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Abstract

:

Featured Application


Geochemical analysis can provide valuable information about the local and regional patterns of sediment transport, distribution, provenance, and coasts’ conditions.




Abstract


Sandy coasts are one of the most dynamic spheres; continuously changing due to natural processes (severe weather and rising water levels) and human activities (coastal protection or port construction). Coastal geodynamic processes lead to beach sediment erosion or accumulation. The coast’s dynamic tendencies determine the changes in the volume of beach sediments; grain size; mineralogical; and geochemical composition of sediments. In addition to lithological and mineralogical analysis of sediments, geochemical analysis can provide valuable information about the local and regional patterns of sediment transport, distribution, provenance, and coasts’ conditions. The study aims to assess trace metals’ temporal and spatial distribution determined in the sandy beach sediments along the south-eastern Baltic Sea coast (Lithuania) during 2011–2018. The Lithuanian seacoast is divided into two parts: mainland and spit coast. Our results revealed that the dominant group of elements on the mainland includes Ca–Mg–Mn–Ti and on the Curonian Spit Fe–Pb–As–Co–Cr–Ni–Al, which remain unchanged during the years. The analysis included additional parameters such as beach volume, grain size and sorting, and heavy mineral concentration on the beach. The spatial analysis of trace elements indicated that the trace metal content depends on the coastal processes, but it differs in the mainland and spit sea coast. We identified a higher concentration of trace metals in the erosion-dominated areas in all analysed years on the mainland coast. On the spit coast, the trace metal concentration increased in areas associated with relict coarse sand and where the loading of sediments was active on the beach due to the northward along-shore transport.
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1. Introduction


Trace metals enter the coastal system from the entire Baltic Sea catchment area, which is four times larger than the sea area. The main sources of trace metals besides natural ones in this area are the combustion of fossil fuels (transport and energy production), municipal and industrial sewage management, agriculture, manufacturing processes (pulp and paper, metallurgy, etc.), and military activities (chemical ammunition buried after World War II) [1]. These metals are transported to the sea and coastal areas by rivers, deposited from the air along with precipitation and other pathways.



Sandy beaches are considered important recreational sites and less recognised as highly threatened and fragile natural ecosystems, which may work as natural barriers to pollutants transported by sea [2,3]. Approximately, 50% of coastlines globally are composed of sand and gravel, mostly due to river and land sediment transport and deposition [4]. However, the ultimate magnitude of the accumulation/erosion of beach sediments depends also on anthropogenic activities [5]. The textural, lithological, and mineralogical composition of beach sediments depend on many factors: the physical and geographical conditions of the location [6,7,8], geological framework [9,10,11,12], tectonic settings [13,14,15,16,17], provenance [18,19,20,21,22], climate and sea hydrodynamics (waves, tides, and currents) conditions [13,23,24,25,26,27], and the anthropogenic activities [27,28,29,30,31]. Sandy beaches are presently threatened by several forms of environmental degradation, although beach management has traditionally concentrated on geomorphic hazards [32] and recreational use of coast [33], while trace metals are rarely considered [34]. The geochemical analysis of beach sediments together with lithological and mineralogical characterisation can provide valuable information about the local and regional patterns of sediment transport, distribution, and provenance, as well as the conditions of the coast [35].



Global studies related to trace elements analysis on beaches focus on assessing the changes in trace element concentrations in the context of the influence of local pollution sources such as mining sites, urban areas, and industrial complexes [28,29,36,37,38] or tourism [39,40,41]. Several studies analysing the migration and distribution of trace elements in coastal environments have been conducted; e.g., the distribution of trace elements concentrations across (from the beach to dunes) [42] and along the coast [38,43,44,45,46,47,48] and vertical migration [49]. All overviewed studies intended to identify the source or how the particular pollution source affects beach sediments, but the coastal processes were not deeply analysed. The concentration of elements can be affected, as it is known in heavy minerals, by changes in the hydrometeorological conditions [23] or by the season [35,49]. The dominant coastal processes could affect the accumulation of trace elements, which could be of natural origin.



In Lithuania, the formation and dynamics of recent beach sediments have been analysed using lithological, mineralogical, morphometric, and other methods [12,27,50,51]. The nearshore mineralogical and geochemical composition of the Baltic Sea’s Lithuanian territorial waters and distribution has already been well analysed [21,52,53]. However, the detailed geochemical composition of beach sediments in relation to active coastal processes has not been previously investigated, except for some local studies [54,55]. This study aims to assess the temporal change of the trace metal content in sandy beach sediments and the dependence on coastal lithomorphodynamical processes.




2. Study Area


The Lithuanian coast is divided by the 1.1 km wide Klaipėda Strait, where Klaipėda Port is located into two parts: the Curonian Spit (hereinafter—the spit) sea coast (51 km) and the mainland coast (39 km) (Figure 1). Beyond 1991, when the Curonian Spit National and Seaside Regional Parks were established, the major part of the Baltic Sea coast in Lithuania (about 70 km long) has acquired the status of a protected area. Several coastal sectors with different characters can be distinguished: a technogenic coast that predominates near to Klaipėda and Šventoji Ports, i.e., areas of waste water disposal from the Būtingė oil terminal, and the Mažeikiai oil processing plant, and protected areas such as the Curonian Spit National Park, the Seaside Regional Park, the Baltic Sea Talasological Reserve, and the Būtingė Geomorphological Reserve (Figure 1).



