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Abstract

:

Baia Mare area represents one of the most important mining areas of Romania. Although the mining activities carried out here are currently inactive (since 2012), they generated residual pollution that negatively influences all the environmental factors. The aim of the study is to evaluation of the quality of surface water from the vicinity of the city of Baia Mare, Romania. The surface water samples, collected in two distinct years (2021 and 2022), were analyzed to determine the concentration of heavy metals (Cd, Cr, Cu, Ni, Zn, Pb, Fe, Mn, and As) in order to establish the degree of contamination and the water quality through heavy metal evaluation index (HEI), heavy metal pollution index (HPI), and water quality index (WQI). The pH and the content of cations (Ca, Mg, Na, K) and anions (HCO3−, SO42−, Cl−) were also determined for complex characterization. The results showed that the water in the area had a high degree of pollution with high concentrations of Cr: 0.165–1.57 mgL−1, Ni: 0.01–0.718 mgL−1, and Cu: 0.036–0.195 mgL−1. The pollution indices showed an average level of heavy metal pollution for the collected surface water samples. The quality index demonstrated that all surface water samples in the study area were unfit for irrigation and drinking due to poor and very poor water quality.
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1. Introduction


Water is an essential compound for life and natural processes, being an important climatic factor in supporting ecosystem development and a key component in the exchange of substances and energy in the hydrologic cycle. Water is a limited resource, which requires addressing water quality issues in order to ensure high-quality water resources for future generations [1]. Romania’s water resources consist of surface waters–rivers, lakes (≈90%), and groundwater (≈10%) [2].



Baia Mare region is known not only for its underground riches but also for being one of the most polluted areas in Romania due to the mining activities for the extraction and processing of ores with high content of Cd, Cu, Pb, Zn, and precious metals [3,4]. The soil in the Baia Mare mining area is contaminated mainly with Pb, Cu, Zn, and Cd, due to emissions and dispersion of pollutants resulting from mining and post-mining activities, as well as the ore processing industry or improper storage of tailings [3,4,5,6,7,8,9,10,11,12,13].



Previous studies have highlighted that there are many polluted areas in the Baia Mare area as a result of these activities, and the groundwater flowing through the existing mine drifts comes polluted to the surface [4,14,15].



In 2008, Levei et al. reported high concentrations of heavy metals in the water bodies nearby the tailing impoundments from Baia Mare, revealing the high impact of mining activities on Lapus River and its tributary water quality [4]. Moreover, during research conducted between 1999 and 2011, Smical et al. reported concentration of heavy metals in the waterbodies way above the guideline established by the Romanian legislation, with concentration of metals ranging between 0.022 and 0.175 mgL−1 for Cu, 0.58 and 1.3 mgL−1 for Zn, 0.02 and 0.14 mgL−1 for Pb, 0.022 and 0.043 mgL−1 for Ni, 0.022 and 0.045 mgL−1 for Cd, respectively [16].



All the previous studies indicate a high degree of pollution in the water bodies nearby Baia Mare. Moreover, there was no indication of water quality improvement over time, despite industrial activities gradually stopping from 2006 (2006–gold ore exploitation, 2008–copper production, 2012–lead production) [17,18].



Various studies carried out worldwide in countries such as Turkey, South Africa, and Cameroon have shown that surface waters with upstream mining or mining-specific activities had high concentrations of metals and poor or very poor water quality [19,20,21,22]. Mining activities have negative impacts on the environment, sometimes hundreds of kilometers away from the mining site.



Mining activities can cause negative effects on the quality of the environment and ecosystems (aquatic and terrestrial), thus affecting the sustainable development of the respective area [22,23,24].



Water quality can be assessed through water indices. The Heavy Metal Pollution Index (HPI) and the Heavy Metal Evaluation Index (HEI) are the most widely used indices when monitoring the metal content of water to determine the pollution status of ecosystems [25,26,27]. Horton proposed to apply the Water Quality Index (WQI) to assess water quality from a physico-chemical point of view [28]. WQI is a complex index for all water body types characterization and a useful tool for determining water quality, indicating the overall impact of chemical composition on water quality [29,30,31,32,33,34,35,36].



