the lowest concentration was found at sampling station SW, whereas the con-
centration increased at stations 1W, 3W and 4W.

In the case of As the highest concentrations were also recorded at sampling station
5C. Mean arsenic concentrations in the port channel sediments were almost 15-fold
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higher than those observed in the beach deposits. Moreover, higher concentrations
were recorded on the western beach in comparison to the eastern beach.

The multiple parameter cluster analysis was applied to group the tested heavy metals
in terms of the similarity in their distribution at individual sections of the port chan-
nel (left) and the beaches (right) (Fig. 4). In port sediments two main clusters were
distinguished, one comprising Pb, Ni, Cd, As and Mn, while the other consisting of
Zn and Cu. In the beaches two main clusters were distinguished, one comprising Zn,
Ni, Pb, Mn and As and second cluster consisting Cu and Cd.
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Fig. 4. Hierarchical diagram of cluster analyses (Ward’s method, Euclidean similarity index)
for studied metals in harbour bottom sediments (left) and beach deposits (right)

Chemical compounds contained in water

Table 4 presents basic statistical parameters for concentrations of analysed metals in
surface waters of the port channel and in waters sampled along the beaches. Concen-
trations of heavy metals and arsenic in waters of the port channel and harbour basins
as well as samples of water collected along the beaches may be arranged according
to the increasing concentrations as follows: Cd < As < Cu < Mn < Ni. Concentra-
tions of zinc and lead were below 5 ppb and Zn 20 ppb.

Table 4
Mean concentrations of heavy metals and arsenic and standard deviations recorded in surface wa-
ters of the port and coastal sea water

Harbour Coastal sea water

Element

mean SD mean SD

pgL!

Mn 2.66 1.09 3.07 2.16
Ni 4.50 4.08 10.93 2.87
Cu 3.56 2.89 5.5 2.43
Zn <20 - <20 -
Cd 0.14 0.81 0.21 0.08
Pb <5 - <5 -
As 0.41 0.38 0.62 0.71
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Table 5 presents concentrations of ionic substances, dissolved oxygen as well as pH
and EC values, to the greatest degree connected with salinity. These components,
such as chlorine ions, were found at the highest concentrations in marine water, with
their concentration being approx. 10-fol greater than the mean value obtained in the
entire port channel. Concentrations of bromides in marine waters was almost 2-fold
greater, those of sulphates 7-fold, sodium 10-fold, magnesium 19-fold, potassium
4-fold and calcium 2-fold, respectively. Electrolytic conductivity in marine waters
was approx. 7-fold higher than in water sampled in the port channel. Water reaction
in both these areas was comparable, while marine waters contained more dissolved
oxygen (mean 6.20 mg L™ and 7.32 mg L™"). Concentrations of NO3” and NH," were
higher in harbor water than in coastal water (about 50% and 30%, respectively).

Table 5
Statistical parameters for dissolved ions, oxygen, EC and pH
in coastal and harbour waters in Ustka
= £ £
=] < =
g 5 2 £ g
(]
B p= = 8 5
7} = p b=
g =
S -}
3
Q_‘ et — et — et — ] f— ] —
3 g 3 | 3 | 3 g 3 |
£ 3 £ 4 ) 4 £ 3 £ 3
s o) s o) S g s s s s
= o < o = o = o < o

CI' |mg L' 382.32(3,887.76| 344.69| 4,044.87| 92.51(308.56| 279.22| 3,340.79| 531.92| 4,109.88
Br |mgL’' 5.78 1351 572 13.71| 0.19| 0.64] 5.56 1243 6.11 14.06
NO; |mgL’ 1.00 0.67| 0.94 0.56| 039 040[ 046 0.25 1.63 1.28
SO/ |mg L' 8483 58422 76.46| 61076 20.82| 49.64| 66.13| 496.63| 127.86| 61837
NH," [mg L! 0.28 021 0.14 0.14[ 032| 0.18 0.09 0.08 1.00 0.54
K" |mgL'| 1860 8098 11.07| 79.12| 1624 805 9.00 74.34| 54.74 96.65
Na® |mgL"'| 205.93|2,092.88| 181.50| 2,077.09| 58.46| 84.56| 149.23| 1,989.19| 305.01| 2,231.45
Mg2+ mg LY 1173 22802 443 22976| 13.74| 857| 3.80| 21437| 36.11| 237.72
Ca”™ |mg LY 41,62] 9741 2475 89.79| 35.94( 25.23| 21.84 70.13| 121.67( 139.83
EC mS 1.79 1239 1.76 1232 037| 0.11 1.34 1232 232 12.56
pH - 7.79 7.60| 778 7.66| 0.05( 020 7.75 7211 7.90 7.78
0, |mg L! 6.20 732 625 7.60| 035 091 540 6.20|  6.50 8.10

