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Abstract

:

Groundwater pollution is a very common problem worldwide, as it poses a serious threat to both the environment and the economic and social development and consequently generates several types of costs. The analysis of pollution control involves a permanent comparison between pollution costs and the costs associated with various methods of pollution reduction. An environmental policy based on economic instruments is more effective than an environmental policy focused on command and control tools. In this respect, the present paper provides a case study showing how anthropogenic factors such as wastewater, industrial, agricultural, and natural factors are able to change the physical and chemical parameters of groundwater in the study area, thus endangering their quality. In order to monitor the groundwater quality in the region of Dobrudja, an analysis of physico-chemical parameters was performed. The content of heavy metals was analyzed and the health risk index was taken into account and analyzed, in order to set a better correctness of the metal content from the underground waters. Studies on groundwater quality control have shown that, in many parts of the world, water has different degrees of quality depending on the natural and anthropogenic factors acting on the pertaining environment. This is why more attention should be paid to the prevention of groundwater pollution and the immediate remediation of accidents.
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1. Introduction


The list of environmental issues that humanity has to face currently includes topics specific to areas (forest degradation) and activities (chemical risk) or global topics (climate change) that bring out three factors that are basic components of the current environmental crisis: overpopulation, depletion of resources, and pollution.



Groundwater occupies a special place in the economy, primarily as the main fresh water resource, as well as for agricultural irrigation, and industrial utilization. Groundwater quality can be affected by hydrogeochemical process and anthropogenic impacts such as rapid urbanization, and industrial and agricultural development [1].



In many countries all over the world, groundwater has become an important part of the drinking water supply process for industrialized areas, for agriculture, and not least for household use [2,3]. Recently, the support of life on earth has been based on the supply of drinking water from groundwater aquifers. They are superior in quality and have a natural protection against microbial activities. Another quality of groundwater is that it can be found all over the globe [4]. Groundwater has recently served as the main source of water supply for the earth’s populations, therefore its quality is very important. Both anthropogenic and natural factors are the main sources of water contamination [5].



The loss of the integrity of groundwater occurs due to domestic, public, and industrial wastewater that seeps through various channels in the ground such as defective canals, absorbent boreholes, or even through the ground layer. Another cause is the infiltration of rainwater loaded with pollutants from the atmosphere or even from the soil, due to uninsulated open-air industrial landfills, such as: ash from thermal power plants, wood waste, chloro-sodic landfills, sugar factory sludge, household waste, or metallurgical slag. The suspended materials from vehicular traffic, tire wear, and oil and gas leaks from vehicles are deposited on pavements, and all this material is carried by rainwater and infiltrate the surface of permeable pavements and the other base layers, accumulating over time. Permeable pavement systems, unlike conventional pavement, can reduce the amount of pollutants transported by rainwater and therefore decrease the total quantity of pollutants delivered to the receiving water bodies [6].



Defective tanks containing various fluid substances, losses due to the transport of petroleum products or other fluids, and even loading and unloading stations are other causes of groundwater infestation with pollutants [2]. Some of the factors that destroy the quality of groundwater are soil characteristics, groundwater circulation through different types of rocks, topography, and saline water infusion in coastal areas; but human activities also have effects on groundwater [3]. Of major importance, due to the frequency of infestation by this process, is the spread of fertilizers and phytopharmaceuticals on the soil surface, which then, by means of atmospheric precipitation, infiltrate underground. Of all these aspects, prevention action is the only effective way to protect groundwater quality [2].



Groundwater pollution is a very common problem worldwide [7,8,9,10,11], as it poses a serious threat to both the environment and economic and social development. Groundwater resources are threatened globally due to population growth [12], rapid urbanization [13], and agricultural/industrial development [14].



Nitrogen exists in the soil in the forms of nitrate, nitrite, and ammonium and can easily move into the groundwater by leaching effects. Elevated nitrate is a severe problem affecting regional groundwater quality in Korea [15], Denmark [16], Indonesia [17], China [18], and Italy [19].



Heavy metal pollution of groundwater is a serious problem for human health, as it causes toxicity and carcinogenic effects [3]. Human health, industrialization, as well as the practices of modern agriculture, require increased attention and protection of groundwater quality but also a rational exploitation within the limits of exploitation reserves [1]. In order to assess the groundwater quality, identify sources of contamination, and plan preventive measures to reduce the public health risks, authorities will need to perform routine monitoring of groundwater [20].



In Romania, the main economic sectors regarded as significant sources of water pollution are represented by industrial activities (the extractive industry, mining industry, chemical processing, metallurgical industry), agro-zootechnical activities, as well as unauthorized and inappropriate household and industrial landfills.



