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Abstract

:

Geochemical investigations of total suspended particulates (TSP) help detect hotspots and emission sources in port cities with stevedoring operations. The aim was to reveal these sources via geochemical indices (gI). TSP were collected in Klaipėda using original passive samplers in ten sites during four periods, during one of them, in ten additional sites near iron ore stevedoring (IOS). The contents of 22 elements (PHEs, crustal, Br, Cl) were determined by EDXRF in TSP and characteristic dust (CD) of stevedored iron ore, apatite, phosphorite, potassium fertilizers, and in waste incineration ash. Median Fe content in TSP near IOS was ~29%. The significant anthropogenic origin of clusters Fe–Cr, Sr–P, V–Ni–Zn–Cu, Pb–As, and Mg–Ca, Br–S–Cl was confirmed by gI mapping and analysis of CD. Significant temporal variability of Cl, S, Sr, Ni, Br, V, and Zn due to weather changes was revealed. Near IOS, significantly higher values of gI were found for Fe and Cr, while far from IOS, for K, Sr, Ti, Rb, Cu, Al, Si, Zr, Ca, Mg. Significantly higher values of normalized enrichment factor near IOS were not only for Fe and Cr, but also for As, Pb, S, Mn, Br, and Cl.
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1. Introduction


Particulate matter (PM) is one of the integral components of air pollution. It not only causes danger to human health [1], but can also cover, contaminate, or even damage surfaces and transport harmful substances to the soil and water [2]. The PM research is important not only for the identification of contaminant hotspots, but also for the search and disclosure of their sources [3,4,5].



The geochemical composition of PM in port cities is often studied for shipping-induced contaminants [6,7]. However, another equally important potential source of pollutants includes bulk cargo operations that are also a major contributor of dust emissions in the territory of port and surrounding area. Both cargo loading [8] and storing in piles [9] were shown to significantly increase a downwind PM concentration. According to the European Emission Inventory guidebook, handling of openly stored mineral products can amount to 12 g of TSP, 6 g of PM10, and 0.6 g of PM2.5 per ton of handled mineral products and with large amounts of cargo loading in ports can become a significant source of pollution for the surrounding area [10]. Nevertheless, as a rule, more detailed multi-elemental characterization of the environment of the ports is given as related to the influence of either fuel chemistry caused emissions from ships [6,7], or as result of trivial and usual urban pollution causes, i.e., population abundance, load and density of motor transport, various manufacturing, archeological peculiarities, influence of see water chemistry, or loading by “air masses originating far away” [11,12,13]. Considering the wide range of stevedoring production types and specific operations in ports, there is a clear lack of multi-elemental analysis data which could help in characterization of these types. The contents of wide groups of elements have been used for determination of the markers or indicators of different in-stack industrial emissions [4,14,15], but only for other urban areas, i.e., not ports. Moreover, most published manuscripts are limited to elemental analysis of dust spread within port territory or in adjacent sites [9,16,17,18]. There is a lack of studies revealing elemental spread over further distances, and especially those that show the impact of bulk cargo operations on the atmogeochemical condition of surrounding residential areas. In Klaipėda, large volumes of iron ore, potassium, phosphorus, ammonium fertilizers (and raw materials for the production of the latter two), and cement are stevedored. A few studies of the stevedoring works and their possible pollutants were carried out in 2005 [16,17], but the researchers did not analyze the spread of PM into ambient air of adjacent residential districts. However, in 2007, detailed exploratory geochemical investigations of topsoil cover revealed an intense pedogeochemical multi-elemental anomaly in the northern part of the city, characterized by significant enrichment in heavy metals, especially chromium [19]. In 2019, during urban monitoring, this pedogeochemical anomaly was “discovered” again. A year earlier, in 2018, the anxiety and concern of the community in the northern part of Klaipėda city about visually noticeable “black” dust was reported [20].



Taking into account what is described above and the main advantage of continuous accumulation of sufficient dust for quantitative analysis, it was decided to use artificial passive samplers for the study. They have served the primary purpose of this study: (i) to define anthropogenic anomalies of contaminating hotspots and (ii) to try to indicate their emissions sources by investigating the spread of 22 analytes, including potentially harmful elements (PHEs) such as As, Cr, Cu, Ni, Pb, V, Zn, and S, twelve so-called crustal, i.e., Al, Ca, Fe, K, Mg, Mn, P, Rb, Si, Sr, Ti, and Zr, and two halogens—Br and Cl.




2. Materials and Methods


2.1. Study Design


To achieve the main aim of research—i.e., to identify hotspots of contaminants and their emission sources—the following sequence of steps was selected for study design:




	(a)

	
Selection of sampling method of total suspended particles (TSP), samplers, sampling periods, and sampling sites for permanent sampling campaign and extra more dense sampling in sites which are close to iron ore stevedoring (at <1 km distance);




	(b)

	
Sampling of characteristic dust (CD) near the sites of stevedoring particular products. The aim was to obtain information about geochemical composition of products as possible emission sources;




	(c)

	
Analysis of real total contents of selected analytes by EDXRF in accumulated TSP as well as CD, characterizing particular stevedored products;




	(d)

	
Treatment of results by two multivariate statistical methods, i.e., principal component analysis (PCA) and cluster analysis. The tasks were to distinguish specific closely related groups of analytes, to speculate about their possible emission sources basing on findings of other publications, and to compose a list of presumable emission sources for final comparison with real spread of analytes which will be revealed in the last step h via geochemical mapping;




	(e)

	
General ambient air state assessment in Klaipėda with the help geochemical indices (gI) widely used by other researchers in particulate matter (dust) studies. The intention was to find out the possibility of their comparison with respective results of other researchers as well as the usefulness and meaning of their application;




	(f)

	
Assessment of temporal variability of the analyte contents during four sampling periods (P1, P2, P3, P4). The purpose was to find out with the help of Friedman ANOVA test the elements which are significantly variable;




	(g)

	
Statistical comparison of gI values in two areas of the city (using nonparametric Mann–Whitney U test): the <1 km area which is close to Fe ore stevedoring and the >1 km area which includes the rest part of the city. The goals were to find out the analytes which have significantly different values in these two areas;




	(h)

	
Mapping of gI values. The purpose was to compare maps with interpretation of multivariate statistical analysis results and data of characteristic dust and to draw conclusions about the reasons of pollutant anomalies.










2.2. Study Area


Klaipėda is an ice-free port city, established in 1252 on the coast of the Curonian Lagoon and the Baltic Sea (55°42′40″ N, 21°7′50″ E). Now it is the third largest city in Lithuania, covers 98 km2, and the population in 2020 was about 150,000. The western industrial zone stretches along the coast of Curonian Lagoon and includes the state seaport with companies involved in stevedoring (having many shipment storehouses), shipbuilding and ship repair; the eastern one includes the “free economic zone” (FEZ) (Figure 1) [21]. The port area covers 540 ha, while FEZ covers 412 ha and has about 100 different companies [22]. Apart from these two large zones, the dense urban structure competes particularly strongly with port and industrial areas. With the growth of the city, some of industrial facilities are already surrounded by residential, commercial, and social zones. An orthophoto map of sampling sites of total suspended particles (TSP) with indicated potential pollution sources is shown in Figure 1.



In Klaipėda, the average annual temperature is +8.5 °C and rainfall is 774 mm; the average monthly temperatures range from −1.4 °C in January to around 19.0 °C in July, while the amount of rainfall is from 41 mm in April to 85 mm in August [23]. The wind parameters during the study periods are presented in Table S1. The study area belongs to Lithuanian Maritime Region with a complicated quaternary geological structure closely related to Baltic Sea development [24]. A simplified scheme of the Quaternary geological map of Klaipėda and discussion on elemental background values levels in topsoil is presented in [25]. According to state departments in 2020 [26], the average concentration of PM10 in Klaipėda was 19.5 µg m−3, while of PM it was 2.5–7.28 µg m−3. However, these values do not address the real state of air quality, especially in the northern part of the city (B locality on the Figure 1).




