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Abstract

:

Steel is an indispensable material that is used in a wide range of products and that contributes significantly to economic development. However, steel production can affect soil quality and is associated with the pollution of local areas. Therefore, the objective of this study was to investigate the mineral and geochemical composition of soils in the vicinity of the Sulaimani Steel Plant (SSP) in Bazian Region, Kurdistan, Iraq. A total of 35 soil samples were collected in the vicinity of SSP. The samples were analyzed for their mineral and geochemical composition, including 10 major, and 40 trace and rare earth elements. In addition, the soils were analyzed for their particle size distribution, pH, and organic matter content. The distribution of elements in the soils was found to be influenced by the texture, organic matter content (0.34–9.28%), and prevailing wind direction. The assessment of soil contamination near the steel plant confirmed high to extremely high enrichment with Cr (EF up to 20.7), Ni (EF up to 14.2), Pb (EF up to 80.4), and Th (EF up to 50.4), indicating that it is a significant source of heavy metals and poses a high risk to soil health.
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1. Introduction


The future of environmental management is based on predictive models for assessing the impacts and pollution risks resulting from the indiscriminate use of natural resources and harmful anthropogenic substances [1] and their application in various production plants, including steel mills. In the last 20 years, environmental issues have become a widespread national concern, although “environment” has not always been an issue [2]. In this sense, steel mills also contribute negatively, considering that the demand for steel has increased to 1.4 billion tons per year and is expected to double by 2050, with the steel industry responsible for about one-tenth of global energy-related CO2 emissions [3]. Indeed, steel production is responsible for a quarter of all industrial CO2 emissions and 9% of global CO2 emissions from energy and industrial processes. This makes the steel industry’s carbon footprint the largest of all industrial sectors [4]. In addition, iron and steel production generates waste products such as slag, which is enriched with many heavy metals (e.g., Mn, Zn, and Pb [5]). Some volatile trace metals are released into the environment by atmospheric processes and particulate emissions [6]. Such airborne particles settle in the environment after leaving the plant and affect the soil quality in the area, which is often used by local residents as a recreational area or for agricultural purposes. As a result, soil pollution is increasingly becoming a problem for the environment and human health [7]. Despite the fact that soil acts as a filter for purifying and immobilizing many pollutants [8], and despite regulations and chemical standards enacted to maintain soil health [9], sites near steel and iron works continue to be heavily polluted by operational activities. Schulin et al. [10] studied the heavy metal contamination of the soil near a Bulgarian ironworks. It was found that the dust emitted from the ironworks polluted the agricultural soils near the ironworks with As, Pb and Zn. Yuan et al. [11] conducted a comprehensive study to evaluate the quality of topsoil near an abandoned steel smelter in Beijing, China, and found greater amounts of Cu, Pb, Cd, and Zn compared to background levels. Mohiuddin et al. [12] studied the distribution of trace metals in atmospheric particles near the iron and steel industry sites in Australia. The authors found significantly higher concentrations of trace metals such as Co, Cr, Cu, Fe, Mn, Ni, Ti, V, and Zn in the atmospheric particles collected in areas near iron and steel industry sites compared to background levels, and they were differently related to the size fractions. Akporido et al. [13] showed the impact of steel production on soil quality in the Udu section of the Warri River near a steel plant in Nigeria. They found that the sampling sites near the steel plant were more polluted with heavy metals Fe, Pb, Cd, Ni and Zn than the other sites. Namuhani and Kimumwe [14] evaluated the heavy metal contamination of soil near steel rolling mills in Jinja municipality, Uganda. The concentrations of the heavy metals Cu and Cd near the rolling mill showed moderate and moderate to severe pollution, respectively. Ladonin [15] studied the rare earth elements (REEs) in soils at different distances from the Cherepovets steel plant in Vologda oblast, Russia, and found that the levels of Pr and Tb were higher in soils near the plant. Previous studies in the Bazian region mainly investigated the chemical and biological properties of air, groundwater, and soil as well as oil reservoirs [16,17,18,19]. Mohialdeen et al. [16] studied the geochemistry of crude oil from a near-surface well in the Bazian region. They concluded that the origin of the heavy oil was in the Kolosh formation. Rasheed and Faqesaleh [17] studied the evaluation of some heavy metals in the water and soil of a Bazian oil refinery. They found that the plant has a significant impact on the pollution of groundwater and soil by the heavy metals Cr, Pb, Cd, Cu, Zn, and Ni. Al-Taay et al. [18] studied the impact of a Bazian cement plant on water and found that the concentrations of various heavy metals such as Cd, Cr, Pb, Cu, Ni, Fe and Zn were similar to background levels. Ahmed [19] described the mapping of groundwater potential and well protection areas in Bazian sub-basin. Hamakarim [20] studied the assessment of some heavy metals in soils surrounding scrap metal recycling factories in the Sulaimani governorate, Iraq. The authors found that the spatial distribution of the studied metals decreased in the following order: Fe > Mn > Ni > Cr > V > Co, while the pollution indices only indicate minor pollution. However, no studies have examined the effects of the Sulaimani Steel Plant on the composition of the surrounding soils, although such and similar plants are known to be sources of numerous heavy metals [10,11,12,13], which can have various adverse effects on the soil and environmental health.



Therefore, the aim of this study was to determine the geochemical composition of the soil in the vicinity of the Sulaimani steel plant (SSP) and to investigate the impact of the steel plant on the surrounding soils by, also taking into account the prevailing wind directions as the predominant direction of material transport. For this purpose, the concentrations of selected major and trace elements, including rare earth elements, as well as the organic matter content and grain size distribution were studied in soil samples collected near the Sulaimani steel plant.




2. Materials and Methods


2.1. Geologic Setting and the Study Area


The SSP site is located on the main Sulaimani-Kirkuk road in the town of Bazian, approximately 30 km west of the city of Sulaimani in the Kurdistan Region of Iraq (Figure 1a,b). Tectonically, the Bazian Basin is located within a High Fold Zone (HFZ), and the area has been strongly deformed due to strong tectonic activity at an earlier geologic time [21]. According to Hamamin [22], the main lithostratigraphic units from the oldest to the youngest in this area are the following formations: the Kolosh Formation, Sinjar Formation, Gercus Formation, Pila-Spi Formation and finally Quaternary deposits. SSP was built on Tasluja Mountains, which are mainly the Sinjar Formation, and SSP, is mainly located on the Sinjar Formation and partly on theKolosh Formation. The Kolosh Formation is deposited as flysch facies of sandstones, marls, shales, intraformative conglomerates and thin beds of arenic limestone. Recently, Ahmad [23] stated that the Sinjar Formation consists of a thick, massive and extremely fossiliferous limestone with occasional layers of dolomitic limestone.




2.2. Sampling and Sample Preparation


The sampling campaign was conducted in August and September 2021 in the vicinity of the Sulaimani steel plant in Kurdistan region, Iraq (Figure 1a,b). A total of 35 samples, including 32 soil samples and three source rock samples, were collected at varying distances from SSP (Figure 1c,d). Three soil samples were collected near the plant (A1, A2 and A3) and 16 soil samples were collected at 55 m, 500 m, 1000 m and 2000 m from SSP (Figure 1c). Three samples of local source rock (SR1, SR2, and SR3) and two reference soil samples (CS1 and CS2) were also collected. According to wind direction and prevailing air currents, the greatest environmental impact of SSP was expected to be in the east and southeast directions. Therefore, an additional 11 samples were collected at different distances from SSP: 55 m, 100 m, 150 m, 200 m, 300 m, 500 m, 750 m, 1000 m, 1250 m, 1500 m, and 2000 m (Figure 1d). In general, the soils are reddish-brown in color and only contain a sporadic gravel fraction. The GPS coordinates of the sampling sites are listed in Table S1.



At each site, approximately 1 kg of topsoil (the first 10 cm) was collected with a shovel and stored in plastic containers. In the laboratory, the soil samples were air dried, homogenized, and sieved through a 2 mm sieve to remove pebbles and biota. The samples prepared in this way were subjected to granulometric analysis, while the remaining samples were pulverized and stored for other analyses.



Prior to trace element analysis, soil sub-samples (0.05 g) were subjected to total digestion in a microwave oven (Multiwave 3000, Anton Paar, Graz, Austria). The procedure consisted of digestion with a mixture of 4 mL nitric acid (HNO3, 65%, pro analysi, Kemika, Zagreb, Croatia), 1 mL hydrochloric acid (HCl) and 1 mL hydrofluoric acid (HF, 48%, pro analysi, Kemika, Zagreb, Croatia), followed by the addition of 6 mL boric acid (H3BO3, Fluka, Steinheim, Switzerland). Prior to analysis, the digests were diluted tenfold, acidified with 2% (v/v) HNO3 (65%, supra pure, Fluka, Steinheim, Switzerland), and In (1 μg L−1) was added as an internal standard. A detailed method description is given elsewhere [24].




2.3. Sample Analysis


2.3.1. Grain Size Distribution


Grain size distribution analysis was performed on all sediment samples except SR1. The analysis was conducted at the Sulaimani construction laboratory according to ASTM standards using sieve and hydrometer analysis [25] and specific gravity [26].




2.3.2. Organic Matter Content and pH


Total organic carbon (TOC) was determined for all described samples using the method described by El-Wakeel and Riley [27], while the organic matter content (OM) was calculated as follows [28]:


% Organic Matter = % Total Organic Carbon × 1.724



(1)







The pH was determined with a multimeter in a suspension with a 1:10 ratio of soil and liquid phase according to the following protocol: 5 g of the soil sample was mixed with 50 mL of deionized water and measured with a pH meter (Hanna Instruments, Woonsocket, RI, USA).