Economic Aspects of Pollution.



Pollution is an economic problem primarily because it reduces the value of the resources a society has at its disposal. Secondly, pollution is an economic problem also due to the fact that it involves a process of choice for resolving conflicts of interest (e.g., the polluter–polluted relationship will always be marked by the existence of conflicts of interest). Thirdly, pollution is an economic problem because the means themselves by which this phenomenon can be reduced require the use of resources (which in turn involve certain costs). Therefore, the analysis of pollution control involves a permanent comparison between pollution costs and the costs associated with different methods of pollution reduction.



Pollution generates several types of costs. Pollution reduction costs are the costs generated by reduction of the pollutant amount. The polluter can reduce the amount of pollutant by reducing the production of polluting goods. Yet pollution generates costs that are borne by society as a whole. As soon as pollution has occurred and the polluter fails to prevent it, there are two types of costs that society as a whole face [21].



When analyzing a polluting activity in terms of its economics, one cannot ignore the external cost of said activity. If a company fails to take measures to reduce pollution, the costs will be represented by the reduction of the value of production or consumption activities as affected by pollution. These costs are in the nature of damage, and that is why we have grown accustomed to calling them pollution damage. The variety of the damage (costs) is amazing. They are highlighted, for example, by the measurable loss of profit or utility of those affected by pollution (deterioration of water quality causes increased production costs of the company using this water, and therefore decreased profit).



In general, the decrease in profit is measurable for the simple reason that the additional factors necessary to rectify the situation are assessed on the market. The unfavorable mental consequences of polluting activities are much more difficult to measure, but certainly such effects influence consumption. Leaving aside the theoretical and practical difficulties of measuring these effects, we can say that the decrease in the value of production activities and the decrease in the value of consumption due to pollution are similar from a conceptual point of view. They both reduce the well-being obtained by society by using the resources at its disposal.



In other words, the external cost occurs when a consumption or production activity induces a direct loss of utility or an increase in the cost of production in the sphere of another activity, and these negative effects are not included in the calculations of the producer [22].



1.1. The Efficiency of the Economic Instruments Used in the Environmental Protection Policy


The following are some of the arguments that can be made to prove that an environmental policy based on the use of economic instruments is more effective than an environmental policy that focuses on command and control tools.



1.1.1. Economic Instruments Facilitate the Internalization of Negative Externalities Generated by Polluting Activities


Negative externalities are in the nature of a cost that is not included in the price of the goods produced. Therefore, the main reason for using economic instruments in an environmental protection policy is the inclusion of pollution costs (external costs) in the price of goods generated by a certain economic activity. The internalization of external costs by using economic instruments will place the production of polluting goods at an optimal level from a social point of view.




1.1.2. Economic Instruments Induce Changes in Both the Behavior of Producers and the Behavior of Consumers


For example, if a polluting product is taxed, the producer of that product will try to reduce the pollution. The charged fee will raise the product price, and consumers will buy less of that product. It is true, however, that the change in behavior will be evident if the demand for said goods is elastic, i.e., when the polluting product has many less-polluting potential substitutes.




1.1.3. Economic Instruments Are Often More Cost-Effective Than Other Instruments


According to the regulatory instruments (standards, authorizations, etc.) used for pollution control, all pollutants must reduce pollution according to the same imposed standards, regardless of the costs of achieving this goal. An economic instrument will help each polluter decide whether it is more convenient to pay that fee or to bear the costs of reducing pollution. Those facing low pollution-reduction costs will reduce their emissions more than those who have to bear higher costs. Moreover, given that economic instruments are imposed in terms of unit (kg, t, m3) of the remaining emissions, there will always be an incentive to reduce pollution.




1.1.4. Economic Instruments Encourage Investments in Green Technology


Economic instruments help the economy move towards an eco-efficient use of limited resources. In the world we live in, there is huge potential for increasing resource productivity via technological solutions that can contribute to sustainable economic growth.




1.1.5. Economic Instruments Generate Income for Environmental Investments


In contrast to command and control instruments, environmental fees generate revenue that is later used for various purposes. In the case of user fees (e.g., wastewater treatment, entrance fees to national parks, etc.), the collected revenues are used by the authorities to provide quality services, without negative effects on the natural environment and allowing full recovery of costs. Revenues from environmental fees can be collected in special environmental funds or in general budgets.



However, there is a paradox that needs to be mentioned: the greater the effectiveness of an environmental tax, the lower the income generated by it. The explanation is as follows: the higher an eco-tax, the more stimulated is the polluter to invest in reducing pollution and therefore the taxing basis is lower. As a result, eco-tax collectors may sometimes be interested in keeping pollution high.