2.3. Sample Collection


To provide average geochemical composition of urban TSP and its temporal changes, its accumulation was done in the same ten permanent monitoring sites (1–10, Figure 1) by exposing their passive samplers during four sampling periods P1, P2, P3, P4. The exposure of passive samplers during each period in 2020 lasted 6 weeks. The periods were successive: P1—04.03–15.04, P2—16.04–27.05, P3—28.05–08.07, and P4—09.07–19.08. Since sites 1 and 2, 3 and 4, and 8 and 9 are in close proximity, each of these pairs can be treated as one generalized (duplicate) site consisting of two sub-sites; thus, such 7 sites (3 duplicate and 4 single) are evenly distributed in the city. The duplicate sites 3 and 4 are close to iron ore stevedoring. Close to it, an additional 10 sites (11–20, Figure 1) were selected, the location of which around terminal B is denser. In these 10 sites, the accumulation of TSP was done using analogous passive samplers during the same P3 period as in 10 permanent monitoring sites. Therefore, 20 sites were sampled during P3.



Characteristic dust (CD) was collected quite close (“right next door”) at the sites of stevedoring of iron ore, apatite, phosphorite, and potassium fertilizers (analytical data of appropriate samples, named as B’Fe, C’ap, C’ph, and D’KCl will be given in “Results”). Everywhere TSP sampling was done using laboratory-made passive samplers (Figure 2) and only the sample of waste incineration ash (named as F*Wa) was swept from the chimneys.



Samplers were designed with considerations from other research works, with protection from rain and the effects of external factors such as birds or heavy debris. The sampler consisted of a roof (1), a protective net (2), working sections (3), and mounting brackets (4). Disposable Petri dishes were used for sample collection. The area of the single Petri plate was 5674 mm2. Petri dishes were arranged in working sections (3). The Petri dishes were protected from large elements and birds by a net (2). The roof (1) protected the Petri dishes from rain. If water entered the working section, it was collected together with the dust sample using a syringe. The samplers were attached to the electric or light poles at a height of 3 m by means of mounting brackets (4). During the sampling and analysis, extreme caution was ensured in order to avoid contamination of the samples with metallic laboratory tools. Each TSP sample was placed on a microscope slide and a drop of distilled water was added for covering. Photographs were taken using microscope “Nikon Eclipse Ci-L” with a magnification lenses 40×.




2.4. Analysis


Before and after exposition, Petri dishes were dried and weighed. The amount of TSP was determined by the difference in mass. The sampled material was ground to a flour in an agate mortar. From each ground sample, the mixture of 0.5000 g of Licowax binder and 0.1000 g of milled material was prepared, homogenized for 10 min, and a pressed pellet with a 10 mm diameter was made. Each pellet was pressed for ~3 min using 15 KN (Press PP25).



The Wageningen analytical exchange program [27] sample 989 and standards 190 ERM-CZ120, NIST 2702, NIST 2709, NIST 2782, as well DC73022 and DC73317a were prepared pari passu as TSP samples, analyzed, and were used for recalibration. From each of them, three sub-samples were made. The set of all of them was analyzed in triplicate: at the beginning, middle, and end of a series of all studied TSP samples. All pressed pellets were analyzed by energy-dispersive X-ray fluorescence (EDXRF) equipment Spectro Xepos HE (Kleve, Germany) using the TurboQuant (TQ) II for the pressed pellet calibration procedure elaborated by the manufacturers. The TQ method combines different procedures: calculation of the mass attenuation coefficient, using the extended Compton model, and final calibration based on fundamental parameters method. The advantages of polarization and TurboQuant calibration method were described by Schramm and Heckel [28]. The last modification of TQ method, TurboQuant II, intended for Xepos HE, is offered by manufacturers for samples with various matrices [29,30]. Quality control and improving of laboratory results has been performed since 2007 by participation in “International Soil-analytical exchange” (ISE) program organized by Wageningen University [27,31]. From this period, more than 90 ISE reference samples and other certified reference materials were used by current analysis for the recalibration of results.



In this study, Spectro Xepos HE was used to determine the contents of 22 analytes: Mg, Al, Si, P, S, Cl, K, Ca, Fe, Ti, V, Cr, Mn, Ni, Cu, Zn, As, Br, Rb, Sr, Zr, and Pb. For this, each pressed pellet was examined from both sides. The medians of relative standard deviation (%RSD) values of measurements of both sides were <5% for Fe, Sr, Ca, K, V, Rb, Cu, Zn, As, Ni, Zr, Pb, Mn, Br, and S, 5–10% for Cr, P, Ti, Cl, Al, and Si, and 14% for Mg. The minimum determined values of examined analytes in complete dataset of TSP (Table S2) exceeded the lower limits of detection (3 sigma) at least 15,984 for Ca, 4303 times for Fe, 2232 for S, 1154 for Si, 1102 for K, 1093 for Ti, 1030 for Zn, 720 for Mn, 463 for Sr, 247 for P, 133 for Al, 98 for Zr, 94 for Cu, 61 for Br, 42 for Rb, 40 for V, 25 for Cl, 16 for Pb, 5.5 for Cr, 4.7 for As, 2.8 for Ni, and 1.2 times for Mg. The average value of measurements was used for data analysis and statistical treatment, which made it possible to reduce the impact of joint random errors.




2.5. Geochemical Indices


The effectiveness of indices often used by other researchers for general assessment of urban geochemical state and search for potential pollution hotspots and sources will be analyzed. Only indices for calculation of which the natural levels of analytes were taken were examined. The general term “geochemical indices” (gI) was used for them. The indices based on regulatory levels (which are set by legal advices) is not discussed in this study.



To avoid the confusion between indices based on Clarke values (Cv) and those based on native background values (Bn), different letters were used after apostrophe in the abbreviation of each gI: (a) in the first case, the letter was “C” and the source of Cv (for unification) was Rudnick and Gao [32]; (b) in the second case, the letter was “N”.



The following gI was used in this study. The abbreviations in the formulas below are the following: C—the content of selected element in selected site, Cv and Bn are explained above, CAl is the content of Al in site, CvAl is Clarke value of Al, and BnAl is the native background value of Al.



1. Two alternatives of geoaccumulation index Igeo: Igeo’C when Cv is used in the denominator (Equation (1)) and Igeo’N when Bn is in the denominator (Equation (2)).


  I g e o =   log  2   C /  ( 1.5 ∗ C v )    



(1)






  I g e o =   log  2   C /  ( 1.5 ∗ B n )    



(2)







The geoaccumulation index (usual abbreviation Igeo) was introduced by Muller for classification of river sediments according to contamination level [33]. Presently Igeo is widely used by researchers for classification of contamination not only of sediments or soil, but also of dust, e.g., [34,35,36,37] and others. They apply the same rule to distinguish dust contamination level, i.e., seven Igeo-classes earlier used for evaluation of river sediment contamination [38]: 0 (Igeo < 0)—uncontaminated, 1 (Igeo: 0–1)—uncontaminated/moderately contaminated, 2 (Igeo: 1–2)—moderately contaminated, 3 (Igeo: 2–3)—moderately/strongly contaminated, 4 (Igeo: 3–4)—strongly contaminated, 5 (Igeo: 4–5)—strongly/extremely contaminated, 6 (Igeo > 5)—extremely contaminated.



2. Two variants of normalized enrichment factor nEF based on Al as reference element: nEF’Al’C when Cv is used in the denominator (Equation (3)) and nEF’Al’N when Bn is in the denominator (Equation (4)).


  n E  F ′  A  l ′  C =   (  C /   C  A l   )    /    ( C v  /  C  v  A l   )      



(3)






  n E  F ′  A  l ′  N =   (  C /   C  A l   )    /    ( B n  /  B  n  A l   )      



(4)







The term “normalized enrichment factor” (with abbreviation Fxn) was firstly proposed by Rahn [39]. Presently normalized enrichment factor is widely used and usually entitled “enrichment factor” without the word “normalized” and with abbreviation EF. It was used for dust studies by some researchers, e.g., [36,40,41,42] and others. Now this index is sometimes used for dust contamination classification, e.g., [43,44,45], to distinguish five so-called contamination classes (SCC): <2—minimal; 2–5—moderate; 5–20—significant; 20–40—very high; >40—extreme.



