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Abstract

:

Stream and alluvial sediments of the Savinja and Voglajna rivers were sampled, and sediment fractions <0.063 and 0.063–0.125 mm were analyzed on the content of 60 of the main and trace elements. The objective was to determine elemental associations and identify possible sources of these associations. Differences of Al/Ti oxides ratio (9.7–26) can be attributed to the variations in the source rocks, while the K/Al oxides ratio indicates erosional or depositional river regime and variation in source rocks. One anthropogenic and three natural associations of elements were identified. The anthropogenic association (Ag, In, Sb, Cu, As, Zn, Pb, Cd, Bi, Mo and Sn) is linked to historic Zn smelting in the Celje area, and the subsequent erosion of the material from inadequately managed pyrometallurgical waste deposit. The second association (Li, Sc, Al, V, Cs and Ga) is linked to clay minerals, the third one (Mg, Ca and Te) to carbonate rocks, and the fourth one (Hf, Zr) to the heavy mineral fraction.
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1. Introduction


Alluvial sediments are formed by the weathering of host rocks, transport of weathered particles by water and their deposition in basins along river banks, resulting in the formation of flat areas with more or less developed fluvial geomorphological features. Areas of alluvial deposits have been densely populated throughout human history. Extensive farming developed on alluvial flats, as abundance of surface and underground fresh water allowed human civilization to flourish. Human habitation inevitably affects the composition of sediments, while contaminated sediments decrease the quality of life as food production and sources of drinking water are impacted. Increased knowledge of alluvial sediment composition allows for better agricultural planning, sourcing of drinking water and, where and when necessary, remediation measures.



The main natural process which creates alluvial sediments is physical weathering of host rocks, while anthropogenic activities can also influence the composition of sediments to a smaller or similar degree as natural processes. These can be mining, erosion of waste deposits, dumping of various wastes on river banks, major construction projects, various disasters (i.e., dam collapse), etc. Mining in the catchment area and dumping of waste along riverbanks are particularly known to change the elemental composition of alluvial sediments downstream [1,2,3,4].



Certain elements can be particularly useful for studying the composition of alluvial sediments. Al, Si, Fe, Mn, K and Ti can indicate increased supply of siliciclastic materials to fluvial systems [5]. Among them, Al and Ti are especially resistant to weathering [6]. K and Si are indicators of the mafic/felsic nature of igneous rocks, while Fe and Mn are more mobile and can indicate pyroclastic and/or hydrothermal origin of the components [7]. Various ratios of the aforementioned elements, in particular K/Al (proxy for illite content, indicating higher weathering; [8]), Al/Ti (proxy for sediment transportation/weathering [5]) and (Fe + Mn)/Ti vs. Al/(Al + Fe + Mn) (proxy for pyroclastic/hydrothermal component [9]) ratios, can help to determine which lithological units are the main sources of sediments. Such indexes are generally applied to marine sediment studies. However, they can also be used for determination of sediment genesis for (terrestrial) fluvial systems.



Many studies addressed anthropogenic contamination of alluvial sediments, including in the cases of Hackensack river [10], Paglia and Tiber rivers [11], Drava river [2], Vardar river [3], Idrijca river [12], Meža river [13] Elbe river [14] and estuarine sediments, as in the case of the Gulf of Cambay [15]. Increased levels of Cu, Zn, Cd, Ni, Cr, Hg, As and many other potentially toxic elements are commonly associated with anthropogenic impacts. Although many studies have researched contamination of alluvial sediments, most of them targeted only a specific pollutant or set of pollutants, which limits their potential to distinguish between natural and anthropogenic processes in river systems. Many comprehensive studies in urbanized areas addresses various elements. However, studies addressing the complicated interplay between natural and anthropogenic processes are uncommon. With the increased production and usage of emerging technologies, new pollutants such as REE [16,17,18], Y, Ti, Nb or In [19,20] are also being introduced into the environment and concern regarding their potential toxicity is growing [21,22,23]. To be able to better assess what kind of negative impacts these new pollutants have on the environment, we need to define a baseline for them. This will also help future generations to better evaluate and mitigate any potential environmental hazards which might emerge from them. A holistic approach to sediment studies is needed, combining analyses of a number of different array of elements and various geochemical and statistical tools to distinguish between anthropogenic and natural anomalies.



The aim of this study is to define abundances for a large array of elements on the study area, to define geochemical associations, and to separate natural and anthropogenic influences which control the distribution of specific elements in stream sediments on the study area.




2. Study Area


The Savinja river is a left tributary of the Sava river, which flows into the Danube river at Belgrade. Savinja originates in a glacial valley Logarska dolina in Kamniško-Savinjske Alps at an altitude of 1280 m.a.s.l. In the upper part, the river flows SE through mountainous landscapes composed mainly of carbonate formations of Triassic age, with the subordinate inserts of clastic rocks and volcanoclastites (andesite tuff, tuffite, volcanic breccia) [24]. Approximately 40 km from its spring, the river reaches the Celje basin lowlands at approx. 250–300 m.a.s.l. and starts flowing towards E for another 10 km. Sediments in the Celje basin are mainly of carbonate origin—gravel, sand, and silt. In the E part clays could be found. Savinja leaves the Celje basin at the town of Celje and turns south. In the next 20 km, it forms antecedent flow through Sava folds. Folding is perpendicular to the river course. The geological composition of Sava folds is very diverse: from Paleozoic clastic rocks and carbonates (Carboniferous, Permian age), Mesozoic carbonates (dolomite prevails), clastic rocks and tuffs, and Paleogene clastic rocks in the anticlines. Quartz containing keratophyre intrusions of Triassic age are also typical for this area [24]. Savinja flows into the Sava river at the town of Zidani most. The Savinja river catchment area covers 1864 km2. Its length is 107 km, and its drop is 750 m. Small-scale Sb–Pb–Zn-Fe mineral occurrences with small-scale historic mine developments (Zavrh, Železno, Lepa Njiva, Puharje and Galicija) are present in its catchment.



The largest tributary of the Savinja river, the Voglajna river, joins its course at the town of Celje. It flows W through hills which are composed of Paleogene and Neogene clastic sediments—predominantly sandstone, marl, claystone, with some intermediate sections of older tuff and felsic extrusive igneous rocks (rhyolite and trachyte). To summarize, the geological composition of the study area can be generalized into four parts (Figure 1; [24,25]):




	-

	
Carbonates and andesite tuff of the Southern Alps in the upper part of the Savinja flow;




	-

	
Gravel of mainly carbonate origin in the Celje basin in the middle part of the Savinja river flow;




	-

	
Paleocene and Eocene (PC) clastic rocks and sediments in the E part of the area, where the Voglajna river flows;




	-

	
Sava folds with a variety of lithological units in the lower parts of the Savinja river, after the affluent with the Voglajna river.









