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Abstract: The Viimsi peninsula is located north-east of Tallinn, capital of Estonia.
The Cambrian-Vendian (Cm-V) aquifer system is a sole source of drinking water in the area.
Historically, the groundwater exploitation has led to freshening of groundwater in the peninsula,
but in recent years an increase in chloride concentrations and enrichment in δ18O values has been
detected, but in recent years hydrochemical parameters indicate an increasing influence of a saline
water source. The exact origin of this saline water has remained unclear. The aim of the current
study is to elucidate whether the increase in Cl− concentrations is related to seawater intrusion or
to the infiltration of saline water from the underlying crystalline basement. To identify the source
of salinity, chemical composition of the groundwater and the isotope tracers (e.g., δ18O and radium
isotopes) were studied in the Viimsi peninsula in the period from 1987 to 2018. Our results show that
chemical composition of Cm-V groundwater in the peninsula is clearly controlled by three-component
mixing between glacial palaeogroundwater, saline water from the underling crystalline basement
and modern meteoric water. The concentrations of Ra are also significantly affected by the mixing,
but the spatial variation of radium isotopes (226Ra and 228Ra) suggests the widespread occurrence of
the U in the surrounding sedimentary sequence. Our hypothesis is that, in addition to U originating
from the crystalline basement, some U could be associated with secondary U deposits in sedimentary
rocks. The formation of these secondary U deposits could be related to glacial meltwater intrusion
in the Pleistocene. Although the results suggest that the infiltration of saline groundwater from the
underlying crystalline basement as the main source of salinity in the study area, the risk of seawater
intrusion in the future cannot be ruled out. It needs to be highlighted that the present groundwater
monitoring networks may not be precise enough to detect the potential seawater intrusion and
subsequent changes in water quality of the Cm-V aquifer system in the Viimsi peninsula.
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1. Introduction

The growing urbanisation in coastal areas rises the demand for water; an increase in groundwater
abstraction can lead to a subsequent lowering of groundwater levels and deterioration in groundwater
quality. One of the reasons for decline in water quality is groundwater salinisation through intrusion
of seawater or relict saline groundwater from adjacent aquifers [1–6]. These processes could initiate
chemical reactions between the aquifer-forming rocks and groundwater, when the composition of
groundwater is changed by mixing between the intruding saltwater and fresh groundwater originally
occupying a coastal aquifer [6–8]. The geochemical properties of rocks could determine the dominant
chemical processes during mixing [6,9–11]. Clay minerals and organic matter can adsorb/desorb
cations while dissolution/precipitation processes can occur in case carbonate minerals are present in
the aquifer matrix [2,12–17].

Although Viimsi peninsula is next to an urbanised area, local infrastructure has stayed relatively
isolated and the community uses groundwater for water supply. During the last decade, that population
has tripled, due to active real estate development and is now 19,000 with a prospect of soon
reaching 30,000 inhabitants. For its drinking water, the region relies on just one aquifer system,
the Cambrian-Vendian (Cm-V). The groundwater from the Cm-V aquifer system in North Estonia is
typically strongly depleted in 18O (δ18O= −18 to −23‰) [18] with respect to local shallow groundwater
(−11 to −12.5‰) [19]. The Cm-V groundwater originates from glacial meltwater of the Scandinavian
Ice Sheet that covered the territory of Estonia during the Pleistocene [20,21]. Thus, the aquifer system
contains groundwater that is essentially non-renewable on a human timescale and the quality of which
can be strongly altered during groundwater abstraction.

In the past 60 years, the Cm-V aquifer system has extensively been used for public water supply
on the Viimsi peninsula. Such groundwater exploitation led to the drawdown of hydraulic heads
about 15 metres below the pre-development levels [22,23] and caused freshening of groundwater in
the south-western part of the peninsula, where an ancient buried valley cuts through the aquitard
confining the aquifer system. Modern meteoric waters can enter the Cm-V aquifer system through this
pathway once groundwater abstraction reduces the piezometric levels in the aquifer system. In the past
25 years, the groundwater consumption has decreased and piezometric levels have slowly recovered,
but the recent rapid increase in population on the peninsula has once again raised groundwater
consumption. The new decrease in the piezometric levels has led to an increase in salinity in the deeper
part of the aquifer system. This is exemplified by the rise in chloride concentrations and enrichment
in stable oxygen isotope composition [24]. The exact origin of the saline water entering the aquifer
system has remained unclear. Suursoo et al. [24] suggested three possible origins for the increased
salinity in the aquifer system: (1) Seawater intrusion through the aquifer’s discharge area in the Gulf of
Finland; (2) intrusion of relict saline water from the underlying crystalline aquifer and (3) combination
of the former two.

Suursoo et al. [24] also observed that changes in salinity were related to changes in the activity
of Ra isotopes in groundwater. Radium activity in the Cm-V aquifer system has been attributed
to the prolonged contact with radioactive rocks of the crystalline basement [25–27], where higher
concentrations of Ra precursors, U and Th have been observed. However, several studies [28–30] have
indicated that the behaviour of Ra is complicated and affected not only by the content of U and Th in the
aquifer-forming rocks, but also by geochemical processes in the vicinity of Ra sources. Radium forms
bivalent cations (Ra2+) in natural environments under low salinity conditions that behave similarly
to other divalent alkaline-earth cations, such as Ca2+ and Mg2+ [31]. Thus, adsorption/desorption
processes are significant mobility controllers of Ra isotopes in groundwater, because Ra has to compete
for adsorption sites with other divalent cations, known as the “competing ion effect” [30,32–35].
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Furthermore, Ra may form low-solubility complexes with sulphates and carbonates, and thus be
precipitate from the solution [28,36–38].

The previous study on the same topic by Suursoo et al. [24] was based on a limited number of
samples from the central part of the Viimsi peninsula. This contribution relies on a broader dataset have
been collected from a much wider area of the peninsula. In our analysis, both previously published
and unpublished data collected in the period from 1987 to 2018 have been used. This enabled us to
study the effects that previous increases in groundwater abstraction have had on the chemical and
isotopic composition of groundwater in the study area. Our main aim was to elucidate whether the
current increase in Cl− concentration observed in the peninsula at present was related to seawater
intrusion or rather to the intrusion of saline water from the underlying crystalline basement. The study
also looked more specifically at the mechanisms of Ra mobilisation in the aquifer system. The aim
was to clarify whether the Ra isotope activities could offer further insights into processes that have
influenced the changes in groundwater quality in the Viimsi peninsula.

2. Geology and Hydrogeological Setting

The Viimsi peninsula is in northern Estonia, next to the republic’s capital, Tallinn (Figure 1a).
The surface area of the peninsula is about 50 km2. The landscape is flat, covered with glacial and marine
deposits from the Quaternary Period. Except for the southern part of the peninsula that is underlain
by Ordovician carbonate rocks, Quaternary deposits lie directly on Lower Cambrian clays and clay
stones (the Lükati-Lontova regional aquitard) with a thickness of ~40 m (Figure 1b). This formation
confines the underlying Cm-V aquifer system, which is the only major aquifer system in the study area.
The Cm-V aquifer system contains groundwater with low TDS that has the most depleted isotopic
composition recorded in Europe (δ18O values from −18.5‰ to −23%), whereas the δ18O values of the
modern groundwater range from −11 to −12.5‰ [18–20].Geosciences 2019, 9, 47 4 of 26

Figure 1. Geological scheme and location of the Viimsi peninsula in Estonia (a), the west-east and the
north–south cross-sections of the peninsula (b) (modified after Suursoo et al. [24]).

The water-bearing rocks of the Cm-V aquifer consist of ~70 m thick formation of silt- and
sandstones of the Ediacaran age. These formations outcrop 1 to 3 km north of the peninsula coastline,
at the bottom of the Gulf of Finland (Figure 1). Although the aquifer system is well confined from the
intrusion of modern meteoric water and surface pollution by the 40 m thick Lontova-Lükati aquitard,
the latter is cut through by deep pre-Quaternary buried valley filled with Quaternary sediments in the
south-western margin of the peninsula. Here, the aquifer system is exposed to groundwater recharge
from the modern meteoric water (Figure 1).

Although a clear aquitard layer is lacking inside the Cm-V aquifer system in the peninsula, it is
possible to distinguish between two stipulated aquifers–the upper Voronka (V2vr) and the lower Gdov
aquifer (V2gd) (Figure 1b). Lenses of a metre or two thick siltstones of low permeability inside the
aquifer-forming rocks could be considered a conditional aquitard (the Kotlin aquitard) between the
two aquifers. The Voronka aquifer is in the sandstones of the Lower-Cambrian (Lontova Formation)
and Ediacaran ages. The Gdov aquifer is hosted by underlying sand- and siltstones of the Ediacaran
age. Transmissivity between the aquifers varies, being from 40 to 1,950 m2·d−1 in the Gdov and only
from 26 to 330 m2·d−1 in the Voronka aquifer [39].

