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Abstract Due to the rising environmental awareness, emissions and releases of pollutants, in- 
cluding metals, have been considerably reduced in the last decades. Therefore, the remobiliza- 
tion of natural and anthropogenic contaminants is gaining importance in their biogeochemical 
cycle. In the marine coastal zone, this process occurs during the erosion of a shore, especially 
the most vulnerable cliffs. The research was conducted in the Gulf of Gda ńsk (southern Baltic 
Sea) from 2016 to 2017. The sediment cores were collected from four cliffs; additionally, ma- 
rine surface sediments were also taken. The concentrations of essential (Cr, Mn, Fr, Cu, Zn) 
and nonessential (Rb, Sr, Y, Zr, Ba) metals were analyzed using the XRF technique. The levels 
of the analyzed metals were relatively low, typical of nonpolluted areas. However, considering 
the mass of eroded sediments, the annual load of metals introduced into the sea in this way is 
significant. In the case of Cu, Zn, and Y the load can amount to a few kilograms, for Cr and Rb 
— over ten kilograms, for Mn, Sr, and Zr — several tens of kilograms, for toxic Ba — over 100 
kg, and in the case of Fe — 4.8 tonnes. During strong winds and storms, when the upper part of 
a cliff is eroded, especially the load of Zn and Cr entering the sea may increase. The content 
of Cr, Zr, and Ba in the cliffs was higher compared to marine sediments from the deep accu- 
mulation bottom, which indicates that coastal erosion may be an important source of these 
metals. 
© 2022 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

he main sources of metals in the marine environment 
re atmospheric deposition and terrestrial runoff. The lat- 
er is of particular importance in the coastal zone, espe- 
ially near the outlets of large rivers. These account for 
p to 80—90% of the metal load introduced into the Baltic 
ea ( HELCOM, 2021 ; U ścinowicz et al., 2011 ). Direct point 
ources make the smallest contribution to the total input of 
etals (about 2%, except Zn, for which they constitute al- 
ost 5%). However, as indicated by HELCOM (2021) , the role 
f point sources can be underestimated. One of the poten- 
ially important sources, which has been overlooked so far, 
s the erosion of the shore ( Bełdowska et al., 2016 ). Given 
he significant volume of sediments introduced into the sea 
y landslides and other mass movements ( Regard et al., 
022 ), coastal erosion may play a role in the metal budget 
n the marine environment ( Wells et al., 2003 ), which was 
emonstrated in the example of the Hg inflow into the Gulf 
f Gda ńsk ( Bełdowska et al., 2016 ; Kwasigroch et al., 2018 ).
The emission of metals, especially toxic ones, to the en- 

ironment has been reduced in recent decades. In European 
nd North American countries, high public awareness has 
ed to a series of restrictions and programs aimed at re- 
ucing the levels of toxic substances in the environment, 
.g., the Clean Water Act (US EPA), the Baltic Marine En- 
ironment Protection Commission, more usually known as 
he Helsinki Convention (Helsinki Commission), the Conven- 
ion for the Protection of the Marine of the North-East At- 
antic, also known as the OSPAR Convention (Oslo and Paris 
ommissions), the Convention on Long-range Transbound- 
ry Air Pollution, often abbreviated as the Air Convention 
UNECE), the Stockholm Convention on Persistent Organic 
ollutants (UNEP), or the Minamata Convention for Mer- 
ury (UNEP). Despite the decrease in emissions in Europe, 
oth from the industry sector (mainly from the energy sup- 
ly, manufacturing, and extractive industries) and individ- 
al households ( EEA, 2021 ), the concentration of many met- 
ls in the environment is not decreasing proportionally to 
he introduced restrictions ( HELCOM, 2021 ; J ędruch et al., 
021 ). One reason for this situation is the reemission and 
emobilization of pollutants that have been deposited for 
ecades in soils, land, and sea sediments. These so-called 
legacies’ have the potential to continue to impact the envi- 
onment long after they were first introduced ( Clarke et al., 
015 ; Zaborska et al., 2019 ). The release and mobility of 
etals from terrestrial and marine deposits may be inten- 
ified under climate change-induced alterations of mete- 
rological or hydrological conditions: increased precipita- 
ion, thaws, downpours, floods, storms, higher tempera- 
ures, and changes in acidic conditions ( Bełdowska et al., 
016 ; Biswas et al., 2018 ; Saniewska et al., 2014a ; Xu et al.,
015 ). As people are unable to control these processes, it is 
ssential to recognize their scale and significance. 
An example of remobilization is the erosion of the shore, 

hich is of particular importance in marine coastal areas. 
iven recent observations and predictions of climatic evo- 
ution in the Baltic Sea basin, the risk of erosion of the Pol- 
sh coast will increase. The consequences include a higher 
requency of extreme weather phenomena, but also a rise 
n sea level, milder winters, and a decrease in ice cover, 
hich will also increase the exposure of the coast to hy- 
554 
rodynamic forces ( Bełdowska, 2015 ; Meier et al., 2022 ; 
óży ński and Lin, 2021 ). The combination of these factors 
ill promote the release of chemical elements accumulated 
ver the years in coastal deposits into the marine environ- 
ent. In the near past, the average rate of shore retreat in 
he study area was 0.5 m per year ( Zawadzka-Kahlau, 2012 ). 
n recent years, an increase in erosion has been observed 
long most of the length of the Polish coast. Further in- 
ensification of this process is also inevitable in the next 
ecades, and the most threatened areas include the vicin- 
ty of the Tricity agglomeration ( Dubrawski and Zawadzka- 
ahlau, 2006 ; Pruszak and Zawadzka, 2008 ). 
It is continuously discussed which elements should be 

lassified as toxic, beneficial, or essential for living or- 
anisms. Nowadays, around 20 of the known elements are 
efined as essential for humans. It applies to basic or- 
anic elements (H, C, N, O), seven macroelements (Na, Mg, 
, S, Cl, K, Ca) and several trace elements (Cr, Mn, Fe, 
o, Cu, Zn, Se, Mo) ( Kabata-Pendias and Mukherjee, 2007 ; 
oroddu et al., 2019 ). As for Cr, despite its effect on 
etabolism, it is sometimes excluded from the list of es- 
ential elements ( Di Bona et al., 2011 ; Vincent, 2017 ). In ad-
ition to their beneficial functions, essential elements can 
e toxic if the dose is high enough, pointing to the princi-
le ‘the dose makes the poison’. Excess of essential trace 
etals may lead to neurological and metabolic disorders, 
NA damage, and promote carcinogenesis ( Emsley, 2011 ) 
 Table 1 ). The level of metals listed as priority environmen-
al pollutants (e.g., Hg, Pb, Cd, As, Cr, Cu, Zn) is monitored
ccording to the guidelines of the EU Water Framework Di- 
ective and the regulations of the Environment Ministry in 
oland ( HELCOM, 2021 ; Zaborska et al., 2019 ). On the con-
rary, little is known about the level of trace metals that do 
ot have a known biological role in humans, and their toxi- 
ity is moderate. Certain elements have attracted much at- 
ention in recent years due to their increased industrial and 
conomic importance. These include elements extensively 
sed in modern technology: advanced electronics, lighting, 
ower generation, medicine, space, and aeronautic indus- 
ries. These ‘tech metals’ are relatively rare in the envi- 
onment; however, in recent years, their use has gradually 
ncreased and due to future demand, growth will continue 
o increase in the coming decades ( Goodenough et al., 2017 ; 
ikulski et al., 2016 ). Consequently, the inflow of these 
etals into the natural environment will increase simulta- 
eously and the environmental consequences of it are dif- 
cult to predict given the low number of studies. There- 
ore, it is important to recognize and estimate the sources 
f these elements in the sea. 
This study aims to determine the inflow of selected es- 

ential (Cr, Mn, Fe, Cu, Zn) and nonessential (Rb, Sr, Y, 
r, Ba) trace metals ( Table 1 ) to the marine environment
long with the eroded shore, based on the example of the 
ulf of Gda ńsk (southern Baltic Sea) ( Figure 1 ). Cliffs are
ne of the clearest examples of coastal erosion. They are 
lso a significant component of world coastal zones ( Zelaya 
zi ątek et al., 2019 ). Despite that, cliffs have not received 
s much attention as other possible sources of elements in 
he marine ecosystem, and their role in the biogeochem- 
cal cycle of metals is still poorly recognized. However, 
s shown in previous works concerning Hg, erosion intro- 
uces a significant load of this metal into the marine en- 
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Table 1 Biological properties and use of the studied metals ( Emsley, 2011 ; Kabata-Pendias and Mukherjee, 2007 ; 
Rumble, 2021 ). 

