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Abstract: In the present study, using a combination of several analytical techniques such as conduc-
tometry/total dissolved solids (TDS), pH-metry, ICP-MS and UV-Vis spectrometry, 38 parameters
(Na, K, Mg, Ca, Al, Fe, B, Li, Cr, Mn, Ni, Cu, Zn, Se, Sr, Ag, Cd, Ba, Pb, Be, V, Co, Ga, As, Rb, Cs,
Hg, Tl, U, F−, Cl−, SO4

2−, NO3
−, NO2

−, HCO3
−, CO2, electric conductivity (EC)/TDS and pH) for

seven natural mineral waters (springs 1 bis, 5, 10, 14, 15, Sonda 2 and Sfantul Spiridon) from the
Slanic Moldova area (Romania) were evaluated. Our data were compared with the historical chemical
analyses records and also with the limits established by international and Romanian regulations for
qualitative evaluation of natural mineral waters. In the case of the Evolution of the mineralization
degree over time, it was observed that, in the interval 1933–2021, for all the studied sources, there
were variations of mineralization that could be attributed to climatic and geological changes, mode
of exploitation, as well as to analysis techniques used. Although decreases in mineralization were
observed between 1981 and 2006 for water sources 1 bis, 10, 15 and S2, with a slight recovery and
stability period between 2006 and 2021, they have retained their characteristics over time. Moreover,
spring 14 retains its status as the most mineralized spring of the seven, although it also recorded a
decrease in the mineralization degree between 2013 and 2018. Even if the concentration of major and
minor ions showed some variation, highlighting the diversity of the water intakes and its changes
over time for some of the springs, it is noticeable that these springs have kept their characteristics over
time. It was identified that Sodium (Na+) was present in all natural mineral waters but predominated
in sodium chloride, sodium bicarbonate and sodium sulfate. The concentration of potassium ion has
shown a fairly significant fluctuation, in 2006 being registered the lowest values for most sources: 1 bis
(88.00 mg/L), 5 (6.00 mg/L), 10 (81.00 mg/L), 14 (115.00 mg/L), 15 (45.20 mg/L), S2 (11.00 mg/L).
By means of ICP-MS, trace elements that have never before been tested or reported were identified,
thus completing the chemical fingerprint of these natural mineral waters to increase their value for
routine or therapeutic uses or further sustainable exploitation.

Keywords: mineral waters; water quality; electrochemical and spectroscopic methods

1. Introduction

Natural mineral water is a renewable resource whose sustainability requires strict
management. Respecting the sources, taking care to preserve the quality and purity of
the water, and protecting the balance of local ecosystems are all the more important as
natural mineral water is a product that is part of the territorial identity and history of a
region. The water quality level for specific uses is reflected in national [1], European [2,3]
and worldwide regulations [4] not only for drinking purposes but also for the reduction
and removal of potentially toxic substances from water. Water analysis is conclusively
not only for the quality assessment of water but also for the study of water origin and
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evolution, considering water-soil and water-rock influences, pollution factors, natural and
anthropogenic influences, and exploitation regulations.

Water passes through many different layers of soil and rocks, thus enriching itself with
a wide variety of dissolved substances. The result is a complex water composition that can
be defined as a hydro-chemical fingerprint. Even if some of them are heavy or radioactive
metals, their concentrations in natural mineral waters do not exceed the maximum limit
allowed by current legislation [1,2].

According to data from the literature, both classical methods of qualitative and quan-
titative analysis based on gravimetric, volumetric or electrochemical determinations and
modern instrumental analysis techniques are commonly used for the analysis of natu-
ral mineral waters: liquid (IC, HPLC, HPLC-MS) [5–10], gas chromatography (GC-ECD,
GC-NPD) [8–16], atomic spectroscopy (F-AAS, GF-AAS, AFS, ICP-AES, ICP-MS), [16–20]
UV-Vis and IR molecular spectroscopy [18–26]. To these are added fluorescence spec-
troscopy [27] used to monitor the microbiological quality of bottled mineral water, but
also to highlight the content of organic matter, gamma spectrometry [28,29] to measure
radioactivity or techniques for sensory evaluation—“electronic tongue” [30].

Moreover, based on these data, numerous methods and models have been proposed
and used for chemical characterization and classification of natural mineral waters (e.g.,
Haywood [31], Palmer [32], Kurlov [33], Piper [34], Stuyfzand [35], Van Wïrdum [36]).

The application, over time, of different methods and techniques of work has proved
its effectiveness in research conducted to highlight the specific characteristics of natu-
ral mineral waters in a given region, confirming that there are no identical waters in
terms of composition and possible applications in the food, cosmetics, pharmaceutical or
spa industries.