1.1.6. Economic Instruments Support the “Polluter Pays” and “User Pays” Principles


The “polluter pays” principle guarantees that all financial responsibility for reducing pollution lies with the polluter [23,24,25]. The “user pays” principle states that resources have economic value, and the costs of their usage have to be borne by the user.






2. Materials and Methods


A Case Study: Quality Control of Groundwater in the Region of Dobrudja, Romania.



In this paper, a case study shows how anthropogenic factors such as wastewater, industrial, agricultural, and natural factors, such as soil-water interaction, are able to change the physical and chemical parameters of groundwater in the study area, thus endangering their quality. In the process of evaluating the groundwater quality, the physical and chemical properties represent the most important factors. In this context, the physico-chemical parameters of groundwater such as pH, electrical conductivity, turbidity, alkalinity, hardness, nitrates, nitrites, ammonium, chlorides have been investigated in the groundwater of the region of Dobrudja to generate an assessment of groundwater quality and its use for drinking purposes. The content of heavy metals such as chromium, cadmium, copper, iron, manganese, nickel, lead, and zinc in these samples has been analyzed. In addition, the health risk index was taken into account and analyzed, in order to set a better correctness of the metal content from the underground waters located on Dobrudja’s territory.



2.1. The Study Area


The study area was the region of Dobrudja, where the underground catchments have been developed at a fast pace, replacing the surface ones, which are even more expensive and more inadequate in terms of water quality. In the past, Dobrudja was known as a region almost devoid of underground supply possibilities, but more advanced studies carried out on the territory of this area have shown that large areas, such as the basins of the Sava, Telita, and Taita rivers have important resources capable of ensuring a substantial flow of drinking water [26].



The groundwater on the territory of Dobrudja, which is part of the Upper Cretaceous–Jurassic aquifer complex, is bicarbonate-calcium and magnesium, having a mineralization below 500 mg/l, and being drinkable, while the waters from Sarmatian limestones located in the Mangalia area are bicarbonate-calcium and chlorinated sodium with a higher mineralization up to 1000 mg/l, which are also drinkable but with an intense smell of hydrogen sulfide [2].




2.2. Sampling


Six different locations in the region of Dobrudja were established for groundwater sampling from wells (Figure 1) situated in urban areas (Constanta, Palas, Palazu Mare) and in rural areas (Lumina, Corbu, and Casimcea). The collected samples were stored at 4 °C before analysis.




2.3. Groundwater Analysis


The potentiometric method was used for pH measurement using a pH meter from Hanna. The conductivity (C) is directly related to the concentration of ions dissolved in water, i.e., the higher the number of ions, the higher the conductivity. The conductivity was determined using a CONSORT K610 conductometer. Water alkalinity is the content of ions that give the water an alkaline character. It is determined against two indicators: “p” alkalinity—compared to phenolphthalein—and “m” alkalinity—compared to methyl orange. The “p” alkalinity is called permanent alkalinity and the “m” alkalinity is called total alkalinity. The alkalinity was determined by titrating a known volume of the sample with an HCl solution 0.1 N in the presence of phenolphthalein up to the discoloration of the solution, followed by titration in the presence of methyl orange to yellow. In the first stage, the anions representing the “p” alkalinity are neutralized, after which the other anions representing the alkalinity of the water are neutralized. The full volume of the HCl solution consumed on titration contains an amount of acid equivalent to the total alkalinity (TA). Nitrites are present in the water due to infiltration into the groundwater in agricultural areas where fertilizers are used intensively, but can also result from improperly stored animal manure. The reaction of the nitrites presents in the sample, with the reagent 4-amino-benzene-sulfonamide in the presence of orthophosphoric acid leading to the formation of a red complex. Nitrates in groundwater come from the washing by rainwater of naturally occurring nitrates in the surface soil, or may have as a source the fertilizers used for soil fertilization. Nitrogen compounds released into the air from combustion processes by automobiles and industry can increase the nitrate content of rainwater and deposited dust, representing another source of nitrate in water. Sulfuric acid and phosphoric acid used in the reaction of nitrates with 2.6-dimethylphenol lead to the formation of 4-nitro-2.6-dimethylphenol. The spectrometric measurement of the absorbance at the wavelength of 324 nm was followed by the reading of the nitrate concentration in the sample using the calibration curve. Determination of total hardness consists of complexing the metal cations that form the hardness, with the disodium salt of ethylene-diamino-tetraacetic acid (EDTA), at pH = 10, in the presence of the indicator eriochrome T. The turbidity of water was determined by measuring the intensity of a diffused light flux when passing through the water sample (variant I) or by measuring the attenuation of the intensity of an incident light flux when passing it through the water sample (variant II). In both cases, the obtained value reads the turbidity on a calibration curve drawn on the basis of the formazine suspension standard, which has the absorbances inscribed on the ordinate, and on the abscissa the corresponding formazine turbidity units. Turbidity is expressed in units of formazine turbidity (UTF) and was read directly on the calibration curve. Determination coefficients (R2) obtained from linear regression analysis were 0.9999. The equation of the calibration curve is y = 0.0027x + 0.0002. Determination of ammonium consists of ammonium’s reaction with salicylate and hypochlorite ions in the presence of sodium nitrosopentacyanoferrate (III) (sodium nitroprusside). A blue compound is formed, which will be measured spectrometrically at a wavelength of approximately 650 nm. The reaction of chloramine with sodium salicylate takes place at pH 12.6 in the presence of sodium nitroprusside. The chloramines present in the sample are determined quantitatively, and the role of sodium citrate is to mask the interference given by cations, such as calcium and magnesium. The principle of the method for chlorides determination was chlorides precipitation with silver nitrate solution in the presence of potassium chromate as an indicator. The end point of the titration is highlighted by the appearance of the silver–chromate precipitate, colored brick-red. Metals (Cd, Pb, Cu, Cr, Zn, Mn, Ni, Fe) were determined by atomic absorption spectrometry (AAS). Atomic absorption spectrometer contrAA 700 Analytik Jena was equipped with a graphite furnace with a background correction system and cavity cathode lamp. Table 1 presents the calibration data and detection limits.



