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1 Introduction
Groundwater is the most important global source of freshwater. It forms a second largest
global freshwater reservoir with an estimated volume of 11×106 km3 (~30% of global
freshwater reserves) that is only inferior to freshwater stored in glaciers and ice sheets
(24×106 km3; Gleick, 1996). Recent analyses suggest that the share of groundwater
renewable in human timescales is small compared to total groundwater volumes stored
in the upper portion of the Earth’s crust. A compilation of globally available datasets
together with numerical simulations and tritium age analysis showed that only about 6%
of the groundwater in the uppermost portion of the crust is modern, i.e. less than
50 years old (Gleeson et al., 2016). Furthermore, it has been suggested that groundwater
recharged prior to the beginning of the Holocene (11700 years ago) makes up 42-85% of
total aquifer storage in the upper 1 km portion of the crust and is dominant below depths
of 250 m (Jasechko et al., 2017). These findings illustrate the actual low groundwater
renewal rates that make an important portion of globally stored groundwater essentially
non-renewable in comparison to human life-span. Thus, the first step towards a
responsible and sustainable management of groundwater resources in any given region
should be the determination of their origin, age and renewal rates.
Baltic Artesian Basin (BAB) is a groundwater reservoir in north-eastern Europe. Here
groundwater recharged prior to the beginning of the Holocene has been observed in
various depths and locations. Brines in the deep central parts of the basin (Latvia and
Lithuania) have ages >1.3 Ma based on noble gas age tracers 81Kr, 4He and 40Ar (Gerber
et al., 2017). In the northern part of the BAB (northern Estonia) the distribution of
groundwater originating from subglacial recharge during the Pleistocene glaciations has
been shown to be wide in the deepest sedimentary bedrock aquifer of Cambrian-Vendian
(Vaikmäe et al., 2001; Marandi, 2007; Raidla et al., 2009, 2012, 2014). However, despite
evidence suggesting that the spread of the pre-Holocene groundwater could also be wide
in more shallow aquifer systems in the northern BAB (e.g. Savitskaja et al., 1995, 1996a,
1997; Vaikmäe et al., 2001), their spatial distribution, origin and age were not extensively
studied until recently.
This study assesses the spatial distribution, origin, geochemical evolution and age of
groundwater originating from the Pleistocene in the northern part of the BAB. More
specifically, the objective of the author was to study the extent to which groundwater
originating from the Pleistocene is spread in the northern BAB. Since the CambrianVendian aquifer system has been extensively studied in that respect, the focus of the
study was on the aquifer systems overlying it, that had received less attention.
Based on previous evidence, the working hypothesis of the study was that
groundwater originating from the Pleistocene could also be found in shallow aquifers of
the northern BAB. It could be suspected that confined aquifers in the study area have not
reached an equilibrium with modern topographically driven groundwater flow
conditions and still exhibit groundwater flow patterns and composition established in the
Pleistocene. It was supposed, however, that the greater influence of processes induced
by modern recharge would be evident with decreasing depth from the surface. In
addition, the study of Pleistocene groundwater in the northern BAB as a part of this thesis
also involved the special characteristics of groundwater in the Cambrian-Vendian aquifer
system (high concentrations of noble gases and methane). Those characteristics shed
light to palaeoenvironmental conditions during the recharge of groundwater in the
Pleistocene.
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The groundwater samples were studied using a multi-tracer approach involving the
hydrochemical composition of groundwater, a suite of stable (δ2HH2O, δ18OH2O, δ13CDIC,
δ34SSO4, δ18OSO4, δ13CCH4, δ2HCH4) and radioactive isotope tracers (3H, 14C and 4He) and the
study of dissolved gas compositions in groundwater (CH4, CO2, He, Ne, Ar, Kr, Xe).
In addition, the geochemical evolution and groundwater age were studied with
geochemical modelling using the software programs GWB (Bethke and Yeakle, 2015),
PHREEQC (Parkhurst and Appelo, 2013) and NETPATH (Plummer et al., 1994; El-Kadi
et al., 2011).
The thesis is written with an aim to provide a first synthesis on the occurrence and
evolution of groundwater originating from Pleistocene glaciations in the northern part of
the BAB. Such synthesis would enable one to acknowledge gaps in the current
understanding of the groundwater system that need to be addressed to sustainably
manage these special groundwater resources. More specifically, the results of this study
are relevant in at least three important aspects:
1) Groundwater is the most important source of public water supply in Estonia
making up ~60% of all consumed water from public water supply networks
(Estonian Health Board, 2016). Understanding the processes influencing recharge
and geochemical evolution of groundwater is crucial for predicting the effects of
groundwater abstraction on its composition and availability;
2) In several aquifer systems in the study area, the rocks associated with the aquifer
strata contain mineral resources that could have potential economic significance
in the future. As an example, the upper portion of sandstones in the OrdovicianCambrian aquifer system contain shell detritus of phosphatic brachiopods which
form the biggest phosphorite deposit in Europe (Raudsep, 1997). Also, the Lower
Ordovician organic-rich black shale known as graptolite argillite which is an
important aquitard that separates the Ordovician-Cambrian aquifer system from
the overlying shallow carbonate aquifers contains high concentrations of trace
metals (e.g. U, Mo, V, Zn, Pb, Cu, Ni, As; Voolma et al., 2013; Hade and Soesoo,
2014). Any future plans for mining these mineral resources need to take into
account the renewability of groundwater in the associated aquifer systems;
3) The results presented in the thesis illustrate the multi-faceted nature of
information about pre-Holocene environmental conditions recorded in
palaeogroundwater reservoirs. More specifically, they provide an example on
how groundwater can serve as an important paleoenvironmental archive
enabling the study of variations in climatic and environmental conditions during
glacial-interglacial cycles in the Pleistocene (cf. Darling, 2011).
The main inferences presented in the thesis have been published in peer-reviewed
scientific journals (Papers I-III) or are manuscripts (Papers IV-V). The thesis also uses data
in the unpublished database of the Division of Isotope Geology in the Institute of Geology
at Tallinn University of Technology (Martma, T., Ivask, J., Kaup, E., Pärn, J., Raidla, V.,
Vaikmäe, R., unpublished data, 2018).
