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Abstract: The aim of the study was to assess the groundwater quality in a rural area affected by
the abandoned pyrite ash waste dumps. The abundance of major ions in groundwater depends
largely on the nature of the rocks, climatic conditions, and mobility. To evaluate geochemical
processes, 30 groundwater samples collected from Valea Calugareasca, Prahova County, Romania,
were analyzed for the major anions (NO3

−, SO4
2−

, Cl−, HCO3
−, and F−) and cations (Ca2+, Mg2+,

Na+, and K+), which are naturally highly variable due to climatic and geographical location conditions.
Ca2+, Na+, Mg2+, and K+ varied between 118 and 275 mg/L, 32 and 160 mg/L, 12.2 and 78.4 mg/L,
and 0.21 and 4.48 mg/L, respectively. NO3

− levels exceeding the World Health Organization (WHO)
limit of 50 mg/L were identified in 17% of the groundwater samples, mainly as result of fertilizers
applied to agricultural activities. The hydrogeochemical study identified dolomite dissolution and
halite precipitation as natural sources of ions as well as the presence of pyrite as a source of SO4

2−

ions in 60% of the samples. The sulfate content varied between 125 and 262 mg/L. Bicarbonate and
chloride concentrations varied between 202 and 530 mg/L and 21 and 212 mg/L. The saturation
index indicates the contribution of Ca2+ ions in the groundwater samples came from some processes
of dissolving rocks such as aragonites (values between 1.27 and 2.69) and calcites (values between
1.43 and 2.82). Negative halite values indicated that salt accumulation results from precipitation
processes. Only 10% of the analyzed groundwater samples were suitable for human consumption, the
samples being situated on the hill, far away from the pyrite ash waste dumps and agricultural land.

Keywords: groundwater; factor analysis; hydrogeochemical analysis; spatial distribution; pyrite
ash waste

1. Introduction

Water is a renewable, vulnerable natural resource, and it is a determining factor in
maintaining the ecological balance. Increasing the water demand due to climate change
has a negative impact on the water supply. The constant growth of the population leads to
increased pressure upon the environment and produces negative implications for meeting
the water needs for the natural system and humans [1,2].

Groundwater quality can be affected by factors of human or natural origin. Mining
and metallurgy, intensive agriculture, and changes in land use and management practices
are among the most invasive anthropogenic activities with a major role in changing the
hydrographic system and water quality, with the effect of degrading groundwater qual-
ity [3]. Pollution as result of increasing nutrient concentrations (nitrogen and phosphorus
compounds) may be due to the use of fertilizers, livestock, and agricultural activities. As
infiltration from waste deposits, for example, mining activities, wastewater leaks lead to
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pollution with other inorganic substances and toxic compounds that can be associated with
water salinity due to high concentrations of Ca2+, Mg2+, Na+, Cl−, and F− [4].

Groundwater pollution, because of natural phenomena, includes easily dissolved
rocks (gypsum, mineral salt, etc.), intense evaporation in shallow aquifers, and can cause
the elevation of groundwater and salt deposits. Prevalent inorganic contaminants are
nitrogen contaminants such as NO3

−, NO2
−, and NH4

+. Nitrate can be predominantly from
anthropogenic sources such as fertilizers, manure, or sewage [5–8]. Nitrate contamination
of groundwater has been widely reported in regions around the world. Other common
inorganic contaminants found in groundwater include anions, such as F−, SO4

2−, and Cl−,
and major cations, such as Ca2+ and Mg2+. Total dissolved solids (TDS), which represent
the total amount of substances, can be also increased in groundwater generally of natural
origin but also could be raised by the influence of human activities [9]. Some groundwater
contaminants are of geogenic origin due to the dissolution of mineral deposits in the
terrestrial structure. The rapid expansion of urbanization and the economy may increase the
negative impact on the aquifer of contaminants of anthropogenic origin [10–12]. Saturation
of groundwater bodies with rocks and minerals affects the processes and quality of aquifer
water [7,8]. The hydrogeochemical characteristics and the assessment of groundwater
pollution in different basins affected by human activity interference have been studied for
a long time [10,13,14].

In the literature, factor analysis, correlation matrix and multivariate statistical analysis,
and GIS-integrated statistical analysis are used to understand the sources and contribution
to groundwater pollution of contaminants from geogenic or anthropogenic activities mea-
sured [15,16]. Study of groundwater properties and ionic concentrations were undertaken
to identify various geochemical processes that took place in the aquifer system. The hydro-
geochemical analysis, such as ionic ratios and indices, were used in the literature in order
to identify the origin of ions responsible for aquifer contamination. Indices for evaluating
groundwater samples suitable for human consumption and irrigation were used [7,8].

This article highlights the zonal pollution caused by pyrite ash deposits in the Valea
Calugareasca area, Prahova County, Romania. The waste dumps, as a result of the roasting
of pyritic ores in the manufacture of sulfuric acid, have been abandoned for decades.
Mountains of waste cover an area of approximately 0.5 km2, and meteoric precipitation
has led to the acidification of the agricultural soil all around the area. The meteoric
precipitations, containing iron sulfide and metal oxides, led to the dramatic decrease of
humus content in the agricultural soil in the immediate vicinity of the dumps. This study
analyzes the quality of the groundwater used as the source of drinking water and in
agricultural works in the rural communities located near the dumps. The study represents
a first part of the investigations aimed at the long-term effects of improper storage of pyritic
ashes. The study will be completed in the future by the correlations between the quality of
the soil and the vegetation that has developed both spontaneously and in crops around
the polluted area, underlining the adaptation of the plant species to the existing pollution.
Studying the contribution of pyritic ash deposits to the deterioration of groundwater quality
is a necessary step before making any decision in selection of remediation techniques [15].

In this context, the present study aims to (i) identify the origin of cations and anions in
the aquifer as a result of soil structure or the intake of anthropic activities and (ii) assess the
groundwater quality used for human consumption and agricultural purposes in a rural
inhabited area situated around a sulfur pyrite waste dump.