Water samples are filtered and preserved by acid treatment. A volume of 20 μL of sample solution was injected into the platform graphite furnace of the atomic absorption spectrometer. The oven is electrically heated. By gradually increasing the temperature the sample is dried, pyrolyzed, and atomized. The light source emits a specific light for each analyte. When the ray of light passes through the cloud of atoms in the heated graphite furnace, light is selectively absorbed by the atoms of the analyte. The decrease in light intensity is measured with a detector at a specific wavelength. The concentration of metals in the sample was determined by comparing the absorbance of the sample with the absorbance of the calibration solutions, according to Lambert Beer’s law. Chemical modifiers are used to remove its spectral non-spectral interference from a sample (matrix effects). For Cd, Cr, Cu, Fe, Mn, Zn the chemical modifier Pd/Mg (NO3)2 0.1: 0.05% was used, and for Ni and Pb, Pd (NO3)2 0.05%.





3. Results


In order to monitor the groundwater quality in the Dobrudja area, an analysis of physico-chemical parameters was performed (Table 2).



The values of metal concentrations for the studied samples are presented in Table 3.




4. Discussion


pH value is an important parameter of water quality and the contamination level in the watershed area. This study has revealed that the pH value of well water is slightly alkaline and varied from 7.22 pH units (Constanta) to 7.91 pH units (Casimcea). The well water samples are within the permissible limit prescribed by Romanian legislation [27] (Table 4).



Regarding the conductivity of this groundwater, the highest value was observed in Casimcea (3070 μs/cm), while Lumina had the lowest value (969 μs/cm). The higher EC values of the well could be attributed to its shallow depth, as ongoing surface activities can affect the conductivity values [28]. Only the sample from Casimcea (3070 μs/cm) exceeded the maximum allowed value of 2500 μs/cm (Table 4) [22].



The permanent alkalinity had the same value for all six groundwater samples in the Dobrudja region (0.000 mmol/L), while the values for total alkalinity fluctuated—the highest value being recorded for the water from Palazu Mare (13.0 mmol/L) and the lowest for the water in the rural district of Casimcea (8.0 mmol/L).



The concentration of nitrate contained in water seems to be from the high agricultural waste and sewage contamination. Such an increase may be due to rapid decomposition of organic matter. When the dead organic matter decomposes in water, it forms complex proteins, which are converted into nitrogenous organic matter and finally to nitrate by bacterial activity. The highest level of nitrates was found in the waters of Casimcea (532 mg/L), and the lowest in Lumina (0.132 mg/L). For nitrites, the highest level was highlighted in the groundwater in Casimcea (0.245 mg/L), and the lowest level in Lumina (0.002 mg/L).



The highest value of hardness (95.9) was found in the waters of Casimcea, while the lowest value was identified in the waters of Lumina (21.2). The studied waters thus fall into the category of hard waters (those from Lumina and Corbu) and very hard waters, with hardness values over 30 degrees German hardness.