The Holocene clastic deposits occur along the entire length of the Lithuanian coastal zone. The Lithuanian coastal sediments are composed of quartz, K–feldspar (orthoclase, microcline), plagioclase (albite, anorthite), carbonates (dolomite, calcite), mica (biotite, muscovite), and clay minerals (illite, chlorite, kaolinite, montmorillonite, glauconite, and vermiculite) with admixture of heavy minerals [21,50].



On the mainland coast, the average 20–100 m wide beaches are backed by foredunes 4–12 m in height or by moraine cliffs 5–24 m in height. The southern part of the mainland coast structure between the 25th and 31st km (distance from Latvia-Lithuania border) is characterised by glacial (moraine) deposits formed during the Late Pleistocene and that, in most cases, occur on the abraded cliff coast. The first moraine cliff is located between the 25th and 27th km on the mainland coast near Šaipiai (Figure 1). The cliff is 2.1 km long and 5–8 m in height. The second moraine cliff (Olando kepurė) is 950 m long and 24 m in height at its highest point [56]. The highest cliffs are between the 30th and 31st km at Karklė. On the Curonian spit sea coast, the average width of the beaches varies from 32 to 75 m, and the relative height of the foredune changes from 5 to 16 m [12].



The Baltic Sea is nontidal (amplitudes reach 3.5–4.0 cm); therefore, a wind-wave regime dominates. The cold (autumn–winter) season is marked by most days with strong winds. The annual mean wind speed is 4.7 m s−1 and the wave height is 0.65 m. During the strongest storms, the wave height varies from 5 to 6 m [56]. The prevailing westerly (SW, W, NW) winds and waves are dominant in the coastal zone and generate the alongshore sediment transport from the Sambian Peninsula to the end of the Curonian Spit and along the mainland coast [24,27,57]. Currently, the alongshore sediment transport is disrupted by the Klaipėda port gate [58].




3. Materials and Methods


In the analysis, we focus on trace elements which are considered of anthropogenic origin. The macroelements, lithological and morphological parameters are used for the data interpretation and definition of the causes.



Sediment samples were collected along the entire Baltic Sea coast of Lithuania in 2011, 2014, and 2018 (Figure 1). During the collection of samples, the sea and wind conditions were relatively constant. In the coastal zone, the most active processes occurred in the surf and swash zone; for that reason, it was decided to take samples from the middle of the beach [26]. Totally, 43 composite surface sand (0–5 cm) (from 5 subpoints) samples were collected at equal distances of 3 and 5 km and in plastic containers delivered for laboratory analysis [27]. In the laboratory, sand samples were air-dried and split to 100 g of sediment. The samples were mechanically sieved 15 min on a vibratory sieve shaker Fritsch Analysette 3 Spartan Pulverisette 0 using a set of 11 sieves. After determination of size fraction, statistical grain-size Falk and Ward method mean (d, mm), sorting (So) parameters were calculated using the GRADISTAT 8.0 software [59].



To characterize the relative concentrations of heavy minerals, a Bartington MS3 field scanning sensor was used for rapid and effective measurements of low-field volume magnetic susceptibility [27]. Sandgren and Snowball [60] point out that bulk magnetic susceptibility (MS) is a good indicator of allochthonous mineral matter in sediments. Measuring MS helps to determine the net contribution of ferromagnetic and paramagnetic minerals in sediments. Heavy mineral-rich (ρ > 2.90 g/cm3) sediments have ferromagnetic and paramagnetic properties, and high magnetic susceptibility values, depending on the predominant iron content. Quartz-rich minerals (ρ < 2.65 g/cm3) have diamagnetic properties. Quartz-rich sands (dominate quartz, feldspar, carbonate, and mica group minerals) have weaker positive magnetic susceptibilities values of κ < 3.0 μSI, heavy mineral-rich sand (elements like Ti, Cr, Mn, Fe, Co, Ni, and Cu can sometimes result in magnetism) κ values range from 30 to 150 μSI and higher values κ > 150 μSI are typical for heavy minerals with Fe, Ni, and Co elements [26,61,62]. MS measurement method is helpful to detect ferromagnetic minerals when their concentration in sediments is deficient [60]. Magnetic susceptibility and grain sizes of beach sediments belongs of the provenance, geologic framework, alongshore sediment transport, deposition and coastal processes (erosion/accretion), etc. The grain size composition also might have contributed to the difference in proportions of ferromagnetic, paramagnetic, and diamagnetic minerals [63]. Magnetic minerals are known as important sources of trace elements in sediments.



The beach sediment volume (Q, m3/m) was calculated for each profile based on repeated cross-shore levelling once per year. The changes in sediment volume comprise the changes in volume of the coastal profile from the foredune lee side, where the vertical variability is negligible during observation, to the intersection with the mean sea level [12]. Total beach sediment volume was counted with the formula: Q = (Qi + Qi + 1) Li/2, where Q—sediment volume (m3) at the coastal segment; i = 1, 2, 3, … number of transects; Qi—sediment volume at the separate coastal cross-section profile (m³/m); and Li—distance between levelling cross-section profile lines [64].