However, more often the researchers use nEF index to distinguish the presumable origin of analytes in dust, i.e., natural or anthropogenic. Most commonly the researchers citing previous publications accepted nEF < 1 to indicate significant terrigenous (crustal) origin, while nEF > 10—significant anthropogenic contributions [45,46,47].



3. Index of potential atmogenic enrichment of topsoil aE’N (Equation (5)).


  a  E ′  N =  C /  B n    



(5)







The analogous ratio of aerosol concentration to soil concentration was firstly used in 1971 by Rahn and was entitled as “enrichment factor” (abbreviation Fx) [39]. But since many researchers now use the term “enrichment factor” (abbreviation EF) for another index which was entitled by Rahn “normalized enrichment factor” (abbreviation Fxn) [39], to avoid confusion, we use another title and another abbreviation (instead of previous Fx) in our study: aE’N. The letter “a” means “atmogenic”, the letter “E” means “elemental enrichment” and the term “factor” is changed to “index”. In soil or dust studies, the index aE’N is also sometimes entitled as “elemental concentration coefficient” (KC or KK) [14,48,49,50]. The identical formula (Equation (5)) is used in dust studies to calculate contamination factor CF [51] with the reference to Hakanson as primary source [52]. Although Hakanson used the index for lake sediment classification into four levels of CF, the same classes are used for assessment of dust contamination level [51]: <1—low; 1–3—moderate; 3–6—considerable; >6—very high. First of all, we would like to turn attention to the identity of sites classed based on non-logarithmic aE’N data to SCC with the integers 3 and 6 as thresholds (THR) and classed according to logarithmic Igeo data to SCC with THR values 1 and 2. But there is lack of such correspondence between classification of logarithmic and non-logarithmic data for higher SCC. If the higher THR values for classification of Igeo’N (3, 4 and 5) are back-transformed to integers to be used for classification of non-logarithmic aE’N data, the respective four intervals will be 6–12, 12–24, 24–48 and >48. This classification is more detailed in comparison with that used for aE’N by [51] where the aforementioned four intervals belong to solely one interval >6. The uppermost THR used by [51] for classification of aE’N reduces the sensitivity of this index for recognition of hotspots formed by some analytes. From this point of view, the index Igeo‘N is more useful.



The choice of either Cv or Bn can lead to different general formal conclusion about ambient air state. The resulting uncertainty, when the same name is used for indices based on either Cv or Bn is being addressed by a growing number of researchers such as [36,40,41,42] and others. Therefore, we shall try to compare data classifications according to SCC in discussion, where the effectiveness of search for presumable contamination hotspots and sources will be analyzed.




2.6. Data Treatment and Statistical Analysis


The Bn values used in this study were determined earlier [21] using topsoil analysis data set from the same Klaipėda territory where dust was sampled for this study. Microsoft Excel was used to calculate the main statistical parameters of elemental contents in dust and the values of aforementioned gI, while STATISTICA 9 software to perform other algorithms. They were the following: (1) hierarchical cluster analysis by Ward’s method using 1-rP distance where rP is Pearson’s correlation coefficient; (2) principal component analysis (with varimax normalized rotation); (3) testing of different non-parametric hypotheses by Mann-Whitney U-test and Friedman ANOVA test. U-test helped to reveal significant differences in elemental contents and gI between two areas, while Friedman ANOVA test to study temporal variability of chemical elements during four study periods.



Multiple classed post maps for Igeo’C, Igeo’N, nEF’Al’C and nEF’Al’N indices were prepared using the Surfer Golden Software. Each figure presenting maps consists of three panels (a, b, c), in the first two, the values of each gI index are classified into levels corresponding to so-called contamination classes (SCC), while in the last one (panel c) according to presumable origin. In order to adapt nEF’Al’C and nEF’Al’N indices to the discussion about dominant contribution (crustal or anthropogenic) of each analyte, the main thresholds 1 and 10 in panel c were used.





3. Results


3.1. Reasons of Artificial Passive Samplers Selection


Artificial passive samplers’ choice was a result of attentive review of literature about PM sampling methods. Due to the main advantage of continuous accumulation of sufficient dust for quantitative analysis, it was decided to use artificial passive samplers for the study. Although wide range of PM sampling methods is available worldwide, including biotic accumulators, e.g., lichens, moss, barks, leaves [1,14,53,54,55], and abiotic passive methods, i.e., (i) sampling of dust deposited on snow cover [15,48,56,57,58], (ii) sampling of road dust from pavement using a brush and a scoop [42,43,59,60,61,62,63,64,65], the main advantages of artificial passive samplers are: they are cost friendly, have a known deposition period, measurement of deposition flux, and have the possibility to provide important indicators for local pollution sources [2,65,66,67,68,69,70,71].




3.2. Main Geochemical Characteristics of Dust


Chemical elements and selected statistical characteristics of their contents in dust (Table S2 and Figure 3) are arranged according to descending Clarke values (Cv), i.e., mean contents for the upper continental crust which were entitled by the name of the first researcher [72] who published such data. Clarke values were taken from data listed in [32]. They represent composition derived from eleven publications, firstly given in [72]. Examination of the native topsoil background values Bn of the study area shows that native topsoil of Klaipėda has only five analytes with mean values exceeding Cv by more than 13%, i.e., Si, P, Zr, Pb, and Br, while the contents of other 17 analyzed elements are lower: Zn by 6.3%, Al, Fe, Ca, K, Mg, Mn, S, Cl, Sr, V, Cr, Rb, Ni, Cu, and As by at least 27%.



It should be noted that median content of Fe (29.6%) in the living area dust sampled near stevedoring of iron ore (<1 km) was only 2 times lower than respective content in the characteristic dust of stevedored iron ore (B’Fe is 65%). Only Soltani et al. [73] reported a 20% Fe content in the outdoor TSP in the environment of Gol-E-Gohar mining and industrial complex.



Comparison of elemental contents in emitted dust of each stevedored production itself with Bn shows that the elements can be arranged in the following sequences of descending aE’N values (we take into account enrichment not lower than 1.3 times): (i) iron ore dust (B’Fe)—Fe(aE’N = 48) > Cl (7.8) > Cu (4.7) > Cr (1.8) > S (1.5) > Ni (1.3), (ii) apatite dust (C’ap)—P (109) > Sr (34) > Ca (27) > Cu (6.4) > Cl (1.9) > S (1.7), (iii) phosphorite dust (C’ph)—P (152) > S (56) > Cu (7.4) > As (3.7) > Cl (3.2) > Zn, Cr, V (3.1) > Ni (2.3), (iv) potassium fertilizers dust (D’KCl)—Cl (2118) > Br (119) > K (12) > Cu (4.4) > S (1.9). It should also be noted that waste incineration ash (F*wa) had Cl content exceeding the Bn level 2049 times, Br—556 times, Zn—201, S—150, Pb—136, Cu—92, Ca—31, Cr—5.0, Rb—3.3, Sr—3.0, Ni—1.9, and Mg—1.5. It means that in case of uncontrolled spread into environment of part of such ash, it will become additional component of contamination. The formal permit given to the waste incineration plant (site F in Figure 1) for emissions of pollutants into ambient air) confirms the possibility that this company can be one of emission sources of Cl, S, and PM with various chemical compositions. But it should be noted that the release of Br has not yet been requested in formal permit, although some studies, e.g., [74], confirm this possibility.




3.3. Our Elemental Contents and the Published Data


To minimize possible temporal differences, we searched only for publications where dust was sampled not more than 15–20 years ago. The next criteria in search of information for comparison with our elemental contents were to avoid data determined by quite different analytical methods and to choose studies with results of the real total contents of elements [31]. If measurements were done not by XRF or INAA (without digestion), but by ICP-ES, ICP-MS or AAS, only the studies where HF (with other acids) was used to digest the samples were selected (Table S3). The third criterion was dust particle size. As we have shown (Figure 4), only in exceptionally rare cases did the dust particles sampled in Klaipėda fall into the interval 50–100 μm or exceed it.