At the present time, the research on the impact of mining activities on environment quality is still relatively insufficient and lacks systematic development, although this subject has been receiving more attention recently. There are no recent data regarding the surface water nearby the Baia Mare mining area. Considering the pollution history of the area and the color of water bodies, it is highly important to monitor the environmental evolution of this area in order to find a trend in the surface water quality and to observe the influence of industrial activities. Thus, the objectives of this study were (i) to determine the spatial and temporal distributions of heavy metals in the surface waters near Baia Mare, (ii) to improve the understanding of potential pollution sources for representative industrial settlements in the study area, (iii) to explore the degree of heavy metal contamination in the stream using contamination indices (HPI, HEI) and the water quality index (WQI).




2. Materials and Methods


2.1. Study Area


The present study was conducted in the Baia Marea area, an important mining area in Romania. The city of Baia Mare is part of Maramureş County, located in NW Romania. With a total surface area of 6304.4 km2 and a varied relief, Baia Mare occupies part of the Eastern Carpathians and part of the Transylvanian Plateau. The hydrographic network is rich and belongs to the Somes and Tisa rivers basins, disposing of numerous lakes. The agricultural area is around 309,325 ha and the forestry area comprises 288,572 ha of the forest [37,38].



The most important mining centers of NV Romania are located in the territories surrounding Baia Mare. The county region disposes of many natural resources, such polymetallic ores, auriferous and copper ferrous mineralization, iron and manganese ore accumulations, bentonite deposits, shale ore accumulations, rocks or gravel, and sand [37,38].



For a long period, Maramureş County was known as a mono-industry one, the non-ferrous ore exploitation and processing representing the core activity [37,38].



The main mining facilities developed in the area consisted of extraction and processing of non-ferrous sulfidic ore in order to obtain Pb, Cu, Zn, and precious metals concentrates. Since 2006, the metallurgical industry in the Baia Mare area has considerably reduced its ore extraction and processing activity by reducing production capacity or closing them. Even so, there is no record of attempts to reduce or limit the diffusion of pollution [37,38].



Due to economic reasons and non-compliance with European environmental requirements, the activity of extraction and processing units stopped permanently in the first decade of the XXI century. Even after that, many of the inactive sites are still sources of environmental pollution [37,38].



The main sources of soil and water pollution are represented by the affected improudments left destabilized or unrestored, the tailing dumps, tailing ponds, and the mine waters loaded with metals and non-metals [14,15,38].



Compared to the situation before 2012, air quality in Baia Mare has significantly improved, following the industrial enterprises’ closure trend, but also because of the investments in transport infrastructure, landscaping, and rehabilitation of the green area, as well as improvement of street sanitation. However, Baia Mare has considerable historical pollution, heavy metals being present in all environmental factors affecting ecosystems and population health [38].




2.2. Water Sampling and Analysis


In order to assess the surface water quality and the impact of the previous mining activities on it, surface water samples were collected in June 2021 and 2022 from 3 sampling locations (Figure 1), in polyethylene bottles pre-washed with 0.1 N HNO3 from river streams: Recea (P1-47°37′40.14″ N, 23°30′35.36″ E), Baita (P2-47°38′59.36″ N, 23°25′35.05″ E), and Craica (P3-47°38′38.22″ N, 23°37′18.73″ E), according to SR EN ISO 5667/2017 [39]. Three samples were collected with a “Grab” device submerged at 20 cm from an area of 10 m2 in the study locations and immediately afterwards, they were transported in a refrigerated bag to the laboratory where they were put in the refrigerator (4 °C) and analyzed within 24 h. Each sample was analyzed separately, and for the interpretation of the results, the mean was presented. Over the years, the 3 sampling points showed visible signs of pollution, which was investigated by researchers to see the degree of pollution and the evolution of water quality over time. Starting from their results and being limited by material expenses, fewer samples were taken to highlight the historical pollution of the investigated area.