The aquifers have a similar hydraulic head, but the chemical composition of the deeper and
shallower parts of the aquifer system are fundamentally different. Groundwater in the Gdov aquifer
is typically more saline than groundwater in the upper Voronka aquifer (TDS concentrations of
700 mg·L−1 and 200 mg·L−1, respectively) [24]. Variability in δ18O values is from −12 to −22.5‰ in
the Gdov and -20 ± 0.5‰ in the Voronka aquifer. Additionally, elevated radionuclide contents (mainly
226Ra activity) have been detected in the Gdov aquifer [24].

Figure 1. Geological scheme and location of the Viimsi peninsula in Estonia (a), the west-east and the
north–south cross-sections of the peninsula (b) (modified after Suursoo et al. [24]).
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The water-bearing rocks of the Cm-V aquifer consist of ~70 m thick formation of silt- and
sandstones of the Ediacaran age. These formations outcrop 1 to 3 km north of the peninsula coastline,
at the bottom of the Gulf of Finland (Figure 1). Although the aquifer system is well confined from the
intrusion of modern meteoric water and surface pollution by the 40 m thick Lontova-Lükati aquitard,
the latter is cut through by deep pre-Quaternary buried valley filled with Quaternary sediments in the
south-western margin of the peninsula. Here, the aquifer system is exposed to groundwater recharge
from the modern meteoric water (Figure 1).

Although a clear aquitard layer is lacking inside the Cm-V aquifer system in the peninsula, it is
possible to distinguish between two stipulated aquifers–the upper Voronka (V2vr) and the lower Gdov
aquifer (V2gd) (Figure 1b). Lenses of a metre or two thick siltstones of low permeability inside the
aquifer-forming rocks could be considered a conditional aquitard (the Kotlin aquitard) between the
two aquifers. The Voronka aquifer is in the sandstones of the Lower-Cambrian (Lontova Formation)
and Ediacaran ages. The Gdov aquifer is hosted by underlying sand- and siltstones of the Ediacaran
age. Transmissivity between the aquifers varies, being from 40 to 1,950 m2·d−1 in the Gdov and only
from 26 to 330 m2·d−1 in the Voronka aquifer [39].

The aquifers have a similar hydraulic head, but the chemical composition of the deeper and
shallower parts of the aquifer system are fundamentally different. Groundwater in the Gdov aquifer
is typically more saline than groundwater in the upper Voronka aquifer (TDS concentrations of
700 mg·L−1 and 200 mg·L−1, respectively) [24]. Variability in δ18O values is from −12 to −22.5‰ in
the Gdov and -20 ± 0.5‰ in the Voronka aquifer. Additionally, elevated radionuclide contents (mainly
226Ra activity) have been detected in the Gdov aquifer [24].

The Cm-V aquifer system lies on the weathered and fractured crystalline basement, which is
composed of metamorphosed mafic rocks and alumino-gneisses [40,41], and forms the so-called
crystalline basement aquifer. The information about the water in this aquifer is scarce, but available
data show that it contains Na-Cl or Ca-Cl type brackish and saline groundwater with electrical
conductivity from 2 to 20 mS·cm−1 [25,42]. Several studies [21,24,42] have shown that the Cm-V
aquifer system and the underlying crystalline basement aquifer are hydraulically connected and the
hydrochemistry in the deeper Gdov aquifer system is influenced by saline water in the crystalline
basement aquifer.

Groundwater abstraction on the Viimsi peninsula started in the early 1960s and groundwater
consumption increased constantly until the beginning of 1990s. By 1991, the piezometric heads in the
Cm-V aquifer system had decreased to −7 to −8 m b.s.l. and in the southern part of the peninsula
occasionally even to −16 m b.s.l. Since 1994, when groundwater consumption started to decrease, and
the hydraulic heads slowly recovered. This process proceeded more swiftly in the deeper-lying Gdov
aquifer [43]. During the period after 1994, the groundwater was pumped from the wells which were
scattered mainly over the south-western part of the peninsula. In 2012, a new water-supply station
was opened, and the groundwater consumption was concentrated to 11 wells in the central part of the
peninsula (Figure 1).

3. Material and Methods

In total, 91 groundwater samples were collected from 53 private and municipal water supply
wells in 2011 and 2016 (Table 1) to be analysed for hydrochemical composition and for stable isotopes
of water and radium. The wells in the main groundwater intake were sampled only in their active
production stage to ensure that the wells were pumped at least 2 to 3 volumes before sampling.

Samples for hydrochemical analysis were filtered through a 0.45-µm filter and cation samples
were acidified to pH ∼2 to 3 using nitric acid. Major and minor ion concentrations were measured
using DIONEX ICS-1100 ion chromatograph (manufacturer Thermo Fisher Scientific, USA) in Tallinn
University of Technology (TalTech). The analytical precision for major and minor ionic components
was ±0.5 to 2.6% and ±1.3 to 4.3%, for cations and anions, respectively.
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For Ra measurements, groundwater from a tap was taken directly into a 5 L plastic canister.
Immediately after sampling, water was acidified with concentrated HNO3

− to pH 1 to 2. Measurements
were performed at the University of Tartu. Radium was co-precipitated with Ba(SO4)2 and then the
precipitate was put into an aluminium vessel and homogenised with 5 g of epoxy resin. Epoxy was
added to minimise radon (222Rn and 220Rn) leakage from the sample [44]. The samples were measured
after at least 3 weeks from sample collection on a high purity germanium gamma spectrometer
(coaxial type detector GEM 35200 (manufacturer E&G Ortec, USA), coaxial GCD 50200 or planar GPD
50400 (manufacturer BSI– Baltic Scientific Instruments, Latvia). The typical measurement time was
about one day. 226Ra was determined according to its daughter nuclide 214Pb (gamma peaks 242.00,
295.22, 351.93 keV). 228Ra was analysed via the gamma peaks of 228Ac (338.32, 911.20, 968.96 keV).
A calibration was performed with certified reference materials RGU-1 and RGTh-1 (IAEA–International
Atomic Energy Agency). For that, calibration sources with similar geometry (a few grams of the
reference material mixed with 5 g of epoxy resin in an aluminium vessel) were prepared and
measured. Minimum detectable activity concentrations were 15 mBq·L−1 and 20 mBq·L−1 for 226Ra
and 228Ra, respectively.

The unfiltered samples for stable isotope analyses were poured into 15 mL HDPE bottles and
stored in a cold, dark environment. Stable hydrogen and oxygen isotope measurements were
performed at the Institute for Geological and Geochemical Research in Budapest (Hungary) using
the liquid water isotope analyser (LWIA), manufactured by Los Gatos Research Ltd. (LWIA-24d)
and in the laboratory of mass-spectrometry in the TalTech Department of Geology using a Picarro
L2120-i Isotopic Water Analyser. The δ2H and δ18O values were determined simultaneously and
expressed relative to VSMOW standard in ‰. Standardisation was conducted using international and
laboratory standard water samples. The precisions were better than ±1.0‰ and ±0.15‰ for hydrogen
and oxygen, respectively, for samples measured in Budapest and better than ±1.0‰ and ±0.1‰ for
samples measured in Tallinn.

Noble gas samples were collected into copper tubes fixed on aluminium racks [45] during two
fieldwork campaigns in 2013 and 2015. These copper tubes contained about 20 g of water and were
closed vacuum tight by stainless steel clamps. Noble gas contents were determined at the Institute of
Environmental Physics at Heidelberg University with a GV Instruments MM 5400 mass spectrometer.

4. Results and Discussion

4.1. Mixing

The data for the isotopic, major cation and anion compositions of the sampled groundwater in
the Cm-V aquifer system in the Viimsi peninsula are given in Table 1. The δ18O and δ2H values of
groundwater vary from −11.7 to −22.8‰ and from −84 to −170‰, respectively, and plot close to
the Global Meteoric Water Line (GMWL) (Figure 2). Chemical and isotopic composition varies both
laterally and with depth. The δ18O values and Cl− concentrations of the lower Gdov aquifer are
from −12 to −22.5 and 10 to 730 mg·L−1, respectively. The isotopic composition of groundwater is
more uniform in the upper Voronka aquifer (δ18O ≈ −20.5‰) and Cl− content there is no higher than
80 mg·L−1.
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Table 1. Chemical composition of the Cm-V groundwaters in the Viimsi peninsula. Bdl-below detection limit. Previously published data is referred to as:
1—Yezhova et al. [46]; 2—Savitskaja et al. [47]; 3—Savitskaja and Viigand [25]; 4—Vaikmäe et al. [20]; 5—Raidla et al. [18]; 6—Raidla et al. [21]; 7—Raidla et al. [48];
8—Suursoo et al. [24].