For the geochemical analysis, the dried samples were ground using an agate mortar and pestle. Prior to each sample’s homogenisation, the agate mortar and pestle were washed with deionised water and dried twice. Geochemical analyses of the samples were performed at the Bureau Veritas Commodities Canada Ltd., laboratory. 0.5–2.0 g of bulk sample digested after application of modified aqua regia (1:1 HNO3: HCl) solution for low to ultralow determination of soil and analysed with an inductively coupled plasma mass/emission spectrometer (ICP–MS/ES). In this study, we mostly analysed trace elements that might originate from the anthropogenic activities common in coastal systems as fossil fuel burning, sewage discharge, metals common in ship ports, etc. and monitored at the national monitoring program [65]. We also selected macroelements that could help to describe the origin of sediments. The results are given in ppm for elements As, Cu, Cr, Co, Mn, Ni, Pb, and Zn; in ppb for Hg; and in percentage for Ca, Mg, Fe, Al, and Ti. Analytical quality was monitored in each batch of samples by repeated analyses, recovery of spiked samples, and analysis of a certified reference material (OREAS45EA and DS11), and duplicates and blanks were used to assure the quality of the analysis. The reaction mixture was chosen to evaluate the labile trace elements dissolving sulphide/oxide type minerals to exclude the elements incorporated in the silicate lattice as metals from anthropogenic sources tend to be more mobile than those from pedogenic or lithogenic sources [43,66].



Descriptive and multivariate statistical methods were applied to analyse the results. Correlation analysis using Pearson’s coefficient (linear relation, significant p > 0.01 or 0.05) and principal component analysis (PCA) were applied to transform the correlation matrix to identify the relationship between the metals [31]. For the PCA analysis, we used the Varimax rotation method to derive more reliable information on the distribution of the weights of the variables on a factor, and loadings higher than 0.5 were considered. Statistical programs IBM SPSS Statistics 22.0 and PAST 3.24 were used.



The concentration of trace metal in each site was compared with the median estimated of all samples at that year Kk = (Kn)/(Mn), where Kn—concentration of the element n and Mn—the median concentration of the element n. Median presents the central or typical value in a set of data and is weakly dependent on minimal and maximal values and outliers, this approach has been used and developed in a few studies [48,52,67]. This analysis helps to compare the loading of analysed elements among sites; the lower limit of the anomaly is considered as 1.5 [52]. Following a multi-element index, the integrating and averaging data were estimated, Kd = ΣKk/n, where Kk—is the concentration ratio for a specific element and n—number of elements. We assumed that Kd values higher than 2 indicate an anomaly concentration in the site [68].



Other studies use concentration ratios to determine trace element accumulation in sediments and focus on anthropogenic pollution [43,53,69,70,71], the determination of background concentrations in such studies is essential [71]. The main concept to identify the anthropogenic impact is to compare the concentrations of elements measured in uncontaminated sites—to establish a local baseline or, as in most studies, compare sediment element concentrations with preindustrial levels such as average shale [72] or average crustal value [73]. Using the average shale or earth’s crust concentrations, the local geochemical framework is being ignored, which might lead to misinterpretation of anomaly concentrations in the analysed region. Second, the shale concentration mostly represents fine grain sediments and earth’s crust—coarse sediments, meanwhile the background concentration represents sites in similar mineralogical and textural environments [71]. In this study, we analysed beach sand, dynamic environment and usage of shale or earth’s crust as the background concentration might miss an important pattern in the distribution of trace elements. For that reason, we chose to use the values calculated during our study. We also considered the values as a background—calculated from 76 samples of aeolian sediments collected in the western region of Lithuania located close to our studied area [74]. However, this area is remote from the sea—where the sediments are affected by both wind and water; thus, we considered not to apply these data in the current study.




4. Results


4.1. The Lithology of Beaches


The sandy beaches on the Lithuanian sea coast are composed of fine-medium grain sediments (d = 0.27 mm, σ = 0.07 in 2011; d = 0.29 mm, σ = 0.09 in 2014; d = 0.29 mm, σ = 0.11 in 2018). Although in 2011, fine and medium sand predominated on the beaches, in 2014 and 2018, coarse sand was already detected in several places (Figure 2). In 2011, fine sand dominated in 23 and medium sand in 20 sites. In 2014, fine sand was determined in 20 sites, the medium—dominated in 21 places, and coarse sand—in two sites—73rd and 131st. In 2018, fine sand was indicated as well in 21 places, medium sand in 19 places, and coarse sand in 3 places—61st, 73rd, and 133rd. The appearance of coarse sand at Olando kepurė, north of Klaipėda port pier, is related to the intensified local erosion processes. Erosive processes are local and usually occur in specific stretches of the coast, e.g., where moraine cliffs predominate, or are affected by hydrotechnical construction.



In all investigated years, the surface sand on the mid-beach was very well sorted (So < 0.35) and well sorted (0.35 < So > 0.50) (Figure 2). Moderately well-sorted (0.50 < So > 0.70) or moderately sorted (So > 0.70) sand was in areas with a medium or coarse sediment fraction. In 2011, moderately sorted sand was identified in 9; in 2014—in 13, and in 2018—in 14 sites. The distribution of beach sand particles shows that the average particle diameter decreases from south to north on both the mainland and the Curonian Spit coast (Figure 2).