The pH was determined using a multiparameter (Hanna Instruments, Woonsocket, Rhode Island, United States). For the heavy metal determination, the samples were filtered with 0.45 µm cellulose acetate membrane and acidified with 65% HNO3. Cd, Cr, Cu, Ni, Zn, Pb, Fe, Mn, and As were determined through Atomic Absorption Spectrometry (AAS) using an AA-6800 Spectrometer (Shimadzu, Tokyo, Japan), while Ca, Mg, K, and Na, using an Optima 5300 DV inductively coupled plasma atomic emission spectrometer (ICP-OES, Perkin Elmer, Waltham, MA, USA). NO3−, NO2−, Cl−, SO42−, F−, PO43− concentrations were measured by ion chromatography using IC 761 Compact equipment (Metrohm, Herisau, Switzerland). Anions from the samples are separated through the anions exchange column and detected with the help of a conductivity detector. Samples were directly injected into the equipment, characterized by a flow of 0.7 mL/min, 7.5 mPa pressure and electrical conductivity of 15.0 μS/cm electrical conductivity. Anions are separated through the anions exchange column and detected with the help of a conductivity detector. Bicarbonates (HCO3−) were determined by titration with 0.1 N HCl in the presence of a bromocresol green indicator. The limit of detection (LOD) was calculated as the ratio between 3 times the standard deviation resulting from 10 measurements of the reagent blank and the slope of the calibration curve (Table 1).



For the quality of the results, calibration standards and procedural blank measurements were used. Standard solutions containing 1000 mgL−1 Cl−, 1000 mgL−1 NO3−, and 1000 mgL−1 SO42− (Certipur, Merck, Darmstadt, Germany) and nitrite standard solution (1000 mgL−1 NO2−, Certipur, Merck, Darmstadt, Germany) were used for the calibration of the ion chromatograph and multi-element standard solution (ICP multi-element Merck, Darmstadt, Germany) was in the case of the spectrometer calibration. The accuracy of the determination was tested by analyzing the metal concentration of the European Reference Material (ERM-CC018) Standard concentrations (BAM Division I.1, Berlin, Germany), in the case of metals and IC1 Multi-element standard (CertiPUR Merck, Darmstadt, Germany), for anion determination. The mean recoveries ranged between 97% and 104% for the metals and between 98% and 102% for the anions. All analyses were executed in triplicate, and the data are expressed as average ± standard deviation (SD).




2.3. Water Pollution Assessment


The heavy metal pollution index (HPI) and heavy metal evaluation index (HEI) were applied to determine the pollution status of dissolved heavy metals in the surface water bodies. The HPI is an assessment model that provides the aggregate influence of individual heavy metals on the overall quality of different types of water [42,43]. Six heavy metals (Cd, Cr, Cu, Ni, Pb, and Zn) were used to calculate the HPI, according to Equations (1) and (2) [44]:


  H P I =     ∑   i = 1  n  (  Q i   W i  )     ∑   i = 1  n   W i     



(1)






   Q i  =    M i     S i    × 100  



(2)




where, Qi is the sub-index of the ith parameter, Wi is the unit weight of the ith parameter, n is the number of chemical parameters considered, Mi and Si are the concentration of the monitored parameter and the standard maximum values allowed (mgL−1), according to the Romanian Regulation and the European Directive on water quality [45,46].



The HEI is another water quality assessment tool, providing insight into the overall quality of water sources in relation to heavy metal content, which is consistent with the HPI method. HEI is calculated based on Equation (3) [47,48].


  H E I =   ∑   i = 1  n     M i     S i     



(3)




where, Mi is the determined concentration of the ith parameter (mgL−1), Si is the maximum allowable concentration of the parameters (mgL−1).



In the present study, Si values were taken into account according to Romanian and international Regulations, namely Ministerial Order 161/2006/OD, Directive 2008/32/EC, and Council Directive 98/83/EC, regarding the quality of surface water resources [45,46,49].




2.4. Water Quality Index (WQI)


In this method, the quality of water is evaluated by the calculation of Water Quality Index (WQI). Adimalla et al. proposed a methodology of computing WQI in four steps [28,29]:




	(a)

	
the assignment of the weights (wi) for each physico-chemical parameter based on its importance for the quality of the surface water;




	(b)

	
the calculation of the relative weight (Wi) using Equation (4);




	(c)

	
establishing the quality rating (qi) according to Equation (5);




	(d)

	
the calculation of the subindex for each physico-chemical parameter (SIi) and aggregation into the WQI with Equations (6) and (7) [28,29,50].