No Well
ID

Date
Depth pH EC T δ18O δ2H 226Ra 228Ra Ca2+ Mg2+ Na+ K+ HCO3

− Cl− SO4
2− Br− Ba2+ Mn2+ NH4

+ NO3
− Sr2+ Fe2+ F−

m µS·cm−1 ◦C ‰ VSMOW Bq·L−1 mg·L−1

Voronka aquifer (V2vr)

12 124 01.06.1988 101.5 −21.5
25 124 13.04.2005 101.5 8.0 411 8.4 −20.8 0.16 0.10 34.5 10.1 34.7 7.3 146.4 56.7 bdl 0.2 bdl 0.07 0.18
3 158 26.06.1990 110 7.6 102.1 21.3 79.1 1.0 311.2 12.8 33.3 0.03 bdl 12.10
4 158 28.10.2014 110 −14.9 −107.9
5 171 08.10.2014 95 8.2 461 8.4 −20.7 −157.2 0.11 0.30 44.7 13.5 29.6 8.8 170.8 53.3 0.7 bdl bdl 0.41 0.47
65 179 12.04.2005 90 7.8 364 8.2 −20.3 0.40 0.16 30.9 13.6 28.0 8.7 183.1 41.1 bdl 0.7 bdl 0.05 0.13
7 179 09.06.2014 90 8.1 405 8.1 −20.5 −154.6 0.07 0.20 35.9 13.2 28.1 8.5 36.5 0.1 bdl 0.37 0.27 0.17 0.63 0.49
82 185 11.08.1991 95 −20.4
95 187 13.04.2005 70 7.8 254 8.3 −21.3 0.13 0.10 22.6 8.4 15.0 6.0 152.5 11.0 bdl 0.6 bdl 0.05 0.08
10 187 13.11.2013 70 8.0 136 8.5 −21.3 −161.1 0.11 0.25 21.9 3.7 11.7 4.2 155.6 6.7 0.2 1.2 0.08 0.10 0.01 0.23 0.17 0.29
111 509 05.12.1989 44.1 21.9 42.6 220.0 80.0 1.2 0.40
122 1153 04.07.1991 77.5 −21.8
133 1153 05.07.1994 77.5 7.4 −21.4 23.2 10.0 18.2 7.0 158.7 20.6 5.9
144 1153 30.08.1995 77.5 −21.5 36.1 32.7 128.1 81.0 13.0
155 1153 13.04.2005 77.5 7.8 253 8.5 −21.5 bdl 0.11 24.6 7.2 16.7 7.0 140.3 8.5 bdl 0.7 bdl 0.07 0.14
164 8914 30.08.1995 75 −20.0
176 8914 12.08.1996 75 −20.3
18 8914 06.09.2013 75 8.1 262 9.5 0.24 0.36 30.7 11.7 25.1 6.4 170.8 36.7 bdl bdl 0.39 0.17 0.04 0.40 bdl 0.31
19 8914 02.09.2016 75 8.0 386 9.1 −20.6 −153.7 33.0 12.0 25.0 8.2 163.5 38.0 bdl bdl bdl bdl 0.22 0.49 0.65
20 11570 01.07.2016 100 8.1 649 9.1 −21.4 −161.0 37.0 8.3 20.0 5.6 109.0 68.0 14.0 0.7 bdl 0.60 0.12 0.14 0.45
215 19570 13.04.2005 109 8.0 700 8.4 −17.7 0.39 0.31 59.9 13.7 64.0 8.8 195.2 134.0 bdl 0.4 bdl 0.07 0.07
228 23886 09.09.2016 124.5 8.2 1366 8.8 −20.6 −152.1 28.0 9.9 18.0 7.6 141.7 14.0 bdl bdl bdl bdl 0.20 0.45 0.51
258 25687 20.11.2012 82 7.8 294 8.8 −20.5 28.0 10.0 22.0 7.3 23.2 4.6 bdl
26 25687 09.09.2016 82 8.0 359 8.8 −20.5 −152.4 32.0 12.0 21.0 8.2 174.4 27.0 bdl bdl bdl 0.41 0.19 0.49 0.47
23 25689 13.11.2013 85 8.1 158.6 8.0 0.08 0.22 25.0 4.9 13.9 4.9 124.0 11.3 0.2 bdl 0.15 0.10 0.04 0.32 0.00 0.33
248 25689 05.08.2014 85 7.7 297 8.3 −20.6 −155.1 28.7 11.0 19.5 7.5 14.0 bdl 0.3 bdl 0.12 0.13 0.47 0.42

Gdov aquifer (V2gd)

27 122 14.09.2018 170 7.4 1022 −19.5 −145.6 113.8 25.0 108.7 11.0 158.6 358.1 16.5 0.3 0.56
282 154 10.07.1991 134 −20.3
295 154 12.04.2005 130 7.8 1649 8.5 −21.0 0.27 0.87 133.3 21.6 130.0 10.7 134.2 447.1 bdl 0.3 bdl 0.18 0.48
302 160 01.06.1990 142 −15.0
311 160 30.07.1991 142 −14.4 0.44
32 160 08.10.2014 142 409 8.9 −13.0 −95.3 0.32 0.20 71.0 bdl bdl 0.49 0.38
311 161 26.06.1990 140 7.7 78.0 23.6 2.4 1.0 311.2 9.2 30.5 0.05 bdl 6.10
343 161 13.04.2005 140 7.9 788 8.8 −13.6 0.34 0.55 88.4 13.7 54.3 10.6 231.8 139.3 bdl 0.8 bdl 0.10 0.28
35 170 01.04.2004 0.59 0.82
365 172 12.04.2005 136 7.9 1226 8.5 −20.2 0.48 0.72 93.8 19.3 105.0 11.4 146.4 313.0 bdl 0.3 bdl 0.15 0.36
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Table 1. Cont.

No Well
ID

Date
Depth pH EC T δ18O δ2H 226Ra 228Ra Ca2+ Mg2+ Na+ K+ HCO3

− Cl− SO4
2− Br− Ba2+ Mn2+ NH4

+ NO3
− Sr2+ Fe2+ F−

m µS·cm−1 ◦C ‰ VSMOW Bq·L−1 mg·L−1

Voronka aquifer (V2vr)

372 174 14.06.1988 145.4 7.7 −12.0 0.24 52.7 13.5 13.0 4.4 225.8 27.7 0.0 bdl bdl
385 183 12.04.2005 140 7.9 548 9.1 −21.3 0.34 0.46 110.6 20.4 105.0 10.7 115.9 361.3 bdl 0.5 bdl 0.18 0.34
395 188 12.04.2005 90 7.7 555 8.9 −21.7 0.17 0.32 49.7 11.4 33.0 7.3 103.7 117.0 10.3 0.3 bdl 0.09 0.32
40 188 08.10.2014 90 8.2 513 8.7 −21.6 −164.9 0.28 0.29 48.7 9.8 28.2 6.7 97.6 95.9 9.0 bdl bdl 0.68 0.48
411 296 26.10.1989 148 7.7 60.3 19.2 50.0 8.0 164.8 136.9 10.0 0.10 0.46 bdl
42 296 09.04.2007 148 8.0 0.45 0.25
43 296 14.09.2018 148 7.5 467 −14.5 −105.6 60.9 13.1 44.0 7.8 183.1 117.7 bdl 0.2 0.22
442 300 14.06.1988 165 7.6 −14.4 −105.0 0.40 81.0 15.9 36.7 5.2 213.6 120.9 12.7 bdl 0.9
46 300 16.02.2009 165 7.6 0.34 0.55 81.0 15.9 36.7 5.2 213.6 120.9 12.7 bdl 0.9
47 300 14.09.2018 160 7.4 496 −12.9 −94.0 76.6 21.4 30.0 5.4 262.4 100.7 bdl 0.3 0.37
48 375 05.07.1994 160 7.8 −22.5 85.6 20.1 108.6 11.0 189.2 280.1 5.9
492 386 05.07.1988 150 7.7 −22.7 −176.0 0.59 104.1 22.3 78.5 10 109.8 360.5 16.9 bdl bdl
50 412 08.10.2014 156 349 9.2 −12.2 −89.4 0.25 0.09 74.3 bdl bdl 0.50 0.35
51 424 08.10.2014 150 8.3 490 9.4 −20.2 −153.0 40.6 13.5 32.1 8.5 146.4 72.1 2.2 bdl 0.57 0.45 0.65
521 4460 26.10.1989 145 7.6 99.2 22.4 90.0 10.0 146.4 323.0 20.6 0.25 1.20 bdl
535

