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Abstract: Strontium is a toxic chemical element widely distributed in groundwater. First of all, its
appearance in water is associated with the dissolution of sulfate and carbonate rocks. The aim of this
study was to assess the characteristics of strontium concentration in ancient aluminosilicate deposits
that were filled with sedimentogenic brines and seawater in different geological periods. Studies were
conducted on 44 water samples, in which the chemical and isotopic composition was determined with
the subsequent assessment of saturation indices in relation to the main rock-forming minerals and the
residence time of groundwater in the aquifer. It was found that minimal strontium concentrations are
characteristic of the least mineralized waters and arise mainly due to the dissolution of carbonates.
After their saturation in relation to calcite, the process of carbonate dissolution was replaced by their
precipitation and an increase in silicate dissolution with an increase in strontium concentration in
more mineralized waters. The incongruent dissolution of aluminosilicates resulted in the appearance
of new clay minerals in the aquifer, which together with iron hydroxides and newly formed calcium
carbonates created opportunities for sorption and ion exchange processes. The contribution of
seawater consisted of an increase in strontium concentrations by approximately 15–20%. The effect of
the duration of the water–rock interaction on strontium concentrations in groundwater was expressed
in the fact that over a thousand years they increased by 0.1 mg/L, which is 20–30 times less than in the
waters of carbonate deposits located 100 km to the east. An assessment of the non-carcinogenic risk to
human health of contact with the groundwater showed the safety of using the studied groundwater
for drinking purposes.
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1. Introduction

Strontium is a toxic chemical element, and its distribution in drinking water is being
actively studied in all countries. Strontium concentrations have been found to be highest in
aquifers in carbonate sediments [1–5]. At the same time, strontium concentrations are also
typically increased in unconsolidated sand–gravel and loess aquifers in arid or semi-arid
areas where shallow groundwater is subject to evaporation [1,6,7]. A similar situation is
observed when thermal waters come into contact with granite-porphyry bodies that have
not yet completely cooled [8,9]. In almost all cases, special importance is attached to the
dissolution of strontium-bearing minerals [10,11]. There are relatively few articles character-
izing the distribution of strontium in aquifers in silicate rocks near the sea coast [12]. To fill
this gap, this article examines the conditions for the formation of strontium in the aquifer of
ancient sandy-clay deposits of the Vendian period near the sea coast of the Western Arctic
of Russia. Currently, these waters are used in limited volumes for the centralized water
supply of workers of the mining and processing plant at the M.V. Lomonosov diamond
deposit and for sale in kiosks for bottling and dispensing in bottled form to residents of
the regional center, the city of Arkhangelsk. The purpose of this study was to determine
(i) the sources of strontium in groundwater, (ii) the processes of transition of strontium into
water, (iii) the effect of proximity to the sea on strontium concentrations in groundwater,
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(iv) the effect of the duration of the water–rock interaction on strontium concentrations in
groundwater, and (v) the danger of using these waters for drinking purposes.

The novelty of this study is that the processes of strontium concentration are consid-
ered in the world literature mainly for near-surface aquifers. The main processes are the
interaction of sulfate and carbonate rocks with sediments and evaporation [13–17]. This
paper discusses silicate sedimentary deposits that were filled with sedimentogenic brines
of salt basins and waters of marine transgression with high concentrations of strontium at
depths of up to two hundred meters for hundreds of millions of years. Their uniqueness is
also associated with the powerful freshening effect of meltwaters from the last glaciation
11,700 years ago.

2. Materials and Methods

The research area with coordinates 65◦17′–65◦23′ north latitude and 40◦55′–41◦10′ east
longitude is located 60 km from the sea coast (Figure 1a) within the boundaries of an ancient
sedimentary basin called the Mezen syneclise. The basin is filled mainly with Vendian (V)
sediments with a thickness of 1–3 km and an age of 570 million years. In the direction
from bottom to top, mudstones are gradually replaced by siltstones and sandstones. The
siltstones and sandstones of the uppermost 160 m part of this sequence (Vpd), containing
fresh water, have the highest filtration properties (Figure 1b).
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The chemical composition of sandstones and siltstones is shown in Table 1.
Table 1 reflects the fact that the clastic material is predominantly quartz, feldspars,

and mica, as well as chalcedony, quartzite fragments, and clay aggregates. Cement has
predominantly clay–iron and carbonate–clay compositions; gypsum compositions are less
common. The Fe2O3 content is 5–18 times higher than the FeO content [18].
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Table 1. Average chemical composition of water-bearing sediments, %.

SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cr2O3 V2O5 LOI

Sa 1 91.5 0.38 3.59 1.08 0.22 0.04 0.48 0.50 0.10 1.11 0.04 0.02 0.01 0.99
Si 2 72.0 0.81 12.8 5.30 0.30 0.14 1.24 0.48 0.14 2.94 0.07 0.02 0.01 3.66

Notes: 1 sandstones; 2 siltstones.

Clay minerals are represented by hydromicas, kaolinite, and chlorite. It should also be
noted that in the Devonian period 370 million years ago, Vendian deposits were intruded by
kimberlite melt, forming so-called explosion pipes or kimberlite diatremes (Figure 1). In this
case, a powerful explosive interaction of the gas-saturated melt with groundwater occurred,
which resulted in the saponitization of olivine and the penetration of clayey saponite
material into the pores and cracks of the surrounding rocks over considerable distances.

In river valleys, Vendian sediments outcrop directly beneath Pleistocene sandy–clayey
sediments (Figure 1). At the watersheds, the remains of a once thick sequence of sandstones
and carbonates of the Carboniferous period (C2ur-C2ol-ok) have been preserved. Atmo-
spheric precipitation in the amount of 580 mm/year infiltrates through the soil, saturates
with carbon dioxide, and then spends it on dissolving carbonates C2 and silicates Vpd,
enriching the composition of groundwater and increasing the total amount of dissolved
substances (TDSs). After this, they are discharged into the river network.

Between 2012 and 2023, 44 groundwater samples were collected from 12 wells ranging
in depth from 80 to 180 m from the Vendian Padun Formation aquifer (Table S1, Figure 1).
Boreholes with the index “d” serve to protect the diamond quarry from flooding. The
remaining wells are used to monitor the development of the depression funnel around the
drained quarry.

In the field, temperature and pH determinations were carried out at all wells using
portable HANNA instruments. To determine cations (10 mL) and anions (50 mL), the
samples were filtered through a 0.45 µm cellulose acetate filter. Filtered samples (10 mL)
were acidified with double-distilled HNO3 (pH <2); samples (50 mL) were not acidified.
The methodology for determining the components of a chemical composition by using
an atomic absorption spectrometer (AAS) (Perkin-Elmer 5100 PC, Turku, Finland), an
automated titrator (Metrohm 716 DMS Titrino, Metrohm AG, Herisau, Switzerland), and
ion chromatography (HPLC, Dionex ICS 2000, ThermoFisher, Waltham, MA, USA) is
described in a previously published work [19].

The 14C was measured using a liquid scintillation spectrometer, Quantulus 1220 (back-
ground 14C is 0.15–0.20 counts per minute, with 95% counting efficiency). The measurement
uncertainties for 14C (as percent modern carbon, or pmc) are reported individually and
range from 1 to 2%. The measured 14C content was normalized, that is, a correction for
isotopic fractionation was introduced according to the formula

14C (pMC) = 14C (pmc)·[1 − 2 (25 + δ13C)/1000].

To determine δ13C, a set of equipment from Thermo Fisher Scientific Corporation
was used, including a CF–IRMS, DELTAplus XP mass spectrometer, a Trace GC gas chro-
matograph, and a GC–C/TC III reactor. The gas chromatograph was equipped with a
SigmaAldrich Carboxen–1010 PLOT capillary column (length 30 m, diameter 0.32 mm, film
thickness 15 µm). δ13C values are given relative to the V–PDB standard referenced using
NIST RM8544 (NBS19). The measurement uncertainty for δ13C was (1σ) ± 0.2‰.

The uranium isotopes in the groundwater were determined in accordance with Maly-
shev et al. (1999) [20] and as also described by Fröhlich (2013) [21]. The spectrometric
detection of alpha particles was performed using an alpha spectrometer “Progress-alpha”,
uncertainty 10–20%. The measurement uncertainties for uranium are reported individually.
The efficiency of 232U extraction was 40–50%.
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Groundwater saturation indices in relation to rock-forming minerals (SI) were deter-
mined by the logarithm of the quotient of the ion activity product (Q) [22] and solubility
product constant (SP0) [23]:

SI = lg(Q/SP 0
)

(1)

Calculations of the residence time of groundwater in the aquifer based on carbon and
uranium isotopes were performed, as described by Malov (2018) [24].