2.3.3. Mineral Composition


Mineral composition analysis was performed by X-ray powder diffraction (XRPD, Bruker D8 Advanced, Bruker AXS GmbH, Karlsruhe, Germany) at XRD Laboratory, East Amethyst, Pardis Science and Technology Park, Iran, for all of the samples studied. X-ray diffraction was performed using anX’Pert analytical powder diffractometer with Cu-Kα radiation (λ = 1.542 Å) at a voltage of 40 kV and a beam current of 30 mA with 10 counts/s over a 2θ range from 4° to 60° and a step size of 0.02°.




2.3.4. XRF Measurements


The content of the major elements in soil was determined by X-ray fluorescence (Panalytical XRF, PANalytical B.V., Almelo, The Netherlands) at the XRF Laboratory, East Amethyst, Pardis Science and Technology Park, Iran, and reported as oxides. Analytical uncertainties ranged from 0.04% to 0.1% for the major elements. The detection limit for the major oxides was 0.002–0.04 wt%. The total loss on ignition (LOI) was estimated from the weight difference after annealing at 1000 °C using Master Data Management (M D M) and was −5.1%.




2.3.5. ICP-MS Measurements


Multielement analysis of the prepared soil digests was performed by high-resolution inductively coupled plasma mass spectrometry (HR ICP-MS) using an Element 2 instrument (Thermo, Bremen, Germany) at the Ruđer Bošković Institute in Zagreb, Croatia. The typical instrument conditions and measurement parameters used throughout the work are presented in Table 1.



All samples were analyzed for the total concentration of 40 elements (As, Ba, Be, Bi, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Gd, Ho, La, Li, Lu, Mo, Nd, Ni, P, Pb, Pr, Rb, S, Sb, Sc, Sm, Sn, Sr, Tb, Tl, Tm, U, V, Y, Yb, and Zn). Quality control of the analytical procedure was performed by simultaneous analysis of the blank sample and the certified reference material for soil (NCS DC 77.302, China National Analysis Center for Iron and Steel, Beijing, China). Good agreement was obtained for all elements between the analyzed and certified concentrations within their analytical uncertainties (~10%).





2.4. Data Analysis


2.4.1. Statistical Analysis


In this study, matrix and correlation coefficient analyses were applied to the geochemical data using STATISTICA and SPSS 26 programs, and principal component analysis (PCA) was used to determine the relationships among elements around SSP. Alpine Quest with Grapher software were used to generate maps, while Surfer (version 16, Golden Software, Golden, CO, USA) was used to determine the pollution intensity of heavy metals and REE. Grapher (version 16, Golden Software, Golden, CO, USA) was used for normalization plots and for the spatial distribution of the REE concentration in the study area.




2.4.2. The Assessment of Soil Pollution


Different calculation approaches have been used to evaluate the degree of metal enrichment in sediments and soils [29,30,31]. In this study, the enrichment factors [32] and the geoaccumulation index [33] were used to evaluate the degree of contamination and metal distribution in the vicinity of SSP.



The enrichment factor (EF) is a common normalization method for classifying metal enrichment in soils or sediments. To identify anomalous metal contents, geochemical normalization of metal data is applied to conservative elements such as Al, Fe, or Si. Al was used in the present study. The EF is defined as follows:


  EF =     (  C x  /  C  A l     )   s a m p l e       (  B x  /  B  A l     )   b a c k g r o u n d      



(2)




where Cx and CAl (sample) are the concentrations of an investigated element x and a reference element, respectively, in a soil sample, while Bx and BAl (background) are the concentrations of an investigated element x and a reference element, respectively, in the background



According to Loska et al. [32], there are the following contamination categories: insufficient to minimal enrichment (EF < 2), moderate enrichment (EF = 2–5), significant enrichment (EF = 5–20), very high enrichment (EF = 20–40), and extremely high enrichment (EF > 40).



The geoaccumulation index (Igeo) proposed by Ref. [33] is calculated to estimate the degree of soil contamination using seven accumulation classes based on the increasing numerical values of the index. This index is calculated as follows:


   I  g e o   =   log  2     C x    1.5  B x     



(3)




where Cx is the content of element x in the soil sample and Bx is the background value of element x according to Kabata-Pendias and Mukherjee [34] for trace elements and Rudnick and Gao [35] for REEs. The factor of 1.5 is introduced to minimize the effects of possible variations in background values that may be due to lithological variations in the sediment. As described in Ref. [33], there are six Igeo classes: practically uncontaminated (Igeo ≤ 0), uncontaminated to moderately contaminated (0 < Igeo < 1), moderately contaminated (1 < Igeo < 2), moderately to heavily contaminated (2 < Igeo < 3), heavily contaminated (3 < Igeo < 4), heavily to extremely contaminated (4 < Igeo < 5), and extremely contaminated (5 < Igeo).






3. Results


3.1. Grain Size Analysis


Based on the results of the grain size analysis of the surface sediments in the study area, clay is the predominant grain size (average 51%), followed by silt and sand with 27% and 22%, respectively (Table 2). According to the USDA ternary diagram [36], the sediment samples are classified as sandy loam to clay loam (Figure 2). The clay content varies from 3.18% to 87.3%. At most sites, the clay content exceeds 70%, such as at sites SS10, SS14, SS23, and CS1 with 73.4%, 74.6%, 76.8%, and 87.2%, respectively. The silt content in these samples ranged from 6.02% to 57.1%, while the sand content was very heterogeneous (2.6–88.9%). The highest silt content was found in the soils at sites CS2, SS24 and SS9 with 57.1%, 42.7% and 41.4%, respectively (Table 2).




3.2. Organic Matter (OM) Content and pH Value


As shown in Table 2, the content of organic matter in the samples studied ranged from 1.48 to 9.28%. The lowest value of OM (1.48%) was found at site SS18, while the highest value (9.28%) was found at site SS22. The pH values of the studied soils varied from 8.22 to 9.92 (Table 2). The lowest pH value (8.22) was obtained at site SS13, but the highest pH value (9.92) was obtained at site SR1.




3.3. Mineralogy of Studied Soils


In Table 3, the bulk and clay mineralogy of studied soils is presented. The following minerals predominate in the bulk: calcite, quartz, serpentine, feldspar, clinochlorite, and pyroxene, with small amounts of hematite and gypsum. Only magnesiohoreblende is present in SS6 at 8.96% and chabazite is only present at 8.2% in SS20 (Table 3). The clay mineral phases noted are montmorillonite, palygorskite, illite and chlorite.




3.4. Geochemical Composition


3.4.1. Major Elements


The major elements of the studied soils and source rock samples are listed in Table 4. The SiO2 content was high in all samples, ranging from 2.54 to 52.2 wt%, except in one sample (SR1 = 2.54). The TiO2 shares, although present in small amounts, did not exceed 1.5 wt% in most samples. After SiO2, CaO is the most important oxide (2.49–53.5 wt%). Fe2O3 occurs in small amounts (0.83–8.53 wt.%). The concentrations of Al2O3 and MgO vary in the ranges of 0.04–15.4% and 0.35–18.5%, respectively. In addition, the soil samples contain small amounts of Na2O (0.01–1.12 wt%), K2O (0.01–1.89 wt%), and P2O5 (0.01–0.33 wt%).




3.4.2. Trace Elements


The concentrations of 27 trace elements determined in the soil samples are shown in Table S2 along with the calculated minimum, maximum, average, and standard deviations. The average concentrations of trace elements in the study area were arranged in descending order: Cl >P > Cr > S > Ni > Ba > Zn > Sr > V > Zr > Pb > Rb > Cu > Co > Li > Sc > As > Sn > Cs > U > Sb > Be > Mo > Cd > TI > Bi. The overall highest concentration was obtained for Cl in SS19 (2.5 g kg−1). The second highest concentration in the studied soils was found for P (from 64.1 to 1168 mg kg−1), while the lowest concentrations were obtained for Bi (from below the limits of detection to 0.7 mg kg−1).




3.4.3. Rare Earth Elements (REEs)


The REE concentrations in 35 samples are listed in Table 5. A summary of the main statistical parameters (min, max, average, standard deviation, and RSD) is also given. The distribution of total LREE, HREE, REEs, and total REY-related calculated parameters, as well as the europium and cerium anomalies, (La/Yb)UCC, (La/Nd)UCC, and (Er/Nd)UCC are shown in Table 6. The concentrations of REEs in the analyzed samples ranged from 0.01–81.4 mg kg−1 (Table 5). Ce and La had the highest concentrations in all of the samples analyzed, while the concentrations of Tm and Lu were the lowest. The total ΣREEs ranged from 3.36 to 161 mg kg−1 (Table 6). The highest ΣREE concentrations were measured in sample SS24 (ΣREEs = 161 mg kg−1), the lowest were measured in sample SR1 (ΣREEs = 3.36 mg kg−1), while the concentrations of the total REEs + Y (ΣREY) ranged from 5.96 to 232 mg kg−1 in all of the analyzed samples. The lowest value of ΣLREE/ΣHREE was obtained for the source rock sample from site SR1 (ΣLREE/ΣHREE = 8.28), while the highest value was observed for the soil sample from site SS24 (ΣLREE/ΣHREE = 12.2). In all the samples, both anomalies showed a broader range of values, from 0.95 to 1.34 and from 0.76 to1.02 for Eu/Eu* and Ce/Ce*, respectively. The latter are the ratios of (La/Yb)UCC, (La/Nd)UCC, and (Er/Nd)UCC in the sediments, where (La/Yb)UCC ranged from 0.72 to1.16 with an average of 0.81, (La/Nd)UCC ranged from 0.86 to1.22 with an average of 0.93, and the ratios of (Er/Nd)UCC were higher than 1 in all samples (only one was less than 1), ranging from 0.99 to 1.69.