Therefore, the data of studies where road dust researchers consider <250 μm fraction [60] or even larger particles, e.g., <500, <1000, or <2000 μm [75,76], as dust were not chosen for comparison. Moreover, we refused with great regret from publications with some other strange data: (i) where the given mean contents of several analytes, for example, Ti and Cr in mg kg−1 are only 0.024–0.02 and 0.023–0.02 [77], since they are below the detection limits of XRF; (ii) where the sum of the contents of studied chemical elements is 100% and in one case is even 128% [78]. We also could not access the required data from some publications, e.g., [79], because only the volume concentrations (ng m−3) of analytes were presented without indicating the concentration of dust (μg m−3), therefore their re-calculation to mass concentrations was impossible.



According to the aforementioned selection criteria, some publications such as [66,80,81] seemed to be appropriate information sources for comparison with our TSP data (Table S3). We also present for comparison the elemental results of dust: (i) collected from the snow cover [56,57], (ii) caught by pumping PM10 and PM2.5 from air above the ground [18,82,83,84], (iii) “inhalable road dust particles sucked directly” from the pavement [8,35].



A review of the selected publications revealed that the differences in elemental contents may be determined not only by objective factors such as anthropogenic or natural specificity of research area, but also by subjective features of sampling, sample preparation and conditions of analysis. Sampling alone depends on (Table S3): (i) sampling time, e.g., year, season, prevailing momentary meteorological conditions; (ii) specific location of sampling site and certain height above the ground (for unknown reasons, the height is even not indicated in some studies); (iii) sampled particle size and sampling tools. Therefore, the comparison of such data has uncertainty. With this in mind, for each element, the correspondence (%) between our and selected published data was estimated by percentage of reference values within the 25th–75th percentile interval of our study (Figure 5). The arrangement of PHEs according to descending correspondence is Cr > Zn > Cu > S > Ni. It should be noted that the mean values of PHEs As, Pb, V, as well as of halogen Br given by other researchers exceeded our 75th percentile. The crustal elements were arranged as follows: Fe > K > Sr, Zr > Rb> Mg, P > Ca > Si > Al > Mn. Halogen Cl (57% correspondence) appeared among the analytes (Fe > Cr > Zn > K) with higher than 50% correspondence.



It was found that when choosing the analytes, researchers give priority to PHEs. Nevertheless, the group of elements with most frequent (75–100%) choice for analysis included not only PHEs Ni, Pb, Cu, V, Cr, Zn, but also some crustal elements, i.e., Fe, Mn, Ti, and Ca (Figure 6). The frequency of selection PHEs As and S, crustal elements Al, K, Sr, Rb, and halogen Cl was 50–75%, of Si, Mg, P, and Zr was 25–50%, while of halogen Br was below 25%, i.e., it is analyzed most rarely.




3.4. Factor Analysis and Clustering of Complete Datasets


Five factors explain 79% of total geochemical variance of complete dataset TSP (Table S4) and their loadings significant at p < 0.01 are listed in parentheses: F1TSP (Rb, Al, Si, Zr, K, Mg, Mn, Ti, Ca, Cu, –Cr, –Fe), F2TSP (P, Sr, Ca), F3TSP (Br, S, Cl), F4TSP (Zn, V, Cu, Ti, –Mg), F5TSP (Pb, As, Cr, Mn). Cluster analysis of such dataset demonstrates two main branches of dendrogram joining together at a linkage distance (LD) 3.5 (Figure 7). The left branch consists of four clusters, i.e., (Br–S)–Cl (L1), V–(Ni–(Zn–Cu)) (L2), Sr–P (L3), and Cr–Fe (L4). The right branch is composed of three clusters, i.e., Pb–As (R1), Mg–Ca (R2), and (Mn–Ti)–(K–(Si–(Zr–(Rb–Al)))) (R3). The same nine elements Rb, Al, Si, Zr, K, Mg, Mn, Ti, and Ca which are in clusters R2 and R3 have the highest positive loadings (>0.69) on F1TSP factor. Part of R3 elements, i.e., Al, Rb, Zr, Si, K, show very close association (LD < 0.25) and have the highest (>0.85) loadings on F1TSP (Table S4).



Quite different relationship was revealed in topsoil background sites of Klaipėda (Table S4): Nine elements which determine the variance of factor F1TSP were distributed in the loadings of three factors of background topsoil: F1BT, F2BT, and F3BT. Factor F1BT showed marked antagonism between Si (indicator of sandy soils) and tracers of clayey soils in unpolluted (background) areas Al, Mg, Ti, and Fe. A similar separation of Si from elements clayey component indicators was characteristic of European topsoils and was visible from cluster analysis dendrograms [85]. The variance of factor F2BT was determined by other three of aforementioned nine elements, i.e., Zr, Rb, and K, while of F3BT by remaining Ca and partly (at p < 0.05) also Mg. In background topsoil, factor F1BT was loaded not only by Al, Mg, Ti, Fe, and Cu, but also by Ni, V, and Cr. However, in dust factor F1TSP, Cr as well as Fe were obvious antagonists of Al, Mg, and Ti, while V, Ni and Cu as well as Zn and Ti had positive loadings on F4TSP and were antagonists to Mg.





4. Discussion


4.1. Geochemical Indices and So-Called Contamination Classes


The mean values of geochemical indices used in this study (gI), i.e., Igeo’C, Igeo’N, nEF’Al’C, nEF’Al’N, and aE’N (Table S5), in seven evenly distributed sampling sites during four periods from 04.03.2020 to 19.08.2020 are discussed, aiming to compare them with respective values from published data. In each from three paired sampling sites 1 and 2, 3 and 4 and 8 and 9 which are close to each other (Figure 1), the results are averaged for each period to obtain more even distribution of gI values in the study territory. The uncertainty of contamination level estimated by Igeo resulting from different Cv or Bn values in the denominator of formula, was demonstrated by e.g., Dytłow and Górka–Kostrubiec [36] and other researchers. It is also obvious for Klaipėda, from comparison of so-called contamination classes (SCC) distinguished according to two alternative Igeo indices. If the mean Igeo’C was selected instead of the mean Igeo’N, the estimated SCC of nine analytes, i.e., Cl, Cu, Ca, As, Fe, Sr, Ni, Cr, V (with asterisks in Figure 8), would be lower, while by Br would be higher. Hence, the choice of Igeo’C would lead to conclusion about cleaner ambient air in Klaipėda. The answer to the question why most analytes in TSP of Klaipėda have higher Igeo’N values in comparison with Igeo’C and there are only five of them (Br, P, Pb, Si and Zr) which have lower Igeo’N values is in the ratio of Cv and Bn: the higher this ratio (Cv/Bn in Table S5), the higher the difference.



When using alternative normalized enrichment factors nEF, the differences in assignment to SCC are also seen. In comparison with nEF’Al’C, the mean nEF’Al’N values of Br, S, P, Pb, K, Zr, Rb, Si, and Ti distinguish lower SCC and the city dust was entitled as less contaminated by them, while the mean nEF’Al’N values of Ca, V, and Sr resulted in higher SCC (Figure 9). Similarly, to Igeo, these differences were determined by Cv and Bn values, but in this case, of two elements: (i) for which the index was calculated; (ii) the reference element used for normalization. In our case, the latter was Al (Formula (4)), therefore for the selected element, the ratio of alternative nEF values nEF’Al’C/nEF’Al’N was a constant value, calculated as follows: (CvAl/BnAl)/(Cv/Bn) (Table S5).



Since the number of possible different SCC for two aforementioned indices is not equal (seven for Igeo and four for nEF), we compared the frequency of attribution of analytes to the SCC which are higher than “moderately contaminated” (Section 2.5), i.e., the number of so-called more strongly contaminating analytes (CA). When using Igeo‘C (when Cv is in the denominator) CA = 4, i.e., Zn > Br > Cl > S, while in case of nEF‘Al‘C, CA = 12, i.e., Zn > Br > Fe > S > Cl > P > Cu > Cr, Pb > Ca > As > Ni. For Igeo‘N (when Bn is in the denominator), CA = 5, i.e., Cl > Zn > Cu > S > Ca, for nEF‘Al‘N, CA = 13 (Fe > Cl > Zn > S > Cu > Cr > Ca > P, Br > Ni > Sr > As > V). Thus, whichever alternative of Igeo index (either Igeo‘C or Igeo‘N) was used for assignment to a specific SCC, the general ambient air state in Klaipėda according to SCC title would seem better than using each of alternative nEF’Al indices.