DISCUSSION

Bottom sediments and the heavy metals they contained provide information on pollu-
tants deposited occasionally even for decades. Dynamics of changes in heavy metal
concentrations in bottom sediments is much lower than observed in water
(Protasowicki and Niedzwiecki 2004). The amount and type of deposited metals in the
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bottom sediments of marine ports are connected with the numbers of ships mooring in
the port (Radke et al. 2013) and the type of port infrastructure. The results clearly
show dramatic differences between concentrations of analysed heavy metals and arse-
nic between their contents in the port bottom sediments and the beach deposits sam-
pled at the nearby beaches. These data are confirmed by the results of statistical tests
(Table 3). Mean contents in these areas for Mn in the port sediments were by
31.6-fold higher than in the beach deposits, for Ni it was 7.3-fold, Cu 30.6-fold,
Zn 32.9-fold, Cd 28.0-fold, Pb 73.4-fold and As 14.8-fold, respectively.

Sources of pollutants in the port sediments may be anthropogenic or natural. Gen-
erally heavy metals are bound by solid particles or organic matter and are deposit-
ed on the bottoms of water bodies (Szefer and Skwarzec 1988). In this study con-
ducted in the port in Ustka the highest concentrations of analysed metals were
found in the central part of the port and not in its entrance (Figs 2-3). Ports such as
Ustka situated at the mouth of the Stupia River to a certain extent are contaminat-
ed with heavy metals carried from the river catchment towards its mouth. Along
the river course concentrations of heavy metals may increase towards its mouth
(Nocon et al. 2013, Barbusinski and Nocon 2011). In the case of Cd, As, Cu, Mn
and Ni concentrations in the bottom sediments at the stretch of the Stupia River
upstream of the port were much lower than in the port itself in comparison to the
central part of the port. The greatest loads of pollutants in the Ustka port were
found for Pb and Cu. According to Szefer and Skwarzec (1988), coastal zones are
polluted by Zn, Pb, Cd and Cu due to the impact of large industrial plants and ur-
ban areas. Copper and zinc are components of brass alloys, frequently used in
ships and to produce gun cartridges. Both components are found in one cluster
in the cluster analysis (Fig. 4). In contrast, in the beach settlements, copper and
zinc occur in different clusters. According to a study by Santhiya et al. (2011),
high contents of Ni, Cu, Pb and Zn in bottom sediments are explained by the pres-
ence of a fishing port and industrial pollution.

As a result of the natural water self-purification process heavy metals are deposit-
ed on the bottoms of water bodies. As a result of sorption and sedimentation solu-
ble forms of heavy metals penetrate to bottom sediments, which results in an
improved quality of surface waters and increased metal concentrations in bottom
sediments of water bodies (Barbusinski and Nocon 2011). Metals sparsely soluble
in water (Cd, Hg, As, Cr, Ni, Cu and Zn) are particularly well accumulated in bot-
tom sediments (Dziatoszynska-Wawrzkiewicz 2008). At the entrance to ports wa-
ter from the port channel mixes with marine waters, as a result polluting marine
waters and sediments (Trojanowski and Bigus 2013, Gheskiere et al. 2005,
Santhiya et al. 2011). Beach deposits contain much lower amounts of organic mat-
ter than port sediments, thus metals are much less intensively deposited in beaches
than in organic port sediments. Moreover, they are dissolved in much greater vol-
umes of marine waters.