The total ΣREEs ranged from 3.36 to161 mg kg−1 (Table 6). The highest ΣREE concentrations were measured in sample SS24 (ΣREEs = 161 mg kg−1), the lowest were measured in sample SR1 (ΣREEs = 3.36 mg kg−1), and the concentrations of the total REEs + Y (ΣREY) ranged from 5.96 to 232 mg kg−1 in all of the analyzed samples. The lowest value of ΣLREE/ΣHREE was obtained for the source rock sample from site SR1 (ΣLREE/ΣHREE = 8.28), while the highest value was observed for the soil sample from site SS24 (ΣLREE/ΣHREE = 12.2). In all samples, both anomalies showed a broader range of values, from 0.95 to1.34 and from 0.76 to1.02 for Eu/Eu* and Ce/Ce*, respectively. The latter are the ratios of (La/Yb)UCC, (La/Nd)UCC, and (Er/Nd)UCC in the sediments, where (La/Yb)UCC ranged from 0.72 to1.16 with an average of 0.81, (La/Nd)UCC ranged from 0.86 to1.22 with an average of 0.93, and the ratios of (Er/Nd)UCC were higher than 1 in all samples (only one was less than 1), ranging from 0.99 to1.69.






4. Discussion


4.1. Grain Size Distribution of the Soil Samples


Grain size is one of the most important parameters affecting the ability of sediments to concentrate and retain metals [37]. There is usually a strong correlation between an increase in metal concentration and a decrease in grain size [38], and fine-grained particles are the most important for metal accumulation and transport due to their large specific surface area and cation exchange capacity [39]. As expected, the content of major oxides increased as the grain size decreased (Figure 3a, Table 2, Table 3 and Table 4), except for CaO. This is due to the fact that CaO, similar to quartz [40], is normally concentrated in the coarse-grained fraction. Similar to major elements, trace elements also increase with decreasing grain size in different soils [41]. However, in the studied samples, trace element concentrations and fine grain size are inversely correlated (Figure 3b, Table 2 and Table S2), with the exception of Th and Zr. Studies by Horowitz and Elrick [42] however, revealed an inverse correlation between trace metal concentrations and grain size. Because of their large surface area and high organic matter content, sediment particles metal concentrations increase when their size is reduced. Otherwise, trace element concentrations increased with increasing silt fractions (Figure 3d).



Due to the minerals present in the finest fraction, including accessory primary and secondary minerals, some immobile elements such as Al, Ti, Zr, Th, and REEs are typically concentrated in fine-grained sediments, as suggested by Soureiyatou et al. [43]. According to Laveuf and Cornu [44], clay minerals are the main factor affecting the distribution of REE in soils. In the present study, the regression analysis showed that ΣREEs tend to increase with increasing clay content in soils, as shown in Figure 3c. This is in agreement with the results of Rao et al. [45] and Gulcin and Alwasel [46], who found that the amount of REEs increases when the particle size decreases and when the proportion of clay components increases.




4.2. Organic Matter (OM) Distribution and pH in Soils


In order to investigate the relationship between the proportion of organic matter and the pH value with the element distribution in the soils, correlation coefficients were determined. As shown in Table 7, organic matter plays an important role in the distribution of the metals in the studied soils. The positive correlation between Al and K could be due to the high proportion of illite in the clay minerals ([47], Table 2). Most trace elements were also positively correlated with OM (r > 0.5; Table 7), while rare earths showed an even stronger correlation with OM, with correlation coefficients ranging from 0.63 to 0.67 (Table 7). Cao et al. [48] found that as soil pH increases, the bond strengths between rare earths and organic complexes become stronger [49].



The studied soils are neutral to moderately alkaline (pH between 7.35 and 9.92), which is due to the high content of carbonate, ash, and slag from anthropogenic sources, as well as to alkaline components in the atmosphere [50]. Soils with pH levels between 7.5 and 8.4 indicate the presence of free lime (CaCO3) in the soil, which usually provides excellent filtration and infiltration of water due to the high Ca content in clays. On the other hand, soils with a pH of >8.4 indicate calcareous soil associated with poor physical conditions, slow infiltration and percolation of soil water, possible root destruction, and the dissolution of organic matter [28]. Studies by [51] showed that higher pH values (pH > 8) were more common in younger sedimentary deposits than in older sedimentary deposits. In general, the statistical analysis in Table 7 shows that there is no significant correlation between the element concentrations and soil pH, except for Sr (r = 0.63), which has a strong positive relationship with pH. Sr concentrations are usually higher when the pH is between 7 and 8.5 [52].




4.3. Mineral Composition of the Soils


Table 2 and Table 3 show that the coarser the grain size, the more quartz occurs in the sand and silt fractions, and conversely clay minerals occur predominantly in fine clay fractions. The frequent occurrence of quartz is consistent with previous studies in the area [53]. Calcite is also present in large quantities in most of the soil samples (Table 3) and could be derived from the weathering of limestone during soil formation, which is the parent rock of the Sinjar Formation of the study area. Previous studies [54] suggest that the micritic groundmass in the Sinjar Formation is sometimes neomorphosed into coarse calcite crystals, as found in mud-dominated facies. Additionally, although many fossils are originally composed of the mineral aragonite, these grains convert to the more stable mineral calcite with time, as in all other areas of the formation [55]. In addition, all soil samples from the Kolosh Formation are characterized by a high content of serpentine minerals (Table 3). Serpentine is formed by serpentinization from olivine, pyroxene, and amphibole minerals [56,57]. Feldspars and clinochlor are generally associated with coarser grain sizes, and pyroxene occurs in all fractions (Table 3). In the Eocene formations, quartz, feldspars, parts of kaolinite, and illite are usually detrital minerals, and the formation of these minerals is caused by diagenesis with feldspars and montmorillonite as substrates for their formation [58]. Hematite and gypsum were found in sample SS27, gypsum was found in SS20, while these phases are absent in the other soil samples and in the source rock (Table 3). It is possible that they were formed elsewhere by deposition or wind transport. The results in Table 3 show that montmorillonite is predominant in all samples except SS7 and SR1. Illite is the second most abundant clay mineral in the samples studied, while chlorite was found as a rare clay mineral in sample SS15. The clay minerals and chlorite traces in the studied samples are consistent with previous findings that clay minerals in the Sulaimani region generally consist of montmorillonite, illite, palygorskite and traces of chlorite and kaolinite [59,60]. Palygorskite was found to have a fine grain size at 4 sample sites, which is consistent with its general occurrence in the clay fraction [61,62]. Montmorillonite and palygorskite are the main eogenetic clay minerals, while illite and chlorite are depositional, unlike the diagenetic clay minerals proposed by [63]. However, mineral analysis showed that SSP had no effect on the mineralogy of the soils in the study area, possibly due to the short period of establishment of the plant.




4.4. Distribution of Elements in Studied Samples


4.4.1. Major Oxides


The data on the major oxides are given in Table 4, while the calculated Pearson correlation coefficients and the UCC-normalized patterns are shown in Table 8. The Pearson correlation coefficients were calculated with the aim of gaining better insight into the origin of the major elements in the studied soils.



The SiO2 content shows a negative correlation with CaO and LOI and a positive correlation with TiO2, Al2O3, MnO, Fe2O3, and K2O (Table 8). The content of Na is lower than in UCC (Figure 4). The reason for this is the generally increased Na mobility during weathering and water transport, as indicated by Ref. [64]. The Al content was slightly lower than in UCC. In contrast, the Mg and Ca content is higher than in UCC (Figure 4), and CaO shows a negative correlation with SiO2, Al2O3, and TiO2 (Table 8), most likely due to the limestone deposits found almost everywhere in the area. As shown in Figure 4, the Ti content in the UCC values is generally slightly higher in the samples located downwind and close to the storage sites (i.e., SS6, SS10, SS13, SS14, SS22, SS23, SS24, SS26, and CS1). Additionally, the authors of Ref. [64] suggested that the high Ti content could be explained by the presence of numerous iron, steel, cement, and porcelain factories that make extensive use of titanium-bearing alloys or high-grade ceramics. The presence of the same feature in the case of Fe could also be due to industrial activities in the area. Namely, ferrotitanium alloys are used as raw materials in the steel industry [65]. This is also supported by the observed negative correlations between Fe2O3 and CaO, SiO2 and LOI, and Fe2O3 and LOI (Table 8).



Moreover, TiO2 and Al2O3 are refractory oxides that are highly resistant to weathering [66], and the Al2O3/TiO2 ratio in clastic sedimentary rocks can be used as an important tool to identify different types of source rocks. Studies by Ref. [67] suggest that the concentrations of Ti and Al can also change due to dilution by quartz, calcite, and other non-clay minerals, so it is better to use the ratio of these two resistant oxides as an indicator of origin. The Al2O3/TiO2 ratios in the studied samples, ranging from 11.6 to 19.8 (Table 4), indicate that these soils originated from mafic source rocks in the study area.




4.4.2. Trace Elements


The data on the concentrations of trace elements are presented in Table S2. Of the trace elements measured, Cl, P, Cr, Ni, V, Zn, Pb, Co, and As had the highest values of 765, 503, 493.7, 281, 100, 195, 59.2, 32.4, and 7.9 mg kg−1, respectively. The Cl content was higher in SS19, which may be due to either atmospheric deposition from industrial and municipal sources or directly from the use of animal wastes, which often have high chlorine content [68]. The high phosphorus concentration (Table S2) could be a consequence of the excessive use of fertilizers such as superphosphate in the area [18]. In addition, the soils near the steel plant had higher concentrations of Cr, V, Zn, Pb, Co, Ni, and As than other sites, similar to what Strezov and Chaudhary [6] reported for soils near steel plants in Australia. The UCC-normalized samples show that the studied samples are strongly enriched in Zn, Pb, Th, Sb, Cr, Ni, and Cd (Figure 5). In addition, a slight enrichment with As, Sn, Bi, V, Co, Li, Th and Cu is observed. The observed enrichments are consistent with previous findings on element distribution in the soils surrounding similar plants [11,13,14,15]. The minerals present may also promote the adsorption of certain elements. According to Uddin [69], montmorillonite has the ability to adsorb Cu, Pb, Hg, Cd, Zn, Ni, Co, Sr, Cs, and Cr, while illite readily adsorbs Pb, Cr, and Cd [47].