Higher annual precipitation is recorded in the upper part of the Savinja river’s flow, reaching approximately 1700 mm. The average precipitation in the middle, eastern and lower parts of the study area is approximately 1200 mm. In 2020, the minimum, average and maximum discharges of Savinja river were 9.4, 33.5 and 392 m3/s, respectively at the Veliko Širje measurement station, situated few km before the affluent with Sava river [26]. The Savinja river discharge regime has two maximums and two minimums. The main maximum occurs in early spring due to the melting of snow in the mountains, while the second one is in late autumn. The two discharge minimums are during the summer and in the winter, the latter being shorter than the summer minimum [27,28]. Land use of the Savinja river catchment area is predominantly forests and agriculture. Smaller settlements exist along its course—Celje is the largest town (less than 40,000 inhabitants). The Savinja river shows its torrential character along its entire length, with intense erosion sections in the upper mountainous part, well-developed alluvial plains in the Celje basin and again erosional character in antecedent flow through the Sava fold hills.



A characteristic feature which influences the sediment’s elemental composition is historic Zn smelting in the Celje area. Many authors reported the environmental burdens due to this activity, including impacts on river sediments in recent years. More details can be found in the study of [29] and references cited therein and will not be discussed in detail in this paper.




3. Sampling, Samples Preparation and Determination of Elements


Samples of stream sediments were collected in Summer 2019. Stream sediment samples represent the fine-grained fraction, deposited on the banks of the active river channel during the annual high-water events. They were collected on the concave part of the river meanders with a plastic spatula and sealed in PVC bags. A total of 23 stream sediment samples were collected along the Savinja river course, and 7 samples along the Voglajna river course, between 2 and 4 km apart. Alluvial sediments are deposited outside the active river channel on the alluvial plains during the larger flooding. They were collected using a hand auger up and downstream of the main anthropogenic sources. The samples were collected every 20 cm until the gravel base layer was reached. Four profiles were sampled, 2 in the Savinja river and 2 in the Voglajna river, resulting in 23 samples. The deepest profile was at the Savinja river floodplains below Celje town with a total depth of 140 cm. All samples were air dried and sieved in granulometric laboratories of the Geological Survey of Slovenia. Potential aggregates were gently crushed in the ceramic mortar. We used <0.063 mm and 0.125–0.063 mm meshes to obtain pulps for elemental determination, which was conducted in the external commercial laboratories of Bureau-Veritas in Vancouver, Canada. The four-acid near total digestion ultratrace method (analytical package MA250 using ICP–MS) was used, with the addition of Hg analysis by ICP–MS prior to aqua regia digestion. A total of 60 chemical elements were determined: Mo, Cu, Pb, Zn, Ag, Ni, Co, Mn, Fe, As, U, Th, Sr, Cd, Sb, Bi, V, Ca, P, La, Cr, Mg, Ba, Ti, Al, Na, K, W, Zr, Sn, Be, Sc, S, Y, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Li, Rb, Ta, Nb, Cs, Ga, In, Re, Se, Te, Tl and Hg.



The quality of laboratory analytics included tests of precision, accuracy, and bias. Precision was tested with 21 double analyses of the same material and expressed as the average relative percent difference (ARD). Accuracy was tested with 27 analyses of 12 different reference standard materials, including ACME internal standards and standards obtained from the European Joint Research Centre, Directorate F–Health, and Consumers and Reference Materials. Accuracy was expressed as the average percent recovery rate (AR). The quantity of standard analyses which were used for AR calculation differs from element to element because not all used standards have the same amount of certified reference values. Laboratory contamination was measured by 11 analyses of bulk samples (triple distilled water). The parameter bias (B) represents the average value of all blank analyses for a specific element. All additional samples for laboratory quality control were mixed in the original batch in a random order.



Data curation included removal of values below the detection limit, by replacement of such data with 50% of the corresponding lower detection limit. Samples for which a certain elemental level was detected to be above the laboratory detection limit were analyzed again by diluting the digests and repeating the analysis with ICP–MS.



Four different ratios, including Al/Ti, K/Al, Al/(Al + Fe + Mn) and (Fe + Mn)/Ti, were calculated using elemental levels expressed in %. Results were presented on the map, or on the plot, by using Microsoft Excel (MS Office 365 ProPlus) and Golden Software Surfer (v. 22.1.151) programs.



Descriptive non-parametrical statistical parameters were calculated next. Multivariate statistics included factor analysis to obtain natural and anthropogenic geochemical associations of elements on combined set of analysis from stream and alluvial sediments and for both fractions. Because the dataset contains only 106 individual analyses, not all the elements could be included in factor analysis. Four factors were extracted based on the plot of eigenvalues. A higher number of factors would not be reasonable, since each successive factor eigenvalue would be around 1 or lower. Elements, which tend not to be loaded in any of the first four factors or have the highest factor loading below the value of 0.8, were excluded from the factor analysis. In total, 22 elements were retained: Mo, Cu, Pb, Zn, Ag, As, Cd, Sb, Bi, V, Ca, Mg, Al, Sn, Sc, Cs, Ga, In, Te, Li, Hf and Zr. Factor analysis was performed on the logarithmically transformed data with a zero-mean unit-variance for each element individually. Obtained values of factor scores [30] were plotted against the location of the sample to make proper interpretation of obtained geochemical associations. Statistical analyses were performed using TIBCO software Statistica ver. 13.5.0.17 and maps were prepared by using Golden Software Surfer (v. 22.1.151).



Four samples (<0.063 mm) with the highest calculated values of factor scores (F1, F2, F3 and F4) were selected for determination of mineral composition. PANalytical Empyrean X-ray diffractometer (Malvern Panalytical, Malvern, UK) equipped with CuKα radiation and a PIXcel 1D detector was used. Measurements were conducted at 45 kV with a current of 40 mA, in the 2θ range from 4° to 70°. Step size was set to 0.026° with a scan step time of 297 s. Analysis of X-ray diffraction patterns was performed using X’Pert High Score Plus software (v.4.1.0.19887) by Malvern Panalytical company, Malvern, UK), combined with PANanalytical version 2.1 and ICSD FIZ Karlsruhe2014-1 databases. The Rietveld refinement method was used to estimate the mineral composition of samples.