However, the greatest confusion is caused by generalization of results when the study territories were compared only according to the SCC title. For example, according to As, both dust of Klaipėda (Table S5: mean As is 5.26 µg g−1, so Igeo’N = 0.04) and dust of Guilin (Igeo’N = 0.13) [86] were attributed to the same SCC “uncontaminated to moderately contaminated”. However, soil related Bn value of As used for calculation of this index in Guilin was 20.5 µg g−1, while Bn used in Klaipėda was 2.9 µg g−1. Taking into account the formula (2), we found that the mean value of As in dust of Guilin was 33.6 µg g−1. Let us suppose that such an As content was determined in Klaipėda dust. In this case (Table S2: Bn is 2.9 µg g−1), the SCC for As in Klaipėda became “moderately/strongly contaminated” (Igeo would be 2.95), i.e., formally, dust would be considered as much more contaminated than in Guilin. But does this mean that the residents of Guilin inhale much cleaner ambient air than in Klaipėda, when the detected real content of As in dust of Guilin (33.6 µg g−1) is even 6.4 higher than in Klaipėda (5.26 µg g−1)?



Maybe due to various aforementioned reasons, there are a lack of manuscripts where the researchers provide responsible comparison of SCC distinguished by them using gI of dust with data presented in other publications. After attempts to compare their results with data published by others, Zglobicki et al. [44] politely but aptly notice: “This shows the difficulty of directly comparing results obtained for various cities. The main challenge here is the method of determining the geochemical background that plays a key role in the case of some pollution indices”.



Taking into account the material of this subsection we dared to propose to refuse from using the term “contamination classes”, if they are distinguished according to geochemical indices of dust. Classification into such classes was firstly applied not for dust (Section 2.5). The attempts to adapt gI for dust without changes of terminology often cause confusion, since the assignment to certain SCC is understood in the society as the index of ambient air contamination. However, this assignment is related to subjective factor, i.e., when different values are taken in the denominator (Equations (1)–(4)) during calculation of gI, so manipulations are possible. Even small difference in selected Cv values (the study of Rudnick and Gao [32] contains data of all eleven compilers of Clarke values) or Bn values the problems of selection of which have been described by us [25,87], can determine attribution of sample to different SCC. However, whichever unique Cv or Bn value is chosen, the level of analyte content in ambient air is the same. In general, we do not object to using some of geochemical indices, like Igeo or aE (Kk), for evaluation of dust relative contamination level using the terminology “less”, “more”, or “most” contaminated only within the dataset which is studied. However, the terminology should be selected responsibly and purposefully as much as possible. Having in mind that either soil- or upper continental crust-related values are in denominators of Igeo’ formulas, when using them, the term “enrichment” can be proposed instead of the terms “contamination” or “pollution”. Following Rahn [39], we tried to apply namely such terms (“enrichment”) for aE‘N (Section 2.5). For example, in the case of Igeo‘N, the term “(top)soil-enrichment Igeo index”, while in case of Igeo’C—“Clarke enrichment Igeo index”, or similar alternatives can be used.



In our opinion, normalized enrichment factors cannot be used for naming “contamination classes”. Their purpose is different: help in attempts to find out the origin of presumable contaminant in dust, probably also the emission source of dust and hotspots formed by it. Namely for this aim they are most commonly used, although there is warning about their indiscriminate usage [88,89]. As was noted by Cesari [40], when using normalized enrichment factors, it is especially important to provide the following information: (i) the reference element selected; (ii) publication from which the reference values are taken.




4.2. Weather Changes as a Factor of Dust Elemental Contamination Variability


The magnitudes of median aE’N demonstrate that Cl, Zn, Cu, S, Ca, Br, Ni, Sr, P, Cr, Fe, Mg, Pb, As, V, and Mn have the dominant potential to create their own atmogenic pedogeochemical anomalies in any of the study periods P1, P2, P3, and P4 (Figure 10).



Moreover, variability of Cl, S, Sr, Ni, Br, V, and Zn is significant at p < 0.05 (Table S6). Four of these seven analytes, namely Cl, Br, S, and Sr, have a similar pattern: period P3 is characterized by their lowest median aE’N values compared to other periods P1, P2, and P4. The prevailing wind directions during P1, P2, and P4 were from the sea, since the sums of the frequencies of W, NW, and SW directions were 53%, 61%, and 57%, while during P3, the sum was only 27% and two opposite directions, i.e., NE and E, comprised 49% (Figure 11).



It is possible that higher wet precipitation during P3 (Table S1) brought from the continent diluted the sea sprays and washed out the atmosphere decreasing the content of dust. Such phenomenon has been demonstrated in [90]. It was found that when the winds were blowing from the sea (SW–W–NW sectors), the averages of median aE’N values of all three periods P1, P2, and P4 for Cl, Br, S, and Sr were 17.4, 5.2, 4.7, and 4.2 times higher than the respective contents during P3. The common possible origin of three analytes (Cl, Br, and S) was confirmed by their strong positive loading on factor F2TSP (Table S4) and amalgamation in cluster L1 (Figure 7). Strontium belongs to cluster L3 (Sr–P) which is adjacent to L1. Thus, it seems to us that in the case of Klaipėda, the presence of S together with obvious marine origin indicator Cl and Br [91] should not be surprising: Cl and Br, accompanied by S, are among the main indicators of waste incineration ash and potassium fertilizers stevedoring, while Cl and S are indicators of phosphorite and apatite (Table S2 and Figure 3). The variability of Sr contents can be related with these analytes due to apatite (source of Sr, Cl, and S) and phosphorite (S, Cl) stevedoring simultaneously with potassium fertilizer (Cl, Br, S) operations. Contrary to Cl, Br, S, and Sr, the patterns of Zn and V median aE’N values were similar in reaching maximum in P3 period, while the peak of Ni was in P2. During P3 with prevailing offshore winds, Ni, V, and Zn had 2.7, 2.1, and 1.5 times higher median aE’N values than respective averaged values of median P1, P2, P4 levels. Davulienė et al. [12] state that the western air masses were mainly associated with moderately polluted air flow from Western Europe, particularly from the UK, Denmark and North Poland.




4.3. Inter-Elemental Relationship and Related Groups


In a Belgium study, Al, Si, Ti, Ca, K, Mn, and Fe which have loadings >0.5 on the first factor (see Table 4 in [82]) are interpreted as crustal. In Krakow, the origin of Al, Si, K, Mg, Ca, and Fe which are clustered separately (see Figure 7 in [92]) is interpreted as natural. Separation of a few aforementioned elements can also be found in other publications: e.g., Al, Fe, K, Mg [81], Al, Fe, and Mn [93]. Most of these elements are considered as crustal in review of various studies, too [94]. Iron was always among them, provided it was determined. But in the case of Klaipėda, Fe does not associate with all these crustal elements, and it is distinguished as their strict antagonist (see F1TSP in Table S4). Cluster analysis confirms this, since cluster L4 composed of Fe accompanied by Cr is in the left branch of the dendrogram and is separated from other crustal elements in the right branch (Figure 7). Such separation of Fe from other crustal elements enables us to presume that it has its own emission source. The antagonism between Fe and crustal elements which is expressed in factor F1TSP indicates that significant Fe input notably reduces the re-suspended part of other “traditional” crustal elements. This powerful source of Fe has clearly other origin than diffuse anthropogenic sources of Fe and associated with them elements which in Belgium were interpreted as “traffic and metals” (see the fourth factor in Table 4 [82]). In the dust of Klaipėda, similar Fe sources also exist, but are reflected in another factor, F5TSP, as can be seen from significant at p < 0.05 loadings of Pb, As, Cr, Mn, Fe, and Ni on it. Almost all analytes in this list are also in aforementioned fourth factor, except Ni.