   W i  =    w i      ∑   i = 1  n   w i     



(4)






   q i  =    C i     S i    × 100  



(5)






  S  I i  =  W i  ×  q i   



(6)






  W Q I =   ∑   i = 1  n  S  I i   



(7)




where: wi is the weight of each parameter (3 for Zn, 4 for Cu, 5 for Cd, Cr, Ni, and Pb), Wi is the relative weight, qi represents the rating quality for each parameter, Ci and Si represent the concentration and the guideline value according to the surface water quality guidelines established by the Minister Order 161/2006/OD and the Directive 2008/32/CE (Zn–1 mgL−1, Cu–0.1 mgL−1, Cd–0.005 mgL−1, Ni–0.100 mgL−1, Pb–0.005 mgL−1, and Cr–0.25 mgL−1) [45,46], SIi represents the subindex of the ith parameter.



The results obtained from the calculations of indices were interpreted according to the values of the indices presented in Table 2.





3. Results and Discussions


3.1. General Characteristics of the Surface Water


The spatio-temporal variability of surface waters around the globe, regarding the physical, chemical, and biological parameters, has been investigated in several studies. The quality of the surface water is given by the interaction of the pollutants existing in the water and their solubility capacity [52,53,54,55]. The monitoring study was conducted in the warm seasons (June 2021 and 2022). The sampling campaign periods were not characterized by high precipitation amounts, therefore, the low concentrations of the chemicals due to dissolution and washing by precipitations were avoided.



The pH of the surface water samples had high spatial variation in the case of the first sampling campaign (Figure 2). While P1 presented a slightly neutral pH (6.05), P2 and P3 showed a very acid character, 2.53 and 2.82, respectively. Similar results were obtained in the studies carried out by Coman et al. on samples taken from the Baia Mare area [14,15]. The slightly neutral pH of P1 could be due to the proximity of the sampling location to the spring point and to moderate anthropic interference, while the acid range of pH was obtained due to the intense anthropic activities carried out in the proximity of the water bodies. In the case of samples collected in 2022, the pH was constant, ranging between 7.57 and 7.92. The distinction of pH values noticed in the two years could be due to a higher river flow rate in the case of 2022, a flow rate difference able to neutralize the surface water pH and combat the acidification capacity of the pollutants. In the research carried out in other mining areas of the world, similar pH values were obtained: Rakotondrabe et al., (6.6–9.4) in the samples taken from the Lom River, which drains the vast majority of the Bétaré-Oya mining sites in East Cameroon [20] and Molekoa et al., (5.42–8.84) from the Mokopane mining area sites in Limpopo, South Africa [21].



The heavy metal concentrations from the surface water samples are presented in Table 3. This table also shows the values obtained by other researchers from samples taken from the investigated area in the period 1999–2011. For each of the sampled areas, a minimum of 3 samples were studied in order to assess the heavy metal concentration. The results were compared to the water quality guidelines established by Minister Order 161/2006/OD and Directive 2008/32/CE [45,46].



The distribution of heavy metals showed element-specific features and drastic temporal variation. Ni, Cu, and Zn presented a noticeable temporal variation, with higher values detected in 2022, while Cr showed higher values in the case of 2021 sampling campaign. The analyzed surface water samples showed a low spatial variation for Pb and Cd, in both years.



Average contents of Ni, Cr, and Cu in surface water samples were 0.577 ± 0.122 mgL−1, 0.572 ± 0.359 mgL−1, and 0.129 ± 0.068 mgL−1, in the case of samples collected in 2022 and 1.40 ± 0.163 mgL−1 and 0.048 ± 0.010 mgL−1 for Cr and Cu, in the case of 2021 sampling campaign respectively. Cd, Pb, and As were in a non-significant or a not detectable level in all studied surface water samples (every sample had their concentration lower than the LOD of the ith parameter), while Zn presented a concentration of 3.10 mgL−1 and 3.398 mgL−1, respectively, only in the case of P2. In the case of samples collected in 2022, Fe and Mn were also analyzed. The surface water samples had small amounts of Fe (0.07 mgL−1) in sample P2 and Mn (3.903 mgL−1) in sampling point P3, being below the limit values. The amount of Fe (0.07 mgL−1) in the water samples taken in 2022 is much lower compared to the samples analyzed by Smical et al. (0.55 mgL−1) in 2011 [16]. Instead, the amount of Mn (3.903 mgL−1) is almost four times higher than the value obtained by Smical et al., (1.18 mgL−1) [16].