4. Results


Descriptive non-parametrical statistics, the results of analytical quality control and comparisons with the European average values for stream sediments [31] and with the average composition of continental crust [32], are presented in Table 1 and Figure 2. The quality control results showed that chemical analytics were satisfactory. Bias is negligible for most of the elements, except for Zn, Ni, Cr and Se, where only a slight contamination of instruments was detected. The recovery rate values were between 85% and 115% for most elements. Only Cd, S, Be and Ba analyses showed smaller values than certified ones, and oppositely, Te values were much higher than expected. The precision of analytics was also satisfactory for most of the elements. Lower precision was detected for In, Be, S, Re, Ag, Se and Te, where average deviations of double analysis were higher than 15%.



It is also evident that the composition of stream and alluvial sediments is comparable with the European average values for most elements. Higher levels in the study area have been detected for Cd, Ca, Hg, Mg, Sb, Ni, Li, As, Zn, Co, Tl, Cu, Sn, Pb, Be and Mo, while lower values have been detected for Ti, Nb, Ta, Y, Hf, Zr and some REEs. Compared to the upper crust, stream and alluvial sediments in the study area are depleted of Mn, Se, Cd, Sb, Ca, As, Hg, Ag, Bi, Pb, Zn, Li, Sn and Mg, and enriched with, U, Ti, Mo, Co, Cr, V, Ga, Fe, W, Y, Ho, Al, Nb, Sc, Tl, Ta, K, Ba, Na, Hf, Zr and selected REEs. Trace elemental levels are higher in the finer fraction for the majority of elements, except for Te, where the coarser fraction is enriched. in the case of Mg, Lu, Ta, Tm, Ba, Ca, Na, Sr, Yb, In and Y, the elemental levels are comparable in both fraction (deviations in median value less than 10%). Raw analytical data are available in Supplementary material, Table S1.



We examined the distribution of the K/Al and Al/Ti ratios (Figure 3). The Al/Ti ratio varies between 9.75 and 25.6 and is generally lower in the upper part of the Voglajna river, while the K/Al ratio varies between 0.23 and 0.32 and is higher for the Voglajna river and lower for a part of the Savinja river. Figure 4 shows the scaling of Al/(Al + Fe + Mn) and (Fe + Mn)/Ti for stream sediments for the Savinja and Voglajna rivers. The determined Al/(Al + Fe + Mn) ratio was between 0.67 and 0.71. No significant differences for the Savinja and Voglajna rivers were observed. However, the (Fe + Mn)/Ti ratio differs for the Savinja and Voglajna rivers. Determined ranges were between 7.5 and 12.8 for the Savinja river, and 4.1–10.2 for the Voglajna river (Figure 4).



Factor analysis included the following 22 elements: Ag, In, Sb, Cu, As, Zn, Pb, Cd, Bi, Mo, Sn Li, Sc, Al, V, Cs, Ga, Mg, Ca, Te, Hf and Zr.. Four factors were extracted. Factor loadings after varimax raw factorial axes rotation are presented in Table 2. Factors explain 48%, 24%, 14% and 9% of total variance for factors 1, 2, 3 and 4, respectively. A total of 95% of all variances can be explained by factor analysis for this specific set of elements. Four geochemical associations were determined accordingly. The first geochemical association includes Ag, In, Sb, Cu, As, Zn, Pb, Cd, Bi, Mo and Sn. The second geochemical association consists of Li, Sc, Al, V, Cs and Ga, the third one of Mg, Ca and Te, while the fourth one of Hf and Zr.



Figure 5a shows the factor scores distribution for stream sediments of the Savinja river for both fractions, while Figure 5b displays the same for the Voglajna river. Factor score values vary between −3 and +3 and are generally higher in the smaller fraction in the case of F1 and F3, but are higher in the coarser fraction in the case F2 and F4.



Figure 6 presents factor score values versus depth and granulometric fraction in the alluvial sediments of the Savinja river above (Figure 6a) and below (Figure 6b) the town of Celje, which is the main source of anthropogenic elements in the environment. The affluent between the Savinja and Voglajna rivers is located between these two profiles. Figure 7 presents factor score values in alluvial profiles of the Voglajna river, for the coarser and finer fractions separately. Profiles were excavated in a relatively uncontaminated area (Figure 7a) and below the main anthropogenic sources of contamination—the pyrometallurgical waste dump in Celje (Figure 7b).



Factor score values for the Savinja river alluvial sediments are evenly distributed, with the largest deviations from the neutral value being slightly above 1. This is not the case for the Voglajna river, where factor score values deviate much more around neutral value, to up to the value of 3.5. It is also evident that the differences in factor score values between the finer and coarser fractions are also generally higher for the Voglajna river alluvial sediments.



Obtained XRD diffractograms for the samples are presented on Figure 8, and the results are summarized in Table 3. The main components are quartz, calcite, dolomite, plagioclase and micas, constituting between 85% and 95% of the sample. The sample with the highest F1 scores (Voglajna river profile below pyrometallurgical waste dump, 60–80 cm depth) also potentially contains traces (<3%) of various Cu, Cd, Pb, Zn oxides, hydroxides, hydrates and other compounds. The sample with the highest value of F2 scores (Savinja stream sediment in the Celje basin) contains almost 10% of clay minerals (kaolinite?), and potential traces of zeolites and Eucryptite (Li-bearing alumosilicate). The sample with the highest values of F3 scores (sample of stream sediment in the upper part of the Savinja river) contains a lower proportion of quartz, a much higher proportion of dolomite, 9.1% of Ankerite (Fe and Mn containing carbonate) and potentially also traces of Edwardsite (Cu hydrated sulphate). The sample with the highest value of F4 scores (Voglajna river stream sediment downstream Štore ironworks) contains the highest proportion of quartz and calcite and the lowest proportion of micas, and potentially also traces of alumosilicates and other compounds.