The results in the thesis have also been presented in various international workshops
and conferences such as the International Symposium on Isotope Hydrology: Revisiting
Foundations and Exploring Frontiers: 11-15 May 2015 in Vienna, Austria; annual meeting
of G@GPS IGCP 618 Project: Palaeogroundwater from past and present glaciated areas,
5-9 July 2015 in Tallinn, Estonia; 43rd IAH Congress: Groundwater and society, 60 years
of IAH, 25-29 September 2016 in Montpellier, France and 25th Salt Water Intrusion
Meeting, 18-22 June 2018 in Gdansk, Poland.
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Abbreviations
BAB
Cm-V
V2vr
V2gd
O-Cm
S-O
D2-1
D2nr
GMWL
LMWL
LGM
MIS
NGT
a14C
DIC

Baltic Artesian Basin
Cambrian-Vendian aquifer system
Voronka aquifer in the Cambrian-Vendian aquifer system
Gdov aquifer in the Cambrian-Vendian aquifer system
Ordovician-Cambrian aquifer system
Silurian-Ordovician aquifer system
Lower-Middle-Devonian aquifer system
Middle-Devonian Narva regional aquitard
global meteoric water line
local meteoric water line
Last Glacial Maximum (Late Weichselian Glaciation – MIS 2)
marine isotope stage
noble gas recharge temperature
radiocarbon activity in pmC (per cent modern carbon)
dissolved inorganic carbon
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2 Theoretical background
2.1 Palaeogroundwater: definition, delineation and global distribution
Groundwater resources can be categorized as modern groundwater (recharged in the
past ~50 years) or sub-modern groundwater (recharged more than 50 years ago) based
on whether groundwater contains detectable amounts of tritium (e.g. Clark and Fritz,
1997; Gleeson et al., 2016). When sub-modern groundwater has residence times
significantly exceeding 50 years, the terms palaeogroundwater (also palaeowater) and
fossil groundwater can be used for it. Palaeogroundwater stands for groundwater that
has originated from water cycles under environmental conditions which were different
from the present ones (Fontes, 1981). The recharge to aquifers containing
palaeogroundwater could have been both continuous or intermittent in the past
(Edmunds, 2001).
Most of the authors use the term fossil groundwater almost as a synonym to the term
palaeogroundwater, referring to it as groundwater recharged in the past by
meteorological processes that no longer prevail that has been stored underground since
the time of recharge (e.g. Clark and Fritz, 1997: 198; WMO, 2012). In a recent work
Jasechko et al., (2017: 425) define fossil groundwater as groundwater recharged by
precipitation more than ~12000 years ago, i.e. prior to the beginning of the Holocene.
It is important to note that, while the term fossil groundwater can be taken to have a
more specific meaning designating groundwater in aquifers receiving negligible amount
of modern recharge whose storage is almost entirely made up of groundwater recharged
in past climatic conditions (e.g. Taylor et al., 2013), the absence of modern recharge is
not a defining characteristic of fossil groundwater (Margat et al., 2006). More specific
age-based definitions of palaeogroundwater have been put forward by Rozanski (1985)
and Edmunds (2001). They state that the term palaeowater strictly refers to groundwater
recharged in colder climate conditions in Late Pleistocene that can be identified in terms
of radiocarbon age or another isotopic or noble gas signature.
In this thesis, the term palaeogroundwater is used for groundwater recharged prior
to the Holocene (Fig. 1). Groundwater recharged in the Holocene is referred to as recent
and groundwater in shallow aquifers having isotopic composition similar to modern
recharge and containing tritium is referred to as modern. One must not forget that the
definitions above work for groundwater of meteoric origin. Many sedimentary basins
contain saline formation water mostly originating from ancient sea-water that is either
connate (i.e. chemically and isotopically modified water out of contact with the
atmosphere since deposition, e.g. groundwater originating from seawater intrusion in
the past) or syngenetic (i.e. waters deposited together with sediments forming the
aquifer matrix) in origin (Kharaka and Hanor, 2007).
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Figure 1. A simplified conceptual model of the formation, location and hydrogeologic
history of palaeogroundwater in a groundwater system similar to the one in the northern
part of the Baltic Artesian Basin. (after Edmunds, 2001)
The preservation of palaeogroundwater can be enhanced by several types of
conditions or their combinations. These include the presence of strong confining layers,
dry climate conditions with negligible amount modern recharge where ancient pluvial
periods have provided enough water for groundwater recharge, great lengths of
groundwater flow paths and a decrease of hydraulic conductivity with depth that results
in low actual velocity of groundwater (Clark and Fritz, 1997; Edmunds et al., 2003;
Sturchio et al., 2004; McIntosh et al., 2012; Sterckx et al., 2018). The presence of
palaeogroundwater in an aquifer can be identified using a host of hydrochemical and
isotopic tracers of which the isotopic composition of groundwater, the activity of
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radioactive isotopes in groundwater constituents (e.g. 14C in dissolved inorganic carbon;
36
Cl in Cl−) and noble gas concentrations are the most frequently used.
One of the main tools for indentifying the presence of palaeogroundwater in a given
area is the study of its isotopic composition (δ18OH2O, δ2HH2O). The stable isotopic
composition of groundwater with meteoric origin depends on isotopic composition of
precipitation which in turn depends upon a variety of climatic factors such as origin of
water vapour, temperature of condensation, humidity and local distribution of rainfall
with respect to evapotranspiration (Fontes, 1981; Clark and Fritz, 1997; Ingraham, 1998).
Any change in those factors which is long enough compared to aquifer turnover times
will affect the isotopic composition of groundwater (Fontes, 1981). In addition, the
d-excess parameter which assesses the differences between δ18OH2O and δ2HH2O in a
water sample, is an important indicator for moisture provenance (Dansgaard, 1964;
Darling, 2011):
𝑑𝑑 = 𝛿𝛿 2 𝐻𝐻 − 8𝛿𝛿 18 𝑂𝑂

(1)

The differences in isotopic composition and d-excess in palaeogroundwater with respect
to modern groundwater constitute a “palaeoclimatic effect” which is one of the
most important tools for identifying palaeogroundwater (Clark and Fritz, 1997).