As it can be seen from Figure 3, the contents of heavy metals in surface water were higher than surface water quality guidelines established by Minister Order 161/2006/OD for the poorest quality class (Class V), which might be due to anthropogenic contamination load to the surface water. In 2022, the level of Cr was higher than the 5th quality class for P1 and P3, respectively, P2 and P3, in the case of Cu, while, for the 2021 sampling campaign, Cr indicated the 5th quality class for all sampling station, and Cu indicated 4th quality class for P1 and P2 and 3rd quality class for P3.



Analyzing the concentrations of metals in the surface water sampled over the years from the Baia Mare area, an increase was found between 1999 and 2009, followed by a sharp decrease in 2011 (Table 4) [16], while in the analysis of this study (2021, 2022), an increase in Ni, Cu, and Zn concentrations was found again. This may be due to the fact that the activity of one of the combined companies continued until 2012. In the case of Ni, much higher concentrations were observed (0.49–0.718 mgL−1) than those reported in 2011 (0.022 mgL−1) [16]. The same decreasing trend was observed in the case of Cu concentrations (0.059–0.18 mg L−1) from the samples from the year 2022 compared to those obtained by Smical et al. in 2011 (0.026 mgL−1) [16]. The greatest increase was observed in the case of Zn at P2 (3.39 mgL−1), increasing from 0.58−1 [16]. The concentration of Pb and Cd decreased (< 0.01 mgL−1) compared to 2011 (Pb: 0.02 gL−1 and Cd 0.022 mgL−1) [16].



The order of metals in the present study Cr > Ni > Cu > Zn > Mn > Fe > As > Pb > Cd is slightly different from that obtained by Rakotondrabe: Fe > Mn > Pb > Cr > Cu > Zn > Cd > As [20]. This is also due to the composition of the investigated mine as well as the investigated metals.




3.2. Cations and Anions Characteristics


Surface water chemistry is mainly associated with human activities and atmospheric inputs: Rock and soil weathering, evaporation, and crystallization [56]. Regarding the cations and anion characteristics, all three samples collected in 2022 showed different typology. As it can be noticed from Figure 4 and Table 4, Ca (64.5 ± 40.9 mgL−1) was the dominant major cation, being followed by Mg (12.9 ± 9.14 mgL−1), Na (9.57 ± 5.79 mgL−1), and K (3.89 ± 2.18 mgL−1), while, in the case of anions, P1 and P3 showed similar trends, the dominant anion was SO42−, followed by HCO3−, NO3− and Cl−, while in the case of P2, the majority of the anions were in the order: HCO3− > SO42− > Cl− > NO3−.



F−, PO43−, and NO2− were found in a non-significant or a non-detectable level in the studied surface-water samples.



If the series of cations from the present study Ca > Mg > Na > K is analyzed and compared with the one obtained by Rakotondrabe et al.: Na > Mg > Ca > K [20] it can be observed that Na and Ca are exchanged with each other, while the series of anions is the same in both investigated areas: HCO3− > SO42− > Cl−, indicating similar trends of dissolution of HCO3−.



The low spatial variation and standard deviation of Mg, K, and Na indicated homogeneity and a low level of the interfering anthropogenic processes, while, in the case of anions, the high value of standard deviations indicated possible anthropogenic impacts. The main sources of HCO3− are represented by the weathering and dissolution processes of different rocks, such as calcite, carbonate, silicate, and dolomite, while the variation of SO42−, could not be attributed to natural phenomena and fluctuations but to the industrial and agricultural activities conducted in the study area. Moreover, based on the Piper diagram, the analyzed samples showed different typologies: P1 and P3–calcium-chloride type, calcium magnesium bicarbonate type, for P2, respectively. In the cation plot, all samples were situated in the left corner, indicating Ca dominance. Oppositely, the anion diagram showed that P3 was distributed in the upper corner, characterized by the dominance of SO42− over HCO3− and Cl−, while the high concentration of HCO3− situated P2 in the bicarbonate type. However, two samples were situated in the upper corner and dominated by SO42− over Cl− and HCO3−.



The chemical characteristic of the studied surface water, according to the Piper diagram, is the dominance of the alkaline earth elements (Ca and Mg) over the alkaline elements (Na and K) and the strong acids (SO42− + Cl−) over the weak acids (HCO3−) in two out of three samples.