Still, we cannot deny native source of Fe mentioned in all previously cited publications [81,82,92,93] where positive correlation of Fe with other crustal elements has been shown. We can presume partial pedogenic origin of Fe in dust of Klaipėda basing on: (i) conclusions of these researchers, (ii) the fact that L4 cluster in the left branch of the dendrogram is the closest to the right branch and only two connections separate it from clusters R2 and R3 which include crustal elements, (iii) undeniable association of Fe with other crustal elements which is observed in topsoil (see Fe loadings on FTBT and dendrograms in our previous research of topsoil background composition [25,87]) which serves as a source of re-suspension. But presently, Fe ore stevedoring seems to be not essential source of Cr, since the highest loading of Cr is on F5TSP, i.e., it belongs to the group of elements leaded by Pb and As and accompanied by Cr, Mn, Fe, and Ni. Extremely high contents of Cr together with Fe have been observed in topsoil of the northern part of the city near Fe ore stevedoring terminal since 2005 [21,95] up to today [96]. This part of the city has the oldest history and has been influenced by anthropogenic activity for the longest time. Lead was earlier an important traffic-related element because of leaded gasoline [97,98]. The anomalies of Pb are the most conservative compared to other PHEs, i.e., best of all repeat their primary configuration, although the level of Pb in them inevitably decreases [14]. Relatively close to oldest part of the city (site i in Figure 1), one of the greatest factories of galvanic batteries in the former USSR has been operating since 1989, and it polluted the surrounding topsoil with Zn, Cu, As, Ni, Pb, Mn, Sr, and Cr [21]. Therefore, according to our available data, resuspension of formerly contaminated topsoil can be the most probable reason of elemental grouping in F5TSP and R1.



The next factor F2TSP according to percentage of explained variance (12%) is significantly (p < 0.01) loaded by Sr–P–Ca. Two of these three elements, i.e., P and Sr, form their own cluster L3 in the left branch at the lowest distance LD < 0.2. It is known that association Sr–P–Ca is characteristic of apatite-group minerals [99] and phosphorus fertilizers produced from them. High content of Sr can be found in superphosphate, although it depends on raw material: igneous rock phosphates contain more Sr than sedimentary [100]. This difference is also confirmed by our data (Table S2). Having in mind that the chemical industry company “Lifosa” operates in Kėdainiai (Lithuania) is one of the greatest phosphorus fertilizer manufacturers in Europe [101], the production and raw materials of which are stevedored in Klaipėda, successful fixation of its emissions with the help of factor and cluster analysis is quite accurate.



Side-by-side to Sr–P linked up in L3 cluster, there the is ((Cu–Zn)–Ni)–V group which constitutes L2 cluster. Further, amalgamation of both clusters takes place in earlier stage than with other clusters in the left branch of the dendrogram. Factor F4TSP corresponds to L2 cluster. In comparison with Bn, the increased contents of Cu, Zn, Ni, and V are found in the dust of stevedored phosphorites. However, Zn and Cu are distinct indicators of various anthropogenic activity, first of all, urban traffic. Brake wear and exhaust emissions (fuel, lubricating oil, and motor wear) have been shown as responsible for emissions of Cu, Zn, and Pb [102]. Cluster of Zn and Cu with Pb and oil products in the topsoil of the central urban districts of Vilnius also confirms this [48]. Presumably, shipbuilding and ship repair [103] is also one of Zn and Cu sources. Both elements are tracers of waste incineration plants, too [104], and geochemical composition of ash from Klaipėda waste incineration plant does not deny this finding (Table S2). Another two indicators of anthropogenic activity, i.e., Ni and V, are close to pair Zn and Cu. Heavy oil used in boilers [15,94], as well as used in marine engines [18,105,106] has high contents of these elements. These facts enable to presume that part of V and Ni can be transferred to ambient air due to shipping activity. Besides, one should have in mind that the impact of “Mažeikiai Refinery” [107] which is one of the greatest oil refineries in the region and is located only at 110 km northwest from Klaipėda is also possible.



In the next stage, cluster L1 composed of anionic elements Br, S, and Cl link up with joint cluster L3 + L2. The same three elements have significant loadings on respective factor F3TSP. There is usually little doubt that Cl originates from sea salts [82,84,108], meanwhile statements about marine origin of Br [109] and S [110] are rather rare. The latter circumstance can be predetermined by lack of Br measurement data (Figure 6). For example, in the Belgium study [82], Br content was not presented, although the equipment used allowed its reliable determination. Chlorine, S, and Br are sensitive to meteorological conditions (Table S6). This affinity can determine the possibility that some their proportion appears in Klaipėda by long-range atmospheric transfer, dominant from western directions of Europe [12]. The data of S and Br in Table S3 does not deny this. The concentration of S in PM10 of Belgium (value of for “all stations” given Vercauteren et al. in [82] is 2080 ng m−3, after recalculation to mass concentration in dust it is ~70,034 µg g−1) more than 13 times exceeds the median value in TSP of Klaipėda. The explanation of such a difference solely by the capability of finer particles to accumulate pollutants is insufficient, because e.g., Wang et al. [67] have not found significant differences in the contents of S in PM2.5 and TSP. The TSP of Klaipėda has more than 20 times less Br than PM2.5 of Krakow, in which the variations of concentrations of Br and Cl (S data was not included in study data set), also K, Pb, Cu, and Zn are explained by their origin from combustion of coal and/or biomass [83]. The distance between Klaipėda and Krakow is about 630 km, meanwhile from Gdynia and Gdansk (W direction) where sometimes coal combustion is also used is only 220 km. As mentioned, Br is a technogenic tracer of biomass burning, while the sources of S can be oil or coal burning and automotive diesel [94]. However, oil or coal burning for heating is not used for decades in Lithuania. The research of fly ash from waste incinerator plants has revealed high contents of Cl and S [104], while combustion of different types of Br containing plastic wastes is possible source of Br [74]. To this end, it should be mentioned that anomalous high contents of these three elements were determined both in ash of Klaipėda waste incineration plant and in dust of production stevedored in C and D terminals (Table S2). On the other hand, we cannot reject the possibility that when the winds have opposite direction, part of S and accompanying elements V and Ni can be transferred from “Mažeikiai Refinery”.



Strong association of Mg–Ca (cluster R2) which includes the indicators of carbonate rocks (dolomites, marls, limestones, etc.) and the group of the main crustal elements (R3) indicates that part of the contents of Ca and Mg in dust is pedogenic. It is not strange, because after the regression of the sea [24], soil of the seashore was developed on marine quaternary sediments which contain mollusk shells. Some researchers [82] ascribe Mg to sea salt indicators. However, the fact that Mg and Ca in cluster R2 are somewhat separated from “crustal” elements of cluster R3 enables to presume that there are also other Ca and Mg input ways to ambient air. The first way can be related to cement production [94,111] as well as construction industry. The second way is their uplift to ambient air during road construction, since either gravel containing limestone or dolomite crushed stone comprise the floor of the asphalt pavement. Open storage of dolomite crushed stone takes place in southeastern part of the city.




4.4. Differences in Geochemical Pattern of the City Areas


To identify the hotspots and emission sources of contaminants, the indices Igeo’C, Igeo’N, aE’N, nEF’Al’C, and nEF’Al’N were used for comparison of geochemical pattern of two areas: the <1 km area which includes sampling sites located near iron ore stevedoring, i.e., at closer than 1 km distance, and the >1 km area which includes sites from the rest of city, i.e., located further than 1 km from iron ore stevedoring. When searching by the U-test for the differences in geochemical pattern of <1 km (twelve sampling sites: 3, 4, 11–20, Figure 1) and >1 km (six sampling sites: 1 and 2, 5, 6, 7, 8 and 9, 10, in paired sites 1 and 2 and 8 and 9, the data were averaged), the findings of Section 4.2 were taken into account: for Cl, S, Sr, Ni, Br, V, and Zn, only data of period P3 were used, since an additional 10 samples (sites 11–20) at <1 km distance from iron ore stevedoring were taken namely during this period. Comparison of separate objects of investigation, e.g., cities, enterprises, sites from different functional or landscape zones, is common in dust research [8,34,80,82].



Different formulas of Igeo’N and aE’N inevitably lead to different median values in two city areas. Despite this, p-values indicating the significance of the differences between the <1 km and >1 km areas in the values of each of two indices are absolutely the same for 14 analytes (As, Cr, Cu, V, Zn, S, Ca, Fe, K, Mg, Mn, Sr, Zr, and Br) and only slightly differ for the remaining eight analytes (Table S7). Therefore, for each analyte both indices lead to identical conclusions about significant or insignificant differences between the areas: p-values of both Igeo’N and aE’N indicate that dust in the <1 km area is significantly (p < 0.05) enriched in Fe and Cr, while the values of Mg, Ca, Zr, Si, Al, Cu, Rb, Sr, Ti, and K indices are lower in comparison with dust in the rest of the city (>1 km).