4.2. Magnetic Susceptibility of Beach Sediments


The bulk MS values of the sediments on the investigated coast ranged between 13.9 and 357.7 µSI (mean κ = 64.4, σ = 58.7) in 2011, between 16.5 and 804.8 µSI (mean κ = 139.1, σ = 161.6) in 2014, and between 7.9 and 271.8 µSI (mean κ = 77.7, σ = 60.2) in 2018 (Figure 3). The MS values differed between the mainland and Curonian Spit coast, i.e., in 2011 and 2014, the MS values measured higher on the mainland coast, and in 2018, the difference in the values faded. The anomalous MS values were determined at the 7th, 21st, 127th, and 181st.



The MS values differed between the mainland and Curonian Spit coast. In 2011 and 2014, the MS values were higher on the mainland coast, and in 2018, the difference in the values faded. The higher values of magnetic susceptibility were detected in the beach sediments, enriched with perimagnetic and ferromagnetic minerals. The anomalous MS values were determined at the 7th, 21st, 127th, and 181st. Magnetic susceptibility reflects different coastal processes and magnetic mineral sources. Magnetic susceptibility of beach sediments increases greatly close to the provenance and decreases moving away from source.




4.3. Beach Sediment Volume


The beach sand volume (Q, m3/m) compared between 2011 and 2014 increased by in almost all sites on the mainland coast except in the 25th, 41st, and 49th (Figure 4). However, on the Curonian Spit coast, the sediment content on the beaches in 2014 compared to 2011 decreased in the end of the spit (79th and 91st–109th) and in Juodkrantė–Pervalka section (115th, 127th, 133rd, 139th), higher in the 141st, 161st, and 175th sites, the highest increase in sediments was in the south of Nida (157th, 169th, 171st, and 181st).



Comparing 2018 and 2014 sediment volume on the beaches, on the mainland coast the highest increase was determined in the 31st, 49th, and 61st, and the significant decrease was determined in the 13th, 37th, and 51st sites, but mostly in the 73rd. On the Curonian Spit coast, the sediment volume increased mostly at the end of the Curonian Spit (79th–97th, 109th, 115th) and 141st. The considerable decrease in sediments on the beaches of the spit was estimated on Juodkrantė–Pervalka (121st, 127th, 131st), 169th, and 181st sites.




4.4. Descriptive Statistics of Trace Elements


The descriptive statistics for the 3 years of the analysed trace elements (Cu, Pb, Zn, Ni, Co, Mn, As, Cr, Hg, and Cd) and macroelements (Fe, Al, Ca, Mg, and Ti) are provided in Table 1.



The comparison of the average concentrations of the trace elements in the analysed years revealed that the higher average concentrations of most elements were measured in 2014. In 2011, the higher concentrations of As and Cr compared to other years were determined, while in 2018, only for Mn. Additionally, in 2014, Hg was measured in sediments collected on 18 sites; in 2011, Hg was detected only on eight sites; and in 2018, Hg was found on six sites.




4.5. Distribution of Trace Elements Along Coast


We assessed the distribution of the average concentration of trace elements and the medium value ratio (Kk) along the coast. The pattern of the ratio differed among elements. The Kk of As were estimated only on the Curonian Spit coast where the ratio exceeded 1.5 in six sites on the distal end of the spit (79th, 85th, and 103rd–111st) and Pervalka–Preila section (145th) in 2011, in four sites (109th, 111th, 131st and 145th) in 2014, and in only one Juodkrantė–Pervalka section (133rd) in 2018. We estimated higher than 1.5 Kk values for Cr in 2011 in seven places, a significant majority at the distal end of the Curonian Spit (79th–111th); in 2014, already in 12 sites (79th, 91st, 111th, 131st, 145th, 157th, 171st, and 175th), and only in one site (51st) on the mainland coast (Figure 4). In 2018, as in previous years, we indicated the highest Cr concentration at the distal end of Curonian Spit (79th–109th) and in the coast stretch southern from Juodkrantė (133rd, 139th, 145th, 151st, and 181st) (Figure 5).



The Cu concentration ratio exceeding or equal to 1.5 was estimated in five sites (1st, 7th, 49th, 55th, and 73rd) on the mainland coast in 2011; in 2014, in three sites (51st, 127th and 157th), and in 2018, in four sites (49th, 61st, 71st and 133rd). The Kk of Cu in 2014 exceeded four in five sites located near Šventoji (1st, 7th, 11th, 13th, and 25th) in the north part of the mainland coast and two sites on the Curonian Spit between Juodkrantė and Pervalka (133rd and 141st sites) in 2018. The ratio Kk of Pb did not exceed 2.5 compared with Cu. In 2011 and 2014, these ratios were higher than 1.5 only in the 145th site in Pervalka and in none of the sites in 2018.



The higher concentration ratios of Mn were estimated on the mainland coast opposite to Cr. In all analysed years, higher Mn concentration ratios were estimated in the cliff area (49th–55th). Higher Mn ratio in 2014 and 2018 was also estimated in the site at 7th and also in the 13th and 73rd sites in 2018.



Zinc showed no clear pattern or difference between the mainland and Curonian Spit coasts (Figure 5). Overall, the highest Zn concentration ratios were determined on the mainland coast at the cliff area – in the 67th site in 2014 and the 49th in 2018. In 2011, the Zn concentration ratio was higher than 1.5 in eight sites (7th, 79th, 85th, 103rd–111th, and 145th), in 2014 in four sites (1st, 49th, 67th, and 71st) and in 2018, in six sites (7th, 49th, 61st, 71st, 85th, and 133rd).