The changes in isotopic composition and d-excess usually result in different positions
of modern groundwater and palaeogroundwater on the local meteoric water line
(LWML) of the study area. For temperate regions the occurrence of palaeogroundwater
is usually exemplified with a shift in its isotopic composition on the LMWL with respect
to modern groundwater while in semi-arid and arid regions palaeogroundwater tends to
plot away from the modern LMWL (Clark and Fritz, 1997). The stable isotopic
composition of meteoric water also has a strong dependence on temperature which can
be quantified into a δ-T relationship for a local study area (e.g. Dansgaard, 1964; Rozanski
et al., 1992, 1993).
Further evidence for palaeogroundwater occurrence is provided by various age
tracers of which radiocarbon (14C; half-life t1/2=5730 a) activity of dissolved inorganic
carbon (DIC) has been historically most extensively used. Alternatives are provided by
radioactive age tracers with longer half-lives such as 81Kr (t1/2=229 ka), 36Cl (t1/2 ~300 ka)
and accumulation of radiogenic stable isotopes in groundwater (e.g. 4He) (IAEA, 2013;
Cartwright et al., 2017).
Each mentioned method has its advantages and limitations that need to be considered
when interpreting the given tracer concentration or activity in terms of age. Successful
radiocarbon dating requires that uncertainties of initial 14C activity (a14C) in recharge
waters and the dilution of this initial 14C activity by chemical processes are overcome
(Kalin, 2000; Plummer and Glynn, 2013). In addition, a critical issue in 14C dating concerns
possible contamination of the original 14C signal with atmospheric 14C during sampling
and sample preparation (Aggarwal et al., 2014). Also, physical processes related to
groundwater flow such as dispersion, diffusion and mixing with water from adjacent
aquitards or stagnant zones can modify the initial activity of 14C (Sanford, 1997; Bethke
and Johnson, 2002).
81Kr has many advantages for dating palaeogroundwater with an age range of
105 –106 years due to its chemical inertness, constant atmospheric concentrations and
the absence of subsurface sources and sinks other than radioactive decay (Jiang et al.,
2012; Gerber et al., 2017). 81Kr dating is hampered by low activity of this isotope tracer
13

in natural waters and considerable cost of analysis for both of which significant advances
have been made in the recent decade (Purtschert et al., 2013).
36
Cl dating utilizes the fact that Cl− acts as a conservative element in the subsurface.
However, variations in chloride concentrations of groundwater caused by changes in
evapotranspirative concentration, addition of Cl− from the aquifer (e.g. through mixing)
to atmospheric Cl− in recharge waters and underground production of 36Cl need to be
understood and quantified for successful groundwater dating (Phillips, 2013).
4
He dating can provide a qualitative estimate of groundwater age as the concentration
of radiogenic He increases with groundwater residence time (Kipfer et al., 2002).
However, uncertainties in mixing with older water can make the studied waters seem
older and uncertainties in 4He accumulation rates together with a possible variety of
external sources (e.g. flux of 4He from the underlying crust or adjacent aquitards) makes
the quantification of 4He model age a difficult task (e.g. Torgersen and Stute, 2013).
Despite these potential shortcomings, several studies have shown how 4He dating can be
successfully used to arrive at more quantitative groundwater age estimates and to
quantify the contribution of external sources to the measured 4He concentrations
(e.g. Torgersen and Ivey, 1985; Castro et al., 2000; Carey et al., 2004; Aggarwal et al., 2015).
Noble gases dissolved in groundwater (He, Ne, Ar, Kr, Xe) can provide important
insight into paleoenvironmental conditions during groundwater recharge such as
recharge temperatures and unsaturated zone conditions through the study of the excessair component (Kipfer et al., 2002). The equilibrium concentration of noble gases in
groundwater is a function of temperature, salinity and atmospheric pressure
(i.e. recharge elevation, Aeschbach-Hertig et al., 2008). Noble gas concentrations in
groundwater are in excess to atmospheric equilibrium (called “excess air”) which can be
either unfractionated or fractionated relative to pure air in composition (Kipfer et al.,
2002). The composition and abundance of the excess air can be related to recharge
conditions, e.g. the change in hydrostatic pressure and water table fluctuations during
groundwater recharge (Aeschbach-Hertig et al., 2000; Kipfer et al., 2002).
Using different models to account for the excess air (Heaton and Vogel, 1981; Stute
et al., 1995; Aeschbach-Hertig et al., 2000), noble gas concentrations in groundwater can
be corrected to derive noble gas recharge temperatures (NGT) based on their solubilities
in water. The calculated NGTs have been successfully used to study the Pleistocene
glacial-interglacial palaeotemperature record in groundwater (e.g. Andrews and Lee,
1979; Stute et al., 1995; Clark et al., 1997; Aeschbach-Hertig et al., 2000; Grundl et al.,
2013). In addition, NGTs have helped to identify palaeogroundwater in cases when their
isotopic composition has not been distinguishable from modern counterparts or
radiocarbon age records have been deemed unreliable (e.g. Beyerle et al., 1998;
Aeschbach-Hertig et al., 2002; Zuber et al., 2004).
In terms of general hydrochemical quality, palaeogroundwater is frequently
characterized by bacterial purity (with respect to bacteria of anthropogenic origin), and
the absence of anthropogenic chemicals (e.g. Edmunds, 2001). In addition, long
residence times of palaeogroundwater can lead to distinct changes in their
hydrochemical composition. This is manifested in the ingrowth of specific trace elements
not limited by solubility constraints (e.g. Li, Mn, Mo) and by an increase in the
concentrations of redox-sensitive dissolved substances that accumulate in groundwater
in strongly reducing conditions (e.g. Fe2+ and CH4, Edmunds and Smeadly, 2000;
Edmunds, 2001). Differences in salinity between waters of different origin may lead to
manifestation of cation exchange processes in the hydrochemical composition of
14

palaeogroundwater (e.g. Chapelle and Knoble, 1983; Walraevens et al., 2001; Ferguson
et al., 2007).