Higher turbidity affects life indirectly by cutting the light utilized by phytoplankton growth. It should be noted that the water in Lumina had the highest value of turbidity (0.75 UTF). The lowest value could be observed for the waters in Constanta (0.013 UTF). At all sites turbidity is low (Table 2), because there is no exploitation activity in the area.



Ammonium is an indicator parameter of recent organic pollution. Its sudden increase indicates the intervention of a pollutant of either natural or artificial origin. The ammonium parameter registers the highest value in Corbu (0.075 mg/L), and the lowest value is found simultaneously in two areas: Palazu Mare and Palas (0.001 mg/L).



Chloride is one of the most important parameters in assessing the water quality. The higher concentration of chloride indicates higher degree of organic pollution. The highest value for chloride concentrations was determined in Casimcea (312.7 mg/L) and the lowest value in Lumina (89.0 mg/L).



Following the results obtained, it can be seen that the values of the parameters ammonium, nitrites, pH, and turbidity for all groundwater samples in the region of Dobrudja are in accordance with legal provisions (Table 4). Physico-chemical parameters such as chlorides, conductivity, hardness, and nitrates exceed the maximum permitted levels. The nitrate values from the studied water samples exceed the maximum allowed limit of 50 mg/L, except for the sample of Lumina, which has a value according to the legal provisions of 0.132 mg/L. The hardness parameter presents values above the maximum limits allowed by the Romanian legislation in all groundwater samples in the region of Dobrudja.



Physico-chemical parameters that exceed the permitted limits can cause serious problems for the population and the environment. Values of pH, conductivity, chlorides, nitrates within the maximum permissible limits were obtained in the Chandigarh region [29], while the value for hardness exceeded the maximum permissible limit. Groundwater in the northern China’s Yuncheng Basin has reached nitrate levels at different depths [30] and it can be concluded that groundwater in the depths of the earth is less polluted by anthropogenic factors than those at the surface. In the region of Dobrudja, the nitrate level exceeded the maximum limits allowed by the Romanian legislation.



Following the analyses, it was observed that in the samples studied, cadmium and iron were below the detection limit, copper was present only in the water from Lumina, and nickel only in the water sample from Palazu Mare (Table 3). The region of Dobrudja is known as the largest karst area in Romania. The transportation of metals in groundwater can be influenced by hydrogeological and geochemistry properties of the karst area. The precipitation of hydroxide or carbonate phase will inhibit the concentration of metal ions in karstic water to low values [31]. Another reason why metals concentrations are mostly below detection limit is pollutants transport. A karst aquifer has an anisotropic permeability structure that may adsorb substances easily onto the aquifer. Moreover, the increasing pollutant concentrations in a karst aquifer is caused by the larger groundwater velocity of karst areas than other lands [32].



The highest value for chromium was obtained for the sample from Palazu Mare (15.32 μg/L) and the lowest for Corbu (6.452 μg/L). For manganese, the highest value was found in the water samples from Lumina (3.662 μg/L), and the lowest value in the sample from Corbu (0.259 μg/L). The highest value observed for lead in groundwater was in Palazu Mare (1.016 μg/L), while in Palas and in Corbu this metal was below the detection limit. Zinc, the metal found in the largest quantities in all groundwater samples in the Dobrudja region, recorded oscillating values, so the highest value was recorded in Lumina (37.93 μg/L), and the lowest in Corbu (5.036 μg/L).



The concentrations of the studied metals were within the maximum allowed limits established by the Romanian legislation regarding the maximum allowed limits of heavy metals in drinking water [27].



Correlations among metals were determined using the Pearson correlation analysis to provide information on their sources. Table 5 shows the Pearson correlation coefficients for target metals for the six locations in the region of Dobrudja. There are high values for these coefficients for the following pairs of metals: Pb–Cr, Pb–Ni, Cu–Zn, Cu–Mn, Zn–Mn, some of them greater than 0.9 (Pb-Cr, Pb-Ni). These strongly positive correlations between pairs of metals indicate identical behavior of metals in the water column and could suggest the possibility of their common origin. Pb was significantly correlated with Cr (p < 0.01) and Ni (p < 0.05), and these correlations may reflect similar sources of pollution or similar cumulative characteristics among the corresponding samples. Between Pb–Zn, Pb–Mn, Cr–Mn, Zn–Ni, and Mn–Ni were observed low positive Pearson correlations. However, no statistical correlation was found between these pairs, likely indicating the different origins of these elements. There was an inverse relationship between Pb–Cu, Cu–Cr, and Cu–Ni, which was likely due to their origins from different sources, or antagonism.