5. Discussion


Sixty elemental levels were determined in stream and alluvial sediments of the Savinja and Voglajna rivers to determine geochemical associations present in the study area. Compared to the upper Earths’ crust, alluvial sediments in the study area are enriched with Cd, Sb, As, Hg, Pb, Sn, Ag, Bi and Zn, which could be attributed to the anthropogenic sources in the environment, with Ca and Mg, indicating the presence of carbonates in the catchment area, and Se and Li, which could be due to the presence of felsic igneous intrusions. Stream sediments are depleted with elements, which are usually contained in the heavy minerals of mafic igneous rocks, such as Zr, Hf and Sr. Compared to the composition of the European stream sediments, sediments of the study area are enriched with several pollutants, such as Cd, Hg, Sb, Ni, As, Zn, Co, Tl, Cu, Sn, Pb, Be and Mo. Other enriched elements, compared to the European average, Ca, Mg and Li, as previously discussed, are most likely the results of weathering of host rocks (carbonates, felsic intrusions).



To evaluate the impact of weathering of host rocks, we examined ratios of Al/Ti and K/Al. The Al/Ti ratio is an indication of alkalinity of the host rocks. In this study, the ratio varies between 9 and 25; if recalculated to oxides Al2O3/TiO2, the ratio is between 11 and 29, which suggests felsic to intermediate granitoids as host rocks [23]. Changes in the Al/Ti ratio could also be attributed to other factors. Sediments in sediment–sink areas have considerably lower Ti content, because the heavy mineral fraction tends to deposit in the upper parts of the river system, while the lighter, Al-rich fraction, can be transported further. The increased Al/Ti ratio can also be attributed to the presence of aeolian deposits in the sediments [5]. It is highly unlikely that changes in the Al/Ti ratio can be described with aeolian processes in this study, because the aeolian component in the Savinja and Voglajna river sediments is not expected to be significant. Changes are more likely caused by Al/Ti variation in host rocks and differences in depositional/erosional regime. Spatial distribution of the Al/Ti ratio in the fraction <0.063 mm (Figure 3a) shows that it has much larger values in the Savinja river than in the Voglajna river. This is probably the consequence of differences in the geological composition of the catchment area for both rivers. The geological composition of the Savinja river catchment area includes carbonates, andesite tuffs and keratophire intrusions [24], while the catchment area for the Voglajna river is predominately composed of younger clastic sedimentary rocks of Neogene age (mainly Miocene; [25]). It is also evident (Figure 3a) that the highest ratios are found in the mountainous areas, and lower values in the lowlands. Two potential explanations are proposed: a higher amount of fresh (unweathered) deposit in mountainous areas increasing this ration, while a higher amount of sediment weathering in basins is decreasing it.



The second observed ratio is between K/Al, which can also be used as an indicator of the origin of sediments, since clay minerals and feldspars have distinctly different values of this ratio [33,34]. In this study, lower K2O/Al2O3 ratio in the upper part of the Savinja river was found, ranging between 0.15 and 0.18 (recalculated values from elemental values to corresponding oxides), indicating weathered clay minerals, probably originating from andesite tuffs and tuffites and insoluble remains of carbonates. The lowest K/Al ratios are recorded particularly in the area where these rocks outcrops. In the lower part of the Savinja river and during the entire course of the Voglajna river, the K/Al oxides ratio is higher—between 0.17 and 0.21 (Figure 3b). The reason for this increase might be the differences in rock composition, especially in the course of the Voglajna river and parts of the Savinja river, where felsic rocks are present (keratophyre), but more significantly due to the presence of younger Miocene rocks in the upper parts of the Voglajna river.



A plot of the (Fe + Mn)/Ti and Al/(Al + Fe+ Mn) ratios, indicators of the presence of hydrothermal or pyroclastic components, revealed clear differences between both rivers. Data points for the Savinja river (Figure 4) are placed in the upper part of the graph, indicating a higher amount of the pyroclastic component in stream sediments (<0.063 mm fraction), compared to the Voglajna river. Similarly, as in the case of the Al/Ti ratio, this observation can be interpreted by the presence of andesite tuffs and tuffites in the Savinja river catchment area. No such rocks are present in the Voglajna river catchment.



Factor analysis revealed four geochemical associations of elements. Factor 1 represents the first association. It is loaded with elements which are typical of anthropogenic contamination of sediments, including potentially toxic elements, such as Sb, Cu, Zn, Pb, Cd, and others [3,35,36,37,38]. The distribution of factor scores is heavily influenced by the presence of anthropogenic activities, such as ironworks, population centers, and waste dumps. A sharp peak in factor 1 score values is recorded in the Savinja river just after the affluent with the Voglajna river (Figure 5a), while in the Voglajna river, factor 1 score values are rising continuously from the headwaters towards its joint with the Savinja river in the industrialized town of Celje (Figure 5b). A sharp rise in factor 1 scores is also recorded in alluvial profile from the Voglajna river which was sampled in an industrialized area (Figure 7b). Factor 1 scores are also slightly higher in the coarser fraction, compared to the finer one. X-ray diffraction of sample with the highest calculated F1 score for the <0.063 mm fraction indicates the possible presence of traces of various Cu, Cd, Pb, Zn and Fe oxides, hydroxides and hydrates (Table 3). This suggests that leaking of metals from pyrometallurgical waste dump can be the main reason for this factor. The potential process for metal transport from waste dump to the alluvial deposit is the following. First metals ions dissolute in the waste heap by infiltrated rain water under anoxic low pH conditions—this dump also contains a lot of tar and other organic compounds as a result of coal gasification process used in the past to produce gas. Metals are then transported in the solution towards the Voglajna river by underground waters. Finally, these ions then precipitate in the geochemical barrier in sediments when underground water reach oxygen-rich alluvial sediments containing calcite, which increases pH. Another indication for this process is also the fact that the sample with the highest Factor 1 score values is depleted of carbonates (Table 3). More details about anthropogenic contamination and spatial distribution of selected pollutants can be found in previous paper [29] and will not be discussed in detail in this paper.



Factor 2 is loaded with alkali metals, such as Li and Cs, light transition metals, such as Sc and V, and light post transition metals, such as Al and Ga. The presence of this geochemical association might be a result of aluminosilicate mineral weathering, which are commonly the source of clay minerals. Factor 2 score values are much higher in the smaller fraction, thus indicating that this geochemical group could be linked to clay fraction. This is also confirmed by the X-ray diffraction of sample, where the highest factor 2 score values were calculated. This sample contains the highest amount of kaolinite, which is a typical clay mineral, as well as various other alumosilicates, such as muscovite or eucryptite (Table 3). The highest factor 2 score values are recorded in alluvial sediments of the Savinja river in the Celje basin and in Sava folds (Figure 5), where Savinja transitions from erosional to depositional regime. The same trend is also observed for the Voglajna river, where factor 2 score values steadily increase downstream. No clear and distinctive trend is observed for factor 2 score values in alluvial sediment profiles (Figure 6 and Figure 7), except that factor 2 score values are higher in the finer fraction. We can conclude that high factor 2 score values represent depositional and low factor 2 score values represent erosional regime.



