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Abstract

:

Soil plays an important role in the accumulation and transport of potentially toxic elements (PTEs), from surface into aquifer. PTEs can get to the environment naturally, but also from different kinds of contamination sources. In this study, a soil profile located in the vicinity of well field Petruševec, one of the most important well fields related to the public water supply of the City of Zagreb, was analyzed. The main aim of this study was to determine soil properties which can influence retention/mobilization of Ni and Cr in alluvial soil, as well as to define their origin in the investigated soil profile. Results suggest that Cr is geogenic, while Ni is probably of dominantly anthropogenic origin. Observed concentrations, enrichment factors and Igeo values showed no enrichment for Cr, while for Ni, they showed minor to very severe enrichment, i.e., that in some soil horizons, moderate to strong pollution exists. Evaluation of wind directions and location of possible contamination sources that prevail in the study area suggest that Ni can come by aerodeposition from different sources. Results showed that mineral composition can have important influence on retention of analyzed PTEs. Soil horizons, which have very high concentrations of Ni, in general have higher proportion of clay minerals, especially chlorites, as well as Fe oxyhydroxides which can act as an adsorption phase for the investigated PTEs. Results suggest that more detailed research about the investigated PTEs presents a necessity if measures for soil and groundwater protection want to be effectively implemented.
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1. Introduction


Soil plays an important role in a substance’s circulation in nature, including potentially toxic elements (PTEs). The accumulation of PTEs in the soil, and their transport through soil into the aquifer, is a serious problem in the preservation of the soil and groundwater which is used for human consumption. PTEs can get to the environment naturally, for example from geogenic sources such as parent materials, and can be anthropogenically induced from different kinds of contamination sources.



The parent material largely influences PTE content in many soil types, with concentrations sometimes exceeding the critical values [1,2]. Some PTEs, such as Ni, Cr and Mn, may be contained as trace elements in some rock types of volcanic and metamorphic origin [3]. In general, minerals, which are carriers of Ni and Cr, can be divided into two groups: (i) primary—originating from the parent rock, and (ii) secondary—formed in the soil as a result of weathering of primary minerals. Primary minerals were formed under magmatic or metamorphic conditions, and these are olivines, pyroxenes, minerals from the spinel and serpentine groups, and to a lesser extent, sulfides. The second group includes clay minerals as well as minerals belonging to iron and manganese oxyhydroxides, in which Ni and Cr may occur in both the crystal structure and in the form adsorbed on the surface [4].



During weathering processes, the primary crystalline structures of some rock minerals are completely broken, and relevant chemical elements may be thus either adsorbed in the topsoil or transported towards surface water or groundwater [5].



Exploration of chromium (Cr) and nickel (Ni) concentrations are also very important because both can be carcinogenic via inhalation [6,7]. Chromium may also be carcinogenic if ingested [7,8]. Nickel occurs predominantly as Ni (II) in natural settings and Cr is present as both Cr (III) and Cr (VI). In ultramafic rocks, Cr is present as Cr (III) which has relatively low toxicity and is relatively insoluble and immobile at neutral to alkaline pH. In contrast, Cr (VI) is an environmental toxin and human carcinogen [9,10] and is highly soluble and mobile at neutral to alkaline pH. Elevated Cr (VI) concentrations in soil and groundwater adjacent to magmatic rocks have been reported [11,12,13,14,15,16] and showed that the Cr and Ni content in soils is elevated within the Sacramento Valley region of California due to transport and deposition of alluvium from adjacent uplands. In their study, Mills et al. [17] found that Cr (VI) is generated naturally in Sacramento Valley soils and sediments from ultramafic rocks.



Nickel (Ni) is an essential nutrient for animals and a beneficial element for plants [18]. High contents of Ni in soils as PTE can cause toxicity and adverse impacts on soil functions as well as considerable environmental problems regarding the mobility and thus the soil–plant transfer, and consequently, the transfer of Ni into the food chain [19]. Nickel in soils can be derived from both parent materials and anthropogenic sources [20,21]. Anthropogenic nickel is derived from various sources such as domestic detergents, street run off, hospital waste, surface treatment industries, batteries manufacturers and foundries [22]. On the other side, using treated wastewater in agricultural irrigation increases the risk of soil contamination by persistent pollutants such as heavy metals.