54
14798
23887

13.04.2005
09.09.2016

159.5
88

7.9
8.0

526
399

100
8.3

−12.0
−20.4 −153.1 0.29 0.40 69.7

120.0
11.3
19.0

35.8
110.0

7.7
11.0

256.2
130.8

48.2
360.0

bdl
17.0

0.6
bdl

bdl
bdl 4.70 0.18 0.09 0.94 0.26 1.10

55 25686 09.09.2016 122 8.1 1391 9.0 −19.2 −142.1 0.52 0.57 120.0 21.0 110.0 12.0 141.7 360.0 17.0 bdl bdl 4.60 0.19 0.84 1.20
568 25688 20.11.2012 118 7.9 1003 8.9 −17.7 97.0 19.0 106.0 11.0 281.0 6.0 bdl
57 25688 09.09.2016 118 8.0 1380 9.2 −17.8 −130.4 0.47 0.54 120.0 20.0 110.0 12.0 174.4 350.0 17.0 bdl bdl 4.80 0.18 0.94 1.20
58 25690 13.11.2013 122 8.2 577 8.5 0.69 0.44 92.0 12.1 70.4 7.9 150.0 222.1 2.4 bdl 2.48 0.09 0.16 0.55 0.01 0.30
598 25690 05.08.2014 122 7.9 1204 8.5 −19.8 −147.7 109.4 19.2 102.6 10.7 295.7 2.5 1.1 bdl 2.02 bdl 1.04 0.36
60 25690 09.09.2016 122 8.1 1285 9.0 −19.7 −146.1 0.41 0.51 110.0 19.0 100.0 11.0 130.8 330.0 16.0 bdl bdl 4.70 0.18 0.81 bdl
618 25692 08.10.2014 120 8.3 1381 8.6 −17.4 −131.9 0.53 0.68 126.7 19.3 103.5 11.2 170.8 350.0 2.8 bdl bdl 2.18 0.39
62 25692 09.09.2016 120 8.1 1558 9.2 −17.6 −130.1 0.64 0.74 140.0 21.0 120.0 13.0 152.6 410.0 17.0 bdl bdl 5.70 0.21 1.00 1.20

Voronka + Gdov aquifers

631 153 26.06.1990 8.1 101.3 20.9 79.3 8.4 231.9 96.8 59.3 0.05 bdl 0.20
641 156 26.06.1990 110 7.4 101.6 21.0 79.2 21.0 427.1 34.7 1.5 0.03 bdl 0.20
65 157 09.06.2014 120 8.0 1274 9.3 −21.2 −159.9 0.59 0.60 136.6 20.5 99.5 9.9 204.8 5.3 1.2 bdl 0.87 1.11 bdl
661 162 01.08.1990 140 −16.3 −111.0 0.32
675 162 13.04.2005 140 7.9 856 8.7 −17.4 0.52 0.16 87.4 16.0 58.6 9.0 183.0 189.3 bdl 0.5 bdl 0.10 0.26
681 163 30.07.1991 138 −14.7 0.31 100.1 20.3 79.7
692 163 01.06.1990 138 −15.1 −102.0
701 169 26.06.1990 7.6 102.8 21.7 78.8 1.0 311.2 12.8 49.4 0.03 bdl 17.40
712 298 14.06.1988 145 7.3 −22.0 −164.0 0.58 103.1 21.8 78.8 9.6 134.2 293.6 10.0 bdl 0.7
721 299 26.10.1989 144 7.6 103.3 21.9 78.7 10.0 146.4 291.4 22.6 0.20 1.80 bdl
735 477 12.04.2005 90 7.7 1380 9.2 −22.7 0.65 1.18 108.8 20.4 130.0 12.9 158.6 350.6 26.5 bdl bdl 0.14 0.62
741 485 26.10.1989 145 8 104.3 22.4 78.4 4.0 238.0 39.0 0.0 0.22 0.56 bdl
75 485 14.09.2018 145 7.6 285 −11.7 −84.1 50.1 12.5 14.2 4.6 250.2 8.5 bdl 0.4 0.20
762 115 07.07.1991 120 8.3 −21.9 159.5 15.3 116.0 8.0 73.2 453.4 21.4 0.08
773 1152 05.07.1994 122 7.9 −21.4 150.7 14.7 122.0 8.3 85.4 455.6 18.9
784 1152 28.09.1995 122 −21.3
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Table 1. Cont.

No Well
ID

Date
Depth pH EC T δ18O δ2H 226Ra 228Ra Ca2+ Mg2+ Na+ K+ HCO3

− Cl− SO4
2− Br− Ba2+ Mn2+ NH4

+ NO3
− Sr2+ Fe2+ F−

m µS·cm−1 ◦C ‰ VSMOW Bq·L−1 mg·L−1

Voronka aquifer (V2vr)

79
804

1152
4734

28.10.2014
12.08.1996

122
100

−21.5
−22.0 −161.8 146.9

63.1
13.1
21.3

150.0
43.4

7.3
7.3

85.4
146.4

482.2
185.8

7.0
6.6

817 4734 27.03.2007 100 8.0 728 9.3 −22.0
82 4734 02.09.2016 100 7.9 1069 9.4 −22.5 −168.4 82.0 17.0 95.0 11.0 152.6 240.0 19.0 bdl bdl 3.40 0.19 0.55 1.00
835 5157 12.04.2005 125 7.8 445 9.1 −12.5 0.43 0.23 52.5 15.9 20.0 9.3 280.7 22.3 bdl 0.3 bdl 0.08 0.29
84 11569 01.07.2016 100 8.0 409 8.5 −21.5 −161.7 61.0 9.8 35.0 6.3 150.0 15.0 0.6 3.3 1.40 bdl 0.24 0.34
85 15831 13.11.2013 123.3 8.3 527 8.2 −22.6 −169.7 0.77 0.52 71.8 10.7 63.3 7.5 149.5 176.9 17.2 bdl 0.75 0.18 0.09 0.46 0.01 0.28
86 15841 14.04.2005 117 7.9 933 9.0 −22.7 0.55 0.67 64.7 16.5 82.7 10.0 170.8 199.6 bdl 0.2 bdl 0.08 0.25
87 16557 09.06.2014 110 8.1 393 9.2 −21.6 −163.4 0.12 0.10 45.1 8.6 24.6 6.7 59.8 10.2 bdl bdl bdl 0.08 0.36 0.54
88 16557 28.10.2014 110 −21.6 −162.2
89 485 14.09.2018 145 7.6 285 −11.7 −84.1 0.18 0.30 50.1 12.5 14.2 4.6 250.2 8.5 bdl 0.4 0.20

Crystalline basement aquifer

902 1151 06.09.1994 160 7.7 −21.2 206.0 32.6 211.0 12.5 79.3 735.4 27.6
915 1151 25.04.2001 160 8.5 1540 8.8 −21.3 188.0 25.2 210.0 11.7 64.1 629.0 14.8
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laboratory standard water samples. The precisions were better than ±1.0‰ and ±0.15‰ for hydrogen
and oxygen, respectively, for samples measured in Budapest and better than ±1.0‰ and ±0.1‰ for
samples measured in Tallinn.

Noble gas samples were collected into copper tubes fixed on aluminium racks [45] during two
fieldwork campaigns in 2013 and 2015. These copper tubes contained about 20 g of water and were
closed vacuum tight by stainless steel clamps. Noble gas contents were determined at the Institute of
Environmental Physics at Heidelberg University with a GV Instruments MM 5400 mass spectrometer.

4. Results and Discussion

4.1. Mixing

The data for the isotopic, major cation and anion compositions of the sampled groundwater in
the Cm-V aquifer system in the Viimsi peninsula are given in Table 1. The δ18O and δ2H values of
groundwater vary from −11.7 to −22.8‰ and from −84 to −170‰, respectively, and plot close to
the Global Meteoric Water Line (GMWL) (Figure 2). Chemical and isotopic composition varies both
laterally and with depth. The δ18O values and Cl− concentrations of the lower Gdov aquifer are
from −12 to −22.5 and 10 to 730 mg·L−1, respectively. The isotopic composition of groundwater is
more uniform in the upper Voronka aquifer (δ18O ≈ −20.5‰) and Cl− content there is no higher than
80 mg·L−1.

Figure 2. δ18O and δ2H isotopic compositions of groundwater in the Cm-V aquifer system in the Viimsi
peninsula. Shallow groundwater data are from Raidla et al. [19].