Factor 3 is loaded with Ca, Mg and Te. It is undoubtedly that the presence of this geochemical group is a result of weathering of carbonate rocks in the study area. This is also confirmed by the X-ray diffraction results, indicating that the sample where the highest factor 3 score values were calculated (fraction < 0.063 mm), contains the highest amount of dolomite, relatively high amount of calcite, and the lowest amount of quartz (Table 3). The presence of the mineral Edwardsite (Cu and Cd sulphate hydrate) within this sample is interesting, which might be a consequence of antifungal plant treatment with Cu–based substances in the area. The highest factor 3 score values are recorded in alluvial sediments of the Savinja river in its upper, mountainous parts of Southern Alps, which are composed mainly of carbonates (Figure 5). Factor 3 score values afterwards rapidly decline when the Savinja river reaches the lower parts of the Celje basin and Sava folds. Factor 3 scores are also lower for the Voglajna river sediments, because almost no limestones and dolomite are present in the catchment area. However, when the Voglajna river approaches the Celje basin carbonates start to outcrop and factor 3 score values slightly increase. There is no clear consistent trend for alluvial sediment profiles (Figure 6 and Figure 7). Factor 3 score values are sometimes higher on the surface and lower in the deeper parts, while in other cases the situation is reversed or there is no significant change. This can be explained by the assumption that during historic flash flood events sediments originated from various geological backgrounds, depending on the areas of heaviest rainfall. The presence of Te in this geochemical group is interesting. Te is a very rare element in the Earth’s crust and is usually not linked to carbonates. For this reason, Te levels in stream sediments in the 0.063–0.125 mm fraction, where the highest Te levels were recorded, were investigated in more details (Figure 9). One of the highest levels of Te in Europe was found in top and bottom soils of Dinarides [31]. While the upper part of the Savinja catchment area is geologically very similar to Dinarides, the catchment area of the Voglajna river is composed of much younger sedimentary rocks of Pannonian basin. Further investigation of Te carriers and origins of Te anomaly in this part is advised.



Factor 4 is loaded with Hf and Zr. Both elements produce stable and insoluble oxides and are contained within the heavy fraction of alluvial sediments. Zirconium mineral is a solid solution of Zr and Hf with the formula ZrSiO4 and is a typical mineral of igneous and metamorphic rocks. It can be present in erosional remains and enriched by fluvial processes. The sample with the highest factor 4 scores contains the highest amount of quartz and calcite, low amounts of mica and dolomite and traces of Fe and Mg-rich alumosilicates. Zirconium crystals, which can be found as a compound of quartz sand, are most likely connected to the weathering of Miocene sedimentary rocks in the Voglajna river catchment. It is notable that factor 4 score values for the Savinja river sediments are low in its uppermost part, increase when the river reaches the basin and starts to deposit sediments, and afterwards remains relatively stable downstream. Factor 4 score values are very similar in both fractions. There is no clear pattern present for the Voglajna river sediments, except that factor 4 score values are significantly higher in the finer fraction. The same is valid for alluvial sediment profiles. It can be assumed that the micro-location of the sampling is the main factor influencing the levels of Hf and Zr, because heavy fraction deposition can be spatially highly variable [39].



Further studies could focus on identifying of typical carriers of individual geochemical associations, which were identified in this study, and observing some of the carriers of individual elements (i.e., Zn, Cd, Te) by the means of SEM/EDS inspection. More detailed sampling in smaller areas could reveal spatial changes within individual floodplain. Experimental work with a physical model of river using the same sediment material could be used to model erosional and depositional patterns of heavy fraction and anthropogenic particles which are carriers of pollutants, thus identifying most contaminated areas within floodplains. The focus of further studies could also be identifying particle–water interactions, and potential toxic element sinks. This study also pinpointed the lack of lithogeochemical studies in the study area, to assist at the interpretation of elemental levels in various sediments.




6. Conclusions


Levels of 60 elements were measured in the Savinja and Voglajna river stream and alluvial sediments in two fractions: <0.063 and 0.063–0.125 mm. Geochemical associations and spatial trends were determined based on the results of ICP–MS and X-ray diffraction. The finer fraction is enriched with the majority of analyzed main and trace elements, compared to the coarser one. The Al/Ti ratio indicates the variations in source rock composition. Spatial distribution of the K/Al ratio shows the depositional and erosional regime. In the mountainous upper parts, this ratio is lower, while in basin areas and in the lower parts the ratio is higher. Factor analysis on a subset of elements revealed 4 geochemical associations. The first group of elements (Ag, In, Sb, Cu, As, Zn, Pb, Cd, Bi, Mo and Sn) is linked to anthropogenic activities. The highest loadings of this factor were detected around urban and industrial areas, particularly in the vicinity of pyrometallurgical waste deposit. Mineral characterization reveals a depletion of calcite, and the presence of various metal oxides and hydroxides. The second group of elements (Li, Sc, Al, V, Cs and Ga) is a natural association, representing clay fraction. Factor 2 loadings are significantly higher in the smaller fraction, compared to the coarser one, and are also higher in areas where river flow changes its regime from erosional to depositional. The sample with the highest factor 2 score value is enriched with muscovite and kaolinite. Factor 3 (Mg, Ca and Te) is also natural association of elements which are connected to the weathering of carbonates. The sample with the highest factor 3 score value is abundant in dolomite. Te anomaly is of regional character, linked to mountain areas of Southern Alps and Dinarides. The last identified association is once again a natural one, and consists of two elements: Zr and Hf. This association represents the amount of heavy mineral fraction in quartz-rich alluvial sediments. The highest factor 3 scores were detected in the smaller fraction of the Voglajna river sediments.
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Figure 1. Simplified geological composition of the study area, sampling locations, populated areas, and major anthropogenic sources of elements. 1-mainly Mesozoic carbonates (limestone, dolomite); 2-Palaeozoic clastic rocks; 3-Paleogene and Neogene sedimentary clastic rocks (PG); 4-andesite tuffs and tuffites of Oligocene age; 5-Triassic keratophire intrusions; 6-other volcanic and igneous rocks (mainly felsic) various ages; 7-Palaeocene—Pleistocene sediments in basins; 8-small-scale metal mineralisation in the catchment area; 9-alluvial sediment sampling location (profiles), 10-stream sediments sampling locations, 11-pyrometallurgical waste deposit; 12-ironworks; 13-Celje basin; 14-Sava folds; 15-towns. Geological maps are simplified from [24,25]. 