3.3. Surface Water Pollution Indices


The HPI and HEI were calculated to evaluate the overall quality of surface water samples as regards their heavy metal contents (Table 5). The indices identified and quantified metallic contamination trends in surface water [57]. The selection of HPI depends upon the importance of individual heavy metals [58], while HEI was calculated based on the integration of upper and maximum admissible concentrations of the parameters [48].



In 2021, the value of HPI showed no heavy metal pollution, indicating an improvement in the surface water quality, while, in the second year, the application of the HPI showed that two out of the three river streams (Băiţa (P2) and Craina (P3)) were unsuitable, with values of HPI way higher than the critical value of 100 [51]. The conclusion extracted from the computation of HPI indicated that the study area is highly susceptible to heavy metal pollution and also has a heavy metal accumulation potential. The observed increase of the HPI in the second year could be mainly due to the increase of the specific inputs of the mining activities and the accumulation of all the anthropogenic impacts on the surface water quality.



For a better understanding of metal concentrations in surface water samples, HEI was calculated with an average value of 10.2, varying from 7.89 to 12.5. Analyzing the values of the HEI index, the water in the investigated area is not safe, presenting a moderate risk for most of the investigated samples. Therefore, a value higher than 20 for HEI is a threshold of warning, while a value between 10 and 20 suggests a state of high alert [47]. According to the pollution levels in the study, HEI values indicated a medium heavy metal pollution level or the surface water sample collected in 2022. Similar to HPI, HEI showed a deterioration of water quality, in the case of sample collected in 2022, with higher values, but also indicated a medium level of heavy metal pollution.



The HEI values obtained (96.1–142) were higher than the value in surface water from the study carried out by Molekoa et al. [21] (48–69), but at the same time, they are much lower than that in the mining area of Cameroon (11–91) [20].




3.4. Water Quality Assessment


The assessment of the suitability of surface water sources was done using the Water Quality Index method, which leads to a friendly interpretation of water quality by assembling different parameters into a single number. The WQI was calculated using five subindices, using the measured concentration of Ni, Cu, Pb, Cr, and Cd, and their permissible limits of water Class V according to the Romanian and International Regulations, namely the Minister Order 161/2006/OD and Directive 2008/32/CE, regarding the quality of surface water resources [45,46].



The most important sub-indices were Cr and Ni, which control the study area’s water quality and WQI value. The sequence of heavy metals in the calculated unit weights was in the order of Cr > Ni > Cu > Zn > Pb > Cd. The value of WQI during the studied period ranged from 141 to 230, with an average value of 164. The WQI value indicated that water quality was very poor (P2 and P3–2022) and poor (for P1–2022 and P1, P2, P3–2021) and totally unsuitable for drinking purposes (Table 4). The high WQI might be derived from the intensive anthropogenic activities (industrial, agricultural, and domestic) and economic developments along the study region, such as the extensive mining activities and various power plants [59]. The slight variation of WQI between the two years could be due to different river flow rates based on different meteorologic conditions. Similar results were obtained by Mokarram et al., when various indices concluded that the surface water from Kor River (Iran), located nearby an industrial settlement, was unsuitable for domestic usage due to the high content of Cr [60].



Comparing the results with studies regarding surface water in areas with mining activity, it can be seen that the WQI was much lower (141–230) compared to the mining area in South Africa (120–4643) [21] or Cameroon (12.5–5137) [20].



The remediation of the water quality will be the subject of further studies, in this sense, remedial measures will be taken into account in order to reduce the acidity of the waters and the extraction of metals through bioleaching and washing.





4. Conclusions


The industrial activities carried out over the years in the Baia Mare area have had a negative impact on environmental factors, including surface waters.



The present study on the analysis of surface waters of Baia Mare allowed us to know the contents of heavy metal concentrations and the values of certain descriptive parameters of water quality, such as pH. Our results revealed that the surface water from Baia Mare area is characterized by a high variation of the pH, and it is contaminated by a number of trace metal elements.



The analysis of the surface water collected from three different water bodies in two distinct years revealed a variable pH (2.53–7.92), lower values being influenced by the reduced water flow, indicating a possible acidic character of the sediments of the Băiţa and Craica rivers.