Cobalt pattern differed from other elements because its concentration did not variate so much among the years. The concentration ratio exceeded 1.5 in 2011 only in two sites (111th and 145th); in 2014, in the sites 43rd, the 131st, and 145th; and in 2018, only in the 133rd site. The Ni as well as Co, Pb did not show a clear pattern, its ratio exceeded 1.5 in the 111th and 145th sites in 2011; 131st and 145th in 2014; and 55th, 61st, and 133rd sites in 2018.



To understand the overall distribution pattern of the analysed elements in 3 different years, we estimated and compared the mean of the concentration ratios (Kd) in 2011, 2014, and 2018 (Figure 6). In 2011, slightly higher mean concentration ratios were indicated in the area where coastal erosion is active; 1 km northwards from Šventoji port (7th site), in the cliff areas (49th and 55th) and near the Klaipėda strait (73rd site). On the Curonian Spit coast, the distribution pattern of the mean concertation ratio is more pronounced than on the mainland coast, and increases northwards (highest peak at the 111th site).



In 2014, the trend of Kd on the mainland coast distinguished from the pattern in 2011 and 2018. The mean concentration ratio was higher than 2 in 11 sites from 18 on the mainland coast and increased northwards. The mean concentration ratio exceeding 2 was determined in three sites located at the vicinity and northwards from the Šventoji port. On the Curonian Spit, the trend was opposite to the other years—the mean ratio slightly decreasing northwards.



In 2018, on the mainland coast, the estimated Kd ratio values tend to decrease northwards, the highest values were determined in the cliff area (49th and 61st sites), and only in three sites was higher compared to previous years (49th, 61st, and 71st sites). On the Curonian Spit coast, the trend of the mean ratio increases northwards; however, it is mostly expressed from the 121st to 79th sites and from the 181st to 127th site, and the highest rations were determined in the section between Juodkrantė and Pervalka (127th to 133rd sites and 141st site). In general, the trend is similar to 2011.




4.6. Correlation Analysis


The correlation analysis of trace elements and lithological and geomorphological factors showed that Cu content tends to accumulate in beach sediments where erosion processes are active as in 2011. In addition, it is depended on the sorting of the sediments (r = 0.40) (Table 2) and was lower in the well-sorted sediments and negatively correlated with beach volume. The copper concentration positively correlated with the MS values in 2011 and 2014 (r = 0.59 and r = 0.46).



The manganese content in all analysed years negatively correlated with beach sediment volume (r = −0.46, r = −0.45, and r = −0.45) and positively correlated with MS values (r = 0.79, r = 0.83, and r = 0.36). In 2011, the Mn concentration positively correlated (r = 0.38) with the sorting coefficient and in 2018 with grain size (r = 0.39). The zinc concentration positively correlated with MS values in 2014 and 2018 (r = 0.45 and r = 0.33). In 2011, the concentration positively correlated with beach sand volume (r = 0.49). In 2018, the As content positively correlated with grain size and sorting coefficient (r = 0.45 and r = 0.34).



The grain size positively correlated with sorting coefficient in all investigated years; in 2018, grain size also positively correlated with MS values and negatively with beach volume (Table 2). In 2011, the sorting coefficient of beach sediments positively correlated with MS values. The measured beach volume negatively correlated with MS values in all years, but only in 2014 and 2018 it was statistically significant.




4.7. Multivariate Analysis


The PCA analysis was used to reduce the number of analysed variables and to identify the different factors that controlled the distribution of the elements in the beach sediments. For further analysis, we added macroelements as, Al, Ca, Fe, Mg, and Ti, which helped to explain the origin of the trace elements. The results present principal components whose eigenvalues were above 1.



The PCA analysis of 3 years data revealed that there are two dominant groups of elements that are defined by the eigenvalues and the correlation coefficients (Figure 7). In 2011, three components were extracted, the first group (PC1) Fe–Co–Al–Cr–Ni–Zn–As–Pb (explains 52.2% of the total variance with the highest eigenvalue 6.8), second (PC2) Mn–Ca–Mg–Ti (eigenvalue 3.4; explains 26.2% of the total variance), and third (PC3) Cu (eigenvalue 1.27; explains 9.7%). In 2014, only two components were extracted, the first group consisting of the following elements Fe–Co–Ni–Cr–As–Al–Pb (eigenvalue 5.3; explains 40.9% of the total variance) and second Mn–Ca–Mg–Ti (eigenvalue 4.2; explains 32.3% of the total variance). In 2018, the element distribution between groups was similar as in other years—PC1: Fe–Pb–As–Co–Cr–Ni–Al (eigenvalue 5.2; explains 40.3% of the total variance), PC2: Mn–Ca–Mg–Ti–Ni–Al (eigenvalue 4.7; explains 36.3% of the total variance), and PC3: Cu (eigenvalue 1.12; CV 8.6% of the total variance).



The PCA results showed that the elements from the first component group in 2011, 2014, and 2018 dominated in the Curonian Spit. The second group described sediments from the mainland coast (Figure 8).