Groundwater has been considered a low-resolution archive of past environmental
signals compared to ice cores from polar regions due to dispersion and mixing of various
flow paths with a different origin in aquifers (Darling, 2011). Despite this limitation,
groundwater can retain signals of regional climatic and environmental events with long
duration (e.g. changes in palaeotemperature, precipitation sources and recharge regimes
during glacial-interglacial cycles) and complement proxy evidence found from higher
resolution archives (e.g. ices cores, tree rings and speleothems; Edmunds, 2001). The
relations between palaeogroundwater composition and hydrologic conditions during
recharge makes them the only other direct archive, except for ice-cores, based on which
reconstructions of hydrological history can be achieved (Edmunds, 2001).
Historically, the first type of palaeogroundwater thoroughly studied were the
groundwater resources beneath the Sahara Desert (e.g. Nubian Sandstone aquifer,
Continental Intercalaire aquifer). The isotopic composition and d-excess of these waters
revealed that the water originates from older pluvial periods in the Holocene and the
Pleistocene (e.g. Fontes, 1981; Edmunds et al., 2003). Palaeogroundwater resources in
these aquifers frequently predate the last glacial-interglacial cycle having residence times
>1 Ma (e.g. Sturchio et al., 2004; Guendouz and Michelot, 2006; Petersen et al., 2018).
Later, similar palaeogroundwater resources have been identified from other regional
aquifer systems such as the Great Artesian Basin in Australia (Lehmann et al., 2003) and
Guarani aquifer in South America (Aggarwal et al., 2015).
Whereas variability in amounts of precipitation has had a dominant effect on the
isotopic composition of palaeogroundwater in arid regions, the isotopic composition of
palaeogroundwater in subtropical and temperate regions is more related to changes in
vapour source, air mass trajectories and temperature (Fritz and Clark, 1997). Here, the
differences in isotopic composition between palaeogroundwater and their modern
counterparts can be manifested in both the depletion and enrichment depending on the
location and past trajectories of air masses (e.g. Clark et al., 1997; Plummer and Sprinkle,
2001; Edmunds et al., 2006). In areas influenced by Pleistocene glaciations, the formation
of palaeogroundwater resources is related to cyclic recharge events during glacialinterglacial cycles of Quaternary glaciations (Edmunds, 2001). Palaeogroundwater
records in these areas show that groundwater recharge has often been intermittent in
the past which is best exemplified by a widely reported recharge gap during the last
glacial maximum (LGM) for palaeogroundwater in Europe (e.g. Rozanski, 1985; Beyerle
et al., 1998; Edmunds, 2001; Darling, 2004; Blaser et al., 2010). This phenomenon has
been explained by inhibition of groundwater recharge by permafrost conditions or
general aridity and low moisture supply near the continental ice sheets (Darling, 2011).
In areas covered by continental ice sheets in the Pleistocene, a special type of
palaeogroundwater is related to subglacial recharge of meltwater from the continental
ice sheets into the subsurface. This type of palaeogroundwater is referred to as glacial
palaeogroundwater in this thesis. Hydrodynamic modelling has shown that aquifers in
sedimentary basins once covered by continental ice sheets had sufficient transmissivity
to discharge subglacial meltwater (Boulton et al., 1995; Piotrowski, 1997; Person et al.,
2007; Bense and Person, 2008; Lemieux et al., 2008; McIntosh et al., 2011; Sterckx et al.,
2017, 2018). High hydraulic gradients imposed by continental ice sheets modified
groundwater flow patterns which led in many cases to the reversal of regional
groundwater flow with respect to previous topographically-driven flow systems (Person
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et al., 2007; McIntosh et al., 2011; Sterckx et al., 2018). The intrusion of glacial meltwater
into the subsurface is exemplified by distinct isotopic and chemical composition of glacial
palaeogroundwater with respect to modern meteoric water and older formation water.
The presence of groundwater originating from Pleistocene glaciations has been widely
reported from North-America from areas overridden by the Laurentian Ice Sheet
(e.g. Clayton et al., 1966; Siegel and Mandel, 1984; Siegel, 1991; Stueber and Walter
1991, 1994; Grasby et al., 2000; McIntosh and Walter, 2005, 2006; Grasby and Chen,
2005; Ferguson et al., 2007; Grundl et al., 2013). In Europe, the occurrence of glacial
palaeogroundwater has been observed in the Fennoscandian Shield and the adjacent
Baltic Artesian Basin (BAB) which were covered by the Scandinavian Ice Sheet in
the Pleistocene (e.g. Blomqvist, 1999; Vaikmäe et al., 2001; Frape et al., 2003; Raidla
et al., 2009, 2012).

2.2 Palaeogroundwater in the BAB and surrounding areas
Several palaeogroundwater resources with different origin have been found in the BAB
and in the surrounding areas of Scandinavia, Denmark, Poland and Russia that were
influenced by Scandinavian Ice Sheet in the Pleistocene (Fig. 2). The isotopic composition
of these waters is generally ~1–5‰ depleted in δ18O values with respect to modern
recharge. The glacial palaeogroundwater from the northern BAB is unique in this context
having an extremely light isotopic composition that is up to ~12‰ depleted in 18O with
respect to values found in modern groundwater (Vaikmäe et al., 2001; Raidla et al., 2009).
In the Fennoscandian Shield to the north and west from the BAB, where the extent
and the temporal preservation of the Scandinavian Ice Sheet was the most extensive in
the Pleistocene, the evidence on the existence of glacial palaeowater is related to
brackish groundwater in fractures of crystalline rocks. The Palaeozoic sedimentary rocks
are missing in large parts of Scandinavia in which case only a thin sequence of Quaternary
sediments covers the Precambrian crystalline and metamorphic rocks (Lehtinen, 2012).