Beneficial role Harmful role Uses 

Ba No known biological role Toxic: neurological disorders Geotechnics, metallurgy, electronics, 
paint and glassmaking, medicine 

Cr Essential: role in insulin 
metabolism, DNA synthesis 

Toxic in excess: damage to the DNA, 
increased cancer risk, 
gastrointestinal disorders 

Metallurgy, aerospace, military, 
automotive, manufacture of many 
everyday items 

Cu Essential: important 
components of many 
enzymes, energy transfer in 
cells 

Toxic in excess: brain, cardiac and 
gastrointestinal disorders 

Electronics, civil engineering, 
industrial machinery, agriculture 

Fe Essential: blood production, 
oxygen and electron 
transport, DNA synthesis 

Toxic in excess: cardiac and 
gastrointestinal disorders, increased 
cancer risk 

Metallurgy, civil engineering, oil and 
petroleum industry, aerospace, 
automotive, medicine 

Mn Essential: a cofactor for 
many enzymes 

Toxic in excess: anaemia, depression, 
neurological disorders, impotence 

Metallurgy, electronics, paints, 
medicine 

Rb No known biological role Toxic in higher concentrations: 
growth and reproduction disorders 

Various electronic and chemical 
applications, medicine 

Sr No known biological role Toxic in higher concentrations: 
calcium metabolism disorders leading 
to e.g. bone diseases 

Various electronic applications, 
medicine 

Y No known biological role Toxic: lung diseases, increased 
cancer risk 

Various electronic and chemical 
applications, medicine applications 

Zn Essential: involved in 
numerous aspects of 
cellular metabolism 

Toxic in excess: increased cancer 
risk, immune system suppression 

Metallurgy, civil engineering, 
electronics, manufacture of many 
everyday items, medicine 

Zr No known biological role Toxic in higher concentrations: lung 
diseases 

Nuclear power stations, 
superconducting magnets, aerospace, 
many biomedical applications 

Figure 1 Location of sampling stations in the Gulf of Gda ńsk (southern Baltic Sea) and the type of collected material: a) cliff
sediments, b) marine sediments (VM — Vistula mouth, GG — Gulf of Gda ńsk, GD — Gda ńsk Deep). 
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ironment, acts as its nonpoint source, and should not be 
eglected ( Bełdowska et al., 2016 ; J ędruch et al., 2017 ; 
wasigroch et al., 2018 ). As evidenced by Andriolo and 
onçalves (2022) , coastal erosion can also be accounted as 
 diffuse source of marine littering pollution. Given that 
he eroded sediments are mostly fine-grained, they can eas- 
ly be transported to distant regions and deposited in the 
eeper areas of the bottom. Therefore, our objective was 
lso to estimate the distribution of metals in marine sedi- 
ents under specific depositional conditions. 

. Material and methods 

.1. Study area 

he Polish shore is a nontidal area with short-term sea level 
ariations. Its coastal forms are mainly composed of loose 
and, till, and peat, which results in low durability and vul- 
erability to degradation processes. Cliffs occupy about 20% 

about 101 km in total) of the length of the Polish coast 
without internal lagoons) ( Łabuz, 2014 ; U ścinowicz et al., 
004 ). The genesis of the cliffs goes back to the Littorina 
ransgression, during which they were formed in postglacial 
ormations composed of Quaternary deposits, Pleistocene 
ills, clays and sands on moraine uplands, and Holocene 
uds and sands on lowlands. On the western coast of the 
ulf of Gda ńsk, Tertiary (Miocene) sandy and sandy-clayey 
eposits are also cropped out in the cliffs ( Mojski, 2000 ; 
 ścinowicz et al., 2004 ). The rate of coastal cliff retreat 
epends on its geological structure, as well as factors con- 
rolling coastal hydrodynamics (e.g., wave climate, sea- 
evel fluctuations, coastal orientation, and antecedent or 
earshore morphology). 
Waves are mainly responsible for the destruction of 

he cliffs of the Gulf of Gda ńsk, triggering landslides and 
ubsidence processes. Storm surges and extreme meteo- 
ological events are the most important factors in the 
evelopment of cliff slopes ( Zaleszkiewicz and Koszka- 
aro ń, 2005 ). These phenomena are episodic, and their 
requency varies throughout the year. However, over the 
ast decades, the number and intensity of storms in the 
tudy area has been increasing ( Róży ński and Lin, 2021 ; 
tanisławczyk, 2012 ). The coastline is also shaped by weath- 
ring, erosion, and mass movements, the extent of which 
epends on the type of rock, the geometry of the cliff slope, 
nd the vegetation. Flushing of slopes caused by rainwa- 
er and snowmelt also plays an important role in the stud- 
ed area. Unlike extreme phenomena, these processes have 
 continuous character ( Zaleszkiewicz and Koszka-Maro ń, 
005 ). The magnitude and occurrence of coastal erosion 
re also affected by and anthropogenic activities, which 
enerally accelerate the process ( Janušait ė et al., 2021 ; 
óży ński and Lin, 2021 ). 
The catchment of the Gulf of Gda ńsk has an agricultural 

nd forestry character. Agriculture constitutes about half, 
hile 30—40% is forested. Artificial surfaces account for 
bout 5—6% of the region’s area, with their share gradually 
ncreasing, particularly transportation networks, commer- 
ial, industrial, and housing areas ( Bielecka et al., 2020 ). 
da ńsk ( Figure 1 ), the largest city in the studied region, 
orms together with Sopot and Gdynia the Tricity agglom- 
556 
ration. In 2021, Tricity was inhabited by 750,000 people, 
hile its metropolitan area had a population of between 
 and 1.5 million people, depending on the definition of its 
oundaries. Tricity is a large industrial center related mainly 
o the maritime economy. The chemical, machinery, metal, 
nd electronics industries have also developed in agglomer- 
tion. Tricity is also an important transport hub (air, sea, rail 
nd road). In the rest of the region, the economy is based 
ainly on agriculture, fishing, and the food and wood pro- 
essing industries. Combined heat and power plants, a re- 
nery and shipyards contribute the most to air pollution by 
etals ( http://emgsp.pgi.gov.pl ). 
The research was conducted in the area of four cliffs lo- 

ated on the western coast of the Gulf of Gda ńsk: Orłowo 
650 m in length, 1544 m high), Mechelinki (250 m in length,
5—30 m high), Osłonino (400 m in length, 15 m high) and 
uck (500 m in length, 10 m high) ( Figure 1 a). The most ac-
ive part of the Gulf of Gda ńsk shore is the Orłowo cliff.
he other three cliffs are characterized by a much less re- 
reat rate due to the protective nature of the Hel Penin- 
ula ( Łabuz, 2013 ; Zawadzka-Kahlau, 2012 ) ( Figure 1 a). The
liff sediments in Orłowo and Osłonino are mostly built of 
lay mixed with fluvioglacial sands and laminated silts and 
andy silts, while in Mechelinki and Puck are dominated by 
oulder clays with sand and gravel layers ( Kaulbarsz, 2005 ; 
ęczy ński and Kubowicz-Grajewska, 2013 ). 