Figure 2. δ18O and δ2H isotopic compositions of groundwater in the Cm-V aquifer system in the Viimsi peninsula. Shallow groundwater data are from Raidla et al. [19].
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The changes of groundwater quality (Figure 3) in the past have been most drastic in the deeper
Gdov aquifer (Figure 4). However, the changes in the isotopic composition of groundwater resulting
from the changes in groundwater abstraction on the peninsula have not been similar. The spatial
distribution of δ18O values from the period 1987 to 1992 (Figure 4a), when water consumption was at
its maximum, is similar to the situation observed in the period from 2005 to 2009 (Figure 4c). In those
periods groundwater with an isotopic composition markedly different from the baseline values of
Cm-V aquifer system (δ18O values from −18.5‰ to −23%) are only observed on the south-western
part of the peninsula near the deep buried valley. The spatial distribution of δ18O values in the
period from 2013 to 2016 shows that the area, where the isotopic composition of groundwater has
drastically changed, has grown much wider towards the central part of the peninsula, where the
main groundwater intake constructed in 2012 is situated (Figure 4a–c). The main trend observed
in the isotopic composition of groundwater is the increase of δ18O values in wells located closer to
the buried valley in the south-western part of the peninsula (Figure 4a). Thus, the changes in the
isotopic composition of groundwater could primarily be related to the recharge of modern meteoric
water into the Cm-V aquifer system from the Quaternary aquifer in the buried valley. This, in turn,
would lead to mixing between the intruding modern groundwater and glacial paleo-groundwater in
the aquifer system.
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Figure 3. Groundwater abstraction in the Viimsi peninsula from 1960 to the present.

In 1987 to 1992, a significant increase in HCO3
− and SO4

2− concentrations is observed together
with enrichment in isotopic composition (Table 1; Figure 4a). However, in recent years (from 2013
to 2016), changes in isotopic composition are mainly accompanied by increased concentration of Cl−

(Table 1; Figure 4b,d,f). The increase in Cl− concentrations is accompanied by an increase in Na+ and
Ca2+ concentrations and the decrease in HCO3

− concentrations (Figure 5).
Conservative geochemical tracers, such as δ18O and Cl− indicate the mixing trend between three

components (Figure 6), which is somewhat similar to the three-component mixing model proposed
by Raidla et al. [18] for the Cm-V aquifer system on a regional scale. According to this model,
the mixing in the Cm-V aquifer system has occurred between water originating from modern recharge,
glacial meltwater that infiltrated in the Pleistocene and saline formation water. The mixing between
fresh meteoric water and groundwater of glacial origin is clearly detectable, but the water with
strongly depleted δ18O values has a wide variability in Cl− concentrations and the exact origin of this
endmember is not clear at present. Suursoo et al. [24] proposed two sources for Cl−: The intrusion of
seawater, or inflow of saline water from the underlying crystalline basement.

Figure 3. Groundwater abstraction in the Viimsi peninsula from 1960 to the present.

In 1987 to 1992, a significant increase in HCO3
− and SO4

2− concentrations is observed together
with enrichment in isotopic composition (Table 1; Figure 4a). However, in recent years (from 2013
to 2016), changes in isotopic composition are mainly accompanied by increased concentration of Cl−

(Table 1; Figure 4b,d,f). The increase in Cl− concentrations is accompanied by an increase in Na+ and
Ca2+ concentrations and the decrease in HCO3

− concentrations (Figure 5).
Conservative geochemical tracers, such as δ18O and Cl− indicate the mixing trend between three

components (Figure 6), which is somewhat similar to the three-component mixing model proposed
by Raidla et al. [18] for the Cm-V aquifer system on a regional scale. According to this model,
the mixing in the Cm-V aquifer system has occurred between water originating from modern recharge,
glacial meltwater that infiltrated in the Pleistocene and saline formation water. The mixing between
fresh meteoric water and groundwater of glacial origin is clearly detectable, but the water with
strongly depleted δ18O values has a wide variability in Cl− concentrations and the exact origin of this
endmember is not clear at present. Suursoo et al. [24] proposed two sources for Cl−: The intrusion of
seawater, or inflow of saline water from the underlying crystalline basement.
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Figure 4. Variations of δ18O and Cl− in the Gdov aquifer in the Viimsi peninsula in different periods
of time.

Figure 4. Variations of δ18O and Cl− in the Gdov aquifer in the Viimsi peninsula in different periods
of time.
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Figure 5. Co-variance between major ions and Cl− concentration in the Cm-V groundwater of the
Viimsi peninsula. Lines Cl:Na and Cl:Ca on the figure denote seawater dilution lines.

Figure 6. Co-variance between δ18O and Cl− relation with 226Ra variations in Cm-V groundwaters of
the Viimsi peninsula.

The rocks forming the Gdov aquifer outcrop under the Baltic Sea and the Na/Cl ratios
of groundwater follow the seawater dilution/evaporation line (Figure 5). This makes seawater
intrusion a plausible source of salinity. However, since similar Na/Cl ratios have been detected
in palaeo-groundwater all over the Cm-V aquifer system [18], this is not a definite indicator of seawater
intrusion in the area. Several lines of evidence suggest that the seawater intrusion cannot explain the
changes observed in the chemical and isotopic composition of groundwater in the study area.

Firstly, the location of salinisation and freshening zones in the study area are uncharacteristic
to seawater intrusion. Freshwater with heavier isotopic composition is found on the south-western
coast of the peninsula, where the buried valley is located, but the recent rise in Cl− concentrations is
observed in the central part of the peninsula, and not on the coast (Figure 4f).

Secondly, the rising salinity is accompanied by an increase in Ca2+ concentrations, but the latter
are low in seawater, which is dominated by Na+ and Mg2+ [49]. The covariation between Cl− and Ca2+

values in groundwater on the Viimsi peninsula (Figure 5) suggests that the salinity increase is related
to the underlying crystalline basement as the groundwater plots away from the seawater dilution
line (SDL) of the Baltic Sea [50]. A similar trend in the Cl− and Ca2+ relation has been observed in
the Kopli peninsula (Figure 1a), where isotopic signatures of δ18O and 14C revealed the increase in
salinity by palaeogroundwater of glacial origin, which had intruded from the underlying crystalline
basement [42].

Figure 5. Co-variance between major ions and Cl− concentration in the Cm-V groundwater of the
Viimsi peninsula. Lines Cl:Na and Cl:Ca on the figure denote seawater dilution lines.
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of groundwater follow the seawater dilution/evaporation line (Figure 5). This makes seawater
intrusion a plausible source of salinity. However, since similar Na/Cl ratios have been detected
in palaeo-groundwater all over the Cm-V aquifer system [18], this is not a definite indicator of seawater
intrusion in the area. Several lines of evidence suggest that the seawater intrusion cannot explain the
changes observed in the chemical and isotopic composition of groundwater in the study area.

Firstly, the location of salinisation and freshening zones in the study area are uncharacteristic
to seawater intrusion. Freshwater with heavier isotopic composition is found on the south-western
coast of the peninsula, where the buried valley is located, but the recent rise in Cl− concentrations is
observed in the central part of the peninsula, and not on the coast (Figure 4f).
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salinity by palaeogroundwater of glacial origin, which had intruded from the underlying crystalline
basement [42].
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the Viimsi peninsula.

The rocks forming the Gdov aquifer outcrop under the Baltic Sea and the Na/Cl ratios
of groundwater follow the seawater dilution/evaporation line (Figure 5). This makes seawater
intrusion a plausible source of salinity. However, since similar Na/Cl ratios have been detected
in palaeo-groundwater all over the Cm-V aquifer system [18], this is not a definite indicator of seawater
intrusion in the area. Several lines of evidence suggest that the seawater intrusion cannot explain the
changes observed in the chemical and isotopic composition of groundwater in the study area.

Firstly, the location of salinisation and freshening zones in the study area are uncharacteristic
to seawater intrusion. Freshwater with heavier isotopic composition is found on the south-western
coast of the peninsula, where the buried valley is located, but the recent rise in Cl− concentrations is
observed in the central part of the peninsula, and not on the coast (Figure 4f).