The concentrations of heavy metals revealed high values of Cr (0.165–1.57 mgL−1) and Cu (0.036–0.195 mgL−1), exceeding the values of quality Class V in most of the samples. The order regarding the polluting character of the metals in the present study was: Cr > Ni > Cu > Zn > Mn > Fe > As > Pb > Cd. All three samples collected in 2022 showed a different typology. The dominant cation was Ca (64.5 ± 40.9 mgL−1), followed by Mg (12.9 ± 9.14 mgL−1), Na (9.57 ± 5.79 mgL−1), and K (3.89 ±2.18 mgL−1). P1 and P3 showed similar trends in the case of anions (SO42− > HCO3− > Cl−), while in the case of P2, the order of anions was HCO3− > SO42− > Cl−. The results are evidence of the poor quality of the surface and underground water sources and reflection of the influence of wastewater discharges on the chemical quality of water.



In addition, HPI (96.1–142) and HEI (11.1–12.5) values indicated an average level of heavy metal pollution in surface water samples collected in 2022. Moreover, HEI and HPI showed a deterioration in water quality in 2022 compared to 2021 (HPI: 15.7–18.4 and HEI: 6.62–10.0). The value of WQI during the studied period ranged from 141 to 230, with an average value of 164. The WQI value indicated that water quality was very poor (P2 and P3–2022) and poor (P1–2022 and P1, P2, P3–2021). Thus, the consumption of these waters will result in human exposure to high health risks of intoxication with studied metals.



The results of this study have demonstrated that water samples from the rivers in the Baia Mare area (Craica, Baita, and Recea) are not suitable for irrigation and drinking purposes, thus some pollution control measures are required. Furthermore, the results indicated the necessity of carrying out further investigations and remediation in this zone.
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Figure 1. Locations of the investigated areas with the sampling points and the pollution sources in Baia Mare city [40,41]. 
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Figure 2. The pH of the surface water samples collected in 2021 and 2022 in the study area. 
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Figure 3. Heavy metal in studies surface water samples compared quality classes established by the Minister Order 161/2006/OD: (a) Cr concentration, (b) Cu concentration. 
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Figure 4. Schoeller diagram of chemical parameters concentrations (SO42−, HCO3−, Cl−, Mg, Ca, K, Na) among the sampling points. 
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Table 1. The limit of detection (LOD) of the studied parameters in surface water.
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	Parameter
	LOD
	Parameter
	LOD
	Parameter
	LOD





	Cd (µgL−1)
	0.110
	Mn (µgL−1)
	0.090
	NO2−(mgL−1)
	0.050



	Cr (µgL−1)
	0.020
	As (µgL−1)
	0.026
	Cl− (mgL−1)
	0.020



	Cu (µgL−1)
	0.200
	Ca (mgL−1)
	0.004
	SO42− (mgL−1)
	0.030



	Ni (µgL−1)
	0.026
	Mg (mgL−1)
	0.009
	F− (mgL−1)
	0.010



	Zn (µgL−1)
	0.330
	Na (mgL−1)
	0.010
	PO43− (mgL−1)
	0.080



	Pb (µgL−1)
	0.270
	K (mgL−1)
	0.012
	HCO3− (mgL−1)
	20



	Fe (µgL−1)
	0.190
	NO3− (mgL−1)
	0.010
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Table 2. Pollution indices used for water quality assessment.
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Indices

	
Water Quality






	
HPI

[25,51]

	
HPI < 100

	
  ⇒  

	

	
low pollution




	
HPI ≥ 100

	
  ⇒  

	

	
critical pollution




	
HEI

[48]

	
HEI < 10

	
  ⇒  

	

	
low pollution




	
10 ≤ HEI < 20

	
  ⇒  

	

	
moderate pollution




	
HEI ≥ 20

	
  ⇒  

	

	
high pollution




	
WQI

[28]

	
WQI < 25

	
  ⇒  

	

	
excellent quality




	
25 ≤ WQI < 50

	
  ⇒  

	

	
good quality




	
50 ≤ WQI < 75

	
  ⇒  

	

	
medium quality




	
75 ≤ WQI < 100

	
  ⇒  

	

	
poor quality




	
WQI ≥ 100

	
  ⇒  

	

	
extremely poor quality
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Table 3. The heavy metal concentration in the surface water in comparison with the results of other authors [mgL−1].
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Sample/

References

	
Years

	

	
Ni

	
Cr

	
Cu

	
Zn

	
Pb

	
Cd

	
Fe

	
Mn

	
As






	

	