.2. Sample collection 

amples of cliff sediments were collected during three sam- 
ling campaigns in June 2016 and March 2017. On each cliff
 Figure 1 a), three stations were set at intervals of about 
0 m. During the study period, the location of the sampling 
ites remained the same and was determined each time us- 
ng a high-sensitivity GPS receiver (eTrexH, GARMIN, USA). 
n the case of cliffs in Mechelinki, Osłonino, and Puck, six 
ediment cores (0—65 cm) were collected from each cliff
sing a soil core probe (AMS, USA): three vertical cores, 
aken from the top of the cliff, and three horizontal cores, 
aken from the cliff colluvium ( Figure 2 ). The Orłowo cliff
s located within a nature reserve (K ępa Redłowska), which 
ade it impossible to collect sediment cores. In this case, 
he sediments from the colluvium and the top of the cliff
ere collected manually (approx. 20 cm of the sediment 
urface layer). In addition, during the r/v Oceania cruise in 
ay 2016, with use of the van Veen grab sampler, three sam- 
les of surface sediments (approx. top 20 cm) were taken 
t each of three stations that differed in terms of environ- 
ental conditions and sediment characteristics: near the 
outh of the Vistula River (VM, depth of 16 m, distance 
rom the shore approx. 5 km, transportation bottom), in 
he central part of the Gulf of Gda ńsk (GG, depth of 70 m,
istance from the shore approx. 20 km, area of temporary 
ediment deposition), and from the Gda ńsk Deep (depth of 
05 m, distance from the shore approx. 50 km, accumula- 
ion bottom) ( Burska and Szymczak, 2019 ; Damrat et al., 
013 ; J ędruch et al., 2015 ) ( Figure 1 b). The total number
f sediment samples collected was 129, including 120 cliff
ediment samples and 9 samples of marine sediments. 

http://emgsp.pgi.gov.pl
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Figure 2 Scheme of the sediment cores collection (reproduced from a study by Kwasigroch et al. (2018) under the terms of the 
Creative Commons Attribution 4.0 International License http://creativecommons.org/licenses/by/4.0/ ). 
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.3. Laboratory analysis 

he sediment cores were divided into layers: 0—20 cm, 20—
0 cm, and 40—65 cm ( Figure 2 ). Samples for metal analysis 
ere stored in polythene zip-lock bags at —20 °C, freeze- 
ried (Alpha 1—4 LDplus, Martin Christ, Germany) and ho- 
ogenized in a ball mill (8000D Mixer/Mill, SPEX Sample 
rep, USA) with a tungsten vessel immediately before anal- 
sis. 
The analysis of selected metals (Cr, Mn, Fe, Cu, Zn, Rb, 

r, Y, Zr, and Ba) was performed using X-ray fluorescence 
pectroscopy (XRF). In this method, atoms of the analyzed 
aterial are externally excited by X-rays, making electrons 
ove, which results in the release of energy emitted as pho- 
ons. Each element emits characteristic energy, the inten- 
ity of which increases with the concentration of the ele- 
ent. The XRF technique is characterized by good selec- 
ivity and a low detectability limit of ppm-ppb; moreover, 
t is also fast, cost-effective, and environmentally friendly 
 Dijair et al., 2020 ). It also belongs to the nondestructive 
nalytical methods that do not damage the sample under 
tudy ( Szyczewski et al., 2009 ). About seven grams of each 
ample were used to determine the element concentra- 
ions, as in the studies by Gashi et al. (2009) and Allafta and 
pp (2020) . The samples were placed in open-ended XRF 
ups with a diameter of 40 mm and sealed with a 4.0 μm- 
hick X-ray film. To perform analysis, a portable XRF (pXRF) 
nalyzer S1 Titan (Bruker, Germany), using the Geochem 

alibration package designed for trace element analysis in 
eochemical matrices adjusted for coastal and bottom sedi- 
ents. XRF readings were performed in triplicate for 60 s in 
ual soil mode. The final results were obtained by averag- 
ng three scanning results. The accuracy of the method was 
erified using certified reference material JMS-1 — marine 
ediment (GCJ, Japan) (78 mg kg —1 of Cr, 22.6 g kg —1 of Mn, 
09.6 g kg —1 of Fe, 447 mg kg —1 of Cu, 166 mg kg —1 of Zn,
557 
5 mg kg —1 of Rb, 454 mg kg —1 of Sr, 254 mg kg —1 of Y, 220
g kg —1 of Zr and 1.8 g kg —1 of Ba), which was analyzed five
imes, at the beginning of each measurement series. The re- 
overy values of the method were, respectively: 96.0% for 
r, 102.3% for Mn, 100.4% for Fe, 95.7% for Cu, 95.5% for 
n, 94.2% for Rb, 98.1% for Sr, 96.9% for Y, 92.6% for Zr, and
7.1% for Ba. The precision of the analysis, given as a rela-
ive standard deviation, is equal to 1.3% for Cr, 1.9% for Mn, 
.8% for Fe, 0.5% for Cu, 1.2% for Zn, 1.5% for Rb, 0.9% for
r, 1.6% for Y, 1.4% for Zr, and 0.8% for Ba. 
The physical parameters of the collected sediments were 

lso analyzed. The content of water (W) was determined by 
rying the sample at 60 °C for 24 h, while the content of or-
anic matter (OM) in sediments was determined using a loss 
f ignition (LOI) at 550 °C for 6 h. The granulometric compo- 
ition of sediments was investigated by sieve analysis using 
 mechanical shaker for 10 min, through the following mesh 
izes: 2.0, 1.0, 0.5, 0.25, 0.125, and 0.063 mm. Sediments 
ith a diameter below 0.063 mm were defined as a fine par- 
icle sediment fraction (FSF). 

.4. Cliff erosion analysis 

 load of individual metals introduced to the Gulf of Gda ńsk 
ith coastal erosion was estimated based on its concentra- 
ion in cliff sediments and the mass of deposits crumbling to 
he sea during the year. A sedimentary material was calcu- 
ated by analyzing the temporal changes in the active layer 
f deposits of the investigated cliffs with the use of an air- 
orne laser scanning (ALS) technique using a light detection 
nd ranging (LiDAR) sensor. The LiDAR surveys were con- 
ucted in 2009 and 2013 by the ZUI Apeks geodetic com- 
any, providing a 4-year period to analyze changes in cliff
rofiles. Scanned sections included cliffs in Orłowo, Meche- 
inki, and Osłonino ( Figure 1 a) with a total length of about
.3 km. Based on LiDAR data (density: 7.32 points m 

—2 ), 

http://creativecommons.org/licenses/by/4.0/
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igh-resolution elevation models of the investigated cliffs 
ere created (vertical resolution: ±0.15 m, lateral reso- 
ution: ±0.20 m) using SURFER 12 software (Golden Soft- 
are). A detailed description of spatial data processing was 
rovided in the previous work by Bełdowska et al. (2016) . 
omparative analysis of models from two different periods 
nables to determine the volumetric changes in cliff pro- 
les ( Earlie et al., 2015 ; Zelaya Wzi ątek et al., 2019 ). The
ass of the crumbling deposits was calculated with con- 
tant sediment density of 2.65 g cm 

−3 — typical values for 
lays, sandy clays and clay sands ( My śli ńska, 1992 ). Based 
n the results obtained for surveyed cliffs, an average an- 
ual sediment loss per km of the cliff shore was calculated 
29,460 tonnes). A total load of deposits introduced to the 
ulf of Gda ńsk was calculated assuming that the combined 
ength of the cliffs along its coast is 3.05 km ( Dubrawski and 
awadzka-Kahlau, 2006 ). To estimate the present load of 
etals, concentrations in the surface layer (0—20 cm) of 
olluvium were used ( Figure 2 ). To calculate the load in- 
roduced to the sea during extreme events, concentrations 
easured in sediments collected from the top (0—60 cm) of 
he cliff were used. Estimation of the future load was based 
n metal concentrations in deeper layers of colluvial sedi- 
ents (0—40 cm). 