We shall use only aE’N for comparison of median values of analytes in two areas (<1 km and >1 km) with the help of their ratio, since the analogous comparison of Igeo’N needs additional more complicated mathematical transformation of log data. We found that the median aE’N values of Fe and Cr in dust from the <1 km area more than 3.5 times exceed respective values from the rest city (>1 km) (Figure 12). On the contrary, the median values of aE’N in dust from the >1 km area which is more distant from Fe ore stevedoring are from 2.0 to 6.2 times higher for K, Sr, Ti, Rb, Cu, Al, Si, Zr, Ca, and Mg.



The indices nEF’Al’C and nEF’Al’N based on normalization by Al (the main indicator of clayey component of soil-forming rocks in the study area), allow to highlight the anthropogenic part of the analyzed analytes by reducing their pedogenic constituent (Table S8). Despite different formulas and different median values for each analyte, both alternative nEF’Al indices have much in common: (a) identical p-values obtained comparing the differences between two areas according to each index, (b) identical ratios of the median values of selected index in the <1 km to the >1 km areas. This is not surprising because in each analysis site, the same unique Cv or Bn value is used in the denominator. Whichever of these two indices is used to reveal the differences between two areas by the U-test, the results are identical: the <1 km area was significantly enriched not only in Fe and Cr, but also in As, Pb, S, Mn, Br, and Cl. Therefore, additional contamination by these elements from the source in this area can be hypothesized (Figure 13).




4.5. Tracing of Contamination Hotspots and Presumable Emission Sources via Mapping of gI Values


Taking into account the discussion above, the following 17 analytes are presumed to have at least mixed, i.e., crustal and partially anthropogenic, origin: As, Br, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb, S, Sr, V, and Zn. Multi-panel figures were prepared for them (Figures S1–S17). Comparison of the distributions of Igeo‘N and Igeo‘C values of different analytes among different SCC is given in Figure 14: the higher the value of n, the better the index for revealing hotspots.



It seems that from two alternative Igeo indices, Igeo‘N was the better choice to reveal hotspots, since respective n values of As, Cl, Cr, Fe, Mg, Mn, Ni, S, Sr, and V were higher, the only exception being Pb. The wider spread (more SCC intervals) of Igeo‘N distribution was determined by lower Bn values than Cv values (Table S2). For example, for Cl, its Bn = 99 µg g−1 and Igeo‘N was distributed among seven SCC intervals, while its Cv = 370 µg g−1 was higher; therefore, Igeo‘C values were found only in five SCC intervals. The aE’N values found in the interval 1–1.5 enabled us to draw attention to K as possible pollutant. Meanwhile, according to Igeo‘N it could remain unnoticed (Figure S8).



The judgement about prevailing natural, mixed or anthropogenic origin of elements according to nEF indices also depended on THR values. If evaluation was according to nEF’Al’C and the lower TRH was 1, while the upper one was 10, five dust sampling sites according to Mg and one according to Cr would be assigned to those having prevailing natural origin (Figure 15). Meanwhile 14 analytes which can be suspected for significant anthropogenic sources can be arranged in the following sequence according to the number of sites where the index exceeds 10: Br, Cu, S, Zn (20 sites for each) > Ca, P (19) > Cl, Pb (18) > Fe (12) > Cr (11) > As (5) > Ni (4) > Sr, K (1). But if we selected the lower THR equal to 10 which was proposed in [40] for attribution to prevailing crustal origin, the number of analytes with such possible origin would increase from aforementioned two to 13. The analytes can be arranged according to decreasing number of such sites as follows: V, Mn, Mg (20 sites for each) > Sr, K (19) > Ni (16) > As (15) > Cr (9) > Fe (8) > Pb, Cl (2) > Ca, P (1). However, if we take into account the upper THR equal to 20 proposed in [40] for judgement about anthropogenic origin, K will be lost from aforementioned list of 14 elements, while another 13 analytes will be arranged according to decreasing number of such sites as follows: Zn (20) > Br (19) > Cu, S (>18) > P (15) > Cl (14) > Fe (11) > Cr (10) > Pb (8) > Ca, As (3) > Sr, Ni (1).



If evaluation of the analyte origin is done according to nEF’Al’N and the lower THR is 1, while the upper THR is 10 (it is the same according to common publications [45,46,47] and publication of Cesari et al. [40]) Mg in four sites and Cr in one site would be attributed to prevailing natural origin. Meanwhile, the analytes suspected for mainly anthropogenic origin would be arranged in the following sequence: Ca, Cu, Zn (20) > Cl, P (19) > S (18) > Fe, Cr (12) > Ni (11) > Br (8) > As (3) > Pb, Sr (2) > V (1). However, if the lower THR equal to 5 proposed in [40] was selected, the number of analytes with prevailing natural origin would be higher and they would be arranged in the following sequence: K (19) > Mg (16) > Mn (13) > Pb (11) > V (8) > Sr (7) > Cr, Fe (5) > Ni, Br (3).



The contrast of each element urban anomalies is characterized by the ratio (RP) of the 75th percentile to 25th percentile of its geochemical index gI. The size (areas) of hotspots and contrast of elemental anomalies is reflected in the following sequence of respective RP ratios of aE’N index: Fe (11.1) > Mg (6.1) > Zn (4.1) > Cr (3.4) > Sr (2.5) > Cl, Ca (2.4) > As (2.3) > Cu, P (2.2) > K (2.0) > Ni, V (1.9) > Pb (1.8) > Br (1.7) > Mn (1.5) > S (1.4). Meanwhile RP ratios of nEF’Al’N reflect relative anthropogenic part of analytes in dust as well as the variety of their presumable emission sources and their uneven distribution in the city. According to these RP ratios, the elements are arranged as follows: Cu (22.1) > Cr (7.8) > Mn (3.3) > K (3.0) > P (2.7) > Sr (2.5) > Zn (1.9) > Pb (1.8) > Fe (1.7) > V, S (1.6) > Br, Ca (1.5) > Ni (1.7) > As, Cl (1.2) > Mg (1.1). These RP ratios could help to perceive the indices presented in Figures S1–S17, to increase the readability of maps, to highlight the main hotspots of analytes enriching dust, and to find out their dominant emission sources. It is obvious that the main source of Fe is iron ore stevedoring, of Mg is dolomite, and of Sr and P is apatite and phosphorite. The anomalies of Cr can be caused by close distance to iron ore stevedoring and dust re-suspended from former topsoil anomaly in the neighborhood. Hotspots of As and Pb are also at close distance. Meanwhile Zn, Cu, Ni, and V are widely spread in all urban territory. The influence of KCl fertilizers stevedoring is slightly visible from K and Cl spread. Therefore, more detailed research of stevedoring sites is necessary in future, i.e., not only near iron ore stevedoring (B site), but also in other stevedoring sites (C, D, E). The spread of S and halogens Br and Cl is scattered. Actually, their hotspots, as well as hotspots of many other analytes (Mn, V, Ni, etc.) can be masked by high content of iron ore stevedoring dust. It is possible that to reduce this masking, other analytes (e.g., Fe, Mn, or Ti) can be used as reference elements or even complex nEF indices. Examples of such attempts have been shown earlier [25,112].





5. Conclusions


Geochemical exploration methods are useful when using total suspended particles (TSP) to detect hotspots of contaminants and their presumable emission sources in the sites with stevedoring operations. The sequential exploration methodology used in port city Klaipėda included: (a) sampling of TSP with original construction passive samplers as well as the characteristic dust of stevedored material, (b) elemental analysis of a large set (22) of analytes including so-called PHEs, crustal elements, and halogens determined by EDXRF with special sample preparation procedures, (c) multivariate statistical analysis (principal component and cluster analysis) of obtained XRF analysis data to reveal groups of syngenetic inter-correlated analytes, (d) search for reasons to explain temporal variability of geochemical composition of TSP during four monitoring periods, and (e) analysis of obtained analytical data using widely applicable geochemical indices and their mathematical treatment as well geochemical mapping. The conclusions are given below.