2. Materials and Methods
2.1. Materials

Certified reference materials (CRMs) for K+, Na+, Ca2+, and Mg2+ at 10 g/L each
(Certipur, Merck, Darmstadt Germany) and ultra-trace nitric acid (69%, Supelco Merck,
Darmstadt Germany) were used for cations analyses. For anions, 1000 mg/L CRMs each
(for Cl−, NH4

+, and NO3
− Merck quality, Germany; for F− and SO4

2−, CPAChem quality,
Stara Zagora, Bulgaria) were used. For pH measurement, CRM solutions of 4.00, 7.00, and
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10.00 pH were applied in order to calibrate the pH meter. In addition, for EC parameter, a
specific CRM was used (1413 µS/cm, Merck, Darmstadt Germany). HCO3

− determination
required acquisition of sodium bicarbonate (p.a. quality, Merck, Darmstadt Germany). TDS
measurement were performed using sodium chloride (p.a. quality, Merck, Germany). For
metals analysis (Al, As, Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Se, Sb, Zn) and quality control of the
results, CRMs type ICP Calibration Standard XVI, 21 components (100 mg/L, CPAChem,
Stara Zagora, Bulgaria), ICP multi-element standard solution IV, 23 elements (1000 mg/L,
Supelco, Darmstadt, Germany), and Hg (1000 mg/L, CPAChem, Stara Zagora, Bulgaria)
were used.

Other chemical reagents were purchased in order to perform the analysis. Thus, silver
nitrate and potassium dichromate (p.a., Scharlau, Sentmenat, Spain) for Cl− analysis were
purchased. For NO3

− determination, marketed sodium salicylate (p.a., Supelco, Merck,
Darmstadt, Germany), sodium hydroxide (puriss p.a., 98%, Honeywell, Fluka, Germany),
and sodium azide (p.a. quality, Merck, Darmstadt, Germany) were used, and acetic acid
96% and sulfuric acid 96.0% were purchased from Sigma-Aldrich, Merck, Darmstadt, Ger-
many). NH4

+ analysis required sodium salicylate, sodium hydroxide, trisodium citrate
dehydrate (ACS Reagent, VWR Chemicals, Radnor, Pennsylvania, Leuven, Belgium), and
sodium dichloroisocyanurate dihydrate (purity ≥ 98%, Sigma-Aldrich, Merck, Darmstadt,
Germany). TISAB reagent from Merck Darmstadt, Germany) was used for F− detection.
Barium chloride, hydrochloric acid 37%, sodium chloride, glycerol, and isopropyl alco-
hol anhydrous were marketed from Honeywell, Fluka, Merck, Darmstadt, Germany) in
order to perform SO4

2− analysis. All the solutions for standards and reagents were pre-
pared using ultrapure water provided by Millipore Simplicity UV (Merck, Darmstadt,
Germany) equipment.

The equipment’s AVIO 500 ICP-EOS Spectrometer (Perkin Elmer, Waltham, MA, USA)
with hydride generation FIAS 400 (Perkin Elmer, Waltham, MA, USA) and ultrasonic
nebulizer U6000AT+ (Teledyne Cetac Technologies, NE, USA), AFS Quick Trace Mercury
Analyzer M-8000 (Teledyne Cetac Technologies, NE, USA), Specord 210 Plus UV-Vis Spec-
trometer (Analytik Jena, Göttingen, Germany), and WTW 9620IDS Multiparameter (Xylem
Analytics, Rye Brook, New York, NY, USA) were used for the determinations and quality
control of the analytical results.

2.2. Samples Collection

The studied zone, as shown in Figure 1, is located in rural areas in the immediate
vicinity of pyrite ash storage dumps, surrounded by agricultural land cultivated with
cereals. Thirty groundwater samples were collected between 21 March and 18 October
2021 in three different campaigns (March, July, and October), with ten samples for each
campaign (Figure 1, sampling points). Five sectors were investigated (Valea Calugareasca
Commune, Darvari, Radila, Vadul Parului, and Albesti Muru villages) within an area of
4.5 km2 around waste dumps. Thus, eight samples each were collected from Darvari and
Radila villages, six from Albesti Muru village, five samples from Vadu Parului village,
and only three samples from Valea Calugareasca commune. A higher number of samples
were collected from locations situated in the direction of aquifer flow and less from the
hill area (Valea Calugareasca) cultivated with vines. The groundwater samples were taken
from inhabitants’ household fountains or street fountains using local hydrophore pumps
after purging the groundwater supply system to flush stagnant water. The samples were
collected in plastic containers and were kept at 4 ◦C during transport to the laboratory.
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Figure 1. Study area (location map and distribution of sampling points around the sulfury pyrite
waste dump). Source: Google Earth Pro.

2.3. Geology and Hydrogeology

The location, from the border between the Roman Plain and the Pericarpian Hills of
Prahova, in an area with altitudes between 100–375 m, belongs to the plain of Piedmont
and the northern part of the slopes of the sub-Carpathian Hills of Prahova (Figure 1).

Regarding the soil quality, reddish-brown, clay-alluvial soils are widespread in the
plain area, all types being favorable for cereals and corn. In the meadows that cross the
plain and in the dredging area, there are large areas with alluvium and alluvial soils suitable
for cereals and vegetables. The percentage of agricultural land with very good quality (soils
without limitations for arable land use) is low, about 3.87% of the total agricultural area.
Instead, lands with extremely severe limitations occupy 15.45% of the agricultural land as
a result of slopes, deep erosion, and collapses. The aquifer structures are granular, with
local development of the type of phreatic aquifers with discontinuous spatial extension
except for the areas where the regional aquifers are with free surface, with relatively
different hydrogeological characteristics. The aquifer system is fed directly from the rivers
in northern Muntenia at elevations of 350–200 m [17,18].

During the investigated period in 2021, according to Romanian National Meteoro-
logical Administration, meteoric precipitations was in excess for spring and summer
(51–75 mm month average) and in normal level in autumn (41–50 mm). The temperature
regime was normal for the area and the period studied compared to the median of the
standard reference interval (1991–2020) [19].