.5. Processing of results 

tatistical analysis was carried out using STATISTICA 12 soft- 
are (StatSoft). To assess the distribution of the data, the 
hapiro-Wilk normality test was used ( α= 0.05). Except for 
b (p = 0.09), data on the concentrations of most investi- 
ated elements were not normally distributed (p < 0.05). 
herefore, to determine the strength and direction of as- 
ociation between the analyzed variables the nonparamet- 
ic Spearman rank-order correlation coefficient ( ρ) was 
sed ( α= 0.05). All calculations for sediment grain size sta- 
istical parameters were performed using the GRADISTAT 
.1 software package ( Blot and Pye, 2001 ) running in Mi- 
rosoft Excel 365. The grain size of the sediments was de- 
ermined on the Wentworth (1922) classification. To de- 
cribe the relationship between the size fractions, the 
olk’s (1974) scheme was used. The map of the study area 
ith the distribution of sampling stations was created using 
rcGIS 10.4.1 software (ESRI). 

. Results and discussion 

.1. Lithologic features of sediments 

amples of sediments collected from cliffs had grains of 
arying sizes (from silt-sized particles with diameters be- 
ow 0.063 mm to gravel with grains over 2 mm) and were 
ostly poorly sorted, which is characteristic for glacial 
ediments, deposited by the slow plowing action of an 
ce sheet ( Easterbrook, 1982 ). Based on texture, the cliff
ediments were mostly classified as silty sands ( Table 2 ), 
hich is consistent with the results of previous studies 

 Bełdowska et al., 2016 ; Wo źniak and Czubała, 2014 ). The 
ontribution of FSF ranged from 3.9 to 27.8%, however, the 
ertical cores of sediments collected from the top of the 
558 
liff contained more than two times more FSF and OM (17.8% 

nd 5.0% on average, respectively) compared to horizontal 
ores from the colluvium (7.9% and 1.9% on average, respec- 
ively), which was influenced by eluviation of these consti- 
utes from the top soil. The physical sediment properties of 
he studied cliffs were similar, although in the Puck cliff the 
roportion of FSF and OM was the lowest, while the con- 
ent of coarse sediments (sand and gravel) was the highest. 
iven the lithological and morphogenetic criteria, all inves- 
igated cliffs were classified as sandy-clay and fall-landslide 
ypes, respectively ( Kostrzewski et al., 2020 ). 
The distribution of surface sediments in the Gulf of 

da ńsk followed the general scheme of grain sorting in the 
ater bodies distribution of sediments in the Gulf of Gda ńsk 
nd was associated with water depth and energy of the en- 
ironment ( Łukawska-Matuszewska and Bolałek, 2008 ). The 
amples collected in the shallow water area of the Vis- 
ula mouth (VM) were poorly sorted and dominated by fine- 
rained sands ( Table 2 ). It is typical of a dynamic estuarine
nvironment, in which the movement of sea water is gen- 
rated by a number of factors, including the inflow of Vis- 
ula waters, waves, as well as surface and near-bottom cur- 
ents. An interplay of these factors prevents the sedimen- 
ation of fine particles near the mouth and determines their 
emobilization, transport, and redeposition ( Damrat et al., 
013 ; Szymczak and Burska, 2019 ). Consequently, sediments 
rom the VM station contained significantly less FSF and OM 

20.6% and 5.8%, respectively) than sediments deposited 
n the deeper areas of the Gulf of Gda ńsk. The sediment 
roperties of the samples collected in the central part of 
he Gulf of Gda ńsk (GG) and Gda ńsk Deep (GD), known 
s the depositional bottom ( Burska and Szymczak, 2019 ; 
wasigroch et al., 2021 ), were similar to each other: they 
oth mainly consisted of sandy silts and contained 34.1—
5.2% of FSF and 12.4—14.3% of OM. 

.2. Concentration of metals in cliff sediments 

he concentration of the investigated essential (Cr, Mn, Fe, 
u, Zn) and non-essential (Rb, Sr, Y, Zr, Ba) metals in the 
orizontal cores of sediments collected at the base of the 
liff colluvium and the vertical cores taken from the top of 
he cliff in Orłowo, Mechelinki, Osłonino and Puck was char- 
cteristic of sediments from uncontaminated areas ( Kabata- 
endias and Mukherjee, 2007 ). Taking into account the me- 
ian, the concentrations of metals increased as follows: Cu 
9.3 mg kg —1 ) < Y (14.0 mg kg —1 ) < Zn (20 mg kg —1 ) < Rb
50.7 mg kg —1 ) < Cr (60.3 mg kg —1 ) < Sr (62.2 mg kg —1 )
 Zr (164.0 mg kg —1 ) < Mn (200.0 mg kg —1 ) < Ba (273.7
g kg —1 ) < Fe (13 g kg —1 ) ( Figure 3 ). The lowest concen-
ration variability was found for Cu, Zn, Cr, and Rb, and 
he highest range was found for Fe values ( Table 3 ). The
trongest positive correlations were found between Fe, Zn, 
nd Rb ( ρ= 0.77 and higher, p < 0.05), which indicate the
imilar geochemical behavior or common origin ( Algül and 
eyhan, 2020 ). The concentrations of Fe, Cu, Rb and Sr cor- 
elated with the content of fine sediment fraction ( ρ= 0.43, 
= 0.40, ρ= 0.46, ρ= 0.48, respectively, p < 0.05) ( Table 4 ).
his is related to the fact that fine sediment particles have 
 higher ability to adsorb metals due to the increase of spe- 
ific surface area, the presence of clay minerals, as well as 
e and Mn oxides ( J ędruch et al., 2015 ; Pempkowiak, 1997 ;
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Table 2 Physical characteristics of the cliff and marine sediments (values are medians and ranges). 

Sedimenttype Station layer N Texturalgroup FSF (%) OM (%) W (%) 

Cliff Orłowo H 6 Silty sand 10.1 (9.8—10.3) 2.9 (2.8—3.1) 6.6 (6.2—7.1) 
V 6 Silty sand 24.9 (22.3—27.8) 8.4 (8.1—9.0) 8.5 (8.1—8.8) 

Mechelinki H 18 Sand 7.9 (6.8—10.2) 2.4 (1.4—3.0) 6.4 (5.8—7.5) 
V 18 Silty sand 17.5 (12.2—22.9) 5.7 (4.6—6.5) 7.6 (5.8—9.6) 

Osłonino H 18 Silty sand 10.1 (8.8—11.8) 1.6 (1.3—2.3) 6.7 (4.9—8.6) 
V 18 Silty sand 19.0 (14.2—24.2) 5.0 (3.2—8.1) 6.4 (4.9—7.9) 

Puck H 18 Fine sand 4.5 (3.9—5.1) 1.4 (1.0—2.2) 6.4 (6.1—7.0) 
V 18 Silty sand 14.4 (6.9—22.8) 3.2 (1.5—5.5) 8.0 (4.3—14.5) 