High salinity Ca-Na-Cl brine is present in deep fractures of the crystalline bedrock below
the active flow system, but due to heterogeneous nature of the mineralogic composition
of the rocks, the composition of this brine is highly variable (Negrel et al., 2005). The
geochemical evolution of the fluids in the crystalline bedrock of the Fennoscandian Shield
has been influenced by water-rock interaction, chemical evolution of seawater, glacial
meltwater intrusion and freezing processes (Negrel et al., 2005; Stotler et al., 2012).
Groundwater influenced by glacial meltwater intrusion can be distinguished from other
fluids by lower mineralisation and lighter isotopic composition. The most negative stable
isotope signatures in deep groundwater from the Fennoscandian Shield are found at
depths of 200-400 meters (Stotler et al., 2012).
The negative values of δ18O as low as ~−19‰ have been reported in Na-Cl and Na-SO4
type waters from Palmottu deep borehole in Southern Finland in the U-Th mineralization
hosted by Proterozoic crystalline bedrock at depths of ~400 m (Ahonen et al., 2004;
Kietäväinen, 2017). The water in Palmottu is brackish with TDS concentrations reaching
up to 1600 mg·L−1 (Ahonen et al., 2004). Elsewhere in southern Finland, influence of
glacial meltwater intrusion is also suspected in deep groundwaters from Hästholmen
(rapakivi granite; 985 m) and Olkiluoto (gneisses; 960 m) sites, with δ18O values of
~−14‰ and ~−12.7‰, respectively (Pitkänen et al., 2001, 2004; Kietäväinen, 2017).
Traces of glacial palaeogroundwater have also been found from the more northern parts
of the Fennoscandian Shield. Blomqvist (1999) and Frape et al. (2003) report waters with
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depleted δ18O and δ2H values from central Finland with δ18O values as low as −20.6‰.
Brackish Na-Cl groundwater in the Outokumpu deep borehole in eastern Finland at
depths of 427 m has δ18O values of −16.7‰ (Ivanovich et al., 1992). Interestingly, the
deep brines (1060 m) in Outokumpu have δ18O values only of ~−11‰ with residence time
being up to 50 Ma (Kietäväinen et al., 2014). This shows that glacial meltwater was
probably not able to penetrate to depths >1000 m in the Fennoscandian Shield. Influence
of glacial meltwater intrusion to waters in crystalline rocks of the Fennoscandian Shield
has been also reported from its western part in Sweden. Waters from Äspö HRL (Hard
Rock Laboratory) on an island off the south-eastern coast of Sweden are brackish at
depths between 250 to 600 meters and have δ18O values as negative as ~−16‰
(Laaksoharju et al., 1999; Negrel et al., 2005). Groundwater with δ18O values of ~−13‰
have been reported from the Stripa granite in central Sweden at depths from ~400 to
800 m (Moser et al., 1989).
Further to the south in the south-western margin of the Scandinavian Ice Sheet during
the LGM, traces of groundwater originating from the Pleistocene have been reported by
Hinsby et al. (2001) from Ribe Formation in Denmark. Groundwater with 14C model ages
up to 14 ka BP has been found from the Rømø island off the Denmark’s western coast.
The inferred NGTs of those waters are about 5°C lower compared to modern
temperatures with δ18O values ~1 to 2‰ depleted with respect to groundwaters with
modern ages. These waters have formed in low base-level conditions in the Late
Pleistocene and have been isolated from present-day flow systems by rising sea levels in
the Holocene (Hinsby et al., 2001).
Palaeogroundwater from the Pleistocene has also been found to the south of the BAB
from Poland (Rozanski, 1985; Zuber et al., 2000, 2004). This area lay near the southern
border of the Scandinavian Ice Sheet during its maximum extent in the LGM ~22 ka BP
(Lasberg and Kalm, 2013; Fig. 2). Glacial palaeogroundwater found in Poland is thought
to have recharged in the final stages of the LGM. Their corresponding δ18O values are
only slightly depleted (~1–2.5‰) with respect to modern recharge. However, their Late
Pleistocene origin is suggested by low 14C activities and NGTs ~4 to 5°C lower compared
to the present. In addition, Halas et al. (1993) report waters with δ18O values from −11
to −14‰ depleted with respect to modern groundwaters from the Upper Cretaceous
aquifer in Hel peninsula at Gdansk area, Northern Poland, that the authors argue to have
infiltrated during the glacial period.
To the east of the BAB, glacial palaeogroundwater can be found in the CambrianVendian and Ordovician-Cambrian aquifer systems in north-western Russia. These
aquifer systems are essentially the extensions of their counterparts in the northern BAB
to eastern and north-eastern directions. The Scandinavian Ice Sheet advanced to these
areas ~18 ka BP (Lunkka et al., 2001). Voroniuk et al., (2016) report the occurrence of
isotopically light fresh groundwater from the Karelian isthmus north from St. Petersburg
from the Ediacaran sedimentary rocks and underlying metamorphosed crystalline
basement. The δ18O values of these waters are ~4‰ depleted with respect to modern
precipitation in the area ranging from −11.3 to −16.6‰. The authors relate the formation
of these waters to groundwater recharge from the Baltic Ice Lake, a large proglacial lake
that developed during the retreat of the Scandinavian Ice Sheet in the Late Pleistocene
(Rosentau et al., 2009). The waters with similarly depleted isotopic composition (δ18O
values from −15 to −17‰) also reside in the Voronka aquifer of the Cambrian-Vendian
aquifer system south of St. Petersburg in Ivangorod area bordering the north-eastern
parts of the BAB (Voroniuk et al., 2016).