2.4. Methodology

Parameters, such as pH and electrical conductivity (EC), were measured on the sam-
pling locations using the pH meter and conductometer. The cations K+, Na+, Ca2+, and
Mg2+ and metals (Al, Cd, Cr, Cu, Hg, Fe, Mn, Ni, Pb, and Zn) were analyzed using si-
multaneous detection with ICP-OES equipment, the calibration curve being plotted in the
range 5 mg/L to 50 mg/L for cations and between 10 µg/L and 100 µg/L for the other
metals. Hydride generation coupled with ICP-EOS method (ICP-EOS-HG) was used for
As, Se, and Sb parameters (calibration curves in the range 1 µg/L to 10 µg/L), while AFS
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technique was applied for Hg detection (calibration curve between 10 ng/L and 100 ng/L).
HCO3

− and Cl− were analyzed with volumetric methods. SO4
2−, NH4

+, and NO3
− were

measured with UV–Vis spectrometry methods, while F−, pH, and EC were measured
electrochemically. TDS analyses were measured with gravimetric method. Two different
matrix type Certified Reference Materials Burtap-14 (Drinking water, Environment, and
Climate Change Canada) and Ontario-12 (Lake Water, Environment, and Climate Change
Canada) were used for the quality control of the analytical results for each set of analyzed
samples. The analytical methods were in accordance with the international standards, as the
laboratory applied all the requirements imposed by the EN ISO/IEC 17025 standard [20].

In Table 1 are presented performance characteristics of the applied methods using
ICP-EOS, ICP-EOS-HG, and AFS equipment.

Table 1. Detection and quantification limits, recovery and uncertainty percentages for the applied
methods regarding metals.

Element LOD,
µg/L

LOQ,
µg/L

Recovery
(%)

Uncertainty
(%) Element LOD,

µg/L
LOQ,
µg/L

Recovery
(%)

Uncertainty
(%)

Al 2.00 7.00 99.5 12 Mg 1.50 5.00 103 8.0
As 0.15 0.45 97.7 24 Mn * 0.10 0.35 98.2 10
Ca 10.0 35.0 99.6 12 Na 7.00 23.0 102 13

Cd * 0.12 0.40 102 23 Ni * 0.30 1.00 101 13
Cr * 0.08 0.25 101 13 Pb * 0.25 0.75 98.5 15
Cu 0.30 1.00 101 16 Se 0.40 1.40 104 25
Hg 5.00 ** 10.0 ** 94.4 10 Sb 0.35 1.20 97.0 26
Fe 1.50 5.00 99.6 17 Zn 0.60 2.10 103 13
K 6.50 21.0 99.6 11

* ICP-EOS with ultrasonic nebulizer 6000 AT+. ** ng/L.

2.5. Data Processing and Analysis
2.5.1. Ionic Equilibrium

The accuracy of the hydrochemical analysis was tested using an ionic error equilibrium.
The ionic equilibrium was calculated according to the normalized equilibrium, which
should not exceed 5% of the ion difference (meq/L) [21]. Charge-balance error (CBE) was
evaluated using the Equation (1).

CBE (%) = [(∑cation −∑ anion)/(∑cation + ∑ anion)] ∗ 100 (1)

where ∑ cation represents the sum of cations (meq/L), and ∑ anion represents the sum of
anions (meq/L). The CBE value must be between −5% and +5% to ensure the reliability of
the data.

2.5.2. Statistical Analysis of Water Quality Data

Factor analysis was used to interpret commonly collected data on groundwater quality
and to correlate these data to a specific hydrogeological process [22]. The procedure of
FA has previously been presented in the works of Davis, 1973, and Brown, 1998 [23]. This
method helps to simplify the complex problems that are described by many parameters,
without losing information. Derived factors will behave in the same way as the statistically
significant variables involved in this process [24]. Varimax rotation is performed to reduce
the number of factors that describe the total variance. The significance of each factor
is represented by its own values. Factors showing an eigenvalue greater than one are
considered to be significant. The Kaiser–Meyer–Olkin ratio (KMO) needs to be higher
than 0.5 for the methodology to be applicable to the data set [25]. The number of factors
that will result may be indicative of the reasons for the change in data. Depending on
the participating variables, each factor is assigned to a specific hydrogeological process.
Case factor scores can be used to draw contour maps describing the spatial distribution of
factors. Negative values represent areas that are not affected by the process that the factor



Water 2022, 14, 2022 6 of 20

describes, the positive values representing the affected areas [26]. The limitation in using
factor analysis is the difficulty distinguishing processes that lead to similar differentiation
of groundwater chemistry. Knowledge of the hydrogeological processes that can affect the
studied environment of the physical and chemical processes that can affect the chemistry of
groundwater are necessary to interpret the attribution of factors [15,27,28]. The statistical
software NCSS 2022 was used to perform statistical data analysis.

2.5.3. Piper and Gibbs Diagram

Hydrochemical facies is a hydrogeological term that uses the chemical processes
of an aquifer to know the chemistry of groundwater. Knowing the dominance of the
hydrochemical facies of groundwater can identify the origin of water. The trilinear diagram
of the Piper has been used by many scientists to identify the existing hydrochemical
facies in groundwater samples [29,30]. The Gibbs diagram is used to understand the
processes that control the ion formation in groundwater can reveal the origin of salts in
groundwater as well as the chemistry of ion formation and the identification of the main
source of increasing salinity. Interpretations of the hydrochemical facies are useful tools for
determining the chemical history of groundwater bodies and for distinguishing between
different types of groundwater depending on the presence of dominant ions [31]. Due to
the hydrochemical classification, mixtures of end-element compositions can be identified
using the rhombic field assuming that all species initially identified in the two mixing
waters remain in solution during mixing. The three-component mixture can be identified
by the representation of vectors between three samples in the diamond-shaped field. The
Piper diagram should not be used to predict or determine a pattern of water mixtures,
especially for mixed groundwater types.

The Piper diagram [32] was used to segregate the analytical data needed to determine
the sources of constituents dissolved in water. The applicability of the procedure is possible
due to the natural water having anions and cations in chemical equilibrium. According
to studies reported in the literature, the dominant cations in water proved to be Na+,
Mg2+, and Ca2+, while SO4

2−, Cl−, and HCO3
− were the most abundant anions [33–36].