Marine VM T 3 Fine sand 20.6 (19.9—21.0) 5.8 (5.7—6.0) 48.4 (47.4—49.8) 
GG T 3 Sandy silt 35.2 (34.8—35.7) 14.3 (14.2—14.4) 66.1 (65.2—66.7) 
GD T 3 Sandy silt 34.1 (33.8—34.3) 12.4 (12.1—12.6) 71.1 (70.5—71.6) 

VM — Vistula mouth, GG — Gulf of Gda ńsk, GD — Gda ńsk Deep 
H — horizontal core, V — vertical core, T — top 
N — number of samples, FSF — fine sediment fraction, OM — organic matter, W — water content 

Figure 3 Load of metals entering the Gulf of Gda ńsk along with the coastal erosion: at present with eroded colluvium, during 
extreme events with eroded top of the cliff, and in the future with deeper layers of sediments. 
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ao et al., 2015 ). The formation of metal complexes with 
e and Me oxides was manifested in the dependence of 
u, Zn, Rb, and Zr concentrations on the content of Fe 
 ρ= 0.57, ρ= 0.87, ρ= 0.81, ρ= 0.66, respectively, p < 0.05) 
nd Mn ( ρ= 0.47; ρ= 0.57, ρ= 0.48, ρ= 0.44, respectively, 
 < 0.05) ( Table 4 ). However, the lack of correlation be- 
ween Fe and Mn ( ρ= 0.01, p > 0.05) in cliff sediments may 
ndicate an anthropogenic origin of one of these elements 
 Skorbiłowicz et al., 2020 ). The anthropogenic impact may 
lso be evidenced by the absence of relationships between 
etal concentrations and both FSF and OM contributions 

 Algül and Beyhan, 2020 ; J ędruch et al., 2015 ), found for Zn
 ρ= 0.24 and ρ= -0,20 respectively, p > 0.05) and Y ( ρ= 0.14
nd ρ= -0,11 respectively, p > 0.05). 
The anthropogenic origin of metals in cliff sediments of 

he Gulf of Gda ńsk is primarily related to the proximity to 
 large urban center. Average metal concentrations in the 
559 
ricity agglomeration area were higher compared to values 
n soils of undeveloped areas located by the Gulf of Gda ńsk, 
specially in the case of Cu, Zn and Cr ( Bielicka et al., 2009 ;
alandysz et al., 2011 ; http://emgsp.pgi.gov.pl ). There- 
ore, this indicates the deposition of metals close to point 
mission sources. In contrast to areas far from potential 
ollution sources, higher metal concentrations were also 
ound in plants (sea buckthorn Hippohaë rhamnoides ) and 
ungi (king bolete Boletus edulis , fly agaric Amanita mus- 
aria ), considered indicator species, collected in the Tric- 
ty area ( Falandysz et al., 2011 , 2018 ; Pr ądzy ński et al.,
010 ), as well as the algae Enteromorpha spp. collected in 
he urbanized coastal zone ( Haroon et al., 1995 ). Elevated 
oncentrations of metals, especially Cr, were also found in 
he sediments of streams and reservoirs in the Tricity area 
 Wojciechowska et al., 2019 ). However, apart from a few 

xceptions, the measured values were well below the ac- 

http://emgsp.pgi.gov.pl
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Table 3 Statistical characteristic of metal concentrations [mg kg —1 ] in cliff sediments (SD — standard deviation, SE —
standard error). 

Mean Median Minimum Maximum SD SE 

Cr 60.1 60.3 27.7 86.3 13.9 2.0 
Mn 216.7 200.0 102.3 386.7 82.4 12.0 
Fe 13 819.3 12 924.5 4 839.7 32 935.0 6 018.6 877.9 
Cu 10.5 9.3 6.0 21.3 3.3 0.5 
Zn 22.1 20.0 8.0 46.0 10.1 1.5 
Rb 50.8 50.7 29.5 85.0 14.5 2.1 
Sr 69.2 62.2 40.0 130.2 22.7 3.4 
Y 16.4 14.0 8.0 82.0 13.5 2.0 
Zr 159.3 164.0 24.3 262.0 58.9 8.6 
Ba 260.2 273.7 102.0 559.0 108.9 15.9 
FSF 13.2 12.5 2.9 26.5 6.3 0.9 
OM 3.3 2.6 0.7 8.2 2.2 0.3 

FSF — fine sediment fraction, OM — organic matter. 

Table 4 Spearman’s rank-order correlation matrix of metal concentrations and physical characteristics of cliff sediments 
(values marked with a star symbol are statistically significant, p < 0.05). 

Cr Mn Fe Cu Zn Rb Sr Y Zr Ba FSF OM 

Cr 0.44 ∗ -0.39 ∗ -0.11 -0.06 -0.28 ∗ -0.16 0.41 ∗ -0.42 ∗ 1.00 -0.23 ∗ -0.08 
Mn 0.44 ∗ 0.01 0.47 ∗ 0.58 ∗ 0.48 ∗ 0.08 0.65 ∗ 0.44 ∗ 0.44 ∗ -0.12 -0.34 ∗

Fe -0.39 ∗ 0.01 0.58 ∗ 0.87 ∗ 0.81 ∗ 0.47 ∗ -0.00 0.65 ∗ -0.39 ∗ 0.43 ∗ 0.32 ∗

Cu -0.11 0.47 ∗ 0.58 ∗ 0.60 ∗ 0.54 ∗ 0.48 ∗ 0.18 0.30 ∗ -0.11 0.40 ∗ -0.14 
Zn -0.06 0.58 ∗ 0.87 ∗ 0.60 ∗ 0.77 ∗ 0.13 0.46 ∗ 0.46 ∗ -0.06 0.27 0.20 
Rb -0.28 ∗ 0.48 ∗ 0.81 ∗ 0.54 ∗ 0.77 ∗ 0.45 ∗ 0.36 ∗ 0.77 ∗ -0.28 ∗ 0.47 ∗ 0.29 ∗

Sr -0.16 0.08 0.47 ∗ 0.48 ∗ 0.13 0.45 ∗ 0.23 ∗ 0.35 ∗ -0.16 0.49 ∗ 0.33 ∗

Y 0.41 ∗ 0.65 ∗ -0.00 0.18 0.46 ∗ 0.36 ∗ 0.23 ∗ 0.59 ∗ 0.41 ∗ 0.14 -0.11 
Zr -0.42 ∗ 0.44 ∗ 0.65 ∗ 0.30 ∗ 0.46 ∗ 0.77 ∗ 0.35 ∗ 0.59 ∗ -0.42 ∗ 0.31 ∗ 0.03 
Ba 0.08 0.23 0.08 0.17 0.09 0.19 -0.04 0.14 0.02 0.07 -0.23 
FSF -0.23 ∗ -0.12 0.43 ∗ 0.40 ∗ 0.27 0.47 ∗ 0.49 ∗ 0.14 0.31 ∗ 0.07 0.62 ∗

OM -0.08 -0.34 ∗ 0.32 ∗ -0.14 0.20 0.29 ∗ 0.33 ∗ -0.11 0.03 -0.23 0.62 ∗

FSF — fine sediment fraction, OM — organic matter. 
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eptable metal concentrations. As shown in the study by 
alandysz et al. (2011) , the concentrations of metals, in- 
luding Mn, Fe, Cu, Zn, Sr, and Ba, in soils in the study area
ere similar to or lower than in soils in the Polish terri- 
ory, especially those located in its heavily industrialized 
outhern part of the country. Relatively low level of met- 
ls in the soils of the investigated area may be related with 
he outflow of metals to the Gulf Gda ńsk. Given that wa- 
ercourses are mostly regulated and their catchments are 
trongly modified by humans, the retention of chemicals in 
oils is low ( Saniewska et al., 2014b ; Wojciechowska et al., 
019 ). Therefore, the gradual growth of artificial surfaces 
nd urbanized lands in the last decades, especially in 
he Tricity agglomeration, may contribute to the increased 
unoff of metals to the Gulf of Gda ńsk ( Bielecka et al., 
020 ). This indicates that the decrease in metal concentra- 
ions in the topsoil of the Tricity observed since the 1990s 
 J ędruch et al., 2021 ) may be attributed not only to the
eduction of anthropogenic emission but also to the more 
ntensive outflow of metals to the marine environment. 