Secondly, the rising salinity is accompanied by an increase in Ca2+ concentrations, but the latter
are low in seawater, which is dominated by Na+ and Mg2+ [49]. The covariation between Cl− and Ca2+

values in groundwater on the Viimsi peninsula (Figure 5) suggests that the salinity increase is related
to the underlying crystalline basement as the groundwater plots away from the seawater dilution
line (SDL) of the Baltic Sea [50]. A similar trend in the Cl− and Ca2+ relation has been observed in
the Kopli peninsula (Figure 1a), where isotopic signatures of δ18O and 14C revealed the increase in
salinity by palaeogroundwater of glacial origin, which had intruded from the underlying crystalline
basement [42].
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It can be proposed that the three-component mixing observed in the Gdov aquifer has occurred
in two stages. In natural conditions, the piezometric levels of the Cm-V aquifer system in the Viimsi
area were above seawater level [51] and the aquifer contained glacial palaeogroundwater (Figure 7a).
The groundwater abstraction that started in the 1960s (Figure 3) lowered the hydraulic head by several
metres, the strongest impact occurring first (in 1960 to 1992) close to the buried valley, where infiltration
of modern meteoric water had become the main compensation mechanism for the lowered hydraulic
heads (Figure 7b). The influx of groundwater containing O2 and having higher CO2 partial pressure
resulted in atypically high HCO3

−, SO4
2− and NO3

− concentrations in the Cm-V groundwater in the
period from 1987 to 1991 (Table 1). In 2012, the new groundwater intake started to operate in the central
part of the peninsula and the main groundwater abstraction shifted to this area (Figure 7c). The buried
valley lay too far for the abstraction to be directly compensated by infiltration of modern groundwater.
Thus, the upwelling of saline groundwater from the underlying crystalline basement became the
dominating hydraulic head compensation mechanism, which was accompanied by an abrupt rise in
Cl− and Ca2+ concentrations in groundwater. The deterioration of groundwater quality in the newly
founded intake led to reopening of wells in the southern part of the peninsula. This new situation has
decreased the inflow from the underlying crystalline basement aquifer and has supported the flow of
modern groundwater from the buried valley to the more central parts of the peninsula (Figure 7d).
Chemical and isotopic compositions of groundwater suggest that at present, the front of modern
groundwater has almost reached the new groundwater intake and the wells receive groundwater from
both the crystalline basement and the buried valley. As a result, Cl− concentrations have stabilised
or even decreased a little and the water’s stable oxygen isotope composition has become enriched
with respect to glacial palaeogroundwater which occupied the aquifer system in natural conditions.
According to this reasoning, the mixing of three different water types (glacial palaeogroundwater,
brackish/saline groundwater from the crystalline basement aquifer and fresh modern groundwater
from the buried valley) induced by groundwater abstraction explains the changes in groundwater
quality and isotopic composition observed on the Viimsi peninsula (Figure 7d).
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Figure 7. A conceptual model for the formation of chemical composition of groundwater in the Cm-V
aquifer system of the Viimsi peninsula.

4.2. Spatial Distribution and the Origin of Radium in Groundwater

One of the important issues that has occurred with increased abstraction and subsequent changes
in the chemical composition of the groundwater in the Gdov aquifer is the rise in radium activity [24].
Activities of 226Ra and 228Ra in the Gdov aquifer of the Viimsi peninsula vary from 0.1 to 2.14 Bq·L−1

and from 0.1 to 1.12 Bq·L−1, respectively. The rise in Cl- concentrations on the peninsula are caused
by the inflow of water from the crystalline basement, as shown in the previous section. This water is
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aquifer system of the Viimsi peninsula.

4.2. Spatial Distribution and the Origin of Radium in Groundwater

One of the important issues that has occurred with increased abstraction and subsequent changes
in the chemical composition of the groundwater in the Gdov aquifer is the rise in radium activity [24].
Activities of 226Ra and 228Ra in the Gdov aquifer of the Viimsi peninsula vary from 0.1 to 2.14 Bq·L−1

and from 0.1 to 1.12 Bq·L−1, respectively. The rise in Cl- concentrations on the peninsula are caused
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by the inflow of water from the crystalline basement, as shown in the previous section. This water is
brackish or saline, and typically has a higher content of radionuclides [25], because of U and Th present
in the crystalline basement [52,53]. The gamma radiation well-logs also support this understanding
(Appendix A). Our results show the covariance between Cl− and Ra, although the correlation with
Cl− is better for 228Ra than for 226Ra (Figure 8). This observation indicates that the source of Cl-

must lie close to the sampling wells, due to relatively short half-life of 228Ra (5.75 years). By contrast,
226Ra (half-life is 1,600 years) has a wider spread from the mixing line of Ra and Cl−. This could
indicate that the 226Ra origins from several sources or it has been affected by substantial geochemical
changes, due to its longer residence time in groundwater.
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The clay sediments having the ability to adsorb cations [54] are more abundant in the deeper
parts of the Gdov aquifer in the contact-surface between Ediacaran sandstones and the crystalline
basement [54–56]. The increase in Cl− concentrations in the Gdov aquifer has brought about the increase
in Ca2+ and Na+ concentrations (Figure 5) which can induce cation exchange [15]. In cation exchange
processes, Ra behaves similarly to other divalent cations and can take part in absorption/desorption
processes [57]. However, a clear inverse relationship between Ca2+ and Na+, which is indicative of
absorption processes [49], is not detectable in the Gdov aquifer. Moreover, Swarzenski et al. [58] have
shown that other bivalent cations (Ca2+, Mg2+) clearly prevail over Ra2+ in weakly cemented quartzose
sands like Ediacaran sandstones, because the amount of rock surface where the cations could possibly
be adsorbed, is smaller [30].

The second source of 226Ra could be a dissolution of carbonate cement from the aquifer matrix.
226Ra has a clear positive correlation with both the saturation index of calcite (R = 0.669) and the
saturation index of disordered dolomite (R = 0.640). At the same time, 228Ra correlation with saturation
indexes remains lower, 0.483 and 0.417, respectively. Chemical data from 1988 and 1991 shows
anomalously high Ca2+ concentrations accompanied by increase in Mg2+ and HCO3

− concentrations
that were not observed in 2013 to 2016 (Table 1). Additionally, concentrations of SO4

2− increased and
NH4

+ decreased when NO3
− appeared in groundwater. We interpret such changes as oxidation of

pyrite and NH4
+ by aerobic groundwater, in parallel with pH buffering through the dissolution of

carbonates. Disordered dolomite is probably the free proton neutraliser, because it is the dominant
carbonate mineral in the cement of Ediacaran sandstones in the study area [54], and its saturation
indexes in Gdov groundwater are systematically below zero (Table 2). On the other hand, Table 2 shows
that Gdov groundwater is mostly oversaturated with respect to calcite. Mixing between bicarbonate-rich
modern groundwater and Ca-rich crystalline water might have produced calcite precipitation, due to
emerged chemical disequilibrium [49], which in turn could have influenced the activity concentrations
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The clay sediments having the ability to adsorb cations [54] are more abundant in the deeper
parts of the Gdov aquifer in the contact-surface between Ediacaran sandstones and the crystalline
basement [54–56]. The increase in Cl− concentrations in the Gdov aquifer has brought about the increase
in Ca2+ and Na+ concentrations (Figure 5) which can induce cation exchange [15]. In cation exchange
processes, Ra behaves similarly to other divalent cations and can take part in absorption/desorption
processes [57]. However, a clear inverse relationship between Ca2+ and Na+, which is indicative of
absorption processes [49], is not detectable in the Gdov aquifer. Moreover, Swarzenski et al. [58] have
shown that other bivalent cations (Ca2+, Mg2+) clearly prevail over Ra2+ in weakly cemented quartzose
sands like Ediacaran sandstones, because the amount of rock surface where the cations could possibly
be adsorbed, is smaller [30].

The second source of 226Ra could be a dissolution of carbonate cement from the aquifer matrix.
226Ra has a clear positive correlation with both the saturation index of calcite (R = 0.669) and the
saturation index of disordered dolomite (R = 0.640). At the same time, 228Ra correlation with saturation
indexes remains lower, 0.483 and 0.417, respectively. Chemical data from 1988 and 1991 shows
anomalously high Ca2+ concentrations accompanied by increase in Mg2+ and HCO3

− concentrations
that were not observed in 2013 to 2016 (Table 1). Additionally, concentrations of SO4

2− increased and
NH4

+ decreased when NO3
− appeared in groundwater. We interpret such changes as oxidation of

pyrite and NH4
+ by aerobic groundwater, in parallel with pH buffering through the dissolution of

carbonates. Disordered dolomite is probably the free proton neutraliser, because it is the dominant
carbonate mineral in the cement of Ediacaran sandstones in the study area [54], and its saturation
indexes in Gdov groundwater are systematically below zero (Table 2). On the other hand, Table 2 shows
that Gdov groundwater is mostly oversaturated with respect to calcite. Mixing between bicarbonate-rich
modern groundwater and Ca-rich crystalline water might have produced calcite precipitation, due to
emerged chemical disequilibrium [49], which in turn could have influenced the activity concentrations
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of Ra as the Ca2+ chemical analogue [58]. However, the Ra dissolution/precipitation in the peninsula
needs more detailed research in the future.