Research focus in recent years in the study area was mostly related to the exploration of groundwater velocities [23] and its relationship with the Sava River [24,25]. Newest research in the wider study area has been focused to the statistical analysis of the Sava and Kupa River [26], as well as to the definition of the soil water origin in sloped vineyard [27]. Additionally, evaluation of sorption of some PTEs has been investigated in the dominant type of soils in the Zagreb aquifer area [28]. Furthermore, few studies related to the contamination of soils and sediments with Ni and Cr were carried out in the research area [5,29,30,31]. According to Miko et al. [29] and Halamić and Miko [31], increased nickel and chromium concentrations are mostly derived from basic and ultrabasic rocks of Medvednica mountain. Although some research related to the exploration of Ni and Cr concentrations in soil and groundwater has been carried out, a detailed inspection of their origin has not been of primary interest.



In this study, a soil profile located in the vicinity of well field Petruševec, one of the most important well fields related to the public water supply of the City of Zagreb, is analyzed. The main objectives of this research were to (a) determine main soil properties which can influence retention/mobilization of Ni and Cr in alluvial soil, (b) determine the origin of Ni and Cr in the investigated soil profile.




2. Materials and Methods


2.1. Study Area Description


The study area is in the vicinity of the well field Petruševec, which is located in the eastern part of the City of Zagreb and presents one of the most important well fields for the public water supply (Figure 1). The Zagreb aquifer is situated in NW Croatia (Figure 1) covering the area of approximately 350 km2 which includes the metropolitan area and its surroundings. It presents strategic water reserves protected by Croatian state. Variable lithology, pedological characteristics and land use characterize the study area, which consists of a large alluvial plain that has two marked geomorphological features: the raised sealed terrace of the Sava River (varying in width down the rivers length), and a Holocene terrace [32]. The area is characterized by the moderate continental climate (Cfwbx in the Köppen climate classification system) with four separate seasons. The Zagreb aquifer is an unconfined type, in which PTEs have been identified as one of five main groups of contaminants [32].



The study site Petruševec consists mainly of the Deluvial–Proluvial Holocene sediments. According to Basch [33], deposits are mainly composed of fine-grained and unbound rocks formed by deposition of terrestrial loess and Pliocene sediments, entrained silts and sands, quartz boulders, and fragments of interbedded Quaternary and Paleozoic rocks of Medvednica mountain, as well as intermixed stream sediments. Furthermore, according to Velić et al. [34], the thickness of the Holocene deposits in the Jakuševac area are approximately 50 m. The predominant fraction is gravel followed by sand, while silt and clay are the least represented [34]. In addition, Velić and Saftić [35] explained that after the Pleistocene deposits, the early Holocene caused a sudden warming, which started a new cycle of sedimentation.



Zagreb aquifer system contains two different, but connected, aquifer layers. The first layer contains Holocene alluvial deposits [36], which are in direct contact with the Sava River [23,25], with more pronounced influence in the vicinity of the Sava River [24]. It has been shown that groundwater levels have been declined approximately 3 to 6 m when comparing to the levels in 1960s [37]. According to Velić and Durn [36], the second aquifer layer contains Pleistocene lacustrine-marshy deposits. The thickness of the unsaturated zone in the Zagreb area generally varies from 8 m in NW part to 2 m in SE part [38].



In the area of the Zagreb aquifer, several types of soil have been formed: Fluvisols, Eutric Fluvic Cambisols, Gleysols and Fluvic Phaeozems [39]. According to Ružičić et al. [40], two soils are dominant, Fluvisols and Eutric Fluvic Cambisols (Figure 1).



Investigated soil profile is located in the Fluvisols, which form a belt a few kilometers wide along the Sava River (as well as some narrow belts along the smaller streams). The location of the soil profile is in meadow near the arable agricultural land. Given that most of these soils have been protected from flooding, they now have a moderately developed A (or Ap) horizon overlying several fluvial layers that are often separated one from another by a lithic discontinuity. In some specific pedological environments, the A horizon is fully developed, and Fluvisols grade into Fluvic Phaeozems. Fluvisols of the area are largely well-drained loams (or even sandy loams) with highly fluctuating groundwater that may rise into the top 1 m of the soil profile. Generally, they are calcareous throughout and accordingly, slightly alkaline. According to the WRB system, the study soil was classified as Fluvisols.