Cliffs of the Gulf of Gda ńsk contained significantly less 
r, Fe, Cu, Zn, and Zr compared to cliffs of the Kerala coast 
560 
southwestern India) ( Renjith et al., 2021 ). The level of el- 
ments in deposits of Kerala cliffs was from three (for Zn) 
o almost 30 times (for Fe) higher than in cliffs investigated 
n this study. The concentrations of Rb, Sr and Ba in both 
egions were similar, whereas in the case of Mn and Y higher 
alues were measured in deposits from the Gulf of Gda ńsk 
oast. However, given the differences in geology, it is diffi- 
ult to compare the results of these regions with each other. 
eaches of Kerala are world-famous for their heavy mineral 
oncentration, especially Fe minerals, e.g., jarosite and il- 
enite. In addition to the geology of the hinterland, the 
erala cliffs are also influenced by subtropical to tropical 
limates. A consequence is the varied structure of the cliffs, 
hich consist of arkosic sand, kaolinitic sandy clay carbona- 
eous clay, and peat with plant remains ( Singh et al., 2016 ).
The concentrations of metals in cliffs of the Gulf of 

da ńsk were similar to values measured in sediments col- 
ected from bluffs along the Chincoteague Bay coast (Mary- 
and, USA) ( Wells et al., 2003 ). Maryland coastal bays gen- 
rally have low levels of metals ( US EPA, 2002 ); therefore,
iven the same sandy-clay type of deposits at both loca- 
ions, it can be concluded that metal burdens in sediments 
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re comparable. However, the contribution of FSF in sedi- 
ents eroded from the Chincoteague Bay coast (54.7% on 
verage) ( Wells et al., 2003 ) was a few times higher than in
liffs investigated in this study ( Table 2 ). On the other hand, 
he bluff sediments contained significantly less OM (approx. 
.1% on average) compared to the cliff sediments of the Gulf 
f Gda ńsk. As confirmed by higher ρ values ( Table 4 ), the 
SF content was the strongest factor determining the con- 
entration of elements than OM in the case of both studies. 
aking into account the differences in textural composition, 
he FSF-normalized metal concentrations in the Polish cliffs 
ere, therefore, higher than in Chincoteague Bay. 
In the case of the Baltic Sea, metal levels, other than 

g ( Bełdowska et al., 2016 ; Kwasigroch et al., 2018 ), in 
liff sediments have not been investigated so far. How- 
ver, there are some studies on metal concentrations in de- 
osits of southern Baltic beaches ( Antonowicz et al., 2017 ; 
arlonien ė et al., 2021 ; Kupczyk et al., 2021 ). The concen- 
rations measured in beach sands were lower than in cliff
ediments: a few times for Zn, a few to about a dozen 
imes for Cu and Mn, and several dozen times for Cr and 
e. The lower level of metals in beach deposits reflects 
he overall lower content of silt fractions in comparison 
o clays from cliffs. These differences may also indicate 
hat Cr and Fe are adsorbed mainly on fine-grained par- 
icles, which are usually washed away from sandy sedi- 
ents. Silty sediments of the southern Baltic Sea are mostly 
omposed of micas and clay minerals (e.g., illite, glau- 
onite, montmorillonite) which serve as a sink for Fe and 
r. On the other hand, metals such as Zn, Cu, and Mn co- 
ccur with coarser quartz particles and are associated with 
eavy minerals (e.g., ilmenite, garnet, amphibole) or ter- 
igenous carbonates ( Karlonien ė et al., 2021 ; Mikulski et al., 
016 ; U ścinowicz, 2011 ; U ścinowicz and Sokołowski, 2011 ; 
ajda, 1970 ). 

.3. Load of metals released to the sea 

oastal erosion has been identified as an important source 
f sediments to the marine environment ( Janušait ė et al., 
021 ; Łabuz, 2014 ; U ścinowicz et al., 2011 ; Wells et al.,
003 ). Along with sediments, chemicals sorbed onto parti- 
les are also released into the water, turning cliffs into a 
ossible nonpoint source, which affects the quality of the 
oastal zone ( J ędruch et al., 2017 ; Karlonien ė et al., 2021 ;
ells et al., 2003 ). The impact of eroded coast on the input 
f chemical elements, including metals, to the sea, is rarely 
onsidered by researchers or monitoring institutions. There- 
ore, attempts to quantify that contribution and compare it 
o other sources are seldom ( Jarsjö et al., 2017 ; Karlonien ė 
t al., 2021 ). However, as shown in previous studies by 
ełdowska et al. (2016) , coastal erosion is the third most 
ignificant source of Hg introduced to the Gulf of Gda ńsk, 
fter rivers and wet atmospheric deposition. It should be 
oted that nearly all the riverine input of Hg to the Gulf 
f Gda ńsk is introduced by the Vistula, the second largest 
iver that disembogues into the Baltic Sea ( Figure 1 b). In 
omparison to the smaller, local rivers (e.g., Reda, Kacza, 
nd Gizdepka), the importance of coastal erosion is more 
eaningful. It was shown that coastal erosion introduces to 
he sea over 13 times more Hg than these rivers combined 
 Bełdowska et al., 2014 , 2016 ). If the contribution of the 
561 
istula River is not included in the Hg budget in the Gulf 
f Gda ńsk, the significance of coastal erosion increased to 
ore than 30% of the Hg load reaching the basin. It means 
hat the abrasion process may be a particularly significant 
ource of Hg in areas far from the mouths of large rivers or
n bays without major river outlets. 

The erosion of the foot slope of the cliff is the 
ain factor responsible for the formation of landslides 
nd other mass movements ( Kostrzewski et al., 2020 ; 
 ścinowicz et al., 2004 ). On the Polish coast, erosion is 
ainly caused by meteorologically forced storm surges. 
torms are mostly recorded in the fall-winter months, from 

ovember to February. Storm surges are not a regular an- 
ual event. Their number differs from year to year, from a 
ew to a dozen or so ( Łabuz, 2014 ; Stanisławczyk, 2012 ).
uring storm surges of a relatively small scale, mainly the 
urface layer of a cliff face, located at the foot of the col- 
uvium, is destroyed. A load of sediments released into the 
ulf of Gda ńsk with eroded cliffs was estimated at 89,854 
onnes annually ( Bełdowska et al., 2016 ). Taking into ac- 
ount median concentrations of the investigated metals in 
ediments collected from the surface layer of the colluvium 

first 20 cm of horizontal core), coastal erosion is respon- 
ible for introducing to the Gulf of Gda ńsk following loads: 
everal kilograms of Cu, Y and Zn, over ten kilograms of Rb 
nd Cr, up to a few tens of kilograms of Sr, Zr, and Mn, over
00 kg of Ba, and as much as 4.8 tonnes of Fe ( Figure 4 ). 
Shore destruction is more significant when two or more 