5. Discussion


It was found out that the trace element concentrations of beach sediments depend on the coastal processes and nonsignificantly varied among years, except for Cu and Zn in 2014. The Mn and Cr showed a clear distribution pattern along the coast during the years. Manganese concentration ratio was higher on the mainland coast, and it tended slightly to decrease northwards. The Cr concentration ratio was higher in Curonian Spit and increased at the distal end of it where the unloading of the sediments is active. These tendencies indicate that the alongshore sediment transport play a significant role in the distribution of the elements along the coast. The decrease in grain size in the north direction shows that the accumulation processes are conditioned by alongshore sediment transport directed from south to north (Figure 2). The measured amounts of beach sediment volume agree with these statements. Poorly sorted sediments were found in anthropogenically affected sections of the coast (Būtingė, Šventoji, Palanga, and Klaipėda) and in places where the sand grain size depends on the geological framework (Juodkrantė–Pervalka stretch).



The higher Mn concentration was determined in the sites with higher heavy mineral content and with a reduced beach sediment volume. Finer light mineral fractions such as quartz, feldspar, and muscovite mica are usually washed away, and the fine but heavier particles related to heavy minerals co-occur with coarser quartz particles [35,61]. Manganese according to the PCA analysis is associated with the second component group—carbonates (Ca and Mg), and this association remained during the investigation years. The dominance of carbonates can be explained by the deposits of detrital dolomite and biogenic calcite found on the mainland coast [21,36]. The greatest source of calcite and dolomite was found at Klaipėda and gradually decreased towards the south of Palanga [21]. The area southward from Klaipėda strait is less abundant in calcite [21].



The Mn distribution pattern also showed that its main source is at the moraine cliff area (Šaipiai–Olando kepurė). Its concentration increased during the years probably due to more active erosion on the mainland coast. Carbonate rocks also tend to form compounds with cations of divalent metals such as Cu, Zn, Mn, Sr, Pb, etc. [54]. The Zn pattern shows that its concentration was also the highest close to the moraine cliff area. In addition, enlarged Zn concentration in 2014 and 2018 relates to higher heavy mineral content. The results indicated that its concentration is also linked to the erosion processes. The PCA analysis revealed that Zn concentration in 2011 is associated with sediments from the Curonian Spit, while in 2018 and 2014, there was no concrete association with any of groups. In 2014, the content of Zn was significantly higher than in other investigated years. This suggests that there might be additional sources besides natural ones. The cliff area (49th—61st sites) 30 years ago was an active military zone [75], which also could have affected sediments resulting in higher content of Zn. The trace elements emitted in the past could migrate into deeper layers and in erosive areas could re-enter the environment after storms [76]. The Zn, Mn, and Cu content is higher in the 71st and 73rd sites, which overlap with the dumping sites of the sediments dredged from the Klaipėda Strait (Figure 1). The dredged sediments are more enriched with trace elements than beach sediments [53].



Higher than average MS values are associated with an increase in heavy minerals, whose content depends on the geological framework, which could enhance after a storm [26]. On the distal end of Curonian Spit the sediment accumulation prevail due to sediments delivered by the alongshore sediment transport [27,57]. The Curonian Spit coast beaches are enriched with glauconite (greensand) originating from Neogene–Paleogene deposits from the Sambian Peninsula [27,48]. The trace metals tend to attach to clay particles such as glauconite, mica, and biotite, which are transported northwards and unload at the distal end of the spit [21,48,50,77,78,79]. This relation is confirmed by the PCA analysis results, it means Cr together with Pb, Ni, Co, and As in all analysed years form a group of metals associated with Al and Fe (Pb–Ni–Co–Fe–As–Cr–Al) which constitute the composition of glauconite [80]. Therefore, despite the sediments are enriched in trace elements in this part of the spit, they are characterised by decreased MS values as a result of coverage with quartz sand from aeolian processes.



As declared previously, the positive correlation with grain size and MS value indicated the coastal erosion. However, on the Curonian Spit, there is no active erosion [12,81]. The only anomaly of coarse sand in the Curonian Spit is located near Juodkrantė—Pervalka site. The long-term sediment grain-size study recorded the relict origin of the anomaly and general stability of coastal sections of the spit [12]. This is in line with our lithological analysis. The concentration of analysed elements was determined higher in this area especially in 2011 and 2014 at 145th site and in 2018 at 131rd—133th sites. Since these coast stretches of the Curonian Spit were also richer in heavy minerals, this could cause the higher concentration of elements [82]. The correlation analysis revealed relationship related to greater elements’ concentration (Ni and Co in 2014 and Ni, Co, Pb, and As in 2018) in coarser beach sands.



In 2014, the analysed trace elements’ content was higher than the concentrations determined in 2011 and 2018, specifically, the loading of Cu and Zn on the mainland coast. Similar to Zn, the increased Cu concentration was associated with a higher content of heavy minerals only in 2011 and 2014. However, in 2014, Cu concentration significantly increased to the north of Šventoji Port that could suggest an anthropogenic source. In this case, the sediments’ geochemistry could be affected by the Šventoji Port reconstruction in 2011–2012, when the bottom sediments were dredged from the entrance channel and stored on the beach [83], and later washed away after the storm “Xaver” in 2013. The bottom surface sediments in the Šventoji Port basin were enriched with Pb, Ni, Cu, and Zn [84]. Additionally, the sediment in the north of Šventoji has greater absorption capacity due to the peat layer, which is exposed after stormy weather event [85].