Positive Pearson coefficients between metals suggest a pollution source (industrial, urban, or agriculture pollution). In addition, to verify if there is variability between groundwater samples from different areas (rural and urban), an analysis of variance (ANOVA) was carried out. According to this test, statistically significant differences were not found between samples from urban and rural areas (p > 0.05).



In addition, a Pearson correlation analysis was used to identify the relationship between metals concentrations and water physico-chemical parameters (pH, conductivity, total alkalinity, nitrates, nitrites, hardness, turbidity, ammonium, and chloride)—Table 6.



Pb showed strong positive significant correlation with total alkalinity, and Cu and Zn with turbidity.



In the studied groundwater samples, metals showed small positive correlations with most of the physico-chemical parameters (Pb with C,     NO  3 −   , dT; Cu with pH, TA; Cr with C, TA,     NO  3 −   , dT; Zn with pH. TA,     NO  3 −   ; Mn with TA, TU and Ni with C, TA,     NO  3 −   , dT). For the other studied metals with physico-chemical parameters, a low negative correlation was observed.



Chloride as the representative ion of salinity had negative correlations with all studied metals, except Ni (r = 0.01), indicating that terrestrial inputs strongly contributed to the distribution of these metals in groundwater samples.



Thus, in the central area of Bangladesh, located in the south of the Asian continent, values were recorded for Fe from 52 to 19.600 μg/L, for Mn from 0.04 to 4.23 μg/L, for Ni from 1.1 to 18.8 μg/L, for Pb from 0.02 to 28.6 μg/L, and for Zn from 2 to 58 μg/L [33]. Comparing these results of heavy metals in the groundwater of central Bangladesh with those of groundwater in the Dobrudja area, it can be seen that Fe, Mn, and Pb exceed the maximum permissible limits. It can also be seen that in the groundwater of the southern part of the Asian continent there are large quantities of heavy metals compared to those found in the groundwater of the southeastern part of the European continent, more precisely in the Dobrudja area of Romania.



Also in Bangladesh, but this time in the western area, data on the existence of trace metals were monitored, which showed that of the six metals analyzed, namely Cu, Cd, Fe, Mn, Ni and Zn, only Cu and Zn were within the maximum allowed limits, the rest of the metals being found in much larger quantities [34]. This once again demonstrates the increased degree of pollution in the groundwater of Bangladesh, perfectly in contrast to that of groundwater in the Dobrudja area.



Another area where trace metals were monitored was in the Bazman Basin, located in southeastern Iran [35]. From metals analyzed in this area, it was shown that only Cr, Cu, Fe, Mn, Ni, and Zn were within the maximum allowed limits.



Determination of the health risk index.



The health risk index (HRI) was estimated as the ratio of daily metal intake (MRI) to mean reference metal (RfD) values, according to the report [36]:


  HIR =   DIM   RfD   =    C  water   · I   BM · RfD    



(1)




where:




	
Cwater—metal content in water samples;



	
I—daily water intake;



	
BM—average body mass of an adult;



	
RfD—the value for the average reference dose of metals.








From specialized data [36], it is known that I = 2 L and BM = 70 kg.



The results obtained after determining the health risk index of metals (Cd, Pb, Cu, Cr, Zn, Mn, Ni) are represented in Table 7.



The order of the toxicity of heavy metals according to the average HRI values, calculated for each groundwater sample, was as follows:




	
for the groundwater sample from Constanta Zn> Pb> Cr> Mn> Cd, Cu, Ni;



	
for the groundwater sample from Palazu Mare Pb> Ni> Zn> Mn> Cr> Cd, Cu;



	
for the groundwater sample from Palas Zn> Mn> Cr> Cd, Pb, Cu, Ni;



	
for the groundwater sample from Lumina Zn> Pb> Mn> Cr> Cu> Cd, Ni;



	
for the groundwater sample from Corbu Zn> Cr> Mn> Cd, Pb, Cu, Ni;



	
for the groundwater sample from Casimcea Zn> Pb> Cr> Mn> Cd, Cu, Ni.








Taking into account the fact that the value of the health risk index should be much less than 1 (HRI << 1), it can be concluded that it exceeds this value in the case of water from Palazu Mare for lead, zinc, and nickel. This exceedance is also observed in the case of the waters from Lumina and Casimcea for zinc, thus demonstrating that their use presents a danger for human health.




5. Conclusions


At present, groundwater occupies a special place in nature, primarily as a source of drinking water for the population, and for industry and agriculture. It has better drinking qualities than surface water, which is why its exploitation and capture process has become increasingly important.



Recent studies on groundwater quality control have shown that, in many parts of the world, water has different degrees of quality depending on the natural and anthropogenic factors acting upon them.