	

	
mgL−1




	
P1

	
2021

	
Average

	
-*

	
1.57

	
0.056

	
-*

	
-*

	
-*

	
-

	
-

	
-




	
SD

	
-

	
0.010

	
0.001

	
-

	
-

	
-

	
-

	
-

	
-




	
2022

	
Average

	
0.496

	
0.707

	
0.059

	
-*

	
-*

	
-*

	
-*

	
-*

	
-*




	
SD

	
0.018

	
0.014

	
0.004

	
-

	
-

	
-

	
-

	
-

	
-




	
P2

	
2021

	
Average

	
-*

	
1.380

	
0.036

	
3.10

	
-*

	
-*

	
-

	
-

	
-




	
SD

	
-

	
0.121

	
0.010

	
0.435

	
-

	
-

	
-

	
-

	
-




	
2022

	
Average

	
0.718

	
0.165

	
0.133

	
3.398

	
-*

	
-*

	
0.070

	
-*

	
-*




	
SD

	
0.007

	
0.007

	
0.004

	
0.028

	
-

	
-

	
0.005

	
-

	
-




	
P3

	
2021

	
Average

	
-*

	
1.243

	
0.051

	
-*

	
-*

	
-*

	
-

	
-

	
-




	
SD

	
-

	
0.078

	
0.010

	
-

	
-

	
-

	
-

	
-

	
-




	
2022

	
Average

	
0.518

	
0.845

	
0.195

	
-*

	
-*

	
-*

	
-*

	
3.903

	
-*




	
SD

	
0.010

	
0.019

	
0.005

	
-

	
-

	
-

	
-

	
0.012

	
-




	
Smical et al. [16]

	
1999

	
Average

	
0.022

	
-

	
0.050

	
0.680

	
0.020

	
0.045

	
0.50

	
2.520

	
-




	
2007

	
Average

	
0.040

	
-

	
0.110

	
0.990

	
0.140

	
0.048

	
1.80

	
2.310

	
-




	
2009

	
Average

	
0.043

	
-

	
0.175

	
1.300

	
0.090

	
0.054

	
1.20

	
2.320

	
-




	
2011

	
Average

	
0.031

	
-

	
0.022

	
0.580

	
0.020

	
0.020

	
0.55

	
1.180

	
-




	
Cordos et al. [6]

	
2001

	
Average

	
-

	
-

	
0.060

	
1.010

	
0.045

	
0.005

	
-

	
-

	
-








Note(s): * All three samples had their concentration of the ith parameter lower than LOD.
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Table 4. The cations and anions concentration in the surface water samples in the year 2022.
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Sample

	

	
Ca

	
Mg

	
Na

	
K

	
NO3−

	
NO2−

	
Cl−

	
SO42−

	
F−

	
PO43−

	
HCO3−






	

	

	
mgL−1




	
P1

	
Average

	
94.6

	
22.2

	
16.2

	
6.38

	
46.7

	
-*

	
39.6

	
102

	
0.09

	
-*

	
85.4




	
SD

	
1.277

	
2.536

	
1.308

	
0.244

	
1.929

	
-

	
1.136

	
1.732

	
0.006

	
-

	
0.794




	
P2

	
Average

	
17.9

	
3.94

	
5.49

	
2.35

	
1.25

	
-*

	
3.00

	
15.1

	
0.11

	
-*

	
39.6




	
SD

	
1.300

	
0.440

	
0.503

	
0.157

	
0.207

	
-

	
0.197

	
0.700

	
0.003

	
-

	
0.985




	
P3

	
Average

	
80.9

	
12.5

	
7.03

	
2.95

	
24.8

	
-*

	
35.8

	
229

	
0.06

	
-*

	
30.5




	
SD

	
0.700

	
1.229

	
0.313

	
0.238

	
0.265

	
-

	
0.954

	
16.523

	
0.002

	
-

	
1.473








* All three samples had their concentration of the ith parameter lower than LOD.
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Table 5. The heavy metals pollution assessment through pollution indices.
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Sample

	
HPI

	
HEI

	
WQI




	
2021

	
2022

	
2021

	
2022

	
2021

	
2022






	
P1

	
16.6

	
96.1

	
7.89

	
11.1

	
167

	
195




	
P2

	
18.4

	
142

	
10.0

	
12.2

	
183

	
211




	
P3

	
15.7

	
118

	
6.62

	
12.5

	
141

	
230
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