torm surges occur in succession during a single season. 
owever, the most dangerous are the most severe ex- 
reme storms. Along the coast of the southern Baltic, the 
umber of such events is more than a dozen per decade 
 Łabuz, 2014 ). In the future, the frequency and strength of 
torms are expected to increase ( Różycki and Lin, 2021 ). 
uring the most severe storms, when the cliff wall is largely 
estroyed, also the upper part of the cliff may crumble. 
iven that the top of the cliff is often overgrown with trees 
nd shrubs, the soil and underlying layers of sediments have 
ifferent chemical compositions and sorption properties. 
long with large landslides disturbing the upper parts of 
he cliff wall, the input of metals introduced into the sea 
hanges. Compared to the load released into the Gulf of 
da ńsk with eroded colluvium, the input of metals during 
xtreme events may increase. As evidenced by the analysis 
f vertical cores of sediments taken from the top of the in- 
estigated cliffs, the load can increase by 41% for Zn, 18% 

or Cr, 9% for Zr, and 2% for Mn. On the other hand, for some
f the elements, the load can be reduced by: 29% for Sr,
0% for Y, 15% for Ba, 8% for Cu, 6% for Rb, and 4% for Fe
 Figure 4 ). These differences may be related to the natu- 
al occurrence of metals in cliff deposits, mainly associated 
ith their mineralogical composition and the content of the 
ne fraction or organic matter. However, surface soil and 
nderlying sediments may be affected by human activity. 
his substantial enrichment of clifftop sediments in Zn is 
robably an effect of atmospheric deposition of metal and 
ts infiltration with rainfall, especially as Zn in precipitation 
n the coastal zone of the Gulf of Gda ńsk is of anthropogenic
rigin ( Szefer, 1990 ). 
Currently, erosion affects the surface layer of the cliff

ace and the colluvium (0—20 cm). Estimation of changes in 
 metal load along with cliff erosion in the future was car- 
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Figure 4 Concentrations of metals in sediments of a cliff and different types of marine bottom: transportation bottom (VM —
Vistula mouth), area of temporary deposition of sediments (GG — Gulf of Gda ńsk), and accumulation bottom (GD — Gda ńsk Deep). 
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ied out based on the concentrations of metals in deeper 
ayers of sediments (20—40 cm and 40—65 cm sections of 
he horizontal cores) deposited at the foot of cliffs. The 
btained results indicated that a load of some metals in- 
roduced into the sea with coastal erosion in the future is 
xpected to increase slightly: 11% for Cr, 10% for Zr, and 3% 

or Sr ( Figure 4 ). On the other hand, the inflow of some met-
ls will be lower: 25% for Mn, 21% for Rb, 20% for Zn, 12% for
a, 8% for Cu, and 2% for Y, while the load of Fe will remain
he same. 

.4. Distribution of metals in marine sediments 

andslides that are dominant mass movements on cliffs with 
 complex structure, such as those along the Gulf of Gda ńsk 
hore, are most hazardous because they sometimes affect 
 zone of hundreds of meters away from the cliff edge 
 U ścinowicz et al., 2004 ). Consequently, both the metals 
ccumulated in cliff deposits and remobilized from resus- 
ended marine sediments recovered are released into the 
ater. The influence of coastal erosion on metal concentra- 
ion in the marine environment was previously evidenced in 
he example of Hg and the Orłowo cliff ( Bełdowska et al., 
016 ; J ędruch et al., 2017 ). After the introduction of a 
onsiderable load of eroded sedimentary material into the 
oastal zone, the concentration of Hg in suspended partic- 
late matter increased almost three times, while, in phy- 
oplankton, a ten-fold increase was observed. This confirms 
he potential impact of coastal erosion on metal inflow into 
he marine trophic chain. It should also be noted that these 
hanges occurred as a consequence of a single, one-day 
vent that was engineering work conducted for safety rea- 
ons. 
Although the concentrations of metals in the cliff de- 

osits were mostly relatively low ( Table 3 , Figure 4 ) the in-
562 
uence of coastal erosion on their input to the sea cannot be 
gnored. The importance of this source is not related to the 
igh concentration of metals in cliff sediments, but to the 
arge mass of sediments introduced into the marine envi- 
onment annually. Fine-grained sediments eroded from the 
liff are quickly washed out of the coastal zone and trans- 
orted to deeper parts of the bottom. The area considered 
o be the site of final sediment deposition in the Gulf of 
da ńsk is the Gda ńsk Deep ( Burska and Szymczak, 2019 ).
evertheless, fine-grained sediments also temporarily ac- 
umulate in shallower places, e.g., Puck Bay or the Vistula 
iver prodelta ( Damrat et al., 2013 ; Sokołowski et al., 2021 )
 Figure 1 ). Given the complex pattern of surface and bot-
om currents, the fate of sediments delivered to the Gulf 
f Gda ńsk is difficult to determine ( Zachowicz et al., 2002 ).
dentification of the origin of deposited particles is difficult 
ue to the variety of sources of terrigenous matter, e.g., 
roded cliffs, rivers, soils, snowmelt water ( J ędruch et al., 
017 ; Sokołowski, 2009 ). 
Cu, Y, and Zn in the cliff sediments were similar to those 

easured in the sands of the southern Baltic Sea, in which 
heir concentrations were, respectively: below 20 mg kg —1 , 
etween 6 and 69 mg kg —1 , and between 5 and 50 mg kg —1 

 Mikulski et al., 2016 ; U ścinowicz et al., 2011 ). The same
pplies to Mn and Fe, belonging to the main constituents 
f the Baltic Sea sediments. In the cliff sediments, the lev- 
ls of these elements were low, close to the typical val- 
es for sand sediments, in which they represented 10 to 
,500 mg kg —1 , and not more than 19 g kg —1 , respectively
 U ścinowicz and Sokołowski, 2011 ). In the case of Rb, Cr and
r, their concentrations in cliff deposits were higher relative 
o sand, but comparable to fine-grained silty clay sediments 
f the southern Baltic Sea, in which they were around 60 
g kg —1 for Rb and from 40 to 70 mg kg —1 for both Cr and Sr

 Kumblad and Bradshaw, 2008 ; U ścinowicz et al., 2011 ). The
evel of Zr in southern Baltic sediments is not well recog- 
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also of contaminants that have accumulated in them over 
ized, as previous studies have focused on possible Zr con- 
entrates, including Fe-Mn nodules. However, the level of 
r in cliff sediments was high enough to be comparable to 
alues measured in metal-rich nodules in a range of 110 to 
85 mg kg —1 ( Szamałek et al., 2018 ). The amount of Ba in
he cliff sediments was also elevated, higher than in the 
ilt-clay deposits, which contained 100 to 200 mg kg —1 . Con- 
entrations of Ba similar to the values measured in cliffs oc- 
urred only locally in the soft bottom of the southern Baltic, 
n the Eastern Gotland and the Gulf Basin ( U ścinowicz et al., 
011 ). The results obtained indicate that the investigated 
liffs are not a significant source of Cu, Y, Zn, Mn, and Fe 
n the sediments of the southern Baltic Sea. Instead, they 
ay, to some extent, be a source of Rb, Cr, and Sr, whereas, 

n the case of Zr and Ba, the influence of cliffs seems un- 
eniable. For Ba, the level measured in cliff deposits was 
lso a few times higher than found in river sediments in 
oland (below 52 mg kg —1 ), as well as alluvial deposits in 
ermany, Denmark, Lithuania and Latvia (up to 128 mg kg —1 ) 
 Bojakowska, 2011 ). The high content of Ba in the cliff de- 
osits is probably due to the presence of feldspar and pla- 
ioclases, as well as terrigenous Ba sulfate ( Szamałek et al., 
018 ). 
In coastal areas, especially in estuaries, rivers are gen- 