3. Results
3.1. Chemical Composition and Saturation of Groundwater in Relation to the Main
Rock-Forming Minerals

The results of determining the chemical composition of groundwater are shown in
Table S1. Table 2 provides descriptive statistics for these waters, and Figure 2 illustrates
their ionic composition.

Table 2. Descriptive statistics of groundwater chemistry.

Parameter Unit Mean Max Min Std. Dev.

Depth m 140 180 80.0 21.3
pH unit 8.45 9.20 7.80 0.37
TDS mg·L−1 368 719 219 132
Na+ mg·L−1 68.8 199 2.03 49.4
K+ mg·L−1 4.03 9.14 1.54 1.37

Ca2+ mg·L−1 17.5 37.2 3.66 7.61
Mg2+ mg·L−1 11.9 18.8 3.78 3.70
Cl− mg·L−1 44.8 195 1.10 54.7

SO4
2− mg·L−1 20.6 64.7 0.04 16.5

HCO3
− mg·L−1 201 239 146 19.6

Sr µg.L−1 212 481 58.4 112
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The hydrocarbonate ion with a concentration from 146 to 239 mg/L predominated in
the composition of anions. In second place was the chlorine ion with a very wide range of
concentrations from 1.1 to 195 mg/L. The content of the sulfate ion turned out to be minimal:
0.04–64.7 mg/L. Among the cations, sodium predominated (2.03–199 mg/L). The contents
of calcium, magnesium, and potassium were minimal, amounting to 3.66–37.2 mg/L,
3.78–18.8 mg/L, and 1.54–9.14 mg/L, respectively.

Calcium and (or) magnesium predominated in the groundwater with TDSs up to
0.3 g/L, defining the Ca-Mg-Na-HCO3 type of water. In the TDS range from 0.3 to 0.4 g/L,
the Na-HCO3 composition was more characteristic, and in the TDS range from 0.4 to
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0.5 g/L, chlorine (Na-HCO3-Cl) became noticeable in the water composition. With a
further increase in TDSs, chlorine began to prevail over the bicarbonate ion (Na-Cl-HCO3).

Synchronously with the increase in the TDSs and the change in the composition of
groundwater from calcium to sodium, the pH values also increased from 7.8 to 9.2.

Table 3 and Figure 3 show that rock-forming minerals, according to the characteristics
of the equilibrium–nonequilibrium conditions between them and the studied groundwater,
could be divided into two groups: (i) nonequilibrium and (ii) with changing equilibrium–
nonequilibrium conditions. The first group includes the primary calcium aluminosilicate
minerals anorthite, labradorite, and andesine and the silicate mineral diopside. Also in-
cluded in this group are the magnesium silicate phlogopite and the calcium sulfate gypsum.
The second group includes the sodium aluminosilicate mineral albite, as well as the car-
bonates calcite and dolomite. The same group includes the magnesium silicate mineral
chlorite and the magnesium aluminosilicate mineral saponite. Figure 3 clearly shows how
for these minerals, as they moved from the lower to the upper parts of the section and the
concentrations of individual components in groundwater decreased, a decrease in the value
of the index of their nonequilibrium with groundwater was observed, that is, favorable
conditions were created for their transformation and chemical weathering. The secondary
products of this transformation are clay minerals in equilibrium with groundwater and,
almost everywhere, silicic acids in water-soluble forms and, possibly, quartz.

Table 3. Indices of groundwater saturation in relation to the main rock-forming minerals.