Table 2. Saturation indexes (SI) of the Cm-V groundwaters in the Viimsi peninsula.

No Well ID SI-calcite SI-dolomte SI-dolomite (disordered) SI-CO2(g)

2 124 0.05 −0.32 −0.93 −2.94
5 171 0.41 0.43 −0.18 −3.07
6 179 −0.11 −0.45 −1.07 −2.65
9 187 −0.30 −0.90 −1.51 −2.72

10 187 −0.09 −0.82 −1.44 −2.90
15 1153 −0.29 −1.00 −1.61 −2.76
18 8914 0.17 0.04 −0.58 −2.97
21 19570 0.37 0.21 −0.40 −2.82
23 25689 −0.03 −0.64 −1.25 −3.10
29 154 0.28 −0.12 −0.73 −2.81
34 161 0.49 0.30 −0.32 −2.66
36 172 0.29 0.02 −0.59 −2.86
38 183 0.25 −0.10 −0.72 −2.97
39 188 −0.27 −1.06 −1.68 −2.80
40 188 0.21 −0.15 −0.77 −3.32
46 300 0.11 −0.36 −0.97 −2.40
53 14798 0.46 0.24 −0.37 −2.61
55 25686 0.57 0.50 −0.11 −3.08
57 25688 0.55 0.45 −0.16 −2.89
58 25690 0.62 0.48 −0.14 −3.14
60 25690 0.50 0.37 −0.24 −3.11
61 25692 0.87 1.05 0.43 −3.20
62 25692 0.65 0.60 −0.01 −3.05
67 162 0.38 0.15 −0.47 −2.76
73 477 0.16 −0.28 −0.89 −2.64
83 5157 0.28 0.16 −0.45 −2.47
85 15831 0.62 0.53 −0.08 −3.24
86 15841 0.23 −0.02 −0.63 −2.79
89 485 0.02 −0.45 −1.06 −2.32

4.3. Secondary U Deposits as the Source of 226Ra

Although higher Ra activities observed in the Cm-V aquifer system have been attributed to
the prolonged contact with the rocks of the crystalline basement [26,43], Ra is also present in the
Voronka aquifer (226Ra from values under the detection limit to 0.4 Bq·L−1; 228R from 0.1 to 0.3 Bq·L−1),
which has no direct contact with the crystalline basement. Concentrations of Cl− and δ18O values
in the Gdov aquifer have a clear mixing trend with modern groundwater, but the 226Ra values in
groundwater having modern isotopic signature stay moderately high (Figure 6) and 226Ra activity
percentage in total radium activity increases towards the buried valley (Figure 9). This may indicate
heterogeneous spreading of U in surfaces of sedimentary rocks, in which case locally high U contents
could occur resulting in higher Ra activities [59].

The radium isotopes often behave in a similar manner during chemical processes. Contents of
226Ra and 228Ra in water tend to depend on the presence of their parent nuclides (238U and 232Th
respectively) in the surrounding porous media [60,61]. Uranium and thorium are not fractionated
significantly from each other during partial melting and subsequent differentiation in magma [62];
thus, their variations in magmatic rock, like the one encountered in the Estonian crystalline basement,
should be similar. However, in fluids they behave quite differently. The 228Ra parent mineral Th stays
immobile in water, whereas the 226Ra parent mineral U can be very mobile. Uranium concentrations
in groundwater are strongly controlled by redox conditions, because U can be present as U4+ ion
with very low solubility in anoxic conditions and as highly soluble and mobile U6+ ion in oxidizing
environments [36,63–65]. These chemical differences can produce variations in U and Th contents in
the aquifer matrix (in rock) and through this, variations of Ra isotope activity in water.
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Anoxic conditions predominate in the Cm-V aquifer system, but Raidla et al. [21,48] show
that oxygen-rich conditions dominated in the aquifer system in the relatively short infiltration
period during the advance and maximum extent of the Scandinavian ice sheet in the Last Glacial
Maximum. Vaikmäe et al. [20] have shown that groundwater in the Cm-V aquifer system in
North-Estonia is characterised by enormous amounts of excess air (oversaturation of Ne up to
200–400%). The anomalous amount of excess air in groundwater has been thought to originate from
air bubbles found in glacial basal ice [20]. Alternatively, Kipfer et al. [66] and Grundl et al. [67] have
explained that the high Ne excess air amounts observed in groundwater of glacial origin are derived
from trapped air pockets in englacial drainage systems, which behave in the same manner as trapped
bubbles in porous sediments. The relation between Ar and Kr in Cm-V groundwater from the Viimsi
peninsula follows the trend expected for the addition of air to air-equilibrated water (Figure 10; Table 3).
These results agree with both hypotheses, because noble gas composition in ice generally corresponds
to atmospheric composition, except for He and Ne, which can diffuse out of the firn during the
firnification process, due to its smaller atomic radius [68]. As the concentrations of noble gases, such as
Ar and Kr in subglacial meltwater correspond to atmospheric composition, we propose that a similar
relationship can also be applied for other atmospheric gases, like O2. For instance, by knowing the
concentration of Ar in groundwater, one can also calculate the initial oxygen concentration in glacial
meltwater. Figure 10 indicates that the glacial meltwater, which intruded the aquifer system in the
Pleistocene, was 1.5 to 2.5 times oversaturated with respect to O2.
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Figure 10. Ar and Kr contents in Cm-V groundwater of the Viimsi peninsula and the expected initial
O2 oversaturation in Cm-V groundwater at sea level and at 0 ◦C. The lines follow the trend expected
for the addition of air-to-air-equilibrated water.

High dissolved O2 content would have supported U transport into the aquifer system from the
northern direction, where subglacial meltwater would have been in contact with the outcropping
crystalline basement rich in U. In aerobic conditions, the U would have become mobile and able to
be transported into subsurface by infiltrating glacial meltwater. During the subsequent geochemical
evolution of groundwater and the consumption of O2 during the oxidation of pyrite and organic
matter [48], the infiltrated glacial meltwater would have evolved towards more reducing conditions,
which would have lowered the U solubility. Furthermore, it has been shown that the precipitation
of U as uranium carbonate is common near organic-rich clays [57,59,69,70]. This would mean that
the Cambrian and Ediacaran clays overlying and occurring inside the Cm-V aquifer system [54] had
provided a suitable environment for U precipitation. We propose a hypothesis that areas near the
buried valley southwest of the Viimsi peninsula, where a large section of Lower Cambrian Lontovo
clays is cut through by more recent Quaternary sediments, may have been a very suitable site for the
development of paleo-redox fronts and for the precipitation of U. Thus, 226Ra may partly originate
from these so-called "secondary U deposits" in the sedimentary complex. The observed pattern in
226Ra activity (Figure 9) together with the proposed explanation on its origin would further indicate
that the changes in the chemical and isotopic composition of groundwater observed in the Viimsi
peninsula are mainly caused by induced recharge of the aquifer system from the buried valley in the
south-western part of the peninsula.

Figure 10. Ar and Kr contents in Cm-V groundwater of the Viimsi peninsula and the expected initial
O2 oversaturation in Cm-V groundwater at sea level and at 0 ◦C. The lines follow the trend expected
for the addition of air-to-air-equilibrated water.

High dissolved O2 content would have supported U transport into the aquifer system from the
northern direction, where subglacial meltwater would have been in contact with the outcropping
crystalline basement rich in U. In aerobic conditions, the U would have become mobile and able to
be transported into subsurface by infiltrating glacial meltwater. During the subsequent geochemical
evolution of groundwater and the consumption of O2 during the oxidation of pyrite and organic
matter [48], the infiltrated glacial meltwater would have evolved towards more reducing conditions,
which would have lowered the U solubility. Furthermore, it has been shown that the precipitation
of U as uranium carbonate is common near organic-rich clays [57,59,69,70]. This would mean that
the Cambrian and Ediacaran clays overlying and occurring inside the Cm-V aquifer system [54] had
provided a suitable environment for U precipitation. We propose a hypothesis that areas near the
buried valley southwest of the Viimsi peninsula, where a large section of Lower Cambrian Lontovo
clays is cut through by more recent Quaternary sediments, may have been a very suitable site for the
development of paleo-redox fronts and for the precipitation of U. Thus, 226Ra may partly originate
from these so-called "secondary U deposits" in the sedimentary complex. The observed pattern in
226Ra activity (Figure 9) together with the proposed explanation on its origin would further indicate
that the changes in the chemical and isotopic composition of groundwater observed in the Viimsi
peninsula are mainly caused by induced recharge of the aquifer system from the buried valley in the
south-western part of the peninsula.
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Table 3. Noble gases composition of the Cm–V groundwaters in the Viimsi peninsula.