4.4.3. Rare Earth Elements


Descriptive statistics of the REEs concentration in studied soil samples are given in Table 5, while the calculated anomalies and fractionation indices are presented in Table 6. As can be seen from Table 6, two anomalies, europium and cerium were in a fairly narrow range. A slightly negative Ce anomaly and a positive Eu anomaly were also noted. Craigie [47] noted that a positive Eu anomaly is usually due to a high proportion of plagioclase feldspars in the parent rock of the soils. The sandstones of the Kolosh Formation could be a source of feldspars that release Eu and other elements through weathering and accumulate in the soils of the area. On the other hand, the slightly negative anomaly of Ce usually reflects oxic-suboxic environments because Ce is less easily dissolved under such conditions [47]. The calculated UCC-normalized patterns for selected elements, (La/Yb)UCC, (La/Nd)UCC, and (Er/Nd)UCC (Table 6) showed that the MREEs were significantly enriched compared to LREEs and HREEs, and that the HREEs were enriched compared to LREEs, which is consistent with the data reported for topsoil [49].



Figure 6 shows the spatial distribution of ΣREY in soil samples and parent rock. The highest ΣREY concentrations were measured in soil samples along the SS10, SS13, SS22, SS24, and SS26 wind directions with ΣREY concentrations of 198, 192, 223, 229, 232, and 228 mg kg−1, respectively. Wang and Lian [70] and Fiket et al. [71] also found that the content of the REE decreased with distance and was the highest along the prevailing wind direction. Soil sample SS6, which was taken closest to the nearby steel mill warehouse, had ΣREY of 195 mg kg−1.



The distribution of REEs in the studied samples, normalized to UCC, is shown in Figure 7. It shows a slight enrichment of HREE compared to LREE, which is consistent with the fractionation indices for REE in the studied samples (Table 6), i.e., a predominance of LREE (La-Gd) over HREE (Tb-Lu+Y) with ΣLREE/ΣHREE in the range of 8.28–12.2. The soils were characterized by a general predominance of elements from Sm to Gd, resulting in a convex shape of the normalized curve, similar to what was found by Fiket et al. [72] for soils in the vicinity of thermal power plant. Moreover, the distribution patterns of the REEs in the soil samples from the seven sampling sites SS6, SS10, SS13, SS22, SS24, SS23, and SS26 collected downwind were similar and showed enrichment. The fractionation of REEs in most soil samples was much higher than that of the bedrock and reference sample (CS2). Although CS1 was a reference soil sample, it was collected downwind and therefore has somewhat higher values (Figure 7).





4.5. Contamination Assessment


4.5.1. Enrichment Factor (EF)


The calculated EFs for trace element concentrations in the soils in the vicinity of SSP (Table S3) showed moderate enrichment with Th, V, Co, Cu, Zn, TI, Sb, and As near the factory and 300 m away from SSP, very high enrichment of Pb, Cr and Ni in the northeast and southeast directions at 100–300 m from SSP, and extremely high enrichment of Cr and Ni at 500 m and 1000 m in the northeast and southeast directions at 100 m from SSP.



Compared to the reference soil composition (Table S4), it was found at EF that the trace element concentrations in the soils surrounding the plant are moderately enriched with Sr, Th, P, Sc, Cr, Co, Ni, Cd, Cu, Zn, Mo, Pb, TI, Bi, As, S, Sn, and Sb within 500 m of SSP, are very high enriched with Cr at site SS5, and extremely highly enriched with Th within 500 m northeast of SSP, and with Pb in the soils surrounding the plant. The EF values determined here are consistent with literature values for soils near industrial and similar facilities [73,74,75], confirming the extremely high impact of the Sulaimani steel plant on the environment. The differences in the enrichments obtained using different reference materials are due to the fact that when local soils are used, their mean element concentrations are higher than the background values, which further confirms the widespread environmental impact of SSP.



Compared to the UUC [35], the EFs of the REE concentrations in soils (Table S5) near SSP showed moderate enrichment with Sm, Eu, Gd, and Tm, which also confirms the influence of SSP on rare earth element concentrations. All other rare earths elements showed minimal enrichment in all directions from SSP. The EFs of the REE concentrations in soils compared to the reference soil composition (Table S6), it was found minimal enrichment in all directions from SSP.




4.5.2. Geoaccumulation Index (Igeo)


The Igeo values for trace elements calculated with respect to the average global soil composition [34] and average reference soil composition are shown in Tables S7 and S8 respectively. Insight into the spatial variability of Igeo values is also provided, as shown in Figure 8 and discussed below. The Calculated Igeo values in the soil samples (Figure 8a, Table S7) based on the average world soil composition [34] around SSP classify the studied soils as uncontaminated to moderately contaminated with As; moderately contaminated with Co, Cu, Pb, and Sb; and moderately to heavily contaminated with Cr, Ni, and Zn. To the north of SSP, at a distance of 1000 m, based on Igeo, soils can be classified as uncontaminated to moderately contaminated with Th, V, Cu and As; moderately contaminated with Co, Zn and Tl; moderately to strongly contaminated with Cr and strongly contaminated with Ni. However, in the eastern direction of SSP, at a distance of 1000 m, soils can be classified as uncontaminated to moderately contaminated with Cu and V, moderately to heavily contaminated with Co, and heavily to extremely contaminated with Cr and Ni. The Calculated Igeo values of the soil samples in the west at 1000 m from SSP classify soils as uncontaminated to moderately contaminated with Sc, V, Cu, Zn, and As; moderately contaminated with Co, and heavily contaminated with Cr and Ni. The calculated Igeo values in the soil samples in the south at 1000 m from SSP classify soils as uncontaminated to moderately contaminated with V, Cu, Zn, Sb and As; moderately contaminated with Co and moderately to heavily contaminated with Cr and Ni. The average Igeo values in the southeast direction at 500 to 2000 m downwind from SSP describe soils as uncontaminated to moderately contaminated with Zn, As, and V; moderately contaminated with Co and Cu; moderately to strongly contaminated with Cr; and strongly contaminated with Ni. The average Igeo values in the southwestern direction at a distance of 500–2000 m from SSP describe the soils as uncontaminated to moderately contaminated with Sr, Th and Cu; moderately contaminated with Co; and moderately to strongly contaminated with Cr and Ni.



The Igeo values for trace elements, calculated based on the composition of the reference soils, showed that the soil in the vicinity of SSP is uncontaminated to moderately contaminated by Sb, Sn, Zn, Cd, Zr, Rb, Ba, Li, Cs, and Be (Igeo < 1) and moderately contaminated by Pb (Igeo <2). The average Igeo values were ranked as follows: Pb > Sb > Sn > Zn > Cd > Zr > Rb > Ba > Li > Cs > Be (Figure 8b, Table S8).



The results of the Igeo values of the studied REEs compared to the UUC [35] are shown in Figure 8c and in Table S9 and are based on the reference soil values of the sample (Figure 8d, Table S10). Compared to the UUC [35], the Igeo values of REE concentrations in soils near the plant’s warehouse and downwind at a distance of 1000–1500 m from SSP describe them as moderately to strongly contaminated with Dy and uncontaminated to moderately contaminated with Gd, Tb, and Y within and near the plant.





4.6. Principal Component Analysis (PCA)


To determine the sources controlling the element distribution in the studied soils, PCA was performed on the data set using concentrations of major and trace elements, including rare earths. The significance of the determined principal component factors was determined based on the calculated eigenvalues [76]. The first four PCs explained 82.0% of the total variability among the variables; the first component (PC1) contributed 42.7%, while the second (PC2), third (PC3), and fourth (PC4) components contributed 23.5, 9.5, and 6.3% of the total variance, respectively. The PCA factor loading for these first four PCs is shown in Table 9 and Figure 9. The Al, Li, K, Ti, and ∑REE had the highest positive PC1 loadings, while Ca had the highest negative PC1 loading, indicating that the composition of the soils is primarily determined by the geogenic sources, i.e., geochemistry of the background of the study area, which consists of carbonates and aluminosilicate minerals [77,78].



The Co, Cr, Mg, and Ni displayed the highest positive loading on PC2. Their common grouping indicates their common anthropogenic source. Khudhur et al. [31] previously reported elevated Cr, Co and Ni levels in soils near a steel plant in Erbil, while Reck et al. [79] reported that Ni is mainly used in alloyed form in a steel plant. Mg is also frequently found in elevated concentrations near steel mills because it is produced during iron and steel manufacturing [75]. For PC3, the highest positive loadings were found for Cu, Sn, Pb, and Zn, also suggesting their common origin. It is a group of elements originating from various anthropogenic sources, from transport to various industrial sources. Their separation from the other highly enriched elements in the soil around the Sulaimani steel plant suggests that they originate from somewhat different anthropogenic sources than those that primarily contribute to the high enrichment of Cr and Ni. This is also confirmed by the fact that the highest enrichments of the first and second groups of elements were not necessarily found in the same locations. Interestingly, Th exhibited the greatest influence on PC4, further confirming that the soils surrounding SSP are enriched in metals from multiple sources.