(Ca) (Ca-Na) (Ca-Mg) (Mg)
Well
ID Gypsum Calcite Anorthite Labradorite Andesine Albite Dolomite Diopside Chlorite Phlogopite Mg-Saponite

21d −2.60 0.39 −3.29 −3.13 −2.85 1.23 1.21 −2.74 1.24 −7.54 3.78
22d −2.91 0.20 −2.56 −2.58 −2.34 1.6 0.84 −3.09 0.13 −7.63 3.39
16h −3.02 −0.45 −4.66 −4.34 −4.03 0.18 −0.39 −6.24 −8.96 −10.73 −1.56
10d −3.48 0.27 −3.88 −3.66 −3.37 0.77 1.03 −2.25 3.15 −7.57 4.46
26d −3.05 −0.08 −3.96 −3.91 −3.65 0.34 0.18 −5.1 −5.92 −10.69 −0.01
36d −3.12 0.34 −3.96 −3.96 −3.71 0.24 1.04 −3.39 −0.77 −8.76 2.54
24d −3.29 0.18 −4.13 −4.00 −3.72 0.34 0.69 −3.48 −1.20 −9.01 2.31
28d −3.39 0.26 −4.03 −4.10 −3.86 0.04 0.95 −3.28 −0.40 −9.03 2.83
Ch −3.26 0.00 −3.83 −4.02 −3.81 −0.01 0.41 −4.31 −3.69 −10.07 1.29
21d −2.58 0.06 −3.61 −3.42 −3.13 0.98 0.62 −4.24 −2.89 −8.85 1.57
21d −2.47 0.41 −2.88 −2.74 −2.46 1.61 1.33 −2.77 1.29 −7.22 3.96
Ae −3.30 0.25 −3.67 −3.42 −3.12 1.02 1.03 −2.55 2.47 −7.44 4.10
22d −2.82 0.13 −3.02 −2.91 −2.64 1.40 0.72 −3.74 −1.80 −8.35 2.41
10d −3.44 0.19 −3.85 −3.76 −3.49 0.54 0.91 −2.53 2.70 −7.43 4.08
10d −3.46 0.19 −3.62 −3.58 −3.32 0.66 0.91 −2.71 2.11 −8.12 3.83
26d −3.09 0.27 −3.36 −3.61 −3.40 0.36 0.96 −3.45 −0.49 −8.34 2.63
26d −3.06 0.16 −3.71 −3.84 −3.62 0.23 0.76 −3.80 −1.59 −9.19 2.06
36d −3.12 0.21 −3.26 −3.52 −3.33 0.41 0.86 −3.79 −1.47 −8.68 2.14
36d −3.09 0.12 −3.63 −3.80 −3.58 0.23 0.67 −4.07 −2.31 −9.27 1.66
28d −3.34 0.32 −3.64 −3.99 −3.81 −0.14 1.13 −2.92 1.20 −8.01 3.48
28d −3.29 0.25 −3.21 −3.67 −3.51 0.08 0.98 −3.26 0.17 −8.27 3.05
Ch −4.36 −0.43 −2.36 −2.95 −2.81 0.67 −0.41 −6.09 −8.67 −11.7 −1.06
Br −3.16 −0.05 −4.41 −4.56 −4.34 −0.51 0.32 −4.51 −3.81 −10.8 0.85

Mean −3.16 0.14 −3.59 −3.63 −3.39 0.53 0.73 −3.67 −1.28 −8.81 2.34

In general, the distribution of minerals according to the degree of their disequilibrium
with groundwater was as follows: phlogopite → diopside → labradorite → anorthite →
andesine → gypsum → chlorite → calcite → albite → dolomite → Mg-saponite. The clay
mineral saponite, as a product of the sequential intense chemical weathering of olivine
and serpentine, was in equilibrium with almost all types of groundwater studied. Almost
the same can be said about dolomite and albite. Chlorite, on the contrary, was not in
equilibrium with almost all waters, except the most mineralized ones.
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3.2. Isotopic Composition and Residence Time of Groundwater in the Aquifer

The δ13C values turned out to be quite uniform and ranged from −10.1‰ to −11.7‰
(Table 4), that is, δ13C >0.5 (δ13Cg+ δ13Cs) = δ13C >0.5 (−26 + 2) = δ13C >(−12), where
δ13Cg and δ13Cs characterize the carbon isotopic composition of gaseous soil CO2 and solid
carbonate minerals, respectively [25,26]. Therefore, the Pearson model, which takes into
account the isotope exchange between solid carbonates and total dissolved inorganic carbon
(TDIC) [27,28], was used. Due to the wide spread of 14C values from 58.40 ± 0.89 pmc to
24.86 ± 0.43 pmc, the calculated values of the residence time of groundwater in the aquifer
also turned out to be in a wide range from “modern” to 5.22 ± 0.39 ka.

Table 4. The main components of the isotopic composition and age of the groundwater.