No Well ID Date Aquifer Well Depth He He
(Error) Ne Ne

Error Ar Ar
(Error) Kr Kr

(Error) Xe Xe (Error)

m cm3·STP·g−1

10 187 13-Nov-13 Cm-V 70 1.46·10−5 1.09·10−7 3.77·10−7 8.28·10−10 7.53·10−4 2.05·10−6 1.57·10−7 1.05·10−9 2.12·10−8 1.97·10−10

85 15831 13-Nov-13 Cm-V 123.3 2.50·10−5 1.88·10−7 3.81·10−7 8.39·10−10 1.27·10−3 3.41·10−6 2.18·10−7 1.16·10−9 2.34·10−8 2.15·10−10

84 11569 1-Jul-16 Cm-V 100 7.09·10−5 7.09·10−7 5.95·10−7 4.90·10−9 8.93·10−4 7.14·10−6 1.86·10−7 2.40·10−9 2.24·10−8 4.06·10−10

19 8914 2-Sep-16 V2vr 75 3.66·10−5 3.66·10−7 5.79·10−7 4.90·10−9 1.12·10−3 8.97·10−6 1.92·10−7 2.21·10−9 2.31·10−8 4.42·10−10

82 4734 2-Sep-16 Cm-V 100 1.68·10−5 1.69·10−7 1.77·10−7 1.50·10−9 6.67·10−4 5.34·10−6 1.27·10−7 1.38·10−9 1.57·10−8 3.13·10−10

26 25687 9-Sep-16 V2vr 82 7.88·10−5 7.88·10−7 8.85·10−7 7.32·10−9 1.18·10−3 9.46·10−6 2.04·10−7 2.28·10−9 2.38·10−8 4.34·10−10
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4.4. Future Prospects

Salinisation of groundwater resources is a globally significant phenomenon, which results from a
high groundwater demand in coastal areas. To avoid saltwater intrusion, sustainable groundwater
management strategies are required. However, in the case of the Viimsi peninsula, the salinisation
had already taken place in the main groundwater intake before any measures were applied. In order
to resolve this situation, a double pumping solution was deployed. This double pumping solution
meant that additional groundwater abstraction wells were put into use that were located to the
south from the main groundwater intake near the buried valley in the south-western part of the
peninsula. This, however, probably facilitated the movement of fresh groundwater from recharge
area (buried valley) to the main groundwater intake where intrusion of saline groundwater from
the underlying crystalline basement had already occurred. To provide a more precise description of
the current situation, a mathematical model of local groundwater dynamics should be developed
based on the presented conceptual model. The modelling results would help to optimise groundwater
abstraction from different production wells in order to minimise intrusion of brackish water from the
underlying crystalline basement. The future management plans for Cm-V aquifer system on the Viimsi
peninsula would also need to take into account the possibility of surface pollution transported by
modern meteoric water from the buried valley reaching the aquifer system. The evolved dual pumping
solution and an optimisation model may also be applicable in other areas facing similar problems.

Although we detected no intrusion of seawater in the Viimsi peninsula, its risk in the future cannot
be ignored. As the population on the peninsula is increasing, a further rise in water consumption
is inevitable and, in the end, the hydraulic head compensation through induced inflow from the
crystalline basement and meteoric water infiltration through the buried valley will not be sufficient to
avoid seawater intrusion. Most wells in the Viimsi peninsula are 1 to 5 km away from the outcrop area
of the aquifer, and seawater intrusion to the water intake takes time. At the same time, wells in and
round the buried valley are practically at the outcrop area (Figure 1), where the aquifer system is most
exposed to the intrusion of water from exterior sources.

Predicting the dynamics of future seawater intrusion would require multicomponent strategies
that consider intrusion in a broader context on a basin-wide scale and include integrated groundwater
and surface water management. The presented conceptual model about chemical changes in the Viimsi
peninsula needs a more detailed future analysis, which would include the modelling of transient
groundwater dynamics and mass-transport. In addition, more studies on the changes of potentiometric
levels and hydrostratigraphy in the Viimsi peninsula are necessary to build reliable solute-transport
models based on conservative tracers, such as Cl− and δ18O.

Accurate three-dimensional characterisation of possible seawater intrusion requires an adequate
monitoring network. For the moment, the monitoring wells are in northern and central parts of the
peninsula and no wells belonging to the national groundwater-monitoring network are either on or
near the buried valley. The available hydrogeological and hydrochemical information from this area
can only be attained from private water supplies, which use groundwater from the Cm-V aquifer
system. This setup is not well suited for studying changes in groundwater quality, as the production
wells are located about 3 to 5 km away from the buried valley. Thus, any changes in groundwater
quality imposed by the induced recharge from the buried valley would only be detectable in the
production wells long after they have started to operate. Furthermore, the construction of some
production wells currently monitored is not ideal for following changes in groundwater quality and
quantity, as they open both the deeper Gdov aquifer and the shallower Voronka aquifer.

Additionally, the area is located on the trajectory of the planned tunnel between Tallinn and
Helsinki [71]. The future construction of that tunnel would also affect the Cm-V aquifer system on
the Viimsi peninsula. It is possible that the outcrop area of the Cm-V aquifer system that surrounds
the Viimsi peninsula is covered by low-porosity sediments like clay or mud, which would prevent
seawater intrusion. Thus, it is essential to plan the construction of the tunnel in such a way that the
integrity of these aquitards would not be disturbed.
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The groundwater of glacial origin is uncommon in Europe and widespread only in Estonia [72],
but such a wide distribution of groundwater with a similar origin as in the Cm-V aquifer system
has been observed in USA and Canada (Michigan, Alberta and Illinois basins) where they are an
important source of drinking water [73–77]. Interpretation of the noble gas results indicates that
the groundwater of glacial origin may have been heavily supersaturated with respect to oxygen.
In appropriate geological conditions, the accumulation of redox-sensitive elements in the recharge
area (e.g., Mn, U) may occur during infiltration of such waters. To know of the presence of such
accumulation aids is important for the construction of new water intakes in order to avoid potential
natural contamination of water with toxic microcomponents.

5. Conclusions

Trends in 226/228Ra, δ18O and major ions concentrations, in combination with additional
hydrochemical information on regional hydrogeology of the Cm-V aquifer system from 1987 to
2018, were used to study the causes of the observed water quality changes induced by groundwater
abstraction on the Viimsi peninsula near Tallinn, Estonia. Increased groundwater abstraction in the
Viimsi area together with the current setup of production wells, distributed in very close proximity
from each other in the central part of the peninsula, has led to increased concentrations of Cl−

and enrichment of naturally light isotopic composition of glacial palaeogroundwater in the aquifer
system. These changes are caused by mixing between glacial palaeogroundwater with water from the
underlying crystalline basement and modern groundwater recharging from the buried valley in the
south-western part of the peninsula, due to the lowering of potentiometric levels in the Cm-V aquifer
system. Cl− concentrations increase because of the upwelling of saline water from the underlying
crystalline basement. At the same time, the inflow of meteoric water through a buried valley and the
scattering of groundwater production wells away from the central groundwater intake in recent years
has lowered the Cl− contents and caused the enrichment in δ18O, due to wider meteoric water inflow
through the buried valley and mixing with saline water.

The changes in groundwater quality have also brought about an increase in Ra activity in the study
area. We propose two sources for these increased Ra activities in the aquifer system: The crystalline
basement and the secondary U deposits in sedimentary sequence originating from palaeo-redox-front
in the south-western part of the peninsula developed in the Pleistocene. The three-component mixing
between palaeogroundwater, saline water and meteoric water is the main process controlling the 226Ra
activity in the Cm-V groundwater. However, the 226Ra activities have possibly also been affected by
cation exchange and dissolution/precipitation of the carbonate minerals.

The Cm-V aquifer system in the Viimsi peninsula is very vulnerable to overconsumption
of groundwater, because it contains essentially non-renewable palaeogroundwater originating
from Pleistocene glaciations. Thus, it is critical to understand the causes of the observed
changes in water quality for the sustainable management of groundwater resources in the area.
Current results give reason to believe that the present groundwater monitoring strategies may not
be sufficient to understand and monitor the changes in the Cm-V aquifer system in the peninsula.
Accurate three-dimensional characterisation of potential seawater intrusion will require increased
use of monitoring wells opened at different depths in the south-western part of the peninsula,
supplemented by innovative applications of surface and borehole geophysics. In addition, the observed
differences in the distribution of 226Ra and 228Ra in groundwater and their relations with the possible
paleo-redox fronts and secondary U deposits, could be a topic for wider future research especially in
areas where wide distribution of glacial palaeogroundwater has also been observed (e.g. Michigan,
Illinois and Alberta Basins in North America).
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