	
This study has revealed that the pH values of well water are slightly alkaline and varied from 7.22 pH units to 7.91 pH units and are within the permissible limit prescribed by the Romanian legislation.



	
Regarding the conductivity of the studied groundwater, the highest value was observed in Casimcea (3070 μs/cm); the higher EC value of the well could be attributed to its shallow depth, as ongoing surface activities can affect the conductivity values.



	
The concentration of nitrate contained in water seems to be the high agricultural waste and sewage contamination. The highest level of nitrates was found in the waters of Casimcea (532 mg/L), while for nitrites, the highest level was highlighted also in the groundwater in Casimcea (0.245 mg/L). In the region of Dobrudja, the nitrate level exceeded the maximum limits allowed by the Romanian legislation.



	
The studied waters fall into the category of hard waters (those from Lumina and Corbu) and very hard waters, with hardness values over 30 degrees German hardness.



	
Higher turbidity affects the life indirectly by cutting the light to be utilized by the phytoplankton growth. At all sites, turbidity is low, because there is no exploitation activity in the area.



	
Ammonium is an indicator parameter of recent organic pollution. Its sudden increase indicates the intervention of a pollution that can be both natural and artificial origin. The ammonium parameter registers the highest value in Corbu (0.075 mg/L).



	
Chloride is one of the most important parameters in assessing the water quality. The higher concentration of chloride indicates higher degree of organic pollution. The highest value for chloride concentrations was determined in Casimcea (312.7 mg/L) and the lowest value in Lumina (89.0 mg/L).



	
The concentrations of the studied metals were within the maximum allowed limits established by the Romanian legislation regarding the maximum allowed limits of heavy metals in drinking water.



	
In the case of the water from Palazu Mare the health risk index exceeds the maximum value for lead, zinc, and nickel. This exceedance is also observed in the case of the waters from Lumina and Casimcea for zinc, thus demonstrating that their use presents a danger to human health.








In conclusion, more attention should be paid to the prevention of groundwater pollution and the immediate remediation of accidents. This would lead to lower, cost-effective costs as well as environmental protection.
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Figure 1. (a) Dobrudja region from Romania; (b) map of groundwater sampling locations in the region of Dobrudja (Constanta, Palas, Palazu Mare, Lumina, Casimcea, Corbu). 
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Table 1. Calibration data and quantification limits.






Table 1. Calibration data and quantification limits.





	Metals
	The Range

µg/L
	R2
	LOQ





	Cd
	0.4–4
	0.9913
	0.00041



	Cr
	2–20
	0.9902
	0.00206



	Cu
	3–30
	0.9902
	0.00310



	Fe
	3–30
	0.9930
	0.1183



	Mn
	1.5–15
	0.9978
	0.00151



	Ni
	7–70
	0.9940
	0.00708



	Pb
	10–100
	0.9946
	0.01002



	Zn
	0.5–5
	0.9924
	0.1076
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Table 2. Values of quality parameters for the studied samples.






Table 2. Values of quality parameters for the studied samples.





	Parameters
	Constanta
	Palazu Mare
	Palas
	Lumina
	Corbu
	Casimcea





	pH
	7.22
	7.23
	7.5
	7.54
	7.44
	7.91



	C (σ)    μ s  / cm  
	1862
	2320
	1370
	969
	1826
	3070



	TA   mmol / L  
	11.1
	13
	8.65
	11.1
	9.4
	8



	   N  O 3 −    mg / L   
	175
	473
	118
	0.132
	70.1
	532



	   N  O 2 −    mg / L   
	0.013
	0.02
	0.015
	0.002
	0.043
	0.245



	dT German
	41.51
	44.1
	30.3
	21.2
	22.3
	95.9



	TU UTF
	0.013
	0.11
	0.2
	0.75
	0.02
	0.15



	   N  H 4 +  mg / L   
	0.003
	0.001
	0.001
	0.003
	0.075
	0.047



	   C  l −  mg / L   
	112.4
	150.7
	90.8
	89
	147.1
	312.7
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Table 3. Values of metal concentrations for the studied samples.






Table 3. Values of metal concentrations for the studied samples.





	Metals

µg/L
	Constanta
	Palazu Mare
	Palas
	Lumina
	Corbu
	Casimcea





	Cd
	<LOQ
	<LOQ
	<LOQ
	<LOQ
	<LOQ
	<LOQ



	Pb
	0.47
	1.01
	<LOQ
	0.11
	<LOQ
	0.11



	Cu
	<LOQ
	<LOQ
	<LOQ
	0.09
	<LOQ
	<LOQ



	Cr
	12.67
	15.32
	8.25
	7.86
	6.45
	7.82



	Zn
	9.55
	24.89
	8.62
	37.93
	5.05
	17.43



	Mn
	0.67
	2.85
	1.48
	3.66
	0.25
	0.53



	Ni
	<LOQ
	2.35
	<LOQ
	<LOQ
	<LOQ
	<LOQ



	Fe
	<LOQ
	<LOQ
	<LOQ
	<LOQ
	<LOQ
	<LOQ
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Table 4. Calibration data and quantification limits.