Sample ID U
(µg/L)

234U/238U
(unit)

14C
(pmc)

δ13C
(‰)

14C Age
(cal BP, ka) a

234U-238U Age
(ka) b

Ae-2013 2.53 ± 0.05 5.26 ± 0.68 NA NA NC 6.5 ± 1.0
Br-2013 4.36 ± 0.09 1.97 ± 0.29 NA NA NC 2.5 ± 0.4

28d-2013 3.27 ± 0.06 2.11 ± 0.32 NA NA NC 2.2 ± 0.3
28d-2014 2.99 ± 0.06 2.39 ± 0.36 58.40 ± 0.89 −11.0 modern 2.4 ± 0.4
28d-2021 0.65 ± 0.01 4.08 ± 0.59 30.07 ± 0.44 −11.7 4.7 ± 0.36 NC
26d-2013 2.44 ± 0.05 3.04 ± 0.45 NA NA NC 2.9 ± 0.4
26d-2013 2.41 ± 0.05 2.86 ± 0.43 NA NA NC 2.7 ± 0.4
36d-2013 1.99 ± 0.04 4.34 ± 0.65 NA NA NC 3.4 ± 0.2
36d-2014 2.00 ± 0.04 4.81 ± 0.62 25.01 ± 0.47 −11.7 6.34 ± 0.36 NC
10d-2013 14.14 ± 0.28 2.39 ± 0.36 NA NA NC 11.7 ± 1.6
22d-2014 6.37 ± 0.13 1.63 ± 0.24 24.86 ± 0.43 −10.1 5.22 ± 0.39 NC
22d-2021 3.30 ± 0.06 3.23 ± 0.45 26.62 ± 0.32 −11.0 5.20 ± 0.44 NC
10d-2014 13.35 ± 0.27 2.14 ± 0.31 NA NA NC 9.1 ± 1.2
22d-2013 4.47 ± 0.09 2.28 ± 0.34 NA NA NC 3.4 ± 0.5
21d-2013 9.60 ± 0.19 1.99 ± 0.30 NA NA NC 5.7 ± 0.8
21d-2014 10.38 ± 0.21 1.84 ± 0.27 NA NA NC 5.2 ± 0.8
21d-2021 1.80 ± 0.04 3.64 ± 0.47 45.17 ± 0.66 −11.61 0.5 ± 0.07 NC
16h-2012 1.12 ± 0.02 1.93 ± 0.28 NA NA NC 0.56 ± 0.1

Notes: NA, not analyzed; NC, not calculated. a Pearson model; the ages were calibrated using the Calib Rev 8.1.0
program, which uses the 2020 international calibration datasets with respect to IntCal20 [29,30], two sigma ranges.
b Malov, 2018 model [24].

Age determinations using uranium isotope dating showed values predominantly
in the range from 0.56 ± 0.1 ka to 6.5 ± 1.0 ka (Table 4), which is consistent with age
determinations obtained using radiocarbon dating. However, based on samples from well
10d with anomalous uranium concentrations of 13.35 ± 0.27 µg/L and 14.14 ± 0.28 µg/L,
anomalous groundwater ages of 9.1 ± 1.2 ka and 11.7 ± 1.6 ka were also obtained, which
were rejected (see Section 4).
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4. Discussion
4.1. Formation of Groundwater Composition

Figure 4a demonstrates that the formation of the chemical composition of groundwater
was carried out mainly due to the weathering of rocks [31]. At (Na+ + K+)/(Na+ + K+ + Ca2+)
< 0.5, i.e., Ca2+ > (Na+ + K+), the chemical weathering of carbonates predominated:

CaCO3 → Ca2+ + CO3
2−,

CaMg(CO3)2 → Ca2+ + Mg2+ + 2CO3
2−.
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This is relevant for water samples from wells 28d, Bl, Br, and Ch with TDSs of
219–270 mg/L and concentrations of Ca2+, Mg2+, and Na+ of 13.7–37.2 mg/L,
13.5–16.4 mg/L, and 11.0–25.1 mg/L, respectively.

In water samples from other wells at (Na+ + K+)/(Na+ + K+ + Ca2+) > 0.5,
i.e., (Na+ + K+) > Ca2+, there was an increasing participation of the chemical weather-
ing of silicates in the series albite–anorthite and microcline:

NaAlSi3O8 → Na+ + AlO2
− + 3SiO2,

CaAl2Si2O8 → Ca2+ + 2AlO2
− + 2SiO2,

KAlSi3O8 → K+ + AlO2
− + 3SiO2.