The fingerprint permits the identification of each type of water, and it is based on
the identification of major anions, cations and physicochemical parameters, which is
completed by the determination of trace elements, even if their existence is very sensitive
to geological changes or anthropogenic influences or geological changes. For determining
the fingerprint of water, the inductively coupled plasma-mass spectrometry (ICP-MS) is
particularly suitable for this purpose due to the possibility of rapid multi-element analysis
in combination with excellent detection limits [37–39].

As mentioned in reference works [40–49], as a result of its complex geological structure,
Romania has a wide variety of types of natural mineral waters, with over 2000 springs
throughout the territory that have earned a well-deserved reputation for quality and
health benefits.

The spa resort Slanic Moldova of Bacau County, located in the east of Romania, on
sandstone deposits of Kliwa or Tises, ti, in a depression surrounded by coniferous and
deciduous forests, also called the “Pearl of Moldova”, is distinguished by an extremely
valuable potential of natural mineral waters [50–52]. The mineral springs in this area,
discovered in 1801, soon attracted the attention of many scientists both for the originality
of the chemical composition and its healing potential, being awarded gold medals at presti-
gious international exhibitions of balneology (1833—Vienna Exhibition; 1894—Bucharest;
1900—Universal Exhibition in Paris, etc.) [53,54].

Although the monitoring and evaluation process was intermittent, the data mentioned
in the literature [55] indicate an important nutritional and therapeutic potential of natural
mineral waters from Slanic Moldova, noting the possibility of using them as a table drink
or support for treating a wide range of diseases.

From the analysis of the published data (1933 [50], 1957 [55], 1981 [56], 2006 [57],
2013 [58], 2018 [59], 2019 [60]) regarding the composition of these waters, it is found that the
determinations performed aimed only the evaluation of the content in major components.
Thus, since 1933, some cations (Na+, Mg2+, Ca2+, K+, Fe2+, Al3+, NH4

+), anions (NO3
−,

Cl−, Br−, I−, SO4
2−, HCO3

−), gases (CO2, H2S) and undissociated substances (HBO2,
H2SiO3) have been identified using common analytical methods [50]. In addition to these
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elements, studies from 1951 to 1961 mentioned the presence of Mn and Li, which provide the
natural mineral waters from Slanic Moldova with new attractive therapeutic properties [55].

In the general context of water resources management (scarcity, potable water, min-
eral water valorification, etc.), all sources must be considered very important. The Slanic
Moldova area was a historical tradition in mineral water valorification, but over time, for
economic reasons, the potential was not properly evaluated. In order to determine the
optimum potential of the area, it is very important to evaluate in the first stages the mineral
water quality by using validated scientific methods. So, the main objective of the study
was to evaluate the mineral water quality using electrochemical and spectroscopic meth-
ods (conductometry/TDS, pH-metry, ICP-MS and UV-Vis spectrometry) for the chemical
characterization of seven representative natural mineral waters from the Slanic Moldova
area. Moreover, some historical data were discussed in order to create a better evaluation
of the water’s quality over time and for the possible bottling and storage perspective.

2. Materials and Methods
2.1. Sampling

Water samples were collected in January 2021 into 500 mL sterile glass bottles (LBG 3.3,
with blue threaded lid (GL 45), graduated, transparent, autoclavable). The bottles were
carefully rinsed with the sample (three times), filled to the top and then transported to the
laboratory as soon as possible.

The selection of the 7 springs (1 bis, 5, 10, 14, 15, Sonda 2 (S2), and Sfantul Spiridon
(SS)) was based on both historical data [50–60] and our previous studies [61,62]. These
selected mineral water sampling points (Figure 1) exhibit therapeutic use, are accessible to
the public and have a relatively constant flow.
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Figure 1. Position of the selected mineral water sampling points from Slanic Moldova, Bacau
County (Romania).

All samples were stored in refrigeration conditions for 24 h (4 ◦C, in the absence of
light). No chemicals were added to preserve the water as it is supposed to be used for
human consumption, despite nitric acid mineralization being recommended and should be
performed in accordance with ISO 15587-2 [63]. The natural mineral waters were analyzed
within 24 h after sampling using electrochemical, UV-Vis and ICP-MS methods.