5. Conclusions


The geochemical features of the studied samples suggest that industrial activities at the Sulaimani Steel Plant (SSP) have led to the significantly high accumulation of heavy metals and rare earth elements (REE) in local soils. The latter is particularly emphasized downwind, highlighting their role in dispersing metal-rich particles from the steel plant into the environment. Elevated levels were observed for many elements, including Ti, Fe, Pb, Cr, Ni, Th, V, Co, Cu, Zn, TI, Sb, As, Sm, Eu, Gd and Tm, with the highest overall enrichment for Cr (EF up to 20.7), Ni (EF up to 14.2), Pb (EF up to 80.4) and Th (EF up to 50.4). Such enrichment levels indicate a high risk to soil and environmental health and potential adverse effects on human health, highlighting the need for continuous monitoring mechanisms and environmental management measures.
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Figure 1. (a) Location of Kurdistan Region in Iraq, (b) location map of the studied samples, (c) sampling sites at different distances from the Sulaimani Steel Plant (SSP), (d) sampling sites downwind from the SSP to a distance of 2000 m in the direction of SE. 
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Figure 2. Classification of the studied surface soil samples according to their grain size. (After diagram; USDA, 2006 [36]). 






Figure 2. Classification of the studied surface soil samples according to their grain size. (After diagram; USDA, 2006 [36]).



[image: Soilsystems 06 00086 g002]







[image: Soilsystems 06 00086 g003 550] 





Figure 3. Correlation coefficients according to Pearson between different element groups, the main oxides (a), the trace elements (b,d), the rare earths (c) and the clay or silt content in soil. 
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Figure 4. Upper-Continental Crust (UCC) normalized major oxide diagram for the studied samples. 
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Figure 5. Upper-Continental Crust (UCC) normalized trace elements diagram for the studied samples. 
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Figure 6. Spatial distribution of ΣREEs in soil samples (A1–A3; SS1–SS27), source rocks (SR1–SR3), and reference soils (CS1 and CS2). 
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Figure 7. Upper-Continental Crust (UCC) normalized REEs patterns for the studied samples. 






Figure 7. Upper-Continental Crust (UCC) normalized REEs patterns for the studied samples.



[image: Soilsystems 06 00086 g007]







[image: Soilsystems 06 00086 g008 550] 





Figure 8. Igeo for trace elements and REEs calculated based on average world soil data ((a,c) respectively) or average values in reference soils ((b,d) respectively). 
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Figure 9. PCA loadings plots: (a) PC1 vs. PC2, (b) PC2 vs. PC3. 
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Table 1. Instrumental conditions of the HR ICP-MS and data acquisition parameters for determination of selected elements.






Table 1. Instrumental conditions of the HR ICP-MS and data acquisition parameters for determination of selected elements.









	Parameters
	HR ICP-MS Operating Conditions





	RF power:
	1200 W



	Coolant Ar flow:
	15.5 L min−1



	Auxiliary Ar flow:
	0.85 L min−1



	Sample gas flow rate:
	1.063 L min−1



	Torch:
	Fassel type, 1.5 mm i.d.



	Nebulizer:
	Micro Mist, AR40-1-F02, 0.2 mL min−1 (Glass Expansion)



	Spray chamber:
	Twister, 50 mL, Cyclonic (Glass Expansion)



	Sample cone:
	Ni, 1.1 mm aperture i.d.



	Skimmer cone:
	Ni, 0.8 mm aperture i.d.



	Acquisition mode:
	E-scan



	No. Scans:
	20 (5 runs, 4 passes)



	Resolution:
	low (LR) = 300



	
	medium (MR) = 4000



	
	high (HR) = 10,000



	Calibration:
	External
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Table 2. Granulometric characteristics and physicochemical properties, organic matter (OM), and pH value in studied samples.
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	Sample
	% Sand
	% Silt
	% Clay
	OM
	pH





	A1
	25.9
	31.8
	42.3
	7.9
	7.4



	A2
	27.0
	29.9
	43.1
	9.3
	7.7



	A3
	20.1
	30.2
	49.8
	3.4
	7.9



	SS1
	8.1
	25.3
	66.7
	2.2
	8.9



	SS2
	8.3
	23.8
	67.9
	1.6
	8.9



	SS3
	17.5
	29.2
	53.2
	2.4
	8.9



	SS2
	8.3
	23.8
	67.9
	1.6
	8.9



	SS3
	17.5
	29.2
	53.2
	2.4
	8.9



	SS4
	25.5
	24.3
	50.2
	1.6
	8.9



	SS5
	47.7
	31.6
	20.7
	0.3
	8.7



	SS6
	9.9
	27.6
	62.5
	7.5
	8.2



	SS7
	28.4
	26.2
	45.4
	8.5
	8.6



	SS8
	40.5
	29.7
	29.8
	1.8
	8.7



	SS9
	15.7
	41.4
	42.9
	6.2
	8.3



	SS10
	1.3
	25.3
	73.4
	5.5
	8.4



	SS11
	39.9
	27.4
	32.7
	5.1
	8.5



	SS12
	14.7
	26.0
	59.2
	6.5
	8.3



	SS13
	4.9
	25.1
	69.9
	7.8
	8.2



	SS14
	4.8
	20.6
	74.6
	6.3
	8.3



	SS15
	17.0
	27.0
	56.0
	5.3
	8.4



	SS16
	18.3
	28.1
	53.7
	4.6
	8.7



	SS17
	17.6
	28.6
	53.8
	2.3
	8.9



	SS18
	30.6
	18.6
	50.8
	1.5
	9.0



	SS19
	13.9
	30.5
	55.6
	1.9
	8.8



	SS20
	30.5
	19.6
	50.0
	1.2
	8.7



	SS21
	14.4
	23.2
	62.3
	3.1
	8.3



	SS22
	5.9
	24.2
	70.0
	9.3
	8.0



	SS23
	2.6
	20.6
	76.8
	6.5
	8.0



	SS24
	4.2
	42.7
	53.1
	7.5
	8.1



	SS25
	21.5
	37.3
	41.2
	5.4
	8.5



	SS26
	7.4
	31.5
	61.1
	8.6
	8.3



	SS27
	28.2
	28.8
	43.0
	5.8
	8.8



	CS1
	2.9
	9.9
	87.2
	4.6
	7.7



	CS2
	15.7
	57.1
	27.2
	4.4
	7.9



	SR1
	_
	_
	_
	0.5
	9.9



	SR2
	88.6
	8.3
	3.2
	0.4
	9.4



	SR3
	88.9
	6.0
	5.1
	2.7
	8.4



	Average
	22.0
	27.0
	51.0
	4.6
	8.5
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Table 3. Quantitative mineral composition of fraction < 2 mm of the investigated samples.
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Non Clay Minerals (%)

	
Clay Minerals (%)




	
Sample

	
Cal

	
Q

	
Ser

	
Fel

	
Clin

	
Py

	
He

	
Gy

	
Cha

	
Do

	
Mag

	
Mon

	
Ill

	
Pal

	
Chl






	
A1

	
51.8

	
13.5

	
4.4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.5

	
10.2

	
-

	
-




	
A2

	
48.7

	
17.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
20.9

	
12.4

	
-

	
-




	
A3

	
11.7

	
13.5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
26.6

	
10.7

	
-

	
-




	
SS1

	
27.3

	
16.8

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
28.5

	
14.0

	
12.2

	
-




	
SS2

	
23.7

	
25.3

	
14.0

	
6.6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
29.0

	