Figure 4b demonstrates that at Cl−/(Cl− + HCO3
−) < 0.5, i.e., HCO3

− > Cl−, the
participation of seawater was insignificant compared to rock weathering processes, and at
(Cl−)/(Cl− + HCO3

−) > 0.5, i.e., Cl− > HCO3
−, there was an increasing participation of

seawater in the formation of the composition of groundwater.
Figure 5a also demonstrates that the water composition in samples from wells 28d, Bl,

Br, and Ch was formed mainly due to the chemical weathering of carbonates, while in the
remaining samples, the prevailing weathering of silicate rocks was carried out.

As a result, the average concentrations of calcium and magnesium of approximately
20 and 10 mg/L in the least mineralized water from wells 28d, Bl, Br, and Ch with TDSs of
219–270 mg/L characterized the achievement of the saturation of fresh waters with these
elements. Therefore, in more mineralized waters, these concentrations remained virtually
unchanged, reflecting the balance between calcium from precipitating carbonates and
calcium transferred into water during the dissolution of silicates (Figure 5c,d). In contrast,
sodium concentrations increased 20-fold when the TDSs were increased to 700 mg/L
(Figure 5e).
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At the same time, Figure 5b shows that these sodium concentrations in the most min-
eralized waters are supplied to a greater extent by seawater rather than by water-bearing
silicates. Figure 5f also shows a decrease in calcium and magnesium concentrations with
increasing pH values, determined by increasing sodium concentrations in groundwater.

Finally, it should be noted that the weathering of silicates is a very slow process, since
it occurs as an incongruent dissolution with the formation of a sparingly soluble solid
phase on the surface of the dissolving substance [23,32–36]:

2NaAlSi3O8 (feldspar) + 2H+ + 9H2O = Al2Si2O5(OH)4 (kaolinite) + 2Na+ + 4H4SiO4.

In general, we can conclude that after groundwater mineralization reached approx-
imately 0.3 g/L, it became saturated with respect to calcium. After this, the process of
the dissolution of carbonates was replaced by their partial precipitation. At the same
time, the incongruent dissolution of aluminosilicates led to the appearance of new clay
minerals in the aquifer. Together with iron hydroxides, these newly formed calcium and
clay carbonates provided the possibility of sorption and ion exchange processes:

2Na(solid) + Ca2+ → 2Na+ + Ca(solid).

4.2. Sources of Strontium in Groundwater and Processes of Transition of Strontium into Water

Only the saturation indices for albite, gypsum, andesite, and labradorite showed a
positive linear correlation with the groundwater TDSs with R2 = 0.61, 0.52, 0.40, and 0.34,
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respectively (Figure 6g,h). This suggests the continued participation of these minerals in
the formation of groundwater dissolved matter. The dissolution of albite was manifested
in a good correlation of its saturation indices with sodium and potassium (Figure S1a)
(R2 = 0.65). Gypsum dissolution was also well reflected in the correlation of its saturation
indices with the concentration of the sulfate ion (Figure S1b) (R2 = 0.53). Phlogopite,
diopside, anorthite, and chlorite apparently show virtually no such participation, since the
values of their saturation indices remain at approximately the same level throughout the
entire range of TDS values. Calcite, dolomite, and Mg-saponite played a role in saturating
the water with calcium and magnesium, and at the moment only minimally mineralized
water in certain areas in the areas where the aquifer is fed by precipitation participates
in the dissolution of these minerals. The dissolution of calcite is clearly demonstrated
in Figure S1c in which increasing calcium and magnesium concentrations are associated
with a trend toward decreasing groundwater saturation indices relative to calcite. That is,
calcium and magnesium already appear in water not so much due to the dissolution of
carbonates but due to other sources.
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With strontium, the saturation indices of the same minerals (albite, gypsum, andesite,
and labradorite) also showed a positive linear correlation R2 = 0.25, 0.70, 0.25, and 0.34,
respectively (Figure 6a–c,e). Strontium has a weak correlation with anorthite (R2 = 0.16)
(Figure 6d), and with diopside, calcite, and dolomite there is practically no correlation
(R2 = 0–0.08) (Figure 6a,f).