2.2. Field and Laboratory Work


Field research was conducted in the spring of 2018 in the area of the well field Petruševec, which is located in the eastern part of the City of Zagreb. The field research consisted of borehole drilling and sampling. The soil profile was further divided into intervals based on the visible macro features and field estimation of the soil texture and mineralogical changes along the profile. Soil is determined as Calcaric Fluvisol (Humic, Siltic), with horizons A-2AC1-2AC2-3C1-3C2-4AC-5AC-5C. Eight disturbed soil samples for laboratory analysis were collected from soil horizons. Soil samples were air-dried and passed through a 2 mm sieve for laboratory analysis. Soil particle size distribution was determined by the pipette method with sieving and sedimentation after dispersion with sodium pyrophosphate and interpreted according to Jahn et al. [41]. Electrical conductivity (EC) of soil was measured in water with a 1:5 soil to water ratio using a Mettler Toledo MPC 227 EC meter. Soil pH was measured in water with a 1:5 soil to water ratio [42] using a Multi 340i WTW pH meter. Carbonate content was determined by the volumetric method [43]. Cation exchange capacity (CEC) was determined using barium chloride solution [44]. EC values have an average standard deviation of ±8.13 µS/cm, pH of ±0.03, CaCO3 of ±1.32% and CEC of ±0.63 cmol/kg.



Mineral composition of a <2 mm fraction of the analyzed soils was determined by X-ray powder diffraction (XRD) using a Philips diffractometer (graphite monochromator, CuKα radiation, proportional counter). The identification of clay minerals was generally based on the methods outlined by Moore and Reynolds [45]. Concentration of PTEs, i.e., Cr, Ni, and Mn were analyzed by flame atomic absorption spectrometry (AAnalyst 700, Perkin Elmer) after dissolving of samples using aquaregia solution. All samples were measured in three replicates, while the average value was chosen as representative. The accuracy of analysis was controlled by analysis of the USGS geological reference soil standard GXR-2 in the analyzed sample batches. The average standard deviation for Cr, Ni and Mn concentrations was ±1.21 mg/kg, ±1.65 mg/kg and ±3.30 mg/kg, respectively. The correlation between the analyzed soil properties and PTEs was carried out using TIBCO Statistica (version 14.0.0.15).




2.3. Enrichment Factor and Index of Geoaccumulation


Enrichment factor (EF) is generally employed to understand the contribution of metals other than lithogenic origin. The calculation of EF can be provided by comparing a ratio of the studied element to a ‘conservative’ element. In general, the metal which is naturally occurring in high concentrations and originates mostly from the earth’s crust is used as the conservative element [46,47,48]. Conservative elements, such as Mn, Fe, Al, Me, Sc, Ti, or Ca are generally used as reference elements for calculation of EF [49,50]. Fe and Mn have been measured in this study, but we used Mn because it is expected to be more conservative element than Fe in our case, which was confirmed with mineralogical analysis. Furthermore, in the results and discussion part, it can be clearly seen that manganese concentrations are decreasing with depth, but also that the highest concentration is much lower than the median value for the investigated area which is estimated to be slightly more than 500 mg/kg [31]. Several authors have employed Mn to normalize PTEs [51,52,53]. Mn concentrations are not the main subject of this research which is the reason why they were not analyzed and discussed within the results and discussion part.



The equation for the calculation of EF can be generalized to be (where ‘‘crust’’ can be replaced by a local or/and state background):


  E  F  E l   =   E  l  s a m p l e   /  X  s a m p l e     E  l  c r u s t   /  X  c r u s t      



(1)




where Elsample/Xsample represents the ratio of concentration of the analyzed elements (Cr and Ni) and concentration of Mn, and Elcrust/Xcrust is the ratio of element concentrations (Cr and Ni) in local and state background materials and background concentration of Mn in local and state materials.



According to Birch [54], if EF is <1, the soil is free from pollution or no enrichment. Likewise, EF < 3 is minor; 3–5 moderate; 5–10 moderately severe; 10–25 severe; 25–50 very severe; and >50 extremely severe enrichment [55].