	
-

	
-




	
SS3

	
53.0

	
18.9

	
-

	
-

	
7.7

	
-

	
-

	
-

	
-

	
-

	
-

	
11.6

	
8.2

	
-

	
-




	
SS4

	
60.4

	
13.6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.2

	
10.0

	
-

	
-




	
SS5

	
57.9

	
13.3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
24.3

	
3.5

	
-

	
-




	
SS6

	
12.3

	
21.1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
9.0

	
23.9

	
17.1

	
19.0

	
-




	
SS7

	
41.1

	
16.9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
12.6

	
28.4

	
-




	
SS8

	
49.3

	
14.2

	
6.1

	
11.6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
17.7

	
-

	
-

	
-




	
SS9

	
38.5

	
7.9

	
-

	
-

	
17.3

	
11.1

	
-

	
-

	
-

	
-

	
-

	
10.3

	
13.6

	
-

	
-




	
SS10

	
-

	
25.7

	
9.4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
42.0

	
16.9

	
-

	
-




	
SS11

	
29.9

	
25.9

	
28.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
8.0

	
7.5

	
-

	
-




	
SS12

	
26.6

	
23.1

	
-

	
-

	
-

	
10.8

	
-

	
-

	
-

	
-

	
-

	
23.2

	
15.2

	
-

	
-




	
SS13

	
4.8

	
19.0

	
9.3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
43.1

	
17.7

	
-

	
-




	
SS14

	
-

	
31.2

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
40.2

	
12.3

	
14.6

	
-




	
SS15

	
32.1

	
23.7

	
-

	
16.4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
21.5

	
-

	
-

	
4.1




	
SS16

	
30.9

	
26.7

	
-

	
-

	
-

	
8.1

	
-

	
-

	
-

	
-

	
-

	
12.6

	
16.0

	
-

	
-




	
SS17

	
37.1

	
16.5

	
9.8

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
15.7

	
12.6

	
-

	
-




	
SS18

	
39.9

	
14.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
46.0

	
-

	
-

	
-




	
SS19

	
21.8

	
13.7

	
17.0

	
6.3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
35.9

	
-

	
-

	
-




	
SS20

	
27.8

	
3.5

	
17.0

	
-

	
-

	
12.0

	
-

	
-

	
8.2

	
-

	
-

	
31.0

	
-

	
-

	
-




	
SS21

	
31.0

	
20.0

	
14.9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
26.0

	
6.8

	
-

	
-




	
SS22

	
-

	
19.7

	
6.5

	
-

	
-

	
18.0

	
-

	
-

	
-

	
-

	
-

	
34.1

	
20.1

	
-

	
-




	
SS23

	
4.8

	
17.0

	
4.8

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
45.1

	
20.8

	
-

	
-




	
SS24

	
14.3

	
21.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
42.2

	
18.1

	
-

	
-




	
SS25

	
49.1

	
14.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
22.2

	
13.3

	
-

	
-




	
SS26

	
20.5

	
14.5

	
-

	
-

	
5.8

	
4.6

	
-

	
-

	
-

	
-

	
-

	
32.4

	
20.5

	
-

	
-




	
SS27

	
44.9

	
11.9

	
-

	
19.6

	
-

	
-

	
3.5

	
0.5

	
-

	
-

	
-

	
18.1

	
-

	
-

	
-




	
CS1

	
-

	
11.6

	
-

	
8.2

	
12.3

	
-

	
-

	
-

	
-

	
-

	
-

	
67.0

	
-

	
-

	
-




	
CS2

	
51.7

	
8.9

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
30.4

	
7.2

	
-

	
-




	
SR1

	
94.7

	
2.5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
1.6

	
-

	
-

	
-

	
-

	
-




	
SR2

	
37.9

	
3.1

	
34.6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
20.9

	
2.7

	
-

	
-




	
SR3

	
-

	
13.6

	
36.3

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
38.0

	
10.7

	
-

	
-








Ca: Calcite, Q: Quartz, Ser: Serpentine, Fel: Feldspar, Cli: Clinochlore, Py: Pyroxene, He: Hematite, Gy: Gypsum, Cha: Chapazite, Do: Dolomite, Mag: Magnesiohoreblende, Mont: Montmorillonite, Ill: Illite, Paly: Palygorskite, Chl: Chlorite. -: (no quantitative value is assigned to -) not determined.
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Table 4. Major oxides (wt.%) concentrations of the soils and source rocks in the study area.
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	Sample
	SiO2
	Al2O3
	Na2O
	MgO
	K2O
	TiO2
	MnO
	CaO
	P2O5
	Fe2O3
	SO3
	LOI
	Total
	Al2O3/TiO2





	A1
	26.7
	5.77
	0.07
	2.55
	0.99
	0.34
	0.08
	31.2
	0.13
	3.39
	0.21
	28.4
	99.8
	17.0



	A2
	28.7
	6.59
	0.09
	2.89
	1.12
	0.37
	0.07
	27.3
	0.11
	3.51
	0.25
	28.8
	99.8
	17.8



	A3
	34.1
	8.23
	0.13
	2.82
	1.14
	0.50
	0.09
	22.0
	0.16
	3.94
	0.18
	26.3
	99.5
	16.5



	SS1
	41.9
	9.56
	0.11
	5.48
	1.26
	0.66
	0.12
	15.3
	0.10
	5.60
	0.15
	19.5
	99.7
	14.5



	SS2
	41.3
	9.13
	0.07
	6.11
	1.12
	0.68
	0.12
	13.2
	0.10
	5.80
	0.21
	21.7
	99.5
	13.4



	SS3
	26.1
	6.05
	0.04
	3.38
	0.74
	0.34
	0.06
	29.7
	0.09
	3.78
	0.01
	29.6
	99.9
	17.8



	SS4
	24.1
	5.67
	0.02
	2.51
	0.91
	0.32
	0.05
	33.8
	0.09
	3.37
	0.08
	28.9
	99.8
	17.7



	SS5
	22.8
	3.56
	0.01
	5.95
	0.32
	0.18
	0.06
	32.4
	0.07
	3.82
	0.16
	30.4
	99.8
	19.8



	SS6
	45.1
	12.1
	0.04
	3.80
	1.51
	0.93
	0.15
	7.5
	0.17
	6.39
	0.14
	21.8
	99.6
	13.0



	SS7
	29.9
	7.86
	0.13
	3.02
	1.15
	0.44
	0.07
	25.6
	0.12
	3.87
	0.20
	27.5
	99.9
	17.9



	SS8
	25.6
	6.80
	0.21
	2.11
	0.70
	0.54
	0.14
	33.6
	0.19
	4.69
	0.28
	25.0
	99.9
	12.6



	SS9
	31.0
	8.69
	0.08
	3.46
	1.23
	0.46
	0.08
	24.0
	0.24
	3.58
	0.19
	26.9
	99.9
	18.9



	SS10
	52.2
	15.2
	0.06
	4.11
	1.53
	1.25
	0.18
	2.49
	0.13
	7.82
	0.13
	14.8
	99.8
	12.2



	SS11
	33.6
	5.31
	0.01
	12.2
	0.68
	0.34
	0.09
	18.6
	0.10
	4.94
	0.11
	23.7
	99.7
	15.6



	SS12
	39.2
	9.12
	0.08
	4.72
	1.38
	0.61
	0.11
	16.6
	0.11
	5.34
	0.20
	22.4
	99.8
	15.0



	SS13
	48.7
	14.3
	0.06
	4.06
	1.60
	1.11
	0.17
	5.34
	0.14
	7.09
	0.04
	17.1
	99.7
	12.9



	SS14
	51.2
	11.6
	0.04
	6.56
	1.11
	1.00
	0.19
	2.95
	0.14
	8.03
	0.10
	16.8
	99.8
	11.6



	SS15
	39.2
	8.22
	1.12
	5.84
	1.29
	0.54
	0.10
	19.7
	0.10
	4.36
	0.19
	22.1
	102.6
	15.2



	SS16
	38.8
	9.16
	0.20
	3.69
	1.45
	0.59
	0.09
	19.2
	0.33
	4.36
	0.14
	21.8
	99.9
	15.5



	SS17
	35.6
	7.54
	0.10
	5.16
	1.17
	0.48
	0.09
	21.7
	0.11
	4.73
	0.07
	23.1
	99.8
	15.7



	SS18
	34.9
	5.44
	0.06
	10.8
	0.56
	0.35
	0.08
	25.1
	0.07
	5.37
	0.08
	16.9
	99.7
	15.5



	SS19
	36.9
	7.11
	0.04
	9.12
	1.06
	0.49
	0.10
	17.4
	0.10
	5.44
	0.04
	21.7
	99.5
	14.5



	SS20
	34.1
	6.09
	0.01
	8.90
	0.74
	0.42
	0.10
	19.4
	0.08
	5.30
	0.07
	24.6
	99.8
	14.5



	SS21
	38.4
	6.97
	0.01
	8.14
	0.98
	0.48
	0.09
	16.3
	0.10
	5.90
	0.14
	22.2
	99.8
	14.5



	SS22
	49.3
	13.4
	0.14
	4.42
	1.82
	0.99
	0.16
	4.04
	0.16
	6.54
	0.32
	18.5
	99.8
	13.6



	SS23
	49.8
	15.3
	0.08
	4.18
	1.89
	1.13
	0.17
	3.72
	0.14
	7.64
	0.15
	15.7
	99.8
	13.6



	SS24
	48.0
	14.5
	0.13
	4.31
	1.64
	1.05
	0.16
	5.28
	0.17
	7.04
	0.45
	17.1
	99.8
	13.8



	SS25
	29.5
	8.08
	0.14
	2.60
	1.20
	0.48
	0.08
	27.1
	0.14
	3.72
	0.03
	26.8
	99.9
	16.8



	SS26
	47.0
	13.5
	0.15
	4.04
	1.86
	1.07
	0.17
	6.76
	0.20
	6.62
	0.07
	18.4
	99.8
	12.7



	SS27
	33.0
	9.04
	0.13
	3.33
	1.25
	0.52
	0.09
	28.1
	0.19
	4.17
	0.22
	19.8
	99.9
	17.4



	CS1
	50.6
	15.4
	0.06
	3.88
	1.39
	1.11
	0.16
	3.54
	0.09
	7.88
	0.07
	15.5
	99.7
	13.9



	CS2
	26.9
	5.02
	0.07
	3.60
	0.66
	0.32
	0.06
	30.3
	0.11
	3.99
	0.22
	28.5
	99.8
	15.7



	SR1
	2.50
	0.04
	0.01
	0.35
	0.01
	0.02
	0.01
	53.5
	0.01
	0.83
	0.13
	42.5
	99.9
	2.00



	SR2
	28.2
	2.96
	0.04
	18.5
	0.25
	0.19
	0.26
	21.2
	0.04
	4.49
	0.01
	23.5
	99.7
	15.6



	SR3
	45.6
	7.64
	0.01
	16.3
	0.97
	0.71
	0.08
	6.56
	0.09
	8.53
	0.09
	13.2
	99.8
	10.8



	Average
	36.3
	8.60
	0.11
	5.51
	1.11
	0.60
	0.11
	19.2
	0.13
	5.20
	0.15
	22.9
	99.8
	14.3
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Table 5. Rare earth element composition (in mg kg−1) of the studied samples.
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	Sample
	Y
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Ho
	Er
	Tm
	Yb
	Lu