The study has some limitations regarding ambiguous evidence of the anthropogenic impact. Our hypotheses are based on literature analysis. For example, our results show anomalies of trace elements southwards from Juodkrantė on the Curonian Spit coast. These anomalies could be also consequences of the local fisheries activities due to possible oil leakage or accidents at a D6 oil platform, coastal protection construction of tires, or cement block at the Sambian Peninsula in the provenance region of the spit sediments [27,67].




6. Conclusions


Distribution analysis of the trace elements on the south-eastern Baltic Sea coast indicated that the concentration mainly depended on the coastal processes (alongshore sediment transport, coastal erosion, and sediment accumulation). The differences in trace element concentrations and composition between the Curonian Spit and the mainland coast indicated various sources. The trace metal concentrations on the mainland coast mainly increased in the areas with active erosion processes when heavy minerals were exposed. On the Curonian Spit, trace element anomalies are associated with relict sands. The elements such as Cr and as tend to accumulate at the distal end of the spit where sediments most actively accumulate. Since the coast is a dynamic environment, the elements’ concentration at the same sites may vary from year to year. For example, in 1 year, severe weather events may lead to more intense coast erosion. In another year, when calm weather is favourable for accretion, these sediments might be covered with fine quartz sand or reworked and redeposited. However, our results showed that beach sediment geochemical composition remains invariable in space and time. The anomalous concentration of Cu and Zn on the coast indicated the possible anthropogenic impact on sediment geochemical composition (such as former military activities and beach nourishment with dredged sediments from the port).
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Figure 1. Study area. (1) surface sand sampling site, (2) main settlements, (3) D6 oil platform (Ru), (4) Būtingė oil terminal, (5) conservation areas, (6) borders, (7) offshore and nearshore dumping area, (8) beach nourishment site in Palanga, and (9) storage site of dredged bottom sediments. 
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Figure 2. The distribution of grain-size (d, mm) and sorting (So) of the beach sediments along the coast of the south-eastern Baltic Sea coast (Lithuania) in 2011, 2014, and 2018. 
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Figure 3. The distribution of magnetic susceptibility values (κ, µSI) of the beach sediments along the coast of the south-eastern Baltic Sea coast (Lithuania) in 2011, 2014, and 2018 (the dark green colour field indicate heavy minerals, green—heavy mineral-rich sand and light green—quartz-rich sands). 
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Figure 4. The changes in beach sediment volume (Q, m3/m) distribution along the coast of the south-eastern Baltic Sea coast (Lithuania) in 2011, 2014, and 2018. 
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Figure 5. The distribution of concentration ratio (Kk) of (a) Cu and Mn, (b) Cr and Zn, (c) As and Co, and (d) Ni and Pb along the coast of the south-eastern Baltic Sea coast (Lithuania). 
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Figure 6. The distribution of the mean concentration ratio (Kd) of all analysed trace elements along the south-eastern Baltic Sea coast (Lithuania). 
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Figure 7. The loadings of analysed elements in different component groups after principal component analysis (Varimax rotation) in beach sediments of south-eastern Baltic Sea coast (Lithuania) in 2011, 2014, and 2018. 
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Figure 8. Principal component analysis after normalized varimax rotation, and factorial scores showed according to geographical location (Curonian Spit and mainland coast) in 2011, 2014, and 2018. 
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Table 1. Trace element concentrations of the surface sediments collected on the beach along the coast of the south-eastern Baltic Sea coast (Lithuania) in 2011–2018 (values in ppm unless otherwise indicated).
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Element

	
Year

	
N

	
Mean

	
σ

	
Median

	
Min–Max






	
Cu

	
2011

	
42

	
0.32

	
0.13

	
0.30

	
0.17–0.70




	
2014

	
43

	
0.77

	
1.01

	
0.40

	
0.16–4.15




	
2018

	
42

	
0.44

	
0.54

	
0.28

	
0.14–3.10




	
Pb

	
2011

	
42

	
1.29

	
0.42

	
1.18

	
0.70–2.59




	
2014

	
43

	
1.42

	
0.34

	
1.34

	
0.89–2.69




	
2018

	
42

	
1.01

	
0.24

	
0.96

	
0.70–1.80




	
Zn

	
2011

	
42

	
3.61

	
1.09

	
3.20

	
2.20–6.40




	
2014

	
43

	
4.48

	
1.73

	
4.30

	
2.70–13.00




	
2018

	
42

	
3.39

	
1.44

	
2.95

	
1.90–10.70




	
Ni

	
2011

	
42

	
0.64

	
0.18

	
0.60

	
0.40–1.10




	
2014

	
43

	
0.70

	
0.16

	
0.70

	
0.50–1.10




	
2018

	
42

	
0.61

	
0.19

	
0.60

	
0.30–1.30




	
Co

	
2011

	
42

	
0.40

	
0.15

	
0.40

	
0.20–1.00




	
2014

	
43

	
0.43

	
0.14

	
0.40

	
0.30–0.80




	
2018

	
42

	
0.41

	
0.14

	
0.40

	
0.20–1.00




	
Mn

	
2011

	
42

	
19.88

	
8.06

	
19.00

	
10.00–46.00




	
2014

	
43

	
23.70

	
12.43

	
20.00

	
10.00–66.00




	
2018

	
42

	
24.12

	
15.14

	
21.00

	
8.00–82.00




	
As

	
2011

	
41

	
0.79

	
0.36

	
0.70

	
0.20–1.70




	
2014

	
43

	
0.73

	
0.20

	
0.70

	
0.40–1.30




	
2018

	
42

	
0.70

	
0.34

	
0.70

	
0.10–2.00




	
Cr

	
2011

	
43

	
2.62

	
1.62

	
2.05

	
1.00–9.00




	
2014

	
43

	
2.55

	
1.23

	
2.10

	
1.10–6.50




	
2018

	
42

	
2.15

	
1.04

	
1.70

	
0.08–5.30




	
Hg (ppb)