2.2. Measurement Techniques

Analytical techniques and selected parameters were considered, following the rec-
ommendations of Romanian regulations [1] and Standard Methods [4,64,65] (e.g., con-
ductometry, pH, ICP-MS and UV-Vis spectroscopy were used in the determination of the
physicochemical (TDS and pH) and chemical parameters).
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2.2.1. Total Dissolved Solids (TDS) and pH

The conductivity/TDS and pH were measured using a Thermo Scientific™ Orion™
Versa Star Pro™ Multiparameter Benchtop Meter (produced by Thermo Fisher Scientific,
Waltham, MA, USA) provided with DuraProbe conductivity cell 013005MD [66] and ROSS
Ultra pH/ATC Trode electrode.

2.2.2. UV-Vis

The HACH DR 3900 spectrophotometer (Hach, CO, USA) was used for measuring
the concentration of the following: Fe2+, Mn2+, Cu2+, total Cr, F−, Cl−, NO3

−, SO4
2−,

HCO3
−, CO2 (Table 1).

Table 1. Methods used for UV-Vis determination of chemical parameters.

Parameter Unit of Measurement Method Used/Code LCK Cuvette Test Level of Allowed Concentration [1]

Fe2+ mg/L Spectrophotometric/LCK 321/LCW 021 0.3 *
Mn2+ µg/L Spectrophotometric/LCW 032/Method 8034 0.5·× 103

Cu2+ µg/L Spectrophotometric/LCK 529 1.0 × 103

Total Cr µg/L Spectrophotometric/LCK 100/Method 8024 0.05 × 103

F− mg/L Spectrophotometric/LCK 323/Method 8029 5.0 **

Cl− mg/L Spectrophotometric/LCK 311/Method 8207 According to the specific
characteristics of mineral water

NO3
− mg/L Spectrophotometric/LCK 339/Method 8192 50

NO2
− mg/L Spectrophotometric/LCK 341/Method 8507 0.1

SO4
2− mg/L Spectrophotometric/LCK 353/Method 8051 According to the specific

characteristics of mineral water

HCO3
− mg/L Determined by calculation/Titrimetric

method/SR EN ISO 9963/2-2002
According to the specific

characteristics of mineral water

CO2 mg/L Spectrophotometric/LCK 388 According to the specific
characteristics of mineral water

Notes: * Total iron content according to the specific characteristics of natural mineral waters. ** Concentrations
greater than 1.5 g/mL shall be specified on the label; product not recommended under 7 years.

The calibrations, standard solution sample preparations and measurements were
performed according to HACH procedures [67]. All reagents (LCK Cuvette Test Parameters)
used to perform the analyses were purchased from Hach Company (Loveland, CO, USA).

2.2.3. ICP-MS

ICP-MS method to scan the water for trace elements such as Cd, Ni, Cr, Pb, Cu, Co, Zn,
Ca, Mg, Hg [68,69] was implemented in European countries [70] as an advanced technique
for monitoring water quality.

The multi-element scanning of the natural mineral waters from Slanic Moldova was
performed by ICP-MS, using an inductively coupled plasma mass spectrometer Agilent
7500cx ICP-MS (produced by Agilent Technologies, Santa Clara, CA, USA).

Timing of 90–10–90 s of uptake-acquisition-washout for Group 1; 90–60–90 s for
Groups 2 and 3 was determined to be adequate for these procedures.

Nitric acid of analytical grade was purchased from Merck (Romania). All solutions,
samples and reference materials were prepared in 1% v/v HNO3. Purified water of
18.2 MΩ cm–1 type Milli Q Plus was used for preparation and/or dilution of solutions, if
necessary. In order to determine the dissolved fractions of the elements, the samples were
filtered on filter membranes with a nominal pore size of 0.45 µm. Each batch of filter mem-
branes had been inspected for impurities. Several portions of the sample were used to wash
the filter device, which was discarded, and then the required volume of filtrate was col-
lected. Mixed-element reference solutions were prepared from 1000 mg/L single-element
standard solutions (Aldrich, St. Louis, MO, USA). For Na determination, the samples were
diluted 1:50 as a general rule due to higher element concentration in water samples. The
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limited calibration range was chosen to allow for more accurate measurements in the low
concentration range.

There were three groups of elements traced (Table 2): Group 1: Na, K, Mg, Ca, Al, Fe
and B); Group 2: general trace elements (Li, Cr, Mn, Ni, Cu, Zn, Se, Sr, Ag, Cd, Ba and
Pb); and Group 3: special trace elements of interest to fingerprint ground waters (Be, V, Co,
Ga, As, Rb, Cs, Hg, Tl, and U) [1–4]. The elements were split in three groups in order to
streamline multi-elemental detection capability by adjusting the time for each one.