The concentration of chemical components in natural groundwater depends on many pro-
cesses and conditions, including the availability and solubility of minerals, the geochemical
environment (pH and EC), and exchange processes, which may be different for the type
of aquifer water. The main governing processes include evaporation, precipitation, and
water–rock interaction. The chemical composition of natural groundwater depends on
many processes and conditions, such as the availability and solubility of minerals and the
geochemical environment. The scatter plot of Gibbs [37–39] highlights the influence of
these processes, where the ratios Na+/(Ca2+ + Mg2+) were represented in relation to the
total dissolved solids (salinity).

Due to the hydrochemical classification, mixtures of end-element compositions can be
identified using the rhombic field assuming that all species initially identified in the two
mixing waters remain in solution during mixing. The three-component mixture can be
identified by the representation of vectors between three samples in the diamond-shaped
field. The Piper diagram should not be used to predict or determine a pattern of water
mixtures, especially for mixed groundwater types [40].

Gibbs developed the initial concept for surface water by studying three processes that
can change the chemistry of this type of water by plotting it. Applying a diagram with the
same axes to describe the processes that determine the composition of groundwater may
differ from those developed by Gibbs due to longer residence times. Due to this process,
the evolution of groundwater quality is dominated by water–rock interactions [41–43].

The Piper and Gibbs diagrams were generated using Graphic software version 13. The
Gibbs ratio was calculated with Equations (2) and (3).

Gibbs ratio I for anion = Cl−/(Cl− − HCO3−) (2)

Gibbs ratio II for cation = (Na+ + K+)/(Na+ + K+ + Ca2+) (3)
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2.5.4. The Chloro-Alkaline Indices (CAI)

The chloro-alkaline indices, CAI-1 and CAI-2, identify the various changes in the
composition of groundwater [44]. Chloro-alkaline indices were used to indicate the ion
exchange between terrestrial structure and groundwater [44]. CAI-1 and CAI-2 indices
can be positive or negative. Positive values suggest a direct exchange reagent of K+ and
Na+ ions with Ca2+ and Mg2+ ions in the rock composition. Negative values of CAI-1 and
CAI-2 indices indicate an indirect exchange of Ca2+ and Mg2+ ions in the water with the K+

and Na+ ions in the rocks. The exchange is indirect, suggesting a chloro-alkaline imbalance.
Both reactions are known as ion exchange reactions [45]. CAI-1 and CAI-2 indices were
calculated using the Equations (4) and (5):

CAI-1 = [Cl− − (Na+ + K+)]/Cl− (4)

CAI-2 = [Cl− − (Na+ + K+)]/Cl−]/[SO4
2− +HCO3− + CO3

2− + NO3
−] (5)

2.5.5. Saturation Index (SI)

Processes such as recharge and discharge result from water–rock reactions as well as
groundwater flows affect the hydrochemistry of groundwater. Along the flow direction,
the hydrochemistry is affected by the mineral leaching. The SI index was calculated using
Equation (6):

SI = log (KIAP/KSP) (6)

where KIAP is the product of ion activity for a mineral equilibrium reaction, and KSP is the
product of the solubility of the mineral. PHREEQC software was used to calculate the SI
values of minerals in groundwater. The SI results suggest the trend of the chemical balance
of water and minerals due to the processes resulting from the water–rock interaction [46].
If unsaturated (SI greater than zero), the mineral will be continuously damaged by the
groundwater, but if it is supersaturated (SI less than zero), the mineral will precipitate,
and if the SI is close to zero, the mineral will remain in a state of equilibrium with the
groundwater phase [47].

2.5.6. Spatial Analysis

For the spatial analysis of various physical-chemical parameters and quality index
of the analyzed water samples, geographic information system (GIS) contouring method
developed with ArcGIS 10.5 software was used [48–50]. The preparation of spatial distri-
bution maps for each physical-chemical parameter was performed using reverse distance
weighted interpolation (IDW) techniques. The IDW (inverse distance weighted) tool uses
an interpolation method in which only known z values and distance weights are used to
determine unknown areas. The closer a point is to the estimated area, the more influence or
weight it has on the mediation process [51]. IDW is a flexible method of spatial interpo-
lation, which can be configured in different ways using only a known number of points.
Another reason to use the IDW interpolation method is to create polyline barriers. IDW
uses spatial autocorrelation in mathematics. The closer values have a higher effect, while
the farther ones have a lower effect [52,53].

2.5.7. Irrigation and Drinking Suitability

Excessive dissolved salts such as bicarbonate, sodium, magnesium, and chlorine in
water can alter the osmotic pressure of groundwater, affecting agricultural soil and plants
and leading to low yields and consequently preventing their growth. The chemistry of
ions dissolved in water and their concentrations determine the suitability of water samples
for irrigation.

Residual sodium carbonate (RSC) was used to indicate the danger of alkalinity to the
soil [54]. In addition, the CSR index was used to find the adequacy of water for irrigation
in soils that have a high level of cation exchange capacity. When sodium dissolved in water
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is present in greater amounts, compared to calcium and magnesium, the clay soil swells,
generating a dispersion process that drastically reduces its infiltration capacity.

In the structure of the soil, the roots of the plants are unable to spread deeper into the
soil due to lack of moisture. Irrigation of clay soils with a CSR index leads to the formation
of alkaline soils. RSC index (meq/L) was calculated using the Equation (7):

RSC = (HCO3
− +CO3

2−) − (Ca2+ + Mg2+) (7)

Electrical conductivity (EC) and sodium percentage (%Na) play a key role in determi-
nation of the adequacy water used for agricultural purposes [55]. Richard [56] established
water according to EC and % Na values in four classes (low, medium, high, very high).
%Na (meq/L) was calculated using the Equation (8):

%Na = (Na+ +K+)/(Ca2+ + Mg2+ + Na+) (8)

Sodium adsorption ratio (SAR) is a parameter of water quality for irrigation used in
the management of soils affected by sodium.

It is an indicator of the suitability of water for use in agriculture determined by the
concentrations of the main alkaline and alkaline earth cations presented in water [57]. SAR
(meq/L) was calculated with Equation (9):

SAR = Na+/
√

(Ca2++Mg2+)/2 (9)

3. Results
3.1. Groundwater Chemistry

The statistical data of the physical-chemical parameters were analyzed, and the ionic
ratio CBE and the calculated indices (SAR, %Na, RSC) for all thirty samples are presented
in Table 2.