	
2011

	
8

	
8.25

	
1.98

	
7.5

	
6.00–12.00




	
2014

	
18

	
8.89

	
2.42

	
9.00

	
5.00–13.00




	
2018

	
6

	
8.33

	
2.42

	
8.00

	
5.00–11.00




	
Fe, %

	
2011

	
42

	
0.18

	
0.10

	
0.15

	
0.09–0.59




	
2014

	
43

	
0.19

	
0.07

	
0.17

	
0.11–0.42




	
2018

	
42

	
0.16

	
0.06

	
0.15

	
0.08–0.38




	
Al, %

	
2011

	
42

	
0.06

	
0.02

	
0.06

	
0.05–0.15




	
2014

	
43

	
0.07

	
0.02

	
0.07

	
0.05–0.11




	
2018

	
42

	
0.06

	
0.02

	
0.05

	
0.03–0.12




	
Ca, %

	
2011

	
42

	
0.36

	
0.25

	
0.28

	
0.09–1.19




	
2014

	
43

	
0.44

	
0.39

	
0.33

	
0.11–1.78




	
2018

	
42

	
0.47

	
0.48

	
0.28

	
0.08–2.30




	
Mg, %

	
2011

	
42

	
0.07

	
0.03

	
0.07

	
0.03–0.17




	
2014

	
43

	
0.08

	
0.05

	
0.07

	
0.03–0.24




	
2018

	
42

	
0.08

	
0.05

	
0.08

	
0.03–0.30




	
Ti, %

	
2011

	
42

	
0.004

	
0.002

	
0.003

	
0.002–0.01




	
2014

	
43

	
0.005

	
0.003

	
0.004

	
0.002–0.02




	
2018

	
42

	
0.004

	
0.002

	
0.003

	
0.001–0.01
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Table 2. Pearson’s correlation coefficient between trace metals and mean grain size (d, mm), sorting coefficient (So), beach sediment volume (Q, m3/m), and magnetic susceptibility (MS, μSI).
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2011

	
2014

	
2018




	
Var

	
d

	
So

	
Q

	
MS

	
d

	
So

	
Q

	
MS

	
d

	
So

	
Q

	
MS






	
Cu

	
0.14

	
0.40 **

	
−0.31 *

	
0.59 **

	
0.00

	
0.05

	
−0.1

	
0.46 **

	
0.23

	
0.12

	
−0.18

	
0.16




	
Pb

	
−0.07

	
0.09

	
0.19

	
0.26

	
0.16

	
0.00

	
−0.1

	
0.24

	
0.38 *

	
0.29

	
0.06

	
0.33 *




	
Zn

	
−0.14

	
0.12

	
0.29

	
0.12

	
0.13

	
0.03

	
−0.22

	
0.45 **

	
0.28

	
0.26

	
−0.02

	
0.35*




	
Ni

	
−0.08

	
0.1

	
0.22

	
0.29

	
0.34 *

	
0.23

	
−0.27

	
0.23

	
0.59 **

	
0.48 **

	
−0.27

	
0.31 *




	
Co

	
−0.09

	
−0.06

	
0.27

	
0.04

	
0.39 **

	
0.32 *

	
−0.14

	
0.23

	
0.68 **

	
0.47 **

	
−0.16

	
0.33 *




	
Mn

	
−0.19

	
0.38 *

	
−0.46 **

	
0.79 **

	
0.27

	
0.24

	
−0.45 **

	
0.83 **

	
0.39 *

	
0.25

	
−0.45 **

	
0.36 *




	
As

	
−0.19

	
−0.2

	
0.49 **

	
−0.16

	
0.26

	
0.14

	
0.12

	
−0.28

	
0.45 **

	
0.34 *

	
0.04

	
0.22




	
Cr

	
−0.23

	
−0.3

	
0.47 **

	
−0.2

	
−0.11

	
−0.14

	
0.19

	
−0.3

	
−0.07

	
−0.11

	
0.39 *

	
0.04




	
d

	
1

	
0.41 **

	
0.04

	
0.07

	
1

	
0.79 **

	
−0.12

	
0.13

	
1

	
0.64 **

	
−0.43 **

	
0.35 *




	
So

	
0.41 **

	
1

	
−0.27

	
0.52 **

	
0.79 **

	
1

	
−0.05

	
0.1

	
0.64 **

	
1

	
−0.2

	
0.27




	
Q

	
0.04

	
−0.27

	
1

	
−0.41 **

	
−0.12

	
−0.05

	
1

	
−0.28

	
−0.43 **

	
−0.2

	
1

	
−0.39 *




	
MS

	
0.07

	
0.52 **

	
−0.41 **

	
1

	
0.13

	
0.1

	
−0.28

	
1

	
0.35 *

	
0.27

	
−0.39 *

	
1








** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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