The residence time value for the evaluated parameters was different: the Na was
0.05 ms, K Mg and Ca was 1, Al 5, Fe and B 10 ms. For 12 parameters (Li, Cr, Mn, Ni, Cu,
Zn, Se, Sr, Ag, Cd, Ba and Pb), the residence time was 10 ms and for 10 parameters (Be, V,
Co, Ga, As, Rb, Cs, Hg, Tl and U) the residence time value was 20 s.

Table 2. Isotopes used in the ICP-MS analysis of water (peak jumping acquisition mode).

Element Mass Element Mass Element Mass

Group 1 Group 2 Group 3

Na 23 Li 7 Be 9
K 39 Cr 53 V 51

Mg 24 Mn 55 Co 59
Ca 43 Ni 60 Ga 69
Al 27 Cu 63 As 75
Fe 56 Zn 66 Rb 85
B 11 Se 82 Cs 133
- - Sr 88 Hg 202
- - Ag 107 Tl 205
- - Cd 111 U 238
- - Ba 137 - -
- - Pb 208 - -

2.3. Programs Used for Data Processing

The data obtained were processed using the IBM SPSS Statistics software, version 20.0
(SPSS Inc., Chicago, IL, USA). The graphs and figures were made using the OriginPro 2019b
software (OriginLab, OrginPro 2019b, Northampton, MA, USA). The maps were drawn
using ArcGIS Maps for SharePoint 4.2 software (Esri Romania S.R.L., Bucharest Romania
Inc.) and the WaterShed application [61].

3. Results
3.1. Evolution of the Mineralization Degree over Time

Comparative analysis of the mineralization degree of the studied natural mineral
waters using historical records for 1933 [50], 1957 [55], 1981 [56], 2006 [57], 2013 [58],
2019 [59] and more recent data obtained in the present research (2021) are shown in
Figure 2.

From the data presented in Figure 2, it is observed that, in the interval 1933–2021, for
all the studied sources, there were variations of mineralization that could be attributed to
climatic and geological changes, mode of exploitation, as well as to analysis techniques used.
Although decreases in mineralization were observed between 1981 and 2006 for sources
1 bis, 10, 15 and S2, with a slight recovery and stability period between 2006 and 2021,
they have retained their characteristics over time. Moreover, spring 14 retains its status
as the most mineralized spring of the seven, although it also recorded a decrease in the
mineralization degree between 2013 and 2018. According to the present study and the data
provided in 2013 by the National Institute of Recovery, Physical Medicine and Balneology,
the least mineralized is the SS spring which falls into the category of oligomineral waters.
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3.2. Evaluation and Comparative Analyses of the Quality Indicators of the Natural Mineral Waters

The results of our study concerning the species determined by UV-Vis spectropho-
tometry (Fe2+, Mn2+, Cu2+, total Cr, F−, Cl−, SO4

2−, NO3
−, NO2

−, HCO3
−, CO2) were

compared with literature data [56,57] (Table 3).

Table 3. Chemical parameters of natural mineral waters from Slanic Moldova based on literature
data (1981 and 2006) and determined by UV-Vis spectrophotometry (2021–this work).

Spring Year
(Analyzed)

Chemical Parameters

Fe2+ Mn2+ Cu2+ Total
Cr F− Cl− SO4

2− NO3
− NO2

− HCO3
− * CO2

mg/L

1 bis
1981 2.00 - - - - 4586.00 59.00 - - 3507.50 1695.00

2006 - - - - - 3630.80 62.70 14.80 0.06 3635.60 756.80
2021 0.057 1.15 0.20 0.02 3.50 3653.35 88.00 - 0 3125,00 1450.00

5
1981 9.00 - - - - 49.00 101.00 - - 15.00 1909.00
2006 4.70 - - - - 61.20 80.30 17.02 0.10 23.20 1812.00
2021 4.43 0.24 0.10 0.005 130.00 63.85 105.00 - 0.01 35.00 1114.00

10
1981 3.00 - - - - 3803.00 58.00 - - 2818.20 1686.00
2006 0.10 - - - - 3805.70 58.00 12.40 0.06 3025.60 616.00
2021 0.142 1.55 0.10 0.02 2.00 4544.00 74.00 0.11 0 3320.60 1034.00

14
1981 10.00 - - - - 5661.00 30.00 - - 4343.00 2137.00
2006 - - - - - 5367.90 32.50 19.80 0.03 5142.70 1660.80
2021 0.15 1.72 0.095 0.008 3.50 4301.00 40.21 - 0 3580.68 1045.00