Table 2. Descriptive statistic for groundwater parameters.

Variable Unit Minimum Mean Maximum SD

Na+ mg/L 24.8 94.3 173 54.6
K+ mg/L 0.18 1.98 4.33 1.52

Ca2+ mg/L 85.0 136 185 23.5
Mg2+ mg/L 13.8 36.1 80.2 25.7
SO4

2− mg/L 52.6 167 248 65.9
Cl− mg/L 18.6 105 241 69.1

NO3
− mg/L 5.84 46.9 220 56.9

F− mg/L 0.09 0.26 0.40 0.11
HCO3

− mg/L 214 416 628 141
Fe mg/L 0.001 0.016 0.089 0.001
As µg/L 1.00 3.10 7.30 1.89
Cu µg/L 0.90 2.10 11 3.01
Zn µg/L 2.00 16.6 367 101
Al µg/L 2.50 7.15 34.2 10.4

NH4
+ mg/L 0.010 0.015 0.022 0.004

pH pH unit 6.90 7.15 7.40 0.18
EC µS/cm 758 1015 1308 128

TDS mg/L 562 732 942 91
CBE % −3.89 −0.33 3.47 5.20
RSC meq/L 0.94 1.53 2.12 0.83
SAR meq/L 0.44 1.99 2.98 1.80
%Na meq/L 8.29 29.6 52.4 31.2

SD, standard deviation of the results.
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From the group of cations, Ca2+ was the main ion with a concentration range between
85 and 185 mg/L, followed by Na+ ranging from 24.8 to 173 mg/L, Mg2+ between 13.8 and
80.2 mg/L, and K+ with concentration values varying between 0.18 and 4.33 mg/L.

Regarding anions, samples were dominated by HCO3
− ion with concentration values

ranging between 214 and 628 mg/L, followed by SO4
2− ion that varied between 52.6 and

248 m/L, Cl− ion between 18.6 and 241 mg/L, NO3
− ion between 5.84 and 220 mg/L,

and F- ion whose concentration varied between 0.09 and 0.40 mg/L. The pH of the ana-
lyzed groundwater samples varied between 6.9 and 7.4 pH units. EC ranged from 758 to
1308 µS/cm, and total dissolved solids (TDS) showed values between 562 and 942 mg/L.
The CBE% for all groundwater samples was between −3.89 and 3.47, which indicates that
the analytical data were reliable. The anionic chemistry of water showed that the HCO3

−

ion is dominant, constituting 69% of the total anions in 30% of the groundwater samples,
while the SO4

2− ion constituted 33% of the total anions in 53% of the analyzed samples. The
Cl− ion constituted 32% of the total anions in 53% of the analyzed groundwater samples.

Regarding metals concentrations, only As, Fe, Cu, Zn, and Al were detected in ground-
water samples (Table 2); all the values were situated below maximum admissible limits for
water quality intended for human consumption according to in force legislation [58]. The
concentrations of Cd, Cr, Ni, Pb, Hg, Mn, Se, and Sb were situated under the quantification
limit of the applied methods (ICP-EOS and AFS for Hg).

3.2. Hydrogeochemical Facies

Interpretations of the hydrochemical facies are useful tools for determining the chem-
ical history of groundwater bodies and for distinguishing between different types of
groundwater depending on the presence of dominant ions [29]. Piper trilinear diagrams
for the analyzed samples are shown in Figure 2.

Figure 2. Relative ionic composition groundwater.
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Cationic fields show that 47% of the analyzed groundwater samples fell into the non-
dominant type, 20% showed HCO3

−Ca2+ −Mg2+ type, 23% were HCO3
−Na+ type, and

only 10% were of the SO4
2 – Cl−Na+ type. In addition, 43% of the analyzed water samples

were the dominant type Na, while 47% were the HCO3
− type. Another 53% of the water

samples showed the mixed type without ionic dominance.

3.3. Natural Processes

Gibbs diagrams indicate that all groundwater samples from the affected area were
under the dominance of evaporation processes (Figure 3a,b).

Figure 3. Mechanism controlling groundwater chemistry (a) TDS versus (Na+ + K+)/(Na+ + K+ + Ca2+);
(b) TDS versus Cl−/Cl− + HCO3

−.

A plot of HCO3
− + SO4

2− versus HCO3
− (Figure 4a) indicates the presence of weather

with carbonic acid, an important source of bicarbonate ions in the aquifer with a strong cor-
relation coefficient (r = 0.824; R2 = 0.7745) (Table 3), as was reported in similar studies [59].

Table 3. Correlation matrix for the groundwater samples. (Values in bold have p-value < 0.0001).

Variables Na+ K+ Ca2+ Mg2+ SO42− Cl− NO3− F− HCO3− pH EC TDS Fe NH4
+

Na+ 1
K+ 0.911 1

Ca2+ 0.116 0.140 1
Mg2+ 0.575 0.567 0.247 1
SO4

2− 0.802 0.788 0.190 0.877 1
Cl− 0.935 0.914 0.069 0.521 0.761 1

NO3
− 0.263 0.250 0.787 0.399 0.341 0.200 1

F− 0.503 0.465 0.102 0.413 0.476 0.462 0.185 1
HCO3

− 0.893 0.866 0.169 0.641 0.824 0.805 0.266 0.479 1
pH 0.421 0.462 0.207 0.311 0.395 0.387 0.272 0.023 0.531 1
EC 0.001 0.002 0.803 0.086 0.023 0.008 0.602 0.011 0.029 0.101 1

TDS 0.002 0.004 0.805 0.078 0.023 0.005 0.624 0.012 0.031 0.111 0.991 1
Fe 0.062 0.059 0.330 0.266 0.194 0.043 0.451 0.073 0.087 0.073 0.302 0.300 1