	SS1
	20.7
	25.1
	50.6
	6.18
	23.5
	4.88
	1.04
	4.33
	0.60
	3.73
	0.79
	2.22
	0.31
	2.07
	0.31



	SS2
	20.2
	24.9
	49.4
	6.26
	23.9
	4.90
	1.10
	4.02
	0.61
	3.76
	0.75
	2.07
	0.31
	1.96
	0.30



	SS3
	13.5
	16.0
	32.2
	3.91
	15.6
	3.03
	0.68
	2.62
	0.40
	2.48
	0.51
	1.45
	0.23
	1.26
	0.20



	SS4
	14.1
	16.8
	34.3
	4.16
	15.9
	3.27
	0.71
	2.96
	0.42
	2.55
	0.52
	1.52
	0.22
	1.32
	0.21



	SS5
	6.03
	6.97
	12.9
	1.62
	6.54
	1.30
	0.32
	1.19
	0.18
	1.06
	0.22
	0.66
	0.10
	0.57
	0.09



	SS6
	28.1
	32.3
	68.0
	8.37
	31.5
	6.67
	1.46
	5.51
	0.85
	5.10
	1.09
	2.82
	0.41
	2.71
	0.40



	SS7
	20.8
	24.7
	48.9
	6.07
	23.5
	4.91
	1.01
	4.00
	0.59
	3.74
	0.77
	1.99
	0.31
	1.91
	0.30



	SS8
	8.17
	9.05
	16.8
	2.12
	8.42
	1.85
	0.43
	1.52
	0.23
	1.44
	0.28
	0.86
	0.12
	0.69
	0.11



	SS9
	19.9
	24.3
	49.9
	6.02
	23.0
	4.70
	1.01
	4.17
	0.58
	3.59
	0.75
	2.09
	0.33
	1.85
	0.28



	SS10
	27.0
	32.9
	67.9
	8.61
	33.3
	6.83
	1.46
	6.45
	0.87
	5.22
	1.09
	2.99
	0.44
	2.75
	0.42



	SS11
	11.7
	13.5
	25.3
	3.27
	12.2
	2.83
	0.63
	2.19
	0.33
	2.19
	0.48
	1.25
	0.19
	1.10
	0.18



	SS12
	21.4
	25.6
	51.4
	6.29
	23.7
	4.91
	1.10
	4.20
	0.66
	4.01
	0.82
	2.26
	0.34
	2.16
	0.33



	SS13
	26.7
	31.4
	66.4
	8.21
	31.5
	6.99
	1.48
	5.81
	0.83
	4.99
	1.07
	2.87
	0.42
	2.81
	0.38



	SS14
	17.9
	21.7
	47.6
	5.56
	21.0
	4.39
	1.04
	3.76
	0.56
	3.41
	0.74
	2.03
	0.30
	1.88
	0.26



	SS15
	20.1
	24.4
	49.9
	6.07
	23.7
	4.98
	1.07
	4.23
	0.63
	3.76
	0.79
	2.09
	0.32
	2.02
	0.31



	SS16
	21.1
	25.6
	52.2
	6.36
	24.4
	5.02
	1.12
	4.47
	0.65
	3.97
	0.80
	2.25
	0.32
	1.99
	0.31



	SS17
	17.4
	20.4
	41.5
	5.11
	19.7
	4.17
	0.89
	3.45
	0.53
	3.24
	0.67
	1.93
	0.28
	1.65
	0.26



	SS18
	9.1
	10.8
	21.0
	2.57
	9.84
	1.99
	0.52
	1.92
	0.27
	1.67
	0.35
	0.91
	0.15
	0.88
	0.14



	SS19
	14.6
	17.5
	35.4
	4.51
	16.8
	3.50
	0.78
	3.10
	0.47
	2.76
	0.56
	1.67
	0.24
	1.44
	0.23



	SS20
	12.4
	15.0
	31.3
	3.67
	14.0
	2.74
	0.69
	2.66
	0.38
	2.28
	0.48
	1.42
	0.20
	1.30
	0.21



	SS21
	13.9
	16.2
	31.5
	3.95
	14.7
	3.07
	0.75
	2.73
	0.41
	2.52
	0.54
	1.46
	0.23
	1.31
	0.22



	SS22
	30.4
	38.3
	77.8
	9.54
	36.1
	7.55
	1.66
	6.56
	0.98
	5.63
	1.17
	3.29
	0.50
	3.03
	0.47



	SS23
	30.8
	39.3
	80.6
	9.81
	37.8
	7.69
	1.65
	6.46
	0.95
	5.62
	1.22
	3.28
	0.48
	3.16
	0.49



	SS24
	30.8
	40.4
	81.4
	10.0
	37.8
	7.82
	1.76
	6.86
	0.91
	5.79
	1.23
	3.42
	0.47
	3.09
	0.46



	SS25
	19.7
	25.5
	52.1
	6.35
	24.3
	4.93
	1.10
	3.94
	0.62
	3.68
	0.75
	2.14
	0.31
	2.14
	0.31



	SS26
	30.3
	39.4
	80.0
	9.71
	36.9
	7.85
	1.69
	6.68
	0.93
	5.65
	1.19
	3.35
	0.48
	2.91
	0.46



	SS27
	19.4
	24.0
	48.8
	6.07
	23.4
	4.75
	1.06
	4.16
	0.58
	3.56
	0.74
	2.05
	0.30
	1.85
	0.30



	SR1
	1.59
	1.00
	1.45
	0.20
	0.85
	0.16
	0.04
	0.19
	0.03
	0.19
	0.04
	0.12
	0.02
	0.06
	0.01



	SR2
	7.42
	7.54
	12.0
	1.36
	5.38
	1.06
	0.33
	1.09
	0.15
	1.10
	0.24
	0.63
	0.09
	0.54
	0.08



	SR3
	11.7
	15.1
	27.6
	3.27
	12.9
	2.64
	0.67
	2.19
	0.35
	2.12
	0.45
	1.30
	0.20
	1.32
	0.19



	CS1
	28.1
	34.9
	69.7
	8.61
	33.1
	6.82
	1.56
	5.72
	0.87
	5.29
	1.11
	3.11
	0.44
	2.95
	0.44



	CS2
	12.1
	15.1
	29.3
	3.57
	14.0
	2.79
	0.68
	2.44
	0.34
	2.21
	0.46
	1.36
	0.20
	1.27
	0.17



	A1
	14.9
	18.7
	37.2
	4.62
	17.6
	3.56
	0.80
	3.19
	0.45
	2.79
	0.58
	1.58
	0.24
	1.44
	0.23



	A2
	16.4
	20.8
	41.1
	5.14
	18.9
	4.11
	0.94
	3.33
	0.51
	3.11
	0.61
	1.75
	0.28
	1.59
	0.24



	A3
	20.0
	24.6
	50.4
	6.11
	24.0
	4.97
	1.06
	4.17
	0.61
	3.70
	0.80
	2.20
	0.32
	2.07
	0.30



	Min
	1.59
	1.00
	1.45
	0.20
	0.85
	0.16
	0.04
	0.19
	0.03
	0.19
	0.04
	0.12
	0.02
	0.06
	0.01



	Max
	30.8
	40.4
	81.4
	10.0
	37.8
	7.85
	1.76
	6.86
	0.98
	5.79
	1.23
	3.42
	0.50
	3.16
	0.49



	Average
	18.2
	22.3
	45.0
	5.52
	21.2
	4.39
	0.98
	3.78
	0.55
	3.37
	0.70
	1.95
	0.29
	1.80
	0.27



	SD
	7.61
	9.83
	20.63
	2.54
	9.63
	2.02
	0.42
	1.72
	0.24
	1.45
	0.31
	0.83
	0.12
	0.79
	0.12



	RSD
	41.7
	44.2
	45.9
	45.9
	45.6
	46.1
	43.2
	45.5
	44.2
	43.0
	43.5
	42.7
	41.7
	44.1
	43.4
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Table 6. Calculated anomalies and fractionation indices for REEs in studied samples.
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	Sample
	∑REEs
	∑REY
	∑LREE
	∑HREE
	∑LREE/∑HREE
	Eu/Eu *
	Ce/Ce *
	(La/Yb)UCC
	(La/Nd)UCC
	(Er/Nd)UCC