15
1981 5.00 - - - - 2291.00 4.00 - - 2293.00 1732.00
2006 2.60 - - - - 3056.30 68.30 3.50 0.03 2875.00 1015.00
2021 2.89 1.65 0.06 0.01 2.60 4288.00 70.11 0.17 0 4108.80 1047.00

S2
1981 6.00 - - - - 113.00 - - - 2745.00 178.00
2006 - - - - - 31.00 53.70 17.30 0.03 1523.20 -
2021 0.05 - 0.03 0.003 0.07 95.56 70.45 0.23 0 2002.50 132.00

SS
1981 - - - - - - - - - - -
2006 - - - - - - - - - - -
2021 0.02 0.04 0.02 0.03 17.00 54.32 90.23 0.52 0 230.00 26.23

Note: * determined by calculation/titrimetric method.
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3.3. Determination of Major and Trace Elements Using ICP-MS

The elements identified in the natural mineral waters from Slanic Moldova are pre-
sented in Table 4 as an average of two repeated determinations for each water for 24 h
after sampling.

Sodium (Na+), present in all natural mineral waters but predominating in sodium
chloride, sodium bicarbonate and sodium sulfate, has its origin in the residual salinity
of sedimentary rocks. Fossil waters and those that infiltrate the salt massifs also contain
sodium chloride [47].

Excepting springs 5 and SS, the natural mineral waters from Slanic Moldova fall into
the category of sodium-rich waters. The source that contains the most sodium is spring 14.
The sodium concentration has remained relatively constant over time for springs 10, 14 and
15. According to literature data [56,57], there is a significant increase in the concentration
of Na for source 5, from 34.05 mg/L in 1933 to 96.87 mg/L in 2021; meanwhile, springs
1 bis and S2 show a decrease in the sodium content of approximately 30% in the period
1981–2021.

Coming from feldspar and mica rocks, as well as from the residual salinity of sedi-
ments, potassium (K+) has a higher concentration in natural mineral waters because it is
retained in clayey rocks [47].

Over time, the concentration of potassium ion has shown a fairly significant fluctu-
ation, in 2006 being registered the lowest values for most sources: 1 bis (88.00 mg/L),
5 (6.00 mg/L), 10 (81.00 mg/L), 14 (115.00 mg/L), 15 (45.20 mg/L), S2 (11.00 mg/L) [57].
Currently (Table 4), the highest concentration in potassium is shown for spring
14 (165.30 mg/L), followed by springs 10 (147.70 mg/L), 1 bis (108.70 mg/L) and
15 (105.40 mg/L). The SS (4.95 mg/L) and S2 (7.06 mg/L) springs have the lowest
K+ content.

Magnesium (Mg2+) is present in natural mineral waters, usually together with calcium;
alkaline-earth waters contain both calcium and magnesium—in bitter waters, the latter is
found as magnesium sulfate. The origin of magnesium in natural mineral waters is found
in dolomitic rocks (double calcium and magnesium carbonates).

Compared to 1981 [56], currently springs 14 (49.40 mg/L), 10 (31.47 mg/L) and
15 (31.19 mg/L) are richer in magnesium, while for sources 1 bis (23.68 mg/L) and S2
(1.55 mg/L) a decrease in Mg2+ concentration was found.

The average recovery rate for each investigated element ranged from 93 to 109 %
(Table 4).

Table 4. Results of analyzed samples by ICP-MS.

Spring 1 bis 5 10 14 15 S2 SS
Mean

Recovery
Rate %

Group 1 [mg/L]
Na * 2590.00 96.87 3692.00 4438.00 3563.00 718.50 10.71 101

K 108.70 8.27 147.70 165.30 105.40 7.06 4.95 107
Mg 23.68 3.06 31.47 49.40 31.19 1.55 4.33 93
Ca 58.37 5.16 76.70 127.10 92.99 6.49 10.54 103
Al * 0.15 5.29 0.10 0.09 0.13 0.02 0.13 106
Fe * 0.03 3.90 0.21 0.28 1.68 0.05 0.04 101
B * 24.24 1.45 27.23 33.52 25.91 20.95 0.27 103

Group 2 [µg/L]
Li 764.60 53.77 1166.00 1390.00 740.90 119.00 29.41 106

Cr * 10.62 7.375 17.93 11.09 8.113 2.844 3.422 105
Mn * 873.70 276.00 1103.00 1102.00 748.10 0.485 14.36 104
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Table 4. Cont.