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Figure 2. Isotopic composition of palaeogroundwater and their depth from the surface in
the area covered by the Scandinavian Ice Sheet in the LGM. The maximum extent of the
Scandinavian Ice Sheet in the LGM is shown by the dotted line (after Lasberg and Kalm,
2013). The coloured area shows the modelled annual mean δ18O values of precipitation
in the study area (after Terzer et al., 2013). The solid line denotes the location of the Baltic
Artesian Basin (BAB). Numbers denote aquifers from which glacial palaeogroundwater
has been found: 1 – Cambrian-Vendian aquifer system/Ordovician-Cambrian aquifer
system, Estonia (Savitski et al., 1993; Savitskaja and Viigand, 1994; Savitskaja et al., 1995;
Vaikmäe et al., 2001; Raidla et al., 2009; Papers II-V); 2 – Lower-Middle-Devonian aquifer
system, SW Estonia (Savitskaja et al., 1996a; T. Martma, J. Ivask, E. Kaup, J. Pärn,
V. Raidla, R. Vaikmäe, unpublished data, 2018); 3 – Palmottu site, Finland (Ahonen et al.,
2004); 4 – Hästholmen site, Finland (Pitkänen et al., 2001); 5 – Olkilouto site, Finland
(Pitkänen et al., 2004); 6 – Pori/Pinomäki, Finland (Blomqvist, 1999; Frape et al., 2003);
7 – Outokumpu site, Finland (Ivanovich et al., 1992); 8 – Cambrian-Vendian aquifer
system, Karelian Isthmus, NW Russia (Voroniuk et al., 2016); 9 – Cambrian-Vendian
aquifer system, Ivangorod, NW Russia (Voroniuk et al., 2016); 10 – Stripa granite, Sweden
(Moser et al., 1989); 11 – Äspö HRL site, Sweden (Laaksoharju et al., 1999; Negrel et al.,
2005); 12 – Ribe Formation, Rømø island, Denmark (Hinsby et al., 2001); 13 – Upper
Cretaceous aquifer system, Hel peninsula, Poland (Halas et al., 1993); 14 – Oligocene
aquifer, Mazovian basin, Poland (Zuber et al., 2000); 15 – Upper-Middle Devonian aquifer
system, Lithuania (Mokrik & Mažeika, 2002; Mokrik et al., 2009); 16 – Lower-Middle
Devonian aquifer system, Riga area, Latvia (Mokrik & Mažeika, 2002; Babre et al., 2016).
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In the southern part of the BAB, the occurrence of groundwater of glacial origin with
ages similar to the ones reported from central Poland (Zuber et al., 2000) has been
observed by Mokrik et al., (2009) from the Upper-Middle Devonian aquifer system in
Lithuania. The authors derive 14C model ages that range from 10 to 15 ka BP increasing
up to 20 ka BP in the western margin of the aquifer system farther down the groundwater
flow path. The δ18O values of those waters range from ‒10.9 to ‒13‰ being similar or
slightly depleted with respect to modern recharge. Authors argue that these waters
represent either a mixture glacial palaeogroundwater with sub-modern and modern
meteoric water or originate from precipitation from the Late Weichselian Period. In an
earlier work, Mokrik and Mažeika (2002) report the upwelling of palaeogroundwater in
the mounts of larger river basins of Nemunas, Nevežis-Lielupe and Visla with δ18O values
ranging from −12 to −13.9‰. Similar upwelling of palaeogroundwater near the mouth of
the Daugava river is suspected in the central parts of the BAB in Latvia, where Babre et
al., (2016) report the most depleted values of δ18O in Latvia (‒13.4‰) from brackish
groundwater in the Middle-Devonian aquifer. This value is some 3‰ depleted with
respect to modern groundwater. The authors suggest that this groundwater could have
formed in recharge conditions colder than present or through mixing between modern
groundwater and periglacial meteoric water from the Late Pleistocene.
In the northern part of the BAB, the isotopic composition of groundwater is much
more depleted with respect to modern precipitation than in the surrounding areas.
Groundwater in the deepest sedimentary aquifer, the Cm-V aquifer system, has a very
light isotopic composition (δ18O values from ~‒18.5 to ‒23‰) and low radiocarbon
activities (Juodkazis and Zuzeviĉius, 1977; Punning et al., 1987; Mokrik and Vaikmäe,
1988; Vaikmäe and Vallner, 1989; Savitski et al., 1993; Savitskaja et al., 1994; Vaikmäe
et al., 2001; Mokrik & Mažeika, 2002; Raidla et al., 2009, 2012). These are the lightest
values for isotopic composition found in Europe which are ~6 to 12‰ depleted with
respect to modern groundwater in the area. The Cm-V aquifer system has been the most
extensively studied groundwater system in Estonia.
The first hypothesis that were put forward to explain the formation of waters with
such abnormal isotopic composition, related their origin to recharge from the pro-glacial
Baltic Ice Lake in the Late Pleistocene (Yezhova et al., 1996) or to formation due to
cryogenic metamorphism of glacial meltwater from the Scandinavian Ice Sheet during
the LGM (Mokrik, 1997; Mokrik & Mažeika, 2002). The latter theory states that prior to
the advance of the Scandinavian Ice Sheet in the LGM, the northern BAB was strongly
influenced by permafrost that reached down to 450 m below ground surface (Mokrik &
Mažeika, 2002). In these cold climate conditions similar to modern Siberia, the surface
waters and shallow groundwater would have been significantly depleted with respect to
modern precipitation in terms of their isotopic composition. The permafrost would have
led to the freezing of discharge areas of shallow aquifers which would inturn have forced
the infiltration of shallow groundwater with light isotopic composition down to the CmV aquifer system. According to the proposed model, this water was subsequently
influenced by freezing and later by mixing with glacial meltwater originating from the
Scandinavian Ice Sheet.
Vaikmäe et al., (2001) put forward the most widely accepted view on the origin of
palaeogroundwater in the Cm–V aquifer system based on a multi-proxy study (δ18OH2O,
δ13CDIC, 3H, 14C, noble gases, total gas content and composition). This states that waters
in the Cm-V aquifer system originate directly from recharge of subglacial meltwater from
the Scandinavian Ice Sheet during the LGM. The configuration of glacial land-forms and
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end-moraines in the study area indicate that the advance of Scandinavian Ice Sheet to its
maximum extent in LGM occurred predominantly from the north-western direction
(Kalm et al., 2011) which would make this part of the aquifer system the recharge area
during glacial meltwater intrusion. The recharge of glacial meltwater to the proglacial
sedimentary aquifer systems in the northern BAB was made possible by the changes in
the distribution of regional hydraulic heads during the advance of the continental ice
sheet (Raidla et al., 2009). Jõeleht (1998) has shown that molten conditions existed under
the Scandinavian Ice Sheet in Estonian territory during the LGM with the imposed
hydraulic gradient increasing to 0.0031 (compared to modern topographically induced
hydraulic gradient of 0.0001-0.0004; Vallner, 1997) making the groundwater flow
reversal possible in the northern part of the BAB. Subsequent studies have revealed that
the groundwater in the Cm–V aquifer system is a mixture of three end-members (glacial
meltwater, relict saline formation water and recent meteoric water; Marandi, 2007;
Raidla et al., 2009). Calculated 14C model ages of glacial palaeogroundwater in the Cm-V
aquifer system suggest that the glacial meltwater recharge was coeval with the advance
and maximum extent of the Scandinavian Ice Sheet in the LGM (~14 to 27 ka BP; Raidla
et al., 2012).