Furthermore, the index of geoaccumulation (Igeo) was used to estimate the anthropogenic influence of Ni and Cr concentrations [56,57,58,59]:


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



(2)




where Cn presents the average content of the element n through soil profile, while Bn is the pedogeochemical content of the same element in the analyzed soil. Within this research, for Bn, we used the median for Cr and Ni at the local (Central Croatia) and state scale (Croatia) according to [31]. It has been shown that pollution status of soil can be defined in seven classes based on Igeo, from <0 up to 6 [60,61,62]: <0 unpolluted, 0–1 polluted to moderately polluted, 1–2 moderately polluted, 2–3 moderately to strongly polluted, 3–4 strongly polluted, 4–5 strongly to extremely polluted, >5 extremely polluted.





3. Results and Discussion


Soil texture is mainly silty loam. The highest proportion of sand is determined in 5C horizon (170–190 cm), while the smallest is in the second sampling depth (Figure 2), which is in line with the CEC values (Table 1). The smallest CEC value is determined in 3C2 horizon (100–120 cm) which is in correlation with the proportion of clay (Table 1).



Electrical conductivity (EC) fluctuates between the horizons from 198 µS/cm in the A horizon to 140 µS/cm in 5C horizon. Ružičić et al. [63] found the same distribution of pH, CEC and EC in the previous research of Fluvisols in the Zagreb aquifer area. In some studies of Fluvisol soils [40,64], a positive correlation between EC and silty material has been pointed out. According to Officer et al. [65], soil EC in similar soils has the same distribution as CEC values through soil profile. Values of pH vary from 7.34 to 7.66. According to Ružičić and Jašaragić-Rako [66], the possible reason for pH variation along the soil profile can be associated with a change of carbonates, which, at this site, show an increase through a soil depth (Table 1, Figure 3).



According to Table 2, the dominant mineral phase in the soil fraction (<2 mm, after dilution of carbonate minerals) is quartz, plagioclase, hematite and kaolinite. As minor mineral phases, there are goethites, feldspars and clay minerals (mica minerals, chlorites, and interstratified clay minerals). The second most-appearing clay mineral in the analyzed soil is chlorite. Ružičić and Jašaragić-Rako [66] found similar clay mineral composition in Fluvisol soils.



Clay minerals have a large number of binding sites, so they can act as adsorption surfaces for PTEs in soils. The type of clay mineral present (kaolinite, chlorite, montmorillonite, etc.) will also affect the specific surface area [67]. As a result, soils with high clay and silt (fine fractions) tend to retain higher amounts of PTEs, compared to course textured sandy soils [68]. McGrath and Loveland [69] found positive correlations between elevated concentrations of Cr and Ni and increasing soil clay contents through soil profile. This trend is not that evident in our study, where clay proportion ranges from 6.3% in the A horizon up to 15.1% in 4AC horizon, while a general increase in Cr and Ni concentrations can be seen with depth (Figure 2 and Figure 4). In addition, sand particles from 3CI and 5C horizons have elevated quartz (Table 2) and Fe oxyhydroxides (goethite) content. According to Pils et al. [70], iron oxides, which can exist as nodules, concretions and coatings on soil particles, retain metals by adsorption or co-precipitation processes. In our study, goethite probably coats quartz particles and enables metal adsorption in these soil horizons. Ni enrichment in alluvial soils developed in the vicinity of Ganga and Gandak rivers was reported by Rajmohan et al. [55]. Authors explain this phenomenon that Ni has a common source for its origin and strong affinity with Fe or Mn oxyhydroxides. In our study, mineralogical analysis confirmed goethite mineral as a major phase for adsorption of PTE in 5C horizon. In addition, it is well-known that Ni, as being siderophilic in nature [18], can easily coprecipitate or be bounded to oxides. The role of Fe or Mn (hydr)oxides as scavengers for soil Ni was pointed out in many studies [71,72]. Additionally, major Ni associations to relative stable soil solid phases are in a good agreement with mineralogical analysis.