Figure 1. Simplified geological composition of the study area, sampling locations, populated areas, and major anthropogenic sources of elements. 1-mainly Mesozoic carbonates (limestone, dolomite); 2-Palaeozoic clastic rocks; 3-Paleogene and Neogene sedimentary clastic rocks (PG); 4-andesite tuffs and tuffites of Oligocene age; 5-Triassic keratophire intrusions; 6-other volcanic and igneous rocks (mainly felsic) various ages; 7-Palaeocene—Pleistocene sediments in basins; 8-small-scale metal mineralisation in the catchment area; 9-alluvial sediment sampling location (profiles), 10-stream sediments sampling locations, 11-pyrometallurgical waste deposit; 12-ironworks; 13-Celje basin; 14-Sava folds; 15-towns. Geological maps are simplified from [24,25].



[image: Minerals 12 00861 g001]







[image: Minerals 12 00861 g002a 550][image: Minerals 12 00861 g002b 550] 





Figure 2. Minimum (MIN), median (Md) and maximum (MAX) levels of elements in the fractions <0.063 mm (a) and 0.063–0.125 mm (b), and comparison with the corresponding average values for European alluvial sediments (EU) [31] and the upper crust (UC) [32]. 
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Figure 3. The distribution of the Al/Ti (a) and K/Al (b) ratios in stream sediments of the Savinja and Voglajna rivers in the <0.063 mm fraction. The size of the symbol is linearly proportional to the ratio. Color coding is identical as on Figure 1. 
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Figure 4. Scaling of the Al/(Al + Fe + Mn) and (Fe + Mn)/Ti ratios for the Savinja and Voglajna stream sediments. 
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Figure 5. Factor scores distribution in stream sediments of the Savinja (a) and Voglajna (b) rivers for fractions <0.063 and 0.063–0.125 mm. 
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Figure 6. Factor score values in the profiles through alluvial sediments of the Savinja river, above (a) and below (b) the affluent with the Voglajna river. 
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Figure 7. Factor score values in the profiles through alluvial sediments of the Voglajna river, above (a) and below (b) the main anthropogenic sources of elements. 
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Figure 8. Obtained X-ray diffraction patterns for the samples where the highest values of factor scores were determined for the finer fraction (<0.063 mm) for the F1 (a), F2 (b), F3 (c) and F4 (d). The key for peak indicators is presented in Table 3. 
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Figure 9. Te levels in stream sediments in the 0.063–0.125 mm fraction. Color coding is identical as on Figure 1. 
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Table 1. Descriptive statistics of elemental levels in stream and alluvial sediments (53 samples) in the studied area and their comparison with European average values for stream sediments [31] and upper continental crust [32] and the enrichment ratio between median values in the smaller fraction, compared to coarser ones.
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Max
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<0.063

	
0.063–0.125

	