Scarce isotopic data in previous research suggests that glacial palaeogroundwater
originating from glacial meltwater recharge could also be present in the aquifer systems
overlying the Cm-V (Savitski et al., 1993; Savitskaja et al., 1995, 1996a, 1997; Vaikmäe
et al., 2001; Mokrik & Mažeika, 2002; Raidla et al., 2009). The limited amount of
previously published δ18O data from the Ordovician-Cambrian aquifer system (O-Cm)
show that in the northern part of the aquifer system groundwater with depleted isotopic
composition with respect to modern precipitation can be found. Previously reported
δ18O values range from −15‰ to −19‰ (Savitski et al., 1993; Savitskaja et al., 1995;
Vaikmäe et al., 2001; Raidla et al., 2009). Groundwater with δ18O values down to −17‰
and −20‰ has been found from shallower aquifer systems of Silurian-Ordovician (S-O)
and Lower-Middle Devonian (D2-1), respectively (Savistkaja et al., 1996a, 1997 ;
T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, unpublished data, 2018).
The hypothesis of direct subglacial recharge of glacial meltwater into the bedrock
aquifers in the northern BAB and the possibility of subsequent groundwater flow reversal
was recently studied by numerical modelling (Sterckx et al. 2018). In the study glacial
groundwater flow and transport of groundwater δ18O were simulated in two crosssections in NW-SE direction. Several simulations using different subglacial boundary
conditions (duration of the glacial maximum, maximal subglacial hydraulic head, initial
δ18O in meltwater) confirmed that subglacial recharge under the Scandinavian Ice Sheet
is able to explain currently observed δ18O distribution in the northern BAB under wide
range of assumptions. Furthermore, the authors argue that the preservation of glacial
palaeogroundwater in Estonia is mainly controlled by confining layers, proximity of the
outcrop areas of the aquifers and the Baltic Sea. The general pattern emerging from the
simulations was that shallow aquifers were more recharged by glacial meltwater in the
Pleistocene compered to the deeper confined aquifers (e.g. the Cm-V and O-Cm). After
the retreat of the ice sheet, the glacial meltwater was flushed out of the shallow aquifers,
but it was preserved in deeper confined aquifers because meteoric recharge in the
Holocene has not been sufficient to replace it entierly. The numerical modelling results
of Sterckx et al. (2018) are largely in agreement with the empirical data discussed in
Section 4 in this thesis.
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Saline groundwater and brine in the Cambrian aquifer system from central deeper
parts of the basin are probably of considerable age pre-dating the glacial
palaeogroundwater in northern shallow parts of the basin. The origin of these deep
formation waters has been related to relict seawater (Mokrik, 1997; Gerber et al., 2017).
The 81Kr and 4He ages point to the origin of the brine from pre-Quaternary times (Gerber
et al., 2017). In brines from Latvia and Lithuania 81Kr concentrations are below detection
limit (R/Rair = 0.02) indicating water that is older than 1.3 Ma. 4He and 40Ar measurements
suggest even older ages (~5 Ma) for these waters. For brackish groundwater further
north in Southern Estonia 81Kr ages are younger ranging from ~400 to 600 ka (Gerber
et al., 2017). The composition of the latter is influenced by mixing with fresh groundwater
from the northern part of the BAB as manifested in changes in their chemical and isotopic
composition (Raidla et al., 2009; Gerber et al., 2017). The δ18O and δ2H values in brackish
water plot close to the GMWL while the brine in the central part of the BAB plot below
the GMWL (Paper II). This indicates that these brines do not originate from meteoric
recharge. The origin of chloride, which is one of the most important constituents of the
TDS in brines from the central BAB, can be associated with various diagenetic processes
in formation waters such as the dissolution of the late stage evaporates (e.g. halite), the
entrapment and/or infiltration of evaporated seawater or membrane filtration (Kharaka
and Hanor, 2007). There is no evidence for the occurrence of halite in the Lower
Ordovician and Cambrian sedimentary rocks in the BAB. In the absence of evaporates,
the high chloride concentrations found in brines suggest that they have most likely
evolved from evaporated seawater later modified by water-rock interaction. In several
sedimentary basins in North America evidence of brines originating from remnant
evaporated seawater has been found (e.g. Stueber and Walter, 1991; Iampen and
Rostron, 2000). The heavy mean δ18O value of −4.5‰ with respect to modern
precipitation in Na-Cl brines (Babre et al., 2016; Gerber et al., 2017) is close to the value
of 0±2‰ reported by Muehlenbachs (1998) for the ice-free Palaeozoic ocean water. In
addition, values for both the Na+/Cl− and Br−/Cl− ratios in brine are similar to seawater
(Gerber et al., 2017; Paper II). The specific origin of these brines requires further studies.
Mokrik (1997) has suggested that meteoric waters replaced the original connate
seawater within the Cambrian sedimentary rocks during the Middle-Late Cambrian uplift
of the BAB area and the seawater again intruded the sediments during a period from
Ordovician to Devonian when the basin was considerably subsided.