As one would expect, minimum strontium concentrations of 0.06–0.19 mg/L were found
in the least mineralized waters of wells 28d, Bl, Br, and Ch with TDSs of 219–270 mg/L. They
appeared mainly due to the dissolution of carbonates (Figure 7a). In more mineralized
waters, where the importance of silicate dissolution and the participation of seawater in
the formation of groundwater composition increases, strontium concentrations increase
to 0.5 mg/L (Figure 7a). The relationship of strontium with the dissolution of the main
rock-forming minerals also explains the positive linear correlation of its concentrations
with groundwater TDSs (R2 = 0.46) (Figure 7b).
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A positive correlation of Sr/Ca and Mg/Ca ratios may also indicate the role of the
dedolomitization process in the relative increase in strontium concentrations [1,37,38]
(Figure 7c).

In Section 4.1, it was shown that at (Cl−)/(Cl− + HCO3
−) > 0.5 there was an in-

creasing participation of seawater in the formation of the composition of groundwater
(Figures 4b and 5b). The penetration of seawater into the Vendian aquifers occurred re-
peatedly during the period of marine transgressions in the Pleistocene–Holocene. The
meltwater of the Last Glacial Period and atmospheric waters of the Holocene largely re-
placed these waters [39,40], but quite large “lenses” of salty waters have still been preserved
in the Zolotitsa River valley [41].
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Since in seawater with TDSs of 35 g/L the contents of chlorine and strontium are
19.4 g/L and 8 mg/L, respectively [42], then with chlorine concentrations in the studied
groundwater of up to 200 mg/L (seawater is diluted 100 times), the concentration of
“marine” strontium will be approximately 80 µg/L. This accounts for 15–20% of the total
strontium content in water. Figure 7d shows a noticeable additional increase in strontium
content due to seawater in the most mineralized samples with a chlorine concentration of
more than 70 mg/L in wells 21d and 22d.

The effect of the duration of the water–rock interaction on strontium concentrations
in groundwater is demonstrated in Figure 7e. Over six thousand years, they increased
to 0.5 mg/L. For comparison, in carbonate sediments with a high content of celestine,
strontium concentrations increased by 2–3 mg/L for every thousand years [19].

Finally, there is a correlation between strontium concentrations and sulfate ion concen-
trations (R2 = 0.40) (Figure 7f). This is due to the dissolution of a few gypsum inclusions in
carbonate cement. The low gypsum content is confirmed by the very low degree of ground-
water saturation with respect to this mineral, with the SI varying from −4.46 to −2.47
(Table 3, Figure 6a). In addition, the coefficient of determination of the ratio of saturation
index for gypsum to TDSs (R2 = 0.52) is lower than for albite (R2 = 0.61) (Figure 6g,h).

4.3. Statistical Estimates

Tables 5 and 6 show significant positive correlations of strontium concentrations with
the well depth, total dissolved solids, and sodium, magnesium, chlorine, sulfate, and
bicarbonate ion concentrations. There is no such connection with calcium. This confirms
that the concentration of strontium in groundwater is mainly due to the dissolution of the
main rock-forming silicates and gypsum inclusions, ion exchange, and the influence of
seawater. The significant role of carbon dioxide in rock dissolution processes is associated
with an increase in the concentration of the bicarbonate ion.

Table 5. Pearson correlation matrix for groundwater composition components.

h pH TDS Na+ K+ Ca2+ Mg2+ Cl− SO42− HCO3− Sr

h 1 0.04 0.85 a 0.82 0.58 0.04 0.17 0.83 0.84 0.52 0.56
pH 1 0.22 0.35 b 0.20 −0.71 −0.71 0.11 0.26 0.37 −0.16

TDS 1 0.98 0.60 −0.03 0.13 0.97 0.98 0.62 0.68
Na+ 1 0.62 −0.21 0.02 0.92 0.97 0.66 0.60
K+ 1 −0.31 0.03 0.54 0.57 0.47 0.28

Ca2+ 1 0.70 0.10 −0.02 −0.32 0.23
Mg2+ 1 0.28 0.11 −0.33 0.49
Cl− 1 0.97 0.43 0.69

SO4
2− 1 0.55 0.63

HCO3− 1 0.37
Sr 1

Notes: a—significance value p ≤ 0.01; b—significance value p ≤ 0.05.