Table 4. Calibration data and quantification limits.





	Parameter
	Unit of Measure
	Maximum Permissible Limit





	Ammonium
	   mg / L   
	0.50



	Chlorides
	   mg / L   
	250



	Conductivity
	   μ s  ·   cm   − 1     at 20 °C
	2500



	Hardness
	German degrees
	5



	Nitrites
	   mg / L   
	50



	Nitrates
	   mg / L   
	0.50



	pH
	pH units
	   ≥ 6.5 ; ≤ 9.5   



	Turbidity
	UTF
	   ≤ 1.0   
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Table 5. Pearson correlation coefficients of metals in groundwater samples.






Table 5. Pearson correlation coefficients of metals in groundwater samples.
















	
	Cd
	Pb
	Cu
	Cr
	Zn
	Mn
	Ni
	Fe





	Cd
	1
	
	
	
	
	
	
	



	Pb
	NaN
	1
	
	
	
	
	
	



	Cu
	NaN
	−0.351
	1
	
	
	
	
	



	Cr
	NaN
	0.963 **
	−0.264
	1
	
	
	
	



	Zn
	NaN
	0.265
	0.817 *
	0.157
	1
	
	
	



	Mn
	NaN
	0.360
	0.736
	0.292
	0.889 *
	1
	
	



	Ni
	NaN
	0.900 *
	−0.200
	0.791
	0.302
	0.450
	1
	



	Fe
	NaN
	NaN
	NaN
	NaN
	NaN
	NaN
	NaN
	1







NaN (not a number) means there is a result, but it cannot be represented in the computer. ** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.
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Table 6. Pearson’s correlation coefficient of metals with physico-chemical parameters in groundwater samples.
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	Cd
	Pb
	Cu
	Cr
	Zn
	Mn
	Ni
	Fe





	pH
	NaN
	−0.61
	0.13
	−0.68
	0.11
	−0.20
	−0.47
	NaN



	C
	NaN
	0.29
	−0.62
	0.21
	−0.22
	−0.48
	0.28
	NaN



	TA
	NaN
	0.84 *
	0.23
	0.79
	0.48
	0.63
	0.73
	NaN



	   N  O 3 −    
	NaN
	0.53
	−0.50
	0.45
	0.36
	−0.14
	0.54
	NaN



	   N  O 2 −    
	NaN
	−0.23
	−0.28
	−0.29
	−0.08
	−0.45
	−0.19
	NaN



	dT
	NaN
	0.08
	−0.37
	0.05
	−0.03
	−0.36
	0.03
	NaN



	TU
	NaN
	−0.24
	0.96 **
	−0.29
	0.83 *
	0.78
	−0.17
	NaN



	   N  H 4 +    
	NaN
	−0.46
	−0.28
	−0.59
	−0.44
	−0.65
	−0.32
	NaN



	   C  l −    
	NaN
	−0.04
	−0.36
	−0.14
	−0.07
	−0.43
	0.01
	NaN







pH units, C—conductivity, TA—total alkalinity,   N  O 3 −    nitrates,   N  O 2 −    nitrites, dT hardness, TU turbidity,   N  H 4 +    ammonium, and   C  l −    chloride. NaN (not a number) means there is a result, but it cannot be represented in the computer. ** Correlation is significant at the 0.01 level. * Correlation is significant at the 0.05 level.
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Table 7. Risk index values for the studied samples.
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	Metals
	    RfD    

     [   mg  ·   kg   − 1   ·   day   − 1    ]     
	Constanta
	Palazu Mare
	Palas
	Lumina
	Corbu
	Casimcea





	Cd
	0.0010
	-
	-
	-
	-
	-
	-



	Pb
	0.0035
	0.329
	8.293
	-
	0.937
	-
	0.900



	Cu
	0.0400
	-
	-
	-
	0.066
	-
	-



	Cr
	1.5000
	0.241
	0.291
	0.157
	0.149
	0.122
	0.148



	Zn
	0.3000
	0.910
	2.370
	0.821
	3.612
	0.481
	1.66



	Mn
	0.1400
	0.095
	0.582
	0.302
	0.747
	0.052
	0.108



	Ni
	0.0200
	-
	3.355
	-
	-
	-
	-
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