According to the LAWA classification (1998) presented in a study by Bak et al.
(2014), the collected samples (means) of bottom sediments are classified in terms
of individual metals as follows: Ni — unpolluted (class I), Cu — moderately pollut-
ed (class II) (according to the median classes I-1I), Zn — unpolluted (class I), Cd —
unpolluted (class 1) (according to the median classes I-1I), Pb — moderately pollut-
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ed / critically polluted (classes II-II). In turn, samples of the beach deposits in
terms of Zn, Pb, Cu, Ni and Cd were classified to class I (unpolluted sediments).
In Italy geochemical purity classes were developed for sediments extracted from
port basin bottoms for use in other environments (Bojakowska and Sokotowska
1998). According to the respective classification proposed by Cariocchla et al.
(1992), samples of the bottom sediments in terms of their Ni, Zn, Cd and As con-
tents fell within class I, while for copper and lead — class II. Beach deposits in
terms of all the analysed metals were class I. Bojakowska and Sokotowska (1998)
presented the classification of water sediments according to geochemical criteria.
According to this classification, sediments from the port of Ustka for Zn and Cd
concentrations were within the geochemical background. As concentration was
slightly higher than the geochemical background, Ni — class I, Cu i Pb — class I
The concentration of Ni, Cu, Zn, Cd, Pb and As in beach sediments was within the
geochemical background.

Table 6 presents information on concentrations of heavy metals in various coastal
areas in Poland and Germany and Lithuania. The results are consistent with data
for marine ports of Poland and are typically lower than for large marine ports. In
turn, results obtained for the beach deposits were comparable to those given by
Perkowska and Protasowicki (1996) for bottom sediments of the southern Baltic.
Recorded concentrations of heavy metals and As in surface waters were not high
and are comparable to those reported in a study by Bigus et al. (2016) for the };
per reaches of the Stupia River. Concentrations of CI', Br, SO4~, K*, Mg

as well as EC values were higher in marine waters than in the port water samples.
This is naturally connected with salinity of marine waters. As a rule, the above-
mentioned ions are found in greater amounts in the marine waters of the Baltic
(Dojlido 1995) than in the nearby inland waters of the Pomerania region. Salinity
is manifested in terms of EC, providing the total value of dissolved components.
Also marine waters in the period of the study contained more dissolved oxygen
than waters in the port channel. In turn, waters of the port channel contained
greater amounts of nitrogen compounds usually of anthropogenic origin, drainage
from catchment area, which are transported to the sea with river waters
(Korzeniewski et al. 1989).

CONCLUSIONS

In the case of Cd, As, Cu, Mn and Ni concentrations in the analysed bottom sedi-
ments at the section of the Stupia River preceding the entrance to the port were low-
er than those recorded in samples collected from the central part of the port.

Beach deposits contained much lower concentrations of heavy metals and arsenic
than those collected from the port channel and harbour basins.

Metal concentrations in the port channel may be arranged in the increasing concen-
tration order as follows: Cd < As < Ni < Zn < Cu < Pb < Mn, while an analogous or-
der for the beach deposits was: Cd <As < Zn < Ni < Pb < Cu < Mn, respectively.
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METALE CIEZKIE W OSADACH PLAZOWYCH,
OSADACH DENNYCH ORAZ W WODZIE POWIERZCHNIOWE]J
BALTYCKIEGO PORTU RYBACKIEGO

Streszczenie

Wykonano analizy stezenia metali As, Cd, Cu, Mn, Ni, Pb, Zn w osadach dennych portu
morskiego w Ustce oraz w sasiadujacych odcinkach plazy. Stgzenia metali w obszarze kanatu
portowego tworzyly stezeniowy szereg rosnacy: Cd < As < Ni < Zn < Cu < Pb < Mn. Uzyskane
stezenia metali cigzkich w osadach portowych byty znacznie wyzsze niz w osadach plazowych.
Z kanatlu portowego, basenow portowych oraz w poblizu plaz pobrano rowniez probki wody
powierzchniowej, w  ktérych przeanalizowano stgzenie wybranych parametrow
fizykochemicznych, w tym metali cigzkich.