Nickel concentration is 62 mg/kg in A horizon (0–30 cm) and varies through depth, increasing to 379 mg/kg in 5C horizon (170–190 cm). Chromium showed a similar, in general, increasing trend through soil depth with concentrations from 23 mg/kg (A horizon) to 51 mg/kg (5C horizon) (Figure 4). In most cases, metals showed elevated concentrations in subsurface soil horizons [5,31,73]. In our study site, concentrations of both PTEs generally increased with depth. However, in the 3C2 soil horizon, PTEs rapidly decrease due to smaller quantity of Fe oxyhydroxides and chlorite clay minerals. This is not the case for 5AC soil horizons, where only chlorite minerals are present, with a lack of Fe oxyhydroxides.



In the subsurface horizons, soil is predominantly developed of finer particle size such as silt and clay, which have a low permeability. However, it is possible that intense precipitation and periodic snowmelt in the spring can cause infiltration of the Ni and Cr into a deeper, more permeable part of the profile. This is supported by soil texture data (Figure 2) which shows increased fraction of sand in the lower part of the profile, where the highest concentrations of Cr and Ni were measured. Ružičić et al. [74] showed that in Fluvisols in the Zagreb aquifer area, the upper part of the soil profile can be permeable through the whole hydrologic year.



Correlation analysis did not show any statistically significant results except when observing the correlation between Cr and Ni concentrations (Table 3). However, although not statistically significant, it can be seen that Ni and Cr concentrations are positively correlated with pH, sand and carbonates, while they are negatively correlated with silt and CEC. Pils et al. [70] found that silt negatively correlated with Cr and Ni concentrations in alluvial soils. In the analyzed soil, the presence of carbonate minerals probably led to an elevated pH level (Table 1) which may have enhanced metal carbonate precipitation reactions. According to He et al. [75], the adsorption of heavy metals in soils increases with increasing CaCO3 content. In addition, previous research has shown that soils with pH between 7 and 8, due to the presence of carbonates, exhibited strong sorption for all heavy metals [76].



Smallest values of correlations coefficients were observed for correlation between inspected PTEs, clay and EC. Results suggest that nickel is slightly affected by the clay content of soils (r = 0.22). This is explained by the fact that, although growing with depth, all soil samples show neutral pH values (7.3–7.7). Retention by clays of a cationic species is generally attributed to the exchange between an ion in a soil–water system and a labile ion already fixed on the site of the exchanger [22]. In our case, the type of clay minerals (chlorites) is in line with CEC values.



The EF values calculated for the soil samples of the study site are given in Table 4. EF values range from 4.31 to 28.51 for Ni, and 0.68 to 2.09 for Cr at state level. Furthermore, values vary from 5.46 to 36.11 for Ni, and from 0.70 to 2.17 for Cr at local level. The maximum values of EF (21.8) at state level for Ni are determined in 3CI horizon (70–100 cm) and in 5C (28.51, 170–190 cm). The same trend of a maximum EF for Ni can be seen at local level. The maximum values of EF (1.60) at state level for Cr are determined in 4AC horizon (120 to 150 cm) and for 5C horizon (2.09, 170–190 cm). As it is the case for Ni, Cr also shows the same trend at local stage. According to Birch [54], the soil samples for Ni are classified as minor to very severe enrichment, while in the case of Cr, as no enrichment. These results pointed out that the highest enrichment of PTEs is in the deepest soil horizons which corresponds with the highest Ni and Cr concentrations.



Enrichment factors for Ni show an increase due to higher quantity of Fe oxyhydroxides and clay minerals (especially chlorite) in different soil horizons (3CI, 4AC, 5C). Explanation of this variability among soil horizons can be by water percolation and retention in some soil horizons.



Chromium in this study shows a similar trend as nickel. According to Rajmohan et al. [55], PTEs have good positive correlation with Fe and may be bound with its oxides in the sediment matrices. Similar trends can be found for enrichment factors. Elevated concentrations of Cr in 5C horizon of Fluvisol soils suggest parent material derived from basic and ultrabasic rocks of Medvednica mountain [31].



As previously mentioned, Ni is classified as minor to very severe enrichment at local and state scale. Extremely high enrichment can be seen in 3CI and 5C soil horizons. This can be explained with content of Fe oxyhydroxides, related to the Cr enrichment, but it is obvious that for Ni enrichment, this is not only from lithogenic or geogenic sources. If results for Ni concentrations are compared with the Geochemical Atlas of Croatia [31], it is obvious that Ni shows high enrichment. In the mentioned publication, Ni shows a geogenic concentration up to 50 mg/kg in surface soils of Central Croatia, which is in line with our study. However, when water percolates through an unsaturated zone, it transfers Ni to deeper soil horizons (3CI, 4AC, 5C) of which some can retain more Ni concentrations, especially those with clay minerals (chlorite) and Fe oxyhydroxides.