	
Al

	
%

	
98

	
2

	
0.00

	
0.01

	
5.5

	
8.2

	
4.11

	
5.925

	
7.42

	
3.7

	
5.1

	
7.1

	
1.16




	
Ca

	
%

	
91

	
3

	
0.00

	
0.01

	
1.7

	
2.6

	
1.53

	
5.86

	
13.0

	
1.3

	
5.8

	
14

	
1.01




	
Fe

	
%

	
99

	
2

	
0.00

	
0.01

	
2.5

	
3.9

	
1.955

	
2.9

	
6.14

	
1.6

	
2.5

	
5.5

	
1.16




	
K

	
%

	
99

	
4

	
0.00

	
0.01

	
1.7

	
2.3

	
1.0

	
1.485

	
2.34

	
0.94

	
1.3

	
2.2

	
1.14




	
Mg

	
%

	
104

	
5

	
0.00

	
0.01

	
0.72

	
1.5

	
0.545

	
1.97

	
4.86

	
0.39

	
2.3

	
5.7

	
0.86




	
Na

	
%

	
97

	
5

	
0.00

	
0.001

	
0.67

	
2.4

	
0.41

	
0.743

	
1.43

	
0.38

	
0.73

	
1.2

	
1.02




	
P

	
%

	
98

	
5

	
0.00

	
0.001

	
0.061

	
0.066

	
0.034

	
0.057

	
0.0935

	
0.027

	
0.042

	
0.091

	
1.36




	
S

	
%

	
60

	
21

	
0.00

	
0.04

	
nd

	
0.062

	
0.02

	
0.06

	
0.17

	
0.020

	
0.050

	
0.21

	
1.20




	
Ti

	
%

	
86

	
5

	
0.00

	
0.001

	
0.38

	
0.38

	
0.176

	
0.309

	
0.524

	
0.16

	
0.28

	
0.48

	
1.10




	
Ag

	
mg/kg

	
98

	
38

	
0.00

	
0.02

	
nd

	
0.053

	
bdl

	
0.107

	
7.19

	
0.025

	
0.095

	
6.9

	
1.13




	
As

	
mg/kg

	
91

	
12

	
0.03

	
0.2

	
6.0

	
4.8

	
5.9

	
10.75

	
281

	
3.5

	
9.5

	
250

	
1.13




	
Ba

	
mg/kg

	
80

	
5

	
0.00

	
1

	
400

	
630

	
205

	
392

	
1251

	
180

	
390

	
1200

	
1.01




	
Be

	
mg/kg

	
70

	
21

	
0.00

	
1

	
1.4

	
2.1

	
bdl

	
2.0

	
3.0

	
bdl

	
1.0

	
3.0

	
2.00




	
Bi

	
mg/kg

	
102

	
14

	
0.00

	
0.04

	
nd

	
0.16

	
0.12

	
0.31

	
4.64

	
0.080

	
0.21

	
4.2

	
1.48




	
Cd

	
mg/kg

	
56

	
10

	
0.00

	
0.02

	
0.080

	
0.090

	
0.11

	
0.72

	
31.3

	
0.12

	
0.52

	
23

	
1.38




	
Ce

	
mg/kg

	
94

	
7

	
0.00

	
0.02

	
67

	
63

	
30.74

	
56.05

	
107

	
26

	
46

	
66

	
1.22




	
Co

	
mg/kg

	
105

	
9

	
0.00

	
0.2

	
8.0

	
17

	
8.2

	
13.3

	
37.5

	
6.1

	
11

	
29

	
1.21




	
Cr

	
mg/kg

	
96

	
7

	
0.50

	
1

	
63

	
92

	
39

	
70.5

	
124

	
27

	
51

	
110

	
1.38




	
Cs

	
mg/kg

	
86

	
6

	
0.00

	
0.1

	
<4.0

	
4.9

	
2.65

	
5.4

	
9.2

	
2.1

	
4.0

	
9.2

	
1.35




	
Cu

	
mg/kg

	
101

	
8

	
0.02

	
0.1

	
17

	
28

	
11.05

	
25.6

	
1680

	
8.2

	
23

	
1400

	
1.11




	
Dy

	
mg/kg

	
92

	
8

	
0.00

	
0.1

	
4.5

	
3.9

	
1.3

	
3.2

	
4.5

	
1.1

	
2.7

	
3.7

	
1.19




	
Er

	
mg/kg

	
94

	
7

	
0.00

	
0.1

	
2.7

	
2.3

	
0.6

	
1.65

	
2.4

	
0.40

	
1.5

	
2.5

	
1.10




	
Eu

	
mg/kg

	
97

	
10

	
0.00

	
0.1

	
1.0

	
1.0

	
0.5

	
1.0

	
1.4

	
0.50

	
0.80

	
1.1

	
1.25




	
Ga

	
mg/kg

	
98

	
4

	
0.00

	
0.02

	
12

	
18

	
8.91

	
13.47

	
20.5

	
8.1

	
11

	
20

	
1.22




	
Gd

	
mg/kg

	
93

	
11

	
0.00

	
0.1

	
5.1

	
4.0

	
1.9

	
4.2

	
7.4

	
1.5

	
3.5

	
5.3

	
1.20




	
Hf

	
mg/kg

	
86

	
7

	
0.00

	
0.02

	
8.3

	
5.3

	
0.44

	
1.37

	
2.3

	
0.29

	
1.2

	
2.2

	
1.14




	
Hg

	
mg/kg

	
94

	
15

	
0.00

	
0.01

	
0.040

	
0.050

	
0.03

	
0.11

	
0.38

	
0.020

	
0.090

	
0.44

	
1.22




	
Ho

	
mg/kg

	
91

	
10

	
0.00

	
0.1

	
0.92

	
0.83

	
0.2

	
0.6

	
2.4

	
0.20

	
0.50

	
0.80

	
1.20




	
In

	
mg/kg

	
97

	
21

	
0.00

	
0.01

	
nd

	
0.056

	
0.02

	
0.06

	
5.17

	
0.020

	
0.055

	
4.0

	
1.09




	
La

	
mg/kg

	
92

	
9

	
0.00

	
0.1

	
33

	
31

	
15.5

	
28.8

	
53.5

	
13

	
24

	
33

	
1.20




	
Li

	
mg/kg

	
99

	
5

	
0.00

	
0.1

	
21

	
24

	
20.2

	
40.6

	
66.1

	
17

	
33

	
65

	
1.23




	
Lu

	
mg/kg

	
90

	
11

	
0.00

	
0.1

	
0.39

	
0.31

	
bdl

	
0.2

	
0.3

	
bdl

	
0.20

	
0.30

	
1.00




	
Mn

	
mg/kg

	
102

	
3

	
0.00

	
1

	
620

	
770

	
502

	
733

	
2420

	
400

	
630

	
2100

	
1.16




	
Mo

	
mg/kg

	
101

	
7

	
0.00

	
0.05

	
0.63

	
1.1

	
0.53

	
0.89

	
8.69

	
0.40

	
0.78

	
7.4

	
1.14




	
Nb

	
mg/kg

	
91

	
5

	
0.00

	
0.04

	
13

	
12

	
4.43

	
8.39

	
10.7

	
4.0

	
7.2

	
9.2

	
1.17




	
Nd

	
mg/kg

	
94

	
7

	
0.00

	
0.1

	
28

	
27

	
13.3

	
24.8

	
47.7

	
13

	
20

	
29

	
1.24




	
Ni

	
mg/kg

	
104

	
6

	
0.22

	
0.1

	
21

	
47

	
22.1

	
42.4

	
70.6

	
17

	
34

	
65

	
1.25




	
Pb

	
mg/kg

	
98

	
7

	
0.00

	
0.02

	
21

	
17

	
12.4

	
30.4

	
4520

	
10

	
27

	
3400

	
1.13




	
Pr

	
mg/kg

	
96

	
8

	
0.00

	
0.1

	
7.4

	
7.1

	
3.5

	
6.6

	
12.5

	
3.1

	
5.5

	
7.3

	
1.20




	
Rb

	
mg/kg

	
92

	
7

	
0.07

	
0.1

	
70

	
82

	
51.8

	
80.4

	
107

	
48

	
70

	
110

	
1.15




	
Re

	
mg/kg

	
nd

	
29

	
0.00

	
0.002

	
nd

	
0.20

	
bdl

	
bdl

	
0.01

	
bdl

	
bdl

	
0.010

	
nd




	
Sb

	
mg/kg

	
97

	