Spring 1 bis 5 10 14 15 S2 SS
Mean

Recovery
Rate %

Ni * 1.291 5.047 31.66 0.790 0.824 0.159 16.99 103
Cu * 73.83 3.854 111.30 98.05 63.07 27.36 15.54 94
Zn * 62.67 7.856 416.40 3.713 19.76 1.863 29.27 97
Se * 7.667 0.687 11.20 10.24 7.096 0.540 1.133 104
Sr 488.00 58.38 611.10 1192.00 483.70 172.80 91.74 107
Ag 0.02 <LOD ** 0.032 0.075 0.208 <LOD ** <LOD ** 98

Cd * 0.028 <LOD ** 0.03 0.03 0.03 0.01 0.219 99
Ba * 64.46 23.96 84.54 247.00 138.60 35.23 6.478 102
Pb * <LOD ** <LOD ** <LOD ** <LOD ** <LOD ** <LOD ** <LOD ** 94

Group 3 [µg/L]
Be 0.619 1.003 0.581 0.102 0.111 0.0032 0.129 103
V 4.100 2.047 5.727 4.493 3.168 0.575 0.961 104

Co 0.461 0.541 0.182 0.188 0.414 0.030 0.165 109
Ga 2.450 1.280 2.856 7.861 4.207 1.284 0.222 109

As * 3.954 0.542 2.809 3.296 2.117 0.508 0.801 107
Rb 278.60 24.78 357.40 346.50 203.90 4.780 7.097 102
Cs 6.854 0.455 7.809 5.021 1.312 0.089 0.036 104
Hg 0.749 0.016 0.031 0.016 1.193 0.221 0.047 97
Tl 0.050 <LOD ** <LOD ** <LOD ** 0.031 <LOD ** 0.034 98

U * 0.024 0.039 0.014 0.012 0.024 0.006 0.054 103

Notes: * Regulations: Maximum concentrations level Romanian regulations [1]: B (1000 µg/L), Cr (0.05 mg/L),
Mn (0.05 mg/L), Ni (0.001 mg/L), Cu (1 mg/L), Zn (5 mg/L), Se (0.01 mg/L), Cd (0.003 mg/L), Ba (1.0 mg/L),
Pb (0.01 mg/L), As (0.01 mg/L), Hg (0.001 mg/L); Maximum concentrations level Directive 2009/54/EC [2]:
Na (200 mg/L), Al (200 µg/L), Fe (200 µg/L), Cr (0.05 mg/L), Mn (0.05 mg/L), Ni (0.02 mg/L), Cu (2 mg/L),
Se (0.01 mg/L), Cd (0.005 mg/L), Ba (2 mg/L), Pb (0.01 mg/L), As (0.01 mg/L), Hg (0.001 mg/L); Maximum
concentrations level World Health Organization (WHO) [4]: Na (200 mg/L), Al (200 µg/L), Fe (300 µg/L), Cr
(0.05 mg/L), Mn (0.5 mg/L), Cu (1 mg/L), Zn (5 mg/L), Se (0.01 mg/L), Cd (0.005 mg/L), Ba (2 mg/L), Pb
(0.05 mg/L), As (0.05 mg/L), Hg (0.001 mg/L). ** <LOD = below limit of detection.

3.4. Piper Diagram

The influence of the amount of the major cations (Na+, K+, Ca2+, Mg2+) and anions
(Cl−, SO4

2−, CO3
2−, HCO3

−) on the characteristics of the studied natural mineral waters
is also noticeable in the Piper diagram (Figure 3).

The results presented in Figure 3 evidence that there are three types of water patterns
for the analyzed samples. Moreover, according to the diagram, we observe that four out of
the seven natural mineral waters (1 bis, 10, 14 and 15) have similar characteristics: alkaline
waters, mixed type (Na-K-HCO3-Cl), without predominant anion.

In the case of waters from springs 5 and S2, also alkaline, the predominance of
bicarbonate anion is noticeable, while the water from the SS spring belongs to the mixed
type Ca-Mg-Na-K-SO4, in which the concentration of weak acids is exceeded by that of
strong acids.
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4. Discussion

As can be seen from the interpreted results, in the period 1981–2021, the amount
of iron in the analyzed natural mineral waters decreased, and the values registered in
2021 (between 0.02–4.43 mg/L) are kept above those indicated in the standards (0.3 mg/L
allowed concentration) for 2 out of the 7 springs. This result indicates that unlike sources SS
(0.02 mg/L), S2 (0.05 mg/L), 1 bis (0.057 mg/L), 10 (0.14 mg/L), 14 (0.15 mg/L), the water
of springs 15 (2.89 mg/L) and 5 (4.43 mg/L) encountering a larger variety of minerals, the
ferruginous character is accentuated.