	SS1
	101
	146
	116
	10.0
	11.5
	0.98
	0.96
	0.78
	0.93
	1.11



	SS2
	99.4
	144
	114
	9.8
	11.7
	1.07
	0.93
	0.82
	0.91
	1.01



	SS3
	64.7
	94.2
	74.1
	6.5
	11.4
	1.05
	0.96
	0.82
	0.89
	1.09



	SS4
	68.1
	99.0
	78.1
	6.8
	11.5
	0.98
	0.97
	0.82
	0.92
	1.12



	SS5
	26.7
	39.8
	30.8
	2.9
	10.7
	1.12
	0.90
	0.79
	0.93
	1.18



	SS6
	135
	195
	154
	13.4
	11.5
	1.04
	0.97
	0.77
	0.89
	1.05



	SS7
	98.0
	143
	113
	9.6
	11.8
	0.99
	0.94
	0.83
	0.91
	0.99



	SS8
	34.9
	52.1
	40.2
	3.7
	10.8
	1.11
	0.90
	0.84
	0.94
	1.20



	SS9
	98.4
	143
	113
	9.5
	12.0
	0.99
	0.97
	0.85
	0.92
	1.07



	SS10
	138
	198
	158
	13.8
	11.4
	0.95
	0.95
	0.77
	0.86
	1.05



	SS11
	52.1
	77.3
	59.9
	5.7
	10.5
	1.10
	0.90
	0.79
	0.96
	1.20



	SS12
	102
	149
	117
	10.6
	11.1
	1.05
	0.95
	0.76
	0.94
	1.12



	SS13
	134
	192
	152
	13.4
	11.4
	1.00
	0.97
	0.72
	0.87
	1.07



	SS14
	92.5
	132
	105
	9.2
	11.5
	1.11
	1.02
	0.74
	0.90
	1.13



	SS15
	99.9
	144
	114
	9.9
	11.5
	1.01
	0.97
	0.78
	0.89
	1.03



	SS16
	104
	151
	119
	10.3
	11.6
	1.02
	0.96
	0.83
	0.92
	1.08



	SS17
	83.4
	121
	95.2
	8.55
	11.1
	1.02
	0.96
	0.80
	0.90
	1.15



	SS18
	42.2
	62.1
	48.6
	4.36
	11.2
	1.16
	0.94
	0.79
	0.95
	1.09



	SS19
	71.5
	104
	81.6
	7.37
	11.1
	1.02
	0.94
	0.78
	0.90
	1.16



	SS20
	61.3
	88.7
	70.0
	6.26
	11.2
	1.12
	1.00
	0.74
	0.93
	1.20



	SS21
	63.4
	93.5
	72.9
	6.68
	10.9
	1.13
	0.93
	0.79
	0.96
	1.16



	SS22
	154
	223
	177
	15.1
	11.8
	1.02
	0.96
	0.81
	0.92
	1.07



	SS23
	159
	229
	183
	15.2
	12.1
	1.01
	0.97
	0.80
	0.90
	1.02



	SS24
	161
	232
	186
	15.4
	12.1
	1.04
	0.95
	0.84
	0.93
	1.06



	SS25
	103
	148
	118
	10.0
	11.9
	1.08
	0.96
	0.77
	0.91
	1.03



	SS26
	158
	228
	182
	15.0
	12.2
	1.01
	0.96
	0.87
	0.93
	1.07



	SS27
	97.6
	141
	112
	9.38
	12.0
	1.03
	0.95
	0.84
	0.90
	1.03



	SR1
	3.36
	5.96
	3.89
	0.47
	8.28
	0.99
	0.76
	1.16
	1.02
	1.69



	SR2
	24.1
	39.0
	28.8
	2.82
	10.2
	1.34
	0.89
	0.90
	1.22
	1.37



	SR3
	55.1
	81.9
	64.3
	5.92
	10.9
	1.21
	0.92
	0.74
	1.02
	1.18



	CS1
	140
	203
	160
	14.2
	11.3
	1.08
	0.95
	0.76
	0.92
	1.10



	CS2
	58.8
	86.0
	67.9
	6.01
	11.3
	1.13
	0.94
	0.77
	0.93
	1.14



	A1
	74.3
	108
	85.7
	7.30
	11.7
	1.03
	0.94
	0.84
	0.92
	1.05



	A2
	81.6
	119
	94.3
	8.10
	11.6
	1.10
	0.94
	0.84
	0.96
	1.09



	A3
	101
	145
	115
	10.0
	11.5
	1.01
	0.97
	0.77
	0.89
	1.08



	min
	3.36
	5.96
	3.89
	0.47
	8.28
	0.95
	0.76
	0.72
	0.86
	0.99



	max
	161
	232
	186
	15.4
	12.2
	1.34
	1.02
	1.16
	1.22
	1.22



	avg
	89.7
	130
	103
	8.94
	11.3
	1.06
	0.94
	0.81
	0.93
	0.93



	stdev
	40.8
	58.2
	46.8
	3.86
	0.70
	0.08
	0.04
	0.07
	0.06
	0.06



	RSD
	45.5
	44.7
	45.4
	43.2
	6.20
	7.08
	4.38
	9.02
	6.51
	6.51







ΣREE—sum of all rare earth element concentrations without Y element; ΣREY—sum of all rare earth element concentrations with Y element; ΣLREE/ΣHREE—ratio of sum of light rare earth and heavy rare earth element concentrations; Eu/Eu *—europium anomaly (Eu/Eu * = EuUCC/(SmUCC × GdUCC)); Ce/Ce *—cerium anomaly (Ce/Ce * = CeUCC/(LaUCC × PrUCC)0.5); (La/Yb)UCC—ratio of normalized La and Yb concentrations; (La/Nd)UCC—ratio of normalized La and Nd concentrations; (Er/Nd)UCC—ratio of normalized Er and Nd concentrations.
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Table 7. Pearson’s correlation coefficients between major oxides, trace and rare earth elements and organic matter (OM) and pH in studied soil samples (N = number of samples).
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	N = 32
	SiO2
	Al2O3
	Na2O
	MgO
	K2O
	TiO2
	MnO
	CaO
	P2O5
	Fe2O3
	SO3
	LOI
	
	
	





	OM
	0.39
	0.53
	0.10
	−0.37
	0.67
	0.47
	0.38
	−0.40
	0.38
	0.22
	0.35
	−0.22
	
	
	



	PH
	−0.23
	−0.33
	−0.01
	0.33
	−0.34
	−0.30
	−0.25
	0.26
	−0.09
	−0.17
	−0.35
	0.04
	
	
	



	N = 32
	Rb
	Ba
	Li
	Cs
	Be
	Sr
	Th
	U
	Zr
	P
	Sc
	V
	Cr
	Co
	



	OM
	0.69
	0.70
	0.58
	0.67
	0.69
	−0.43
	−0.04
	0.65
	0.64
	0.63
	0.43
	0.49
	−0.46
	−0.35
	



	PH
	−0.54
	−0.52
	−0.49
	−0.53
	−0.50
	0.63
	−0.25
	−0.45
	−0.49
	−0.41
	−0.52
	−0.54
	0.13
	0.02
	



	N = 32
	Ni
	Cu
	Cd
	Zn
	Mo
	Pb
	TI
	Bi
	Sn
	Sb
	As
	S
	Cl
	
	



	OM
	−0.53
	0.33
	0.09
	−0.08
	0.71
	0.12
	0.10
	0.21
	0.13
	0.24
	0.56
	0.26
	−0.21
	
	



	PH
	0.22
	−0.55
	0.06
	−0.05
	−0.59
	−0.44
	−0.06
	−0.28
	−0.34
	−0.51
	−0.50
	−0.28
	0.19
	
	



	N = 32
	La
	Ce
	Pr
	Nd
	Sm
	Eu
	Gd
	Tb
	Dy
	Y
	Ho
	Er
	Tm
	Yb
	Lu



	OM
	0.66
	0.66
	0.66
	0.65
	0.67
	0.66
	0.64
	0.65
	0.66
	0.65
	0.65
	0.63
	0.67
	0.63
	0.63



	PH
	−0.40
	−0.39
	−0.39
	−0.38
	−0.39
	−0.41
	−0.37
	−0.38
	−0.38
	−0.38
	−0.39
	−0.39
	−0.41
	−0.41
	−0.38
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Table 8. Pearson’s correlation coefficients for major oxides in studied samples.
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	SiO2
	Al2O3
	Na2O
	MgO
	K2O
	TiO2
	MnO
	CaO
	P2O5
	Fe2O3
	SO3





	SiO2
	1
	
	
	
	
	
	
	
	
	
	



	Al2O3
	0.889 **
	1
	
	
	
	
	
	
	
	
	



	Na2O
	0.086
	0.080
	1
	
	
	
	
	
	
	
	



	MgO
	0.164
	−0.232
	−0.114
	1
	
	
	
	
	
	
	



	K2O
	0.794
	0.909 **
	0.205
	−0.319
	1
	
	
	
	
	
	



	TiO2
	0.906
	0.973 **
	0.039
	−0.135
	0.837 **
	1
	
	
	
	
	



	MnO
	0.671 **
	0.612 **
	0.009
	0.306
	0.426 *
	0.669 **
	1
	
	
	
	



	CaO
	−0.980 **
	−0.855 **
	−0.006
	−0.255
	−0.740 **
	−0.887 **
	−0.72 **
	1
	
	
	



	P2O5
	0.335 *
	0.467 **
	0.132
	−0.365 *
	0.599 **
	0.382 *
	0.151
	−0.262
	1
	
	



	Fe2O3
	0.925 **
	0.777 **
	−0.096
	0.323
	0.585 **
	0.857 **
	0.675 **
	−0.936 **
	0.131
	1
	



	SO3
	0.063
	0.191
	0.206
	−0.357 *
	0.257
	0.139
	−0.026
	−0.019
	0.317
	−0.026
	1



	LOI
	−0.927 **
	−0.759 **
	−0.065
	−0.361 *
	−0.637 **
	−0.790 **
	−0.65 **
	0.890 **
	−0.268
	−0.91 **
	0.003







** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed).
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Table 9. PCA factor loadings for elements in studied samples.
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Components




	
Metals

	
1

	
2

	
3

	
4






	
Li

	
0.97

	
0.09

	
0.01

	
−0.07




	
Th

	
−0.23

	
−0.22

	
0.38

	
0.77




	
P

	
0.63

	
−0.28

	
−0.15

	
0.23




	
V

	
0.86

	
0.23

	
0.11

	
0.27




	
Cr

	
−0.41

	
0.76

	
0.32

	
0.26




	
Co

	
−0.13

	
0.87

	
0.40

	
0.07




	
Ni

	
−0.42

	
0.82

	
0.36

	
0.00




	
Cu

	
0.49

	
−0.11

	
0.61

	
−0.01




	
Cd

	
−0.06

	
−0.79

	
0.23

	
−0.39




	
Zn

	
−0.07

	
−0.55

	
0.60

	
−0.43




	
Mo

	
0.78

	
−0.44

	
0.12

	
0.05




	
Pb

	
−0.02

	
−0.50

	
0.57

	
0.23




	
Sn

	
0.14

	
−0.57

	
0.67

	
−0.12




	
As

	
0.83

	
−0.22

	
0.01

	
0.22




	
Cl

	
−0.12

	
0.21

	
0.07

	
−0.38




	
Si

	
0.89

	
0.41

	
0.12

	
−0.05




	
Al

	
0.98

	
0.06

	
−0.08

	
−0.02




	
Mg

	
−0.26

	
0.82

	
0.25

	
−0.20




	
K

	
0.96

	
−0.13

	
−0.06

	
0.02




	
Ti

	
0.95

	
0.17

	
−0.07

	
−0.08




	
Mn

	
0.57

	
0.45

	
0.02

	
−0.20




	
Ca

	
−0.85

	
−0.47

	
−0.13

	
0.08




	
Fe

	
0.74

	
0.58

	
0.15

	
−0.13




	
ΣREEs

	
0.97

	
−0.15

	
−0.09

	
0.04




	
Eigenvalue

	
10.25

	
5.65

	
2.28

	
1.51




	
% Total Variance

	
42.7

	
23.5

	
9.49

	
6.27




	
Cumulative %

Variance

	
42.7

	
66.2

	
75.7

	
82.0








PCA factor loadings > 0.6 are presented in bold.
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