NH4
+ 0.014 0.000 0.000 0.003 0.000 0.002 0.003 0.080 0.037 0.000 0.018 0.016 0.000 1

A plot of Na+ versus Cl− (Figure 4b) showed a strong correlation (r = 0.935; R2 = 0.9182)
(Table 3). The relationship between SO4

2− and Ca (Figure 4c, Table 3) was a value of R2

close to zero. The diagram (Na+ + K+) – Cl− versus (Ca2+ + Mg2+) − (HCO3
− + SO4

2−)
shows strong correlation between Mg2+ and HCO3

− (R2 = 0.8587) (Figure 4d, Table 3). The
value of R2 in the diagram (Na+ + K+) – Cl− versus (Ca2+ + Mg2+) − (HCO3

− + SO4
2−)

was 0.4675 (Figure 4e). The graph between total cations and bicarbonate (Figure 4f, Table 3)
showed a R2 value of 0.0032. Because there is no correlation between Ca2+ and Mg2+, and
the Ca2+/Mg2+ ratio was greater than 2, the presence of Ca2+ in the groundwater samples
was reported due to carbonate weathering. Ca2+/Mg2+ ratio was situated between 1.89
and 6.17 for 87% of samples. The ratio Ca2+/Mg2+ for 3% of samples was less than 1.
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Figure 4. Relationship between major ionic concentrations: (a) HCO3
−+SO4

2− versus HCO3
−;

(b) Cl− versus Na+; (c) Ca2+ versus SO4
2−; (d) Mg2++Ca2+ versus HCO3

−; (e) (Ca2++Mg2+) −
(HCO3

−−SO4
2−) versus (Na++K+)−Cl−; and (f) total cation versus HCO3

−.

The values of the chloro-alkaline indices CAI-1 and CAI-2 had negative values, indi-
cating an ion exchange process between Mg2+ and Ca2+ ions in water with Na+ and K+ ions
in rocks, thus confirming the tendency towards alkalization of the analyzed groundwater
samples (Figure 5).
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Figure 5. Chloro-alkaline indices plot.

3.4. Sources of Anthropogenic Ions

Positive correlations were between SO4
2− and Na+ (r = 0.802), TDS with NO3

−

(r = 0.624), and between Na+−Cl− (r = 0.935) (Table 3).
The average value of NO3

− was situated within the limits according to admissible
value [60–63], with only 17% of the analyzed groundwater samples analyzed exceeding
50 mg/L value. Figure 6 was designed using ArcMap 10.5 Software, developed by Envi-
ronmental Systems Research Institute (ESRI), Redlands, California. The spatial distribution
of NO3

− showed a relatively large variation in the SE part of the investigated site, an
intensively cultivated area.

Figure 6. Spatial distribution of NO3
− in study area (ArcMap 10.5 Software).

3.5. Saturation Index

The study of the saturation indices indicated that the contribution of Ca2+ ions in the
groundwater samples came from some processes of dissolving rocks such as aragonites
with values between 1.27 and 2.69 and calcites with values between 1.43 and 2.82. Instead,
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the contribution of Mg2+ ions was given by dolomite degradation with values between
3.03 and 5.30 (Table 4). Negative halite values between −5.26 and −3.4 indicated that salt
accumulation came from precipitation processes, as was reported in similar studies [64].

Table 4. Saturation indices calculated for different types of rocks.

Samples Anhydrite Aragonite Calcite Dolomite Fluorite Gypsum Halite

(CaSO4) (CaCO3) (CaCO3) (CaMg(CO3)2) (CaF2) (CaSO4·2H2O) (NaCl)

1 −0.16 2.17 2.31 4.72 0.68 0.05 −4.59
2 −0.14 2.32 2.46 4.98 0.73 0.07 −4.52
3 −0.28 2.23 2.37 4.87 0.66 −0.07 −4.62
4 0.37 2.42 2.56 4.39 0.64 0.58 −3.40
5 0.43 2.48 2.63 4.45 0.71 0.63 −3.42
6 0.37 2.46 2.60 4.45 0.67 0.58 −3.45
7 0.45 2.40 2.55 4.28 0.76 0.66 −3.48
8 0.40 2.34 2.48 4.24 0.71 0.61 −3.50
9 0.45 2.47 2.61 4.42 0.73 0.66 −3.52
10 0.40 2.38 2.52 4.26 0.68 0.61 −3.76
11 0.37 2.43 2.57 4.41 0.70 0.58 −3.76
12 −0.55 1.27 1.42 3.03 −0.88 −0.34 −3.90
13 0.38 2.39 2.53 4.30 0.02 0.59 −3.76
14 0.39 2.33 2.48 4.15 0.04 0.60 −3.81
15 0.39 2.39 2.53 4.28 0.04 0.60 −3.73
16 0.45 2.11 2.25 3.67 −0.10 0.66 −3.62
17 0.43 2.17 2.32 3.79 −0.08 0.63 −3.68
18 0.38 2.11 2.25 3.65 −0.13 0.59 −3.78
19 0.29 2.51 2.65 4.92 1.15 0.50 −4.38
20 0.33 2.53 2.67 4.92 1.17 0.53 −4.46
21 0.23 2.51 2.66 4.94 1.15 0.43 −4.49
22 0.18 2.68 2.82 5.25 1.18 0.38 −4.54
23 0.20 2.69 2.83 5.30 1.16 0.41 −4.44
24 0.11 2.33 2.47 4.62 1.10 0.32 −5.12
25 0.16 2.31 2.45 4.50 1.08 0.37 −5.18
26 0.27 2.43 2.57 4.76 1.09 0.48 −5.26
27 0.23 2.46 2.60 4.80 1.11 0.44 −5.20
28 0.16 2.51 2.65 4.80 1.16 0.37 −4.97
29 0.12 2.45 2.60 4.80 1.11 0.33 −5.12
30 0.16 2.50 2.55 4.80 1.12 0.35 −4.97

Minimum −0.55 1.27 1.42 3.03 −0.88 −0.34 −5.26
Maximum 0.45 2.69 2.83 5.30 1.18 0.66 −3.40

3.6. Statistical Screening for Water Quality Data

In this study, three factors were adequate to explain 91.33% of the variation for the
component matrix. The description of the different factors extracted after varimax rotation
is presented in Table 5.