The amount of Mn2+ is slightly higher for the sources 1 bis (1.15 mg/L), 10 (1.55 g/L),
14 (1.72 mg/L) and 15 (1.65 mg/L), while the concentrations of Cu2+ and total chromium
fall within the limits defined by applicable standards.

The analysis of the determined fluoride quantities indicates an important presence in
the water of spring 5—spring for external use (130 mg/L) and SS (17.00 mg/L).

The concentration of NO3
− and NO2

−, important parameters in the monitoring pro-
cess, providing information on the quality of natural mineral waters, falls within the limits
allowed by the applicable standards for all the 7 springs.

Although springs 10, 14 and 15 currently have the highest chloride anion content, over
time, springs 1 bis and 10 have maintained their concentration best. The source of SS has
the lowest concentration in Cl−, followed by sources 5 and S2.

Spring 5 has the highest concentration of sulfate ions of all natural mineral waters
in Slanic Moldova, a concentration preserved over time, maintaining its “vitriolic” water
characteristics. For most of the analyzed sources, there is an increase in the concentration of
SO4

2− ion during the studied/analyzed period. Springs 15, S2 and SS recorded the largest
increase in sulfate anions content.

Regarding the hydrogen carbonate ion, three out of the seven sources (1 bis, 10 and
S2) have best preserved their characteristics over time. Springs 14 and 15 show variations
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in the concentration of HCO3
−, without losing the quality of bicarbonate water. The SS

spring, with a concentration of 230 mg/L, falls into the category of still water springs.
Except for the S2 and SS springs, the waters of Slanic Moldova are carbonated, even

though the concentration of carbon dioxide has decreased over time. Although source 14
initially had the highest concentration of CO2, it has decreased over time, spring 1 bis being
currently the richest in carbon dioxide content.

Calcium (Ca2+), present in many natural mineral waters, comes from geological layers
(calcareous sedimentary rocks and gypsum).

For five (1 bis, 5, 10, 14 and 15) out of the six sources evaluated between 1957 and
2006 [55–57], the concentration of Ca2+ ions remained constant; in 2021, the values deter-
mined for springs 5 (5.16 mg/L), 10 (76.70 mg/L), 14 (127.10 mg/L) and 15 (92.99 mg/L)
were comparable to those reported in 1957.

A Ca2+: Mg2+ ratio range between 1.7 and 2.6 has been suggested to be optimal in the
organism [71], so in the consumed water, the same proportion should be found. With the
exception of spring 5 (for external use), which has a ratio of 1.69, and springs 15 and S2,
which exceed the value of 2.6, for the other four sources, this ratio falls between 2.43 (SS)
and 2.57 (spring 14).

Although ICP-MS is a more advanced analysis technique, the results of UV-Vis (Table 3)
and ICP-MS (Table 4) concentration values for Fe2+, Mn2+, Cu2+, total Cr are magnitude
comparable and in accordance with the characteristics of the 7 springs.

The determination of the elements from group 1 revealed the presence of boron in a
significant amount (between 20.95 mg/L and 33.52 mg/L) in 5 of 7 sources: 1 bis, 10, 14, 15
and S2.

Among the elements included in the second group, the presence of lithium, zinc,
selenium, strontium and barium is reported in all sources; silver is present in four (1 bis, 10,
14 and 15) out of the seven sources.

All the trace elements shown in Table 4, including heavy or radioactive metals, are
present within the maximum allowable limits for natural mineral waters [1,2,4].

Both ICP-MS and UV-Vis reveal a complex water composition specific to each spring.
The fingerprint of each water spring has great importance for its therapeutic uses.

Spring 1 bis (pH = 6.2) has a high content of essential minerals for the human body
(Na, Mg, Al, K, Ca, Fe, B) [72] and trace elements with known biological uses [73] (Li, Cr,
Mn, Ni, Cu, Zn, Se, Sr, Ba, Be, V, Co, Rb, Cs, Tl). Source 1 bis contains small amounts
of U and Hg, far below the maximum allowed limit (0.001 mg/L) and amounts of Ag
(0.03 µg/L).

Spring 5 (pH = 4.5) is siliceous and ferruginous water, containing K, Al, Ca, Fe, Mg,
Si, Mn, is recommended for external use. This mineral water has some property and
composition similar to that of Avène and Herculane thermal waters [74]: fixed residue
238 mg/L, Ca2+: Mg2+ ratio = 2, very rich in trace elements (B, Li, Cr, Cu, Zn, Se, Sr, Ba, Be,
V, Co, Ga, As, Cs).