The TSP in surroundings of iron ore open stevedoring is greatly enriched with Fe. The aureole of increased Fe contents is spreading from this site to the rest part of the city. Iron is accompanied by Cr. Besides, statistical tests and geochemical mapping of normalized enrichment factors show that As, Pb, S, Mn, Br, Cl, V, and Ni anomalies are also in the same area with these two elements. However, part of Cr can be enriched in TSP due to the input from the former pedogeochemical anomaly as a result of re-suspension from topsoil. In dust near this pedogeochemical anomaly, the contents of As and Pb are also increased. The TSP near stevedoring of phosphorite and apatite raw material and production from them is enriched with Sr and P. Part of Ca is also enriched in this TSP. The stevedoring of dolomite is accompanied by obvious TSP enrichment with Mg which is inevitably related with Ca. The TSP in the part of the city at greater distance from iron ore stevedoring is enriched in so-called crustal elements K, Ti, Rb, Al, Si, Zr, Ca, and Mg as a result of their re-suspension from topsoil. These elements mask the influence of stevedoring operations of KCl fertilizers, but insignificant input of K and Cl can be noticed via geochemical mapping of geochemical indices. The direction of the NW–W–SW winds contributes to enrichment of atmosphere not only with industrial long-range transport pollutants, but also with marine and those coming during stevedoring works. Therefore, local emission sources of S and halogens Br and Cl still remain questionable. Increased contents of these elements as well as Zn and other PHEs were determined in waste incineration plant ash. These elements, except Br, are listed in the application for permit for emissions of this company to the ambient air. The question about emission sources of Br is relevant due to lack of attention to this element: researchers discuss it in less than 20% of publications concerning TSP. Rather little attention (<50% of publications) is also payed to Si, Mg, P, Zr, as well as to As, Al, K, S, Sr, Rb, and Cl (<70% of publications). Both our and other research, e.g., the one performed in [82], demonstrate that when greater number of analytes is determined including the so-called crustal elements, the preliminary emission sources of pollutants can be more precisely revealed using multivariate statistical methods.



It is noted that geochemical composition of TSP can be significantly variable in time due to both weather changes and other reasons, e.g., episodic stevedoring. TSP analysis in Klaipėda during four periods has revealed that such significantly variable analytes are Cl, S, Sr, Ni, Br, V, and Zn. Therefore, it is recommended to compare the contents of analytes in different sites only when sampling there is performed at the same time. Other circumstances which limit the comparability of data published by other researchers as well as lack of expedient information are also mentioned in the study. The ratio of 75th percentile and 25th percentile of geochemical indices is proposed for characterization of elemental spread.



Rather great attention is paid to often irresponsible usage of geochemical indices by some authors for dust classification into so-called “contamination classes”, when the data in the denominators of indices are not related to dust analysis. Taking into account the material of this study we dared to propose to refuse from using the term “contamination classes”, if they are distinguished according to geochemical indices of dust. This assignment is related to subjective factor, i.e., when different values are taken in the denominator during calculation of geochemical indices, so manipulations are possible. We propose careful choice of terminology. For example, in the case of Igeo‘N, the term “(top)soil-enrichment Igeo index“, while in case of Igeo‘C—“Clarke-enrichment Igeo index“ or similar alternatives can be used. In our opinion, normalized enrichment factors cannot be used for naming “contamination classes”.
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Figure 1. Location of TSP sampling sites (their identification number is in the circle) and potential sources of impact in Klaipėda port city. In the port area, the main stevedoring terminals are: A—bulk products loading (fertilizers: KCl, NH4NO3, (NH2)2CO, etc.; grain: wheat, barley, etc.); B—open loading (iron ore, scrap metal, building materials, etc.); C—bulk products loading (cement, apatite, phosphorites, etc.); D—bulk products loading (KCl fertilizers). Other companies and works: E—open warehousing, handling, transportation of granite, dolomite, mineral powder production by rail and trucks; F—waste incineration plant (70-m-high chimney, power plant burns about 255,000 tons per year); FEZ—works of free economic zone (manufacture of electrical installation, PET, HDPE, metal structures, cement packaging etc.); a—oil terminal; b—winter port; c—yacht port; d—ship repair and shipbuilding; e—paper and cardboard factory; f—ferry terminal; g—railway station; h—manufacture of wood products; i—heat, energy production (natural gas, biofuel), j—production and storage of concrete, building mixtures, etc., k—location of former galvanic batteries factory, Cr—anomaly of contaminated topsoil [21]. 1–20 Sampling locations. Ortophoto map layer data: google maps. 
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Figure 2. Passive sampler for particulate matter. Roof (1), protective net (2), collection plates (3), fixing bracket (4). 
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Figure 3. Comparison of native topsoil background values (Bn) with: Cv—Clarke values [50]; 50th —median elemental contents in dust of the city; elemental contents in stevedored dust of: B’Fe –iron ore; C’ap—apatite; C’ph—phosphorite, D’KCl—potassium fertilizers; F*wa—elemental contents in waste incineration ash. 
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Figure 4. Dust particle size in (a) iron ore handling environment (near site B, Figure 1) and (b) in southeastern part of the city (near site E, Figure 1) (b). Arrows highlight non-ferrous crustal (silicate and other) minerals. Photographs were taken using microscope “Nikon Eclipse Ci-L”. The grid was added using software “imageJ”. 
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Figure 5. Correspondence of our analysis data to reference values (RV) given in Table S3. The analytes are sorted according to descending frequency of RV within our 25th–75th percentile interval. These frequencies are in white parts of the columns, the frequencies of RV exceeding our 75th percentile are in green parts, while those below our 25th percentiles are in gray parts. 
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Figure 6. Frequency of the presence of analytes in reference publications. PHEs are indicated in yellow, crustal elements in brown, halogens in blue. 






Figure 6. Frequency of the presence of analytes in reference publications. PHEs are indicated in yellow, crustal elements in brown, halogens in blue.



[image: Applsci 11 11157 g006]







[image: Applsci 11 11157 g007 550] 





Figure 7. Cluster analysis dendrogram of complete dataset of TSP. 
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Figure 8. Mean values of Igeo’C and Igeo’N. The analytes are sorted by decreasing Igeo’C values. *—analytes for which so-called contamination classes of alternative indices are different. 
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Figure 9. Mean values of nEF’Al’C and nEF’Al’N. The analytes are sorted by decreasing nEF‘Al’C values. *—analytes for which so-called contamination classes of alternative indices are different. 
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Figure 10. Median values of aE’N during study periods P1, P2, P3, and P4. 
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Figure 11. Rose diagrams of the frequencies (%) of wind directions during study periods P1 (a), P2 (b), P3 (c), and P4 (d). 
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Figure 12. Ratios of median elemental aE’N values in two areas. Legend: <1 km/>1 km (in brown) indicates accumulation of analytes in iron ore stevedoring dust in the <1 km area, while >1 km/<1 km (in green) their accumulation in the rest part of the city. The value of ratio is in outline, if U-test shows significant (p < 0.05) difference between the areas in the values of the index. 
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Figure 13. Ratios of median elemental nEF’Al’C or nEF’Al’N values in two areas. Explanation of the legend is in Figure 12. 






Figure 13. Ratios of median elemental nEF’Al’C or nEF’Al’N values in two areas. Explanation of the legend is in Figure 12.



[image: Applsci 11 11157 g013]







[image: Applsci 11 11157 g014 550] 





Figure 14. The frequency distribution of elemental Igeo’N and Igeo’C values of twenty TSP sampling sites in seven so-called contamination classes SCC. Explanation: log2(x) column indicates the threshold values of SCC intervals for logarithmic data, while x column shows respective values for non-logarithmic data. n is the total number of SCC, in which the scatter of occurrences was found. 
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Figure 15. The frequency of elemental nEF’Al’C and nEF’Al’N values of twenty TSP sampling sites in three levels indicating possible origin of emission source of analytes. Explanation: mcu are intervals when the thresholds are selected taking into account common publications [45,46,47], crs are those when thresholds suggested in [40] are selected. The red color shows the intervals where the presumable origin of analytes is anthropogenic, green color when it is crustal, while yellow color when it is mixed. 
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