Table 4 depicts the Igeo values and classes of soil samples collected at different depths in the study profile. Igeo values range from −2.72 to −1.37 for Cr, and 0.08 to 2.40 for Ni at state level, while they vary from −2.47 to −1.12 for Cr, and 0.32 to 2.94 for Ni at local level. The maximum values of Igeo (2.24) at the state level for Ni are determined in 3CI horizon (70–100cm) and in 5C (2.40, 170–190cm). The same trend for a maximum of Igeo for Ni can be seen at local level. In the study site, all metals come under four classes: unpolluted (<0), polluted to moderately polluted (0–1), moderately polluted (1–2), and moderately to strongly polluted (2–3). Cr has an Igeo index of less than zero throughout the depth which suggests that the soil in the study site is not polluted by this metal. Nickel has a positive Igeo index which indicates the enrichment of these metals other than by lithogenic origin, with the distribution pattern very similar to those calculated by EF.



Considering the EF and Igeo values of the sampled Fluvisol soil in the Petruševac area, results suggest that the observed concentrations of Cr are probably of geogenic origin, while Ni are probably a result of both geogenic and anthropogenic origin. As previously elaborated, Cr concentrations in Fluvisols are possibly the result of the process of depletion of basic and ultrabasic rocks and the transport of alluvium from Medvednica mountain. According to Morison et al. [16], higher Cr concentrations determined in the soils of Sacramento Valley is derived from ultramafic rocks and the transport of alluvium from the Sierra Nevada area. On the other side, results show that Ni has minor to very severe enrichment, i.e., it is moderately to strongly polluted.



When possible anthropogenic inputs of Cr and Ni are considered, it should be noted that the research area in its vicinity has several potential sources which can generate elevated chromium and nickel environmental concentrations, such as airports, cargo train stations and the waste disposal facility, Jakuševec (Figure 1). Nickel–chromium alloy, comprised of about 50–55% Ni and 17–21% Cr, is used in various industries (especially in aviation) for components subjected to high temperature and high mechanical loads, e.g., gas turbine blades, seals and combustors, pressure vessels, heat exchanger tubing, steam generators and electric submersible well pump motor shafts [77]. Furthermore, Tyle & Scott-Fordsmand [78] identified the sources of excessive Ni concentrations in the environment, from which several could be contributing to excessive Ni concentration in soil in the study area, i.e., combustion processes, corrosion of stainless steel, waste incineration, fertilizers application, road traffic (exhaust fumes, road and brake wear, leakage motor oil), rail and air transport exhaust fumes, as well as stormwater overflow. As shown in Stopić et al. [79], it can be clearly seen that in the study area, NNE, NE, WSW, SW and SSW wind directions prevail. If the above is compared with the location of the investigated soil profile and potential sources of contamination (Figure 1), results suggest that elevated Ni concentrations can be associated with aerodeposition from different contamination sources. From wind directions, it can be concluded that Ni sources can likely be from the city waste disposal facility, Jakuševec, different industrial units and the Franjo Tuđman airport. City waste disposal is exposed to the air and as such is suitable for wind drift and aerodeposition in our study area. According to Ngole and Ekose [80], municipal origin is likely to contain high concentrations of Ni because this metal is used in manufacturing several commodities and products commonly used in homes. In addition, Rajmohan et al. [55] found considerable enrichment of Ni in their study which was related to the alluvial soils, while domestic sewage and agricultural practice were defined as potential sources of contamination.