Spring 10 (pH = 6.4) is a carbonated, bicarbonated, chlorinated water rich in Na, K,
Ca, Mg, Al, Fe, B, that contains significant amounts of Li (1166 µg/L) and Mn (1103 µg/L),
along with trace elements: Ag, Se, Ba, Sr, Zn, Cu, Co, Cr, Ni, Be, V, Ga, As, Rb, Cs. Moreover,
source 10 contains small amounts of U and Hg, below the maximum allowed limit (0.001
mg/L).

Spring 14 (pH = 6.3) is a hypertonic, carbonated, bicarbonated water, with a high chlo-
ride content, which falls into the category of ferruginous waters due to its high iron content.
Source 14 contains the highest amounts of Na (4438 mg/L), Mg (50 mg/L), K (165.3 mg/L),
Ca (130 mg/L), B (35 mg/L), Li (1390 µg/L), Mn (1102 µg/L), Cu (98.05 µg/L) and Ag
(0.075 µg/L) of all natural mineral waters in Slanic Moldova and small amounts of trace
elements (Be, V, Co, Ga, As, Rb, Cr, Se, Ni, Zn).

Spring 15 (pH = 6.4) has a composition similar to spring 14 of carbonated, bicarbon-
ated, sodium-chlorinated, ferruginous water, but with slightly lower concentrations of Na,
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Mg, Al, Ca K, Fe ions. Moreover, this spring contains Ag (0.208 µg/L) and trace elements
such as: Li, Cu, Zn, Se, Sr, V, Ga, Rb and Cs.

Spring Sonda 2 (S2) is an alkaline water (pH = 8.1) with an average concentration of
Na, K, Ca, B, Mg, Al, and rich in trace elements (Li, Cr, Cu, Se, Sr, Ba, Be, V, Ga, Rb).

Spring Sfantul Spiridon (SS) is a low sodium water (pH = 5.5), rich in Ca, Mg, K, Al,
and trace elements (Li, Cr, Mn, Ni, Cu, Zn, Se, Sr, Ba, B, Be, V, Co, Ga, Rb), aerated, with a
pleasant taste, has all the physicochemical qualities of a drinking water.

In addition, a good correlation between the major constituents of these natural min-
eral waters was confirmed by the results of the conductometric measurement of TDS
(water mineralization according to Figure 2 data), as well as by the construction of the
Piper diagram.

5. Conclusions

In this study, in order to analyze and scan seven different mineral water springs (1 bis,
5, 10, 14, 15, Sonda 2 and Sfantul Spiridon) from the Slanic Moldova resort, a combination
of the following techniques were used: ICP-MS, UV-Vis and conductometry/TDS.

The application of the ICP-MS instrumental technique allowed, first of all, the high-
lighting of the presence of trace elements (Ni, Cu, Zn, Sr, Ag, Cd, Ba, Pb, Be, V, Co, Ga, As,
Rb, Cs, Hg, Tl, U) that have not been mentioned in previous studies. Moreover, this method
confirmed the data from the literature regarding the content of these waters in major cations
(Na+, K+, Mg2+, Ca2+), as well as the determinations of four chemical indicators (Fe, Mn,
Cu and Cr) made in the present study using UV-Vis spectroscopy.

For the screening of natural mineral waters from Slanic Moldova, the ICP-MS method
proved its applicability for water analysis by its sensitivity and quick multielement de-
tection, revealing for the first time the complex composition of these springs. In total,
29 elements were determined by this method. According to the literature and the obtained
data, it can be mentioned that mineral waters from Slanic Moldova have some particu-
larities specific to medicinal water. So, these water categories do not meet the evaluation
criteria for drinking water, its effect being due precisely to the increased concentrations
in some elements, sometimes unwanted, but which have shown therapeutic effects (for
example: Fe, Ag, Mn, As, Se, etc.).

Moreover, the variety of mineral water constituents and ion concentrations detected
using ICP-MS and UV-Vis indicate that ICP-MS could be a very useful tool to screen the
water composition and process a large number of samples quickly and efficiently, while
UV-Vis spectroscopy could be an effective method for monitoring the chemical indicators
(major elements) of natural mineral waters quality.

The waters of Slanic Moldova have geochemical characteristics that allow them to
be grouped by their chemical characteristics and the evolution of their composition. The
obtained results can represent a perspective for the future development of the Slanic
Moldova area in the context of mineral water management with the mention that the
studied mineral waters present a perspective of bottling and storage for a longer period
of time.
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