Factor 1 (natural and anthropogenic component) explained a percentage of 49.51 from
the total samples and showed a positive charge for HCO3

−, K+, SO4
2−, Mg2+, NO3

−, Na+,
and Cl− due to the phenomena of precipitation that can increase groundwater salinity
and NO3

− contamination from agricultural practices. Ion exchange processes generated
enrichment with Na+ and Mg2+ ions.

Factor 2 (geological component) explained a variance of 38.65% of the total variance
and showed a positive charge for TDS and EC and Ca2+, Fe, NO3

−. Carbonate degradation
processes caused elevated Ca2+ concentrations.

Factor 3 (geological component) explained a variant of 9.66% of the total variant and
showed a positive charge for F− caused by dissolution in water and for NH4

+ due to
anaerobic processes in the underground aquifer.
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Table 5. Component matrix for different parameters.

Parameter F1 F2 F3

Na+, mg/L 0.561 0.185 0.025
K+, mg/L 0.932 0.011 0.002

Ca2+, mg/L 0.066 0.818 0.001
Mg2+, mg/L 0.613 0.146 0.013
SO4

2−, mg/L 0.538 0.037 0.218
Cl−, mg/L 0.936 0.002 0.007

NO3
−, mg/L 0.173 0.709 0.002

F−, mg/L 0.406 0.018 0.477
HCO3

−, mg/L 0.868 0.038 0.024
Fe, mg/L 0.054 0.372 0.002

NH4
+, mg/L 0.004 0.003 0.203

pH, pH unit 0.444 0.249 0.112
EC, µS/cm 0.004 0.917 0.003
TDS, mg/L 0.032 0.915 0.002

Eigenvalue 5.59 4.37 1.09
Variability (%) 49.51 38.65 9.66
Cumulative % 49.51 88.16 97.82

3.7. Irrigation and Drinking Suitability

The groundwater for human consumption and agriculture use depending on the
TDS parameter [65,66]. The obtained values according to TDS, %Na, SAR, and RSC are
presented in Table 6. Following the study, 97% from the analyzed samples were classified
as good for human consumption.

Table 6. Groundwater classification for human consumption and agriculture use.

Quality Parameter Classification Range % Samples

TDS, mg/L Excellent <300 -
Good 300–600 10
Fair 600–900 74
Poor 900–1200 16

Unacceptable >1200 -
%Na Excellent 0–20 47

Good 20–40 20
Permissible 40–60 30

Doubtful 60–80 3
Unsuitable >80 -

SAR, meq/L Excellent 0–10 100
Good 10–18 -
Fair 18–26 -
Poor >26 -

RSC, meq/L Good <1.25 97
Medium 1.25–2.5 3

Bad >2.5 -

4. Discussion

Groundwater quality is determined by a variety of chemical components and their
concentrations, which are largely obtained from geological data in the study area. From
the chemistry study of the analyzed groundwater samples, different types of water were
identified: HCO3-Ca-Mg as dominant type and HCO3

− Na and mixed type. The geochemi-
cal processes that influence groundwater chemistry were the dissolution of dolomite and
the precipitation of halite. Cation exchange processes influence the hydrogeochemical
evolution of groundwater.

The Piper diagram suggested an alkaline-earth soil due to the presence of HCO3
− ions.

The dominance of HCO3
− and Na+ ions indicated a high recharge and refresh following
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the natural processes of evaporation and precipitation presented in the alluvial nature of
the studied region, respectively, with the tendency towards alkalinization.

Precipitation of carbonate minerals increased salinity due to evaporation, thus reduc-
ing Ca2+ activity in groundwater. Groundwater evaporation causes a loss of groundwater
through the soil pores. At shallow depths, evaporation affects the chemical characteristics
of groundwater by concentrating the chemical constituents. The effects of precipitation
on shallow groundwater are more complicated due to the effect of water for ions such as
NO3

−, SO4
2−, Ca2+, and K+.

The diagram (Na+ + K+) − Cl− versus (Ca2+ + Mg2+) − (HCO3
− + SO4

2−) indicated
the possibility of an ion exchange process (Figure 4e). In this way, (Na+ + K+) − Cl−

represented the concentration of Na+ and K+ replaced by the dissolved sodium chlorides,
while the (Ca2+ + Mg2+) − (HCO3

−+ SO4
2−) signified the amount of Ca2+ and Mg2+

accumulated or lost from the dissolution of dolomite or gypsum, similarly as was reported
by Zhang et al. [47].

Strong correlation between ions Na+ and Cl− clearly indicated the dissolution of halite.
Exposure of silicate minerals to the weather condition also released bicarbonate [23]. Pyrite
(FeS2) and gypsum (CaSO4 × 2H2O) are the two main sources of sulfate in water [60].
The relationship between SO4

2− and Ca2+ indicated that the main source of SO4
2− ions in

groundwater was represented by pyrite ash (Figure 4c, Table 3), [67].
The cation exchange process is an important process that determines the chemistry

of groundwater. A strong correlation between Mg2+ and HCO3
− (Figure 4d, Table 3)

indicated that an important source of Mg2+ ions was the dissolution of dolomite, which
is similar to other studies [64,68]. In the studied area, the graph showed a R2 value of
0.4675 (Figure 4e), indicating that the exchange processes constituted a moderate source
of ions in groundwater. According to other studies, dissolution of dolomite brings an
equal concentration of Ca2+ and Mg2+ in water if the Ca2+/ Mg2+ ratio is 1 [64]. The graph
between total cations and bicarbonate (Figure 4f, Table 3) showed a R2 value close to zero,
suggesting that carbonic and silicate weathering were not the sources of HCO3

− ions, as
reported by Kim et al. [59].