If enriched in topsoil, metal mobility downward of the soil profile is determined by its speciation (chemical form in which metal is found in the soil solution). Metal species is defined by its total concentration in soil, interactions with soil surfaces (oxidation/reduction, precipitation/dissolution, adsorption/desorption, inorganic and organic complex formation), and soil properties affecting chemical reactions, such as pH, temperature and water content [81]. The presence of variable charge minerals, such as Fe and Mn oxyhydroxides, provide a reaction surface for sorption processes, allowing PTEs, in our case Cr and Ni, to bind and become immobilized [82,83]. Ni is mobile in soil mostly as Ni2+ with its species redistribution to carbonate complexes with an increase in pH, thus its movement downward soil profile may occur. Still, even in this context, very high Ni concentrations in deeper soil horizons resulting from pronounced vertical movement from the presumably contaminated topsoil, is somewhat unexpected if the process is not present for an extended period. Therefore, although data collectively suggest that Cr concentrations are probably of geogenic, and Ni of dominantly anthropogenic origin, their significant positive correlation (Table 3) also points out the possibility of certain connection between their excessive concentrations in soil. For example, Cr and Ni are often enriched in mafic compared to felsic igneous rocks as accompanying elements in rock-forming minerals or in sulfides and oxides, thus correlation between their increased concentrations in soil is frequently confirmed [84]. Additionally, soils derived from ultrabasic indigenous rocks and serpentine may contain high nickel, chromium and cobalt concentrations [85]. Bednářová et al. [86] investigated the impact of flooding on metal concentrations in alluvial soils and, similarly to this study, found lower concentrations of Ni and Cr in topsoil compared to subsoil, which was explained by their long-term natural (preindustrial) accumulation in deeper layers of alluvial sediments, or by the leaching of these elements from topsoil to deeper horizons for a longer period. Soil in the study area is identified as Fluvisol with highly fluctuating groundwater, suggesting that increased Ni and Cr concentrations from diffuse contamination sources, i.e., with no specific point of discharge (of both, geogenic and anthropogenic origin), could result from the watershed input into alluvial deposits, or from the contamination of sediments from point sources [86]. This possibility is further supported by data showing that although Ni concentration was several folds higher than Cr concentration, a similar trend in their vertical distribution in soil was observed (Figure 4). This fact, along with the significant positive correlation found between Cr and Ni concentrations (Table 3), possibly suggests the same driver for their release in the environment, even though anthropogenic contribution to their concentrations in soil seems to be more pronounced for nickel than for chromium.




4. Conclusions


This paper focused on determination of the origin of Ni and Cr in Fluvisols in the vicinity of the well field Petruševec. This is important because transport of analyzed PTEs through soil into the aquifer can present a serious problem in the preservation of the soil and groundwater which is used for human consumption. Our results revealed that Cr is probably dominantly of geogenic origin, while Ni is probably dominantly of anthropogenic origin. EF for Cr showed no enrichment, while Igeo index was less than zero throughout the depth which suggests that the soil in the study site is not polluted by this metal. No enrichment of Cr in Fluvisols is probably the result of the natural processes related to the depletion of basic and ultrabasic rocks and the transport of alluvium from Medvednica mountain, which is not the case for nickel. It is evident that apart from geogenic factors, Ni concentrations are also induced by human influence. Wind directions that prevail in the study area suggest that Ni sources can come by aerodeposition from different sources, i.e., the city waste disposal facility, Jakuševec, different industrial facilities and the Franjo Tuđman airport.



Furthermore, results showed that mineral composition can have big influence on retention of inspected PTEs. Soil horizons (3CI, 4AC, 5C), which have very high concentrations of Ni, in general have clay minerals, especially chlorite, which has high cation exchange capacity, as well as Fe oxyhydroxides which can act as an adsorption phase for the investigated PTEs.



This investigation presents first results and provides the necessity to be expanded with more research and data about water and PTE percolation through soil and unsaturated zones. Additionally, detailed inspection and quantification of concentrations of PTEs in different sources of contamination is necessary. Furthermore, future research should also focus on the determination of soil contaminated areas and the identification of appropriate techniques for its remediation. The implementation of mentioned future research will provide very important information which will present basics for the establishment of effective measures related to the soil and groundwater protection.
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Figure 1. Geographical map of study area with location of pumping wells at the well field Petruševec, investigated soil profile and potentially contamination sources. 
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Figure 2. Soil texture of analyzed soils. 
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Figure 3. Vertical distribution of pH, EC, CaCO3 and CEC in the study soil profile. 
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Figure 4. Vertical distribution of Cr, Ni and Mn concentrations in mg/kg. 
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Table 1. Physical and chemical characteristics of analyzed soils.
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	Soil Depth (cm)
	Soil Horizons
	Soil Color
	pH (KCl)
	EC (μS/cm)
	CaCO3 (%)
	CEC (cmol/kg)
	Soil Texture