rally the most important source of metals in marine sedi- 
ents ( Bełdowska et al., 2021 ; HELCOM, 2021 ). Rivers trans- 
ort metals washed out from the catchment area and those 
riginating from treated and untreated sewage. Therefore, 
he concentrations of metals in the bottom sediments in- 
rease in the areas where riverine material is transported 
nd deposited. It is confirmed by the higher concentrations 
f Zn, Cr, Sr, Zr, and Mn in sediments collected from the 
tation located near the mouth of the Vistula River (VM), 
ompared to the concentration of these metals in the cliffs 
 Figure 4 ). Due to the dynamics of the sedimentary environ- 
ent, only a small part of the material carried by the Vis- 
ula is deposited near its mouth. It is estimated that more 
han two thirds of the sediment mass can be remobilized 
nd then redeposited in deeper parts of the Gda ńsk Basin 
 Damrat et al., 2013 ). The distance from the mouth of the 
iver significantly influences sediment accumulation rates 
nd the fate of sediments in the Gulf of Gda ńsk. As it in-
reases, the terrigenous material is dispersed in seawater, 
nd the metal load reaching the sediments is diluted. 
The decrease in concentrations, resulting from the mix- 

ng of river material with marine sediments with lower con- 
entration, was recorded for Cr and Zr ( Figure 4 ). Because 
r contents show exponential dependence on the grain size 
f the sediments and are usually highest in fine-grained sedi- 
ents ( U ścinowicz et al., 2011 ), elevated Cr concentrations 
ound in sands of the Vistula mouth are most likely an indi- 
ator of anthropopressure. This is confirmed by the fact that 
r concentrations measured in sediments collected near the 
iver outlet were approximately 10 times higher than the av- 
rage Cr content in sands of the southern Baltic Sea (about 
0 mg kg —1 ) ( U ścinowicz et al., 2011 ). They were also a few
imes higher compared to the Cr level in the sediments of 
ost rivers that flow into the southern Baltic Sea (below 

3 mg kg —1 ) ( Bojakowska, 2011 ). In the case of Zr, its con-
ent in coastal sediments was probably related to limited 
obility in the marine environment resulting from its high 
ravity and specific grain shape, as well as chemical resis- 
563 
ance ( Kabata-Pendias and Mukherjee, 2007 ; Wajda, 1970 ). 
n the second half of the twentieth century, the possibility of 
btaining Zr from beaches and marine sands in the southern 
altic region was even taken into consideration ( Pilch et al., 
990 ). However, the amounts of Zr in the sediments of the 
ulf of Gda ńsk were sub-economic. An increase in concen- 
ration with distance from the Vistula mouth was recorded 
or Cu, Y, Zn, Rb, Sr, Ba, and Fe, which may indicate addi-
ional sources of metals. In the case of Cu, Zn, Sr, and Fe,
ue to their low concentration in cliff sediments, the role 
f coastal erosion is rather small. For Y, Rb, and Ba concen- 
rations in cliff sediments were similar or higher compared 
o Vistula mouth sediments, therefore it can be concluded 
hat the role of cliffs in a load of this metal introduced to
he Gulf of Gda ńsk may be important. 

. Conclusions 

n the coming years, as a result of the combination of declin- 
ng ice phenomena and increased hydrodynamic forces, the 
brasion of the southern Baltic coast will accelerate. Con- 
equently, the retreat rate of the most erosion-prone cliffs 
ill most likely increase. Moreover, many parts of the coast 
hat were inactive or persisted in an equilibrium state will 
e eroded. Although a considerable part of the cliff section 
f the Polish coast is under protection (or is planned to be 
n the near future), the management strategy for the Gulf 
f Gda ńsk is unlikely to change. The most important form of 
aintaining the coast and preventing the loss of beaches in 
he studied area is nourishment. The cliff in Orłowo is ad- 
itionally protected by three submerged breakwaters, two 
tone groins, and a concrete seawall. However, conducted 
esearch has shown that the influence of underwater thresh- 
lds on shoreline transformation is minor ( Łęczy ński and 
ubowicz-Grajewska, 2013 ). The probability of introducing 
ore effective methods to protect the Orłowo cliff from 

rosion is low. Due to its unique natural character, interfer- 
nce with the cliff landscape raises objections from both 
cientists and the public. The projected changes are ex- 
ected to result in a substantial increase in the mass of 
errestrial deposits entering the marine environment. Nu- 
erous studies and models indicate that as a result of the 
eduction in anthropogenic emissions and releases, reemis- 
ion from land will be the major source of metals in the 
oastal seas. As shown in this study, coastal erosion is an im- 
ortant source of elements in the marine environment and 
hould be considered along with rivers, atmospheric depo- 
ition or point sources. The erosion of soft cliffs composed 
f fine-grained sediments affects not only the coastal zone, 
ut also the features of the distal bottom, as confirmed 
y the results of isotopic analyzes of suspended matter de- 
cribed in earlier work by the authors ( J ędruch et al., 2017 ).
s shown in the example of metals, the cliff sediments con- 
ained more Y, Rb and Ba than sediments collected near the 
outh of Vistula, the main source of pollutants to the Gulf 
f Gda ńsk, as well as one of their most important sources in
he Baltic Sea. The concentrations of Cr, Zr and Ba in cliff
ediments were also higher than in the fine-grained sedi- 
ents from the accumulation bottom of the southern Baltic 
ea. Cliff sediments can be carriers not only of metals, but 
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ecades. Therefore, we recommend that cliff sediments be 
ncluded in studies of marine pollution and sampled for pur- 
oses of environmental monitoring purposes. 
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Geochemistry of Baltic Sea surface sediments. Polish Geological 
Institute, Warsaw, 36—46 . 

urska, D., Szymczak, E., 2019. The conditions of sedimentation of 
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 ędruch, A., Kwasigroch, U., Bełdowska, M., Kuli ński, K., 2017. Mer- 
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wykorzystania minerałów ci ę żkich z bałtyckich piasków 
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Saniewski, M., Falkowska, L., 2014a. Mercury loads into the sea 
associated with extreme flood. Environ. Pollut. 191, 93—100. 
https://doi.org/10.1016/j.envpol.2014.04.003 

aniewska, D., Bełdowska, M., Bełdowski, J., Saniewski, M., Szub- 
ska, M., Romanowski, A., Falkowska, L., 2014b. The impact of 
land use and season on the riverine transport of mercury into the 
marine coastal zone. Environ. Monit. Assess. 186, 7793—7604. 
https://doi.org/10.1007/s10661- 014- 3950- z 

ingh, M., Rajesh, V.J., Sajinkumar, K.S., Sajeev, K., Kumar, S.N., 
2016. Spectral and chemical characterization of jarosite in a 
palaeolacustrine depositional environment in Warkalli formation 
in Kerala, South India and its implications. Spectrochim. Acta 
Mol. Biomol. Spectrosc. 168, 86—97. https://doi.org/10.1016/ 
j.saa.2016.05.035 

korbiłowicz, M., Skorbiłowicz, E., Łapi ński, W., 2020. Assessment 
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Univ. Gda ńsk Press, Gda ńsk, 115—122 (in Polish) . 

u, W., Li, X., Wai, O.W.H., Huang, W., Yan, W., 2015. Remobiliza-
tion of trace metals from contaminated marine sediment in a 
simulated dynamic environment. Environ. Sci. Pollut. Res. 22, 
19905—19911. https://doi.org/10.1007/s11356- 015- 5228- 6 

ao, Q., Wang, X., Jian, H., Chen, H., Yu, Z., 2015. Characteri-
zation of the particle size fraction associated with heavy met- 
als in suspended sediments of the Yellow River. Int. J. Environ. 
Res. Public Health 12, 6725—6744. https://doi.org/10.3390/ 
ijerph120606725 

aborska, A., Siedlewicz, G., Szymczycha, B., Dzierzbicka- 
Głowacka, L., 2019. Legacy and emerging pollutants in the Gulf 
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