Table 6. Principal component analysis of groundwater.

Parameter Component
1 2

h, m 0.89 0.07
pH 0.18 −0.86
TDS 0.99 −0.02
Na+ 0.97 −0.19
K+ 0.66 −0.22

Ca2+ −0.03 0.89
Mg2+ 0.17 0.91
Cl− 0.96 0.13

SO4
2− 0.97 −0.03

HCO3
− 0.64 −0.43

Sr 0.72 0.39
% of variance 54.4 25.4

Sum 79.8%
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Section 4.1 showed that the negative correlation of calcium and magnesium con-
centrations with pH values (Table 6) is determined by increasing sodium concentrations
in groundwater.

4.4. The Danger of Strontium When Using Groundwater for Drinking

The assessment of the non-carcinogenic human health risk from contact with the
groundwater (HI) was carried out in accordance with the procedure described by the US
Environmental Protection Agency [43–45]. The methodology for assessing the exposure
and risk to human health, as well as the main parameters and values used for deterministic
exposure calculations, has been presented in previous work [5].

The calculation results are presented in Table 7 and demonstrate the safety of using
the studied groundwater for drinking purposes, since the hazard index (HI) values in all
samples are less than one. The strontium concentrations are also below the maximum
permissible values (Table S2) [46].

Table 7. Hazard index (HI) of fresh drinking groundwater.

Non-Carcinogenic Risks for Adults Non-Carcinogenic Risks for Children
Well ID Hazard Index (HI) for Strontium

21d 0.0187 0.0549
22d 0.0099 0.0290
16h 0.0064 0.0188
10d 0.0031 0.0090
36d 0.0119 0.0348
26d 0.0117 0.0342
Ae 0.0125 0.0366
24d 0.0061 0.0178
28d 0.0082 0.0242
Ch 0.0073 0.0215
Br 0.0028 0.0083
Bl 0.0033 0.0095
HI 0.0087 0.0250

Previously conducted studies of the full composition of metals in groundwater have
shown that for drinking purposes it is preferable to use low-mineralized water with
preliminary aeration [47].

5. Conclusions

The purpose of this study was to determine (i) the sources of strontium in groundwater,
(ii) the processes of transition of strontium into water, (iii) the effect of proximity to the sea
on strontium concentrations in groundwater, (iv) the effect of the duration of the water–rock
interaction on strontium concentrations in groundwater, and (v) the danger of using these
waters for drinking purposes.

The results showed the following:

• Minimum concentrations of strontium were characteristic of the least mineralized
waters and appeared there mainly due to the dissolution of carbonates. After their
saturation with respect to calcite, the process of the dissolution of carbonates was
replaced by their precipitation.

• Increased strontium concentrations were observed in more mineralized waters where
silicate dissolution increased. The incongruent dissolution of aluminosilicates led to
the appearance of new clay minerals in the aquifer. Together with iron hydroxides,
newly formed calcium and clay carbonates provided the possibilities for sorption and
ion exchange processes.

• There was an increase in the strontium–calcium ratio associated with the dedolomiti-
zation process.
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• The transfer of strontium into water due to the dissolution of gypsum inclusions in
cement was limited.

• The contribution of seawater was significant in increasing sodium and chlorine concen-
trations. The strontium content increased due to seawater by approximately 15–20%.

• The influence of the duration of the water–rock interaction on strontium concentrations
in groundwater was expressed in the fact that over a thousand years they increased by
0.1 mg/L, which is 20–30 times less than in the waters of carbonate sediments located
100 km to the east.

• An assessment of the non-carcinogenic risk to human health of contact with the ground-
water showed the safety of using the studied groundwater for drinking purposes.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/w16172369/s1, Figure S1: Graphs showing the dependence of (a)
Na+K concentrations in water on albite water saturation indices, (b) SO4 concentrations in water
on gypsum water saturation indices, (c) Ca+Mg concentrations in water on calcite water saturation
indices. Table S1: Ionic composition of groundwater. Table S2: Maximum permissible concentration,
as described by the Russian (SanPiN, 2001) [48] and Chinese (GB 5749-2022, 2022) [49] national
guidelines, as well as the international guideline (WHO, 2022) [50] for drinking water quality.
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