	0–30
	A
	10YR/5/3
	7.34
	198
	18.8
	26.2
	silt



	30–50
	2ACI
	10YR/5/3
	7.34
	132
	20.8
	25.8
	silt loam



	50–70
	2AC2
	10YR/5/3
	7.47
	155
	24.7
	23.6
	silt loam



	70–100
	3CI
	10YR/4/3
	7.52
	171
	32.3
	22.6
	silt loam



	100–120
	3C2
	10YR/4/3
	7.58
	140
	34.1
	22.2
	silt loam



	120–150
	4AC
	10YR/4/3
	7.53
	164
	34.6
	23.2
	silt loam



	150–170
	5AC
	10YR/4/4
	7.60
	103
	36.1
	23.2
	silt loam



	170–190
	5C
	10YR/4/4
	7.66
	140
	34.8
	22.8
	silt loam
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Table 2. Semi-quantitative mineral composition of the <2 mm fraction (after dilution of carbonate minerals). Qtz: quartz. Pl: plagioclase. Kfs: potassium feldspar. Gt: goethite. Hem: hematite. M: micaceous minerals (mica and illitic material). Kln: kaolinite. Chl: chlorite. MLCM: mixed-layer clay minerals in which type of interstratification and constituting clay minerals were not recognized with certainty.






Table 2. Semi-quantitative mineral composition of the <2 mm fraction (after dilution of carbonate minerals). Qtz: quartz. Pl: plagioclase. Kfs: potassium feldspar. Gt: goethite. Hem: hematite. M: micaceous minerals (mica and illitic material). Kln: kaolinite. Chl: chlorite. MLCM: mixed-layer clay minerals in which type of interstratification and constituting clay minerals were not recognized with certainty.





	Soil Depths (cm)
	Soil Horizons
	Qtz
	Pl
	Kfs
	Gt
	Hem
	M
	Kln
	Chl
	MLCM





	0–30
	A
	23
	7
	x
	x
	xxx
	x
	xxx
	?
	x



	30–50
	2ACI
	23
	8
	x
	?
	xxx
	x
	xx
	xx
	x



	50–70
	2AC2
	26
	10
	x
	x
	xxx
	x
	xxx
	xx
	x



	70–100
	3CI
	36
	9
	x
	x
	xxx
	-
	xx
	xx
	x



	100–120
	3C2
	37
	11
	x
	-
	xxx
	-
	xx
	?
	x



	120–150
	4AC
	32
	8
	x
	?
	xxx
	?
	xxx
	xx
	x



	150–170
	5AC
	36
	8
	x
	?
	xxx
	-
	xx
	xx
	x



	170–190
	5C
	37
	12
	x
	x
	xxx
	x
	xx
	xx
	x







‘x’ relative abundance of minerals based on X-ray diffraction (no quantitative value is assigned to x). ‘?’ mineral phase was not detected with certainty.
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Table 3. Correlation analysis results (statistically significant marked red, α = 0.05).
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	Parameter
	pH (KCl)
	Clay
	Silt
	Sand
	Carbonate
	EC
	CEC
	Cr
	Ni





	Cr
	0.64
	0.24
	−0.65
	0.64
	0.64
	0.14
	−0.59
	-
	-



	Ni
	0.60
	0.22
	−0.67
	0.67
	0.59
	0.08
	−0.57
	0.94
	-
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Table 4. Enrichment factors (EF) and index of geoaccumulation (Igeo) at local and state level for Ni and Cr in analyzed Fluvisols. Within this research, the median for Cr and Ni at local (Central Croatia) and state scale (Croatia) was used according to [31].
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Enrichment Factors

	
Igeo




	

	
Croatia

	
Local

	
Croatia

	
Local




	
Soil Horizons

	
Ni

	
Cr

	
Ni

	
Cr

	
Ni

	
Cr

	
Ni

	
Cr






	
A

	
2.82

	
0.26

	
3.13

	
0.24

	
0.22

	
−2.52

	
0.32

	
−2.27




	
2ACI

	
4.50

	
0.23

	
4.99
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