The values of the chloro-alkaline indices CAI-1 and CAI-2 with negative values close to
−1 indicate an ion exchange process between Mg2+ and Ca2+ ions in water with Na+ and K+

ions in rocks. For groundwater samples taken from the area upstream of the landfills (Valea
Calugaresca) and the two rural areas away from the aquifer (Vadul Parului, Albesti Muru),
the values of chlor-alkaline indices indicate that the predominant exchange processes ionic
are influenced by high concentrations of NO3

−, confirmed by the positive correlation
between NO3

− and Ca2+ (r = 787). The values of the CAI-1 and CAI-2 indices for the areas
located on the flow direction (Darvari and Radila) indicate a variation due to the mixed ion
exchange and rock dissolution processes. The high positive correlations between SO4

2−

and Na+ and TDS with NO3
− indicated an important contribution of the anthropogenic ion

contribution in groundwater. Poor drainage system by percolation of salt residues in the
soil increased the concentration of Cl−. A strong positive correlation between Na+ − Cl−

suggested that halite dissolution and human actions were the key source of Cl− in the
aquifer. In addition, high concentration of SO4

2− suggested the addition of SO4
2− by the

breakdown of organic matter in the soil, fertilizers, and other human influences. The spatial
distribution of NO3

− showed a relatively large variation in the SE part of the investigated
site, an intensively cultivated area. This area is further away from pyrite waste dumps.
Vadul Parului and Albesti Muru villages are located partially hilly away from the direction
of groundwater flow from the aquifer. The spatial distribution map of the NO3

− ions
indicated high concentrations, which exceed the maximum admissible value (50 mg/L)
due to the intensive use of fertilization practices, as was reported in similar studies [69].

The study of the saturation indices indicated that the contribution of Ca2+ ions in the
groundwater samples came from some processes of dissolving rocks such as aragonites and
calcites. The contribution of Mg2+ ions was given by dolomite degradation. Negative halite
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values between −5.26 and −3.4 indicated that salt accumulation came from precipitation
processes, the same situation as reported in other studies [35].

According to the Davis and De Wiest groundwater classification (Table 6), 10% of all
groundwater samples are suitable for human consumption (between 300 and 600 mg/L),
74% are acceptable (between 600 and 900 mg/ L), and 16% are not recommended for
domestic use (Abesti Muru and Vadul Parului villages). The high concentration of TDS in
the groundwater sample is due to salt runoff from the soil and agricultural practices that
can increase NO3

− concentrations, which can infiltrate the groundwater. In the studied
region, the main source of crop growth is groundwater, and its poor quality reduces crop
growth. Assessing the adequacy of groundwater quality is essential for groundwater
management measures. Excess of %Na in groundwater may be due to changes in soil
structure due to different types of interaction processes, reducing permeability in soil with
an effect on the exchange of air and water in soil. Decreasing soil structure can decrease
aeration and soil permeability, affecting crop growth. The results of the %Na of the study
area showed that 47% of the samples were classified as excellent, while 20% were classified
as good and could be used for agricultural purposes. Furthermore, 30% of groundwater
samples were classified as permissible, and only 3% were not suitable for agricultural
crops (Table 6). Groundwater samples with high %Na values are located in the areas
near the waste dumps, on the direction of water flow in the groundwater aquifer (Radila
and Darvari villages). The sodium adsorption ratio (SAR) assesses the influence of Na+,
Ca2+, and Mg2+ content. If SAR increases, it reduces soil permeability, which has adverse
effects on crop growth [70]. In this study, the SAR ranged from 0.44 to 2.98, with a mean
value of 1.99 (Table 2), and all analyzed groundwater samples were able to be used for
irrigation purposes. Residual sodium carbonate (CSR), used also to assess the quality
of groundwater for irrigation, indicated that 97% of groundwater samples were suitable
for crops irrigation (below 1.25 meq/L). Only 3% of the analyzed samples could be used
moderately for irrigation (between 1.25 and 2.50 meq/L), the samples being collected from
the area with intensive agriculture, far from the aquifer flow direction.

High concentrations of SO4
2− in the fountains in the area near the abandoned waste

dump may reflect mining pollution from various pyrite ash deposits. Pyrite oxidation is a
natural process that can occur in many abandoned mining areas. The increase in SO4

2−

concentrations confirms the existence of acid mineral drainage in the study area. The water
from the leachate dumps infiltrates into an environment rich in calcium deposits, so in
groundwater samples, the pH values are close to a neutral pH, which is between 6.9 and
7.4 (Table 2), as was reported in other similar studies (Province Jerada located in north-east
of Morocco, Africa) [71].

In order to assess the quality of all environmental factors in the studied area (soil,
vegetation), the correlations between the quality of the soil and the vegetation (crops and
spontaneous flora) could bring other information, which will complete the present study.

5. Conclusions

The present study investigated groundwater quality in a rural region from Valea
Calugareasca, Prahova County, Romania, adjacent to the area of pyrite ash waste dumps,
in order to better understanding of the groundwater chemistry mechanisms. The results
obtained indicate the following:

- Natural ion sources were influenced by the dissolution processes of the minerals in
the aquifer such as dolomite, which gives the contribution of Mg2+ in the composition
of groundwater. The dominant type of water is HCO3

-, which presented due to the
geochemical processes of precipitation of carbonate minerals;

- The evaporation processes characterized the geochemistry of the groundwater for
entire studied area;

- Ion exchange processes bring a high intake of Na+, which can increase the salt concen-
tration in dryness period and precipitation of halite;

- High concentrations of SO4
2− and NO3

− indicate anthropogenic sources of ions;
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- The intake of SO4
2− came from, according to the ionic diagrams, presence of pyrite.

The groundwater samples collected from Darvari and Radila villages showed high
concentrations of SO4

2−, these being located closest to the pyrite waste dumps on the
direction of water flow from the underground aquifer;

- Groundwater from the investigated area could be used for agriculture practices. Only
the groundwater samples collected from the hill the in Valea Calugareasca area, far
away from the pyrite waste dumps and agricultural land, were suitable for human
consumption. In terms of irrigation water, all groundwater samples could be used in
agricultural activities except the samples from Darvari village.

However, the research has shown limited results on the hydrogeochemical characteris-
tics of groundwater in the study area.

This study may provide new perspectives in assessing groundwater potential using an
integrated geospatial and hydrological exploration approach, applied here to a groundwater
aquifer in an area around pyrite ash deposits. Such research can provide direct information
for the implementation of shallow drilling systems on the lands to meet current and future
water supply needs. Moreover, the study is a valuable source of information and forms the
basis for further research.
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