6

	
0.00

	
0.02

	
0.62

	
0.40

	
0.725

	
1.5

	
46

	
0.63

	
1.2

	
39

	
1.25




	
Sc

	
mg/kg

	
89

	
4

	
0.08

	
0.1

	
nd

	
14

	
6.0

	
9.6

	
12.5

	
4.5

	
8.3

	
12

	
1.16




	
Se

	
mg/kg

	
103

	
41

	
0.50

	
0.3

	
nd

	
0.090

	
0.15

	
0.8

	
2.9

	
0.15

	
0.70

	
2.6

	
1.14




	
Sm

	
mg/kg

	
93

	
8

	
0.00

	
0.1

	
5.4

	
4.7

	
2.8

	
5.05

	
9.8

	
2.5

	
4.1

	
6.1

	
1.23




	
Sn

	
mg/kg

	
100

	
14

	
0.00

	
0.1

	
2.3

	
2.1

	
1.4

	
3.4

	
25.7

	
1.4

	
2.6

	
22

	
1.31




	
Sr

	
mg/kg

	
91

	
5

	
0.00

	
1

	
130

	
nd

	
101

	
146

	
230.5

	
100

	
140

	
180

	
1.04




	
Ta

	
mg/kg

	
96

	
5

	
0.00

	
0.1

	
1.0

	
0.90

	
0.3

	
0.6

	
0.85

	
0.30

	
0.60

	
0.70

	
1.00




	
Tb

	
mg/kg

	
85

	
11

	
0.00

	
0.1

	
0.79

	
0.70

	
0.2

	
0.5

	
0.8

	
0.10

	
0.40

	
0.60

	
1.25




	
Te

	
mg/kg

	
183

	
106

	
0.00

	
0.05

	
nd

	
nd

	
0.128

	
1.37

	
7.9

	
0.11

	
1.6

	
7.3

	
0.85




	
Th

	
mg/kg

	
96

	
8

	
0.00

	
0.1

	
10

	
11

	
5.2

	
9.9

	
16.6

	
4.5

	
8.1

	
11

	
1.22




	
Tl

	
mg/kg

	
118

	
6

	
0.00

	
0.05

	
0.39

	
0.90

	
0.31

	
0.615

	
0.95

	
0.25

	
0.48

	
0.89

	
1.28




	
Tm

	
mg/kg

	
97

	
8

	
0.00

	
0.1

	
0.40

	
0.30

	
bdl

	
0.2

	
0.4

	
bdl

	
0.20

	
0.30

	
1.00




	
U

	
mg/kg

	
97

	
7

	
0.00

	
0.1

	
2.0

	
2.7

	
1.3

	
2.2

	
2.9

	
1.2

	
1.8

	
2.6

	
1.22




	
V

	
mg/kg

	
98

	
3

	
0.00

	
1

	
62

	
97

	
50

	
74

	
100

	
38

	
63

	
94

	
1.17




	
W

	
mg/kg

	
90

	
9

	
0.00

	
0.1

	
1.2

	
1.9

	
0.7

	
1.4

	
3.2

	
0.60

	
1.2

	
2.6

	
1.17




	
Y

	
mg/kg

	
88

	
5

	
0.00

	
0.1

	
26

	
21

	
5.4

	
15.3

	
19.9

	
4.6

	
14

	
19

	
1.09




	
Yb

	
mg/kg

	
91

	
9

	
0.00

	
0.1

	
2.6

	
2.0

	
0.6

	
1.6

	
2.0

	
0.50

	
1.5

	
2.1

	
1.07




	
Zn

	
mg/kg

	
99

	
7

	
0.17

	
0.2

	
71

	
67

	
47.7

	
119.25

	
26,800

	
39

	
100

	
22,000

	
1.19




	
Zr

	
mg/kg

	
95

	
6

	
0.00

	
0.2

	
390

	
190

	
16.1

	
45.9

	
76.5

	
15

	
37

	
66

	
1.24








El—element; AR—average recovery rate; ARD—average relative difference; B—bias; MDL—minimum detection limit; EU—European average values for stream sediments; UC—average values for the continental crust; Min—minimum value; Md—median; Max—maximum value; nd—no data; bdl—below detection limit; ER—enrichment ration between medians.
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Table 2. Factor loadings in factor analysis.
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	EL
	F1
	F2
	F3
	F4
	VAR





	Ag
	0.98
	0.07
	−0.06
	−0.05
	97



	In
	0.98
	0.06
	−0.10
	−0.02
	97



	Sb
	0.96
	0.19
	−0.10
	−0.04
	98



	Cu
	0.96
	0.24
	−0.08
	0.01
	99



	As
	0.96
	0.22
	−0.06
	−0.01
	97



	Zn
	0.96
	0.16
	−0.11
	0.10
	96



	Pb
	0.96
	0.17
	−0.13
	0.13
	97



	Cd
	0.95
	0.17
	−0.13
	0.09
	95



	Bi
	0.94
	0.23
	−0.15
	0.00
	97



	Mo
	0.93
	0.17
	−0.20
	0.01
	94



	Sn
	0.90
	0.25
	−0.17
	0.19
	93



	Li
	0.15
	0.92
	0.16
	0.04
	91



	Sc
	0.23
	0.91
	0.04
	0.27
	96



	Al
	0.17
	0.90
	−0.25
	0.24
	96



	V
	0.20
	0.90
	0.18
	0.05
	88



	Cs
	0.21
	0.88
	−0.23
	0.22
	92



	Ga
	0.40
	0.85
	−0.25
	0.11
	96



	Mg
	−0.09
	0.03
	0.98
	−0.10
	97



	Ca
	−0.27
	−0.03
	0.93
	−0.05
	95



	Te
	−0.21
	−0.16
	0.93
	−0.14
	96



	Hf
	0.03
	0.27
	−0.14
	0.94
	97



	Zr
	0.04
	0.28
	−0.12
	0.94
	97



	Expl.Var
	10.5
	5.4
	3.1
	2.1
	



	Prp.Totl
	48
	24
	14
	9
	95







EL—element; F1–F4—factors; EV—eigenvalues; VAR—explained variance.
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Table 3. The results of X-ray diffraction analysis for samples (<0.063 mm only) where the highest values of factor F1–F4 scores were calculated.
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Factor

	
Elements Loaded in Individual Factor

	
Quartz

	
Calcite

	
Dolomite

	
Plagioclase

	
Muscovite

	
Kaolinite

	
Ankerite

	
Potential Compounds in Traces (<3%) *






	
Symbol on Figure 8:

	
Q

	
C

	
D

	
A

	
M

	
K

	
An

	




	
F1

	
Ag, In, Sb, Cu, As, Zn, Pb, Cd, Bi, Mo, Sn

	
36.3

	
1.6

	
7.8

	
12.9

	
36.3

	

	

	
Wroewolfeite (Wr), Hematite, Lead




	
F2

	
Li, Sc, Al, V, Cs, Ga

	
36.1

	
3.6

	
9.8

	
8.0

	
30.2

	
9.9

	

	
Eucryptite, Zeolite




	
F3

	
Mg, Ca, Te

	
25.3

	
12.3

	
35.6

	
3.2

	
12.8

	

	
9.1

	
Edwardsite (Ed)




	
F4

	
Hf, Zr

	
39.3

	
25.9

	
6.4

	
11.6

	
11.3

	

	

	
Phengite (Ph), Chlorite (Chl)








* The presence of these compounds needs to be confirmed by the other methods.
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