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3 Material and methods
3.1 Geological and hydrogeological setting of the study area
Baltic Sedimentary Basin is a Phanerozoic sedimentary basin that covers the territories
of Estonia, Latvia, Lithuania and parts of Russia, Poland and Belarus (Fig. 3, Mokrik, 1997;
2003; Virbulis et al., 2013). Approximately half of the Baltic Sedimentary Basin is covered
by the Baltic Sea. The total surface area of the basin is about 480000 km2 (Virbulis et al.,
2013). The hydrogeological equivalent of the Baltic Sedimentary Basin is the Baltic
Artesian Basin (BAB) which is a complex multi-layered hydrogeological system.
The thickness of the sedimentary cover reaches up to 5000 meters in the south-western
part of the basin, while the crystalline basement reaches to the surface at its northern
and south-eastern parts (Fig. 3). The northern part of the basin is situated on the
southern slope of the Fennoscandian Shield while the southern part is situated on the
north-western slope of the Belarusian-Masurian Anticline (Zuzevičius, 2010). In the
northern part of the BAB (Estonia and Latvia), the sedimentary cover contains rocks of
Ediacaran to Devonian age which overlie the Paleoproterozoic crystalline basement
(Fig. 3). The crystalline basement gradually slopes towards the south by 2-4 m·km−1.
Previous studies have divided the vertical sequence of groundwater bearing
formations in the BAB into three main hydrodynamic zones based on the
groundwater flow velocity and residence times (Vallner, 1997; Mokrik, 2003). The
uppermost part of the sequence forms an active water exchange zone in which the
infiltration of recent meteoric water predominates. It has been thought previously
that this zone can reach down to the depths of about 400 m. The zone of delayed
(moderate) groundwater exchange is located at depths from 400 to ~1000 m. Below
depths of 1000 m, one can find the stagnant Ca-Na-Cl type brine (Mokrik, 2003). The
Baltic Sea is the main discharge area for the deep artesian groundwater associated with
moderate water exchange zone. The general flow direction of the deep groundwater
in the BAB is directed from the deeper southwestern part of the basin towards the
periphery monoclines (Mokrik, 2003).
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Figure 3. (a) The location and boundaries of the Baltic Artesian Basin (BAB). Contour lines mark the depth of the crystalline basement in meters b.s.l.
The geologic cross-section of the BAB along the line N-S is also shown. Abbreviations: D2-1 aquifer system – Lower-Middle Devonian aquifer system,
D2nr – Middle-Devonian Narva regional aquitard, (b) the close up (grey square) depicting the geological and hydrogeological setting in the northern
part of the BAB (Estonia). (modified from: Juodkazis, 1980; Virbulis et al., 2013; Paper II, IV)

Perens and Vallner (1997) divide the groundwater system in the northern part of the
BAB (Estonia) into three principal hydrostratigraphical units:
1. The Quaternary deposits, which contain local aquifers influenced by
meteorological conditions where a lot of water circulates by the agency of
capillary force or evaporates, in addition to the filtration flow. The main aquifers
are found in glaciofluvial sand and gravel which are the most exploited
Quaternary aquifers in the study area (e.g. Vasavere water intake in EastEstonia) and glaciogenous sediments of loamy-sandy till which cover almost 2/3
of the Estonian territory;
2. The bedrock, which consists of terrigenous and carbonate Palaeozoic and
Proterozoic (Ediacaran) rocks. These rocks form porous, fissured and
occasionally karstified mostly confined aquifers, which are isolated from each
other with aquitards of different isolation capacity. The confined aquifers are
generally part of intermediate and regional flow systems. In the deeper strata
the groundwater is high in TDS (values up to 20 g·L−1; Viigisaar, 1978; EELIS,
2018) and moves very slowly under natural conditions;
3. The crystalline basement, where the water resides in the weathered portion of
the Meso- and Palaeoproterozoic igneous and metamorphic rocks. The water is
high in TDS with values up to 22 g·L−1 (Viigisaar, 1978; Karise, 1997) that is
sporadically almost stagnant in natural conditions. The lower portion of the
crystalline basement serves as an aquiclude for the whole overlying waterbearing formation.
The geology of the northern part of the BAB together with the distribution of main
aquifer systems and regional aquitards is shown in Figure 3b. Taking into account the
topic of the thesis, we next concentrate on hydrogeological characteristics of the major
bedrock aquifers from where the occurrence of glacial palaeogroundwater has been
reported. More detailed overviews of the hydrogeologic characteristics of aquifers and
aquitards in the northern part of the BAB can be found in Perens and Vallner (1997) and
Perens et al. (2012).
In Devonian formation, which is the uppermost Paleozoic sedimentary sequence of
the northern BAB, the glacial palaeogroundwater can be first encountered in aquifers
underlying the Narva regional aquitard (see Section 4). The Narva aquitard consists of
siltstone, dolomite, marl and clay of the Middle Devonian Eifelian Stage with a total
thickness reaching up to 90 meters (Perens and Vallner, 1997). In southern Estonia and
Latvia, this sequence can be viewed as an uppermost effective bedrock aquitard. The
transmissivity in the aquitard varies from 10-5 to 10-4 m·d−1 and in places can have values
as low as 10-6 m·d−1 (Perens and Vallner, 1997). The rocks in the uppermost portion of
the Narva aquitard have water supplying qualities and have been used in water supply in
central Estonia.
The underlying Middle–Lower Devonian aquifer system (D2-1) consists of the waterbearing layers of Middle and Lower Devonian rocks (Lochovian, Pragian and Emsian
Stages) underlying the Narva regional aquitard. It consists of fine-grained weakly
cemented sand- and siltstones with interlayers of clay and dolomitized sandstone
(Perens and Vallner, 1997). The D2-1 aquifer system has a thickness reaching up to 100 m
(Perens and Vallner, 1997). The water in the aquifer system is predominantly confined.
The lateral conductivity of sandstones is mostly 2-6 m·d−1 (on average 3 m·d−1) and
transmissivity of the aquifer system is 50-500 m2·d−1 (Perens and Vallner, 1997; Perens
et al., 2012). The dominant water type of the aquifer system is Ca-Mg-HCO3 water which
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changes gradually to Na-Ca-HCO3 type with depth and has TDS concentrations varying
between 300 to 500 mg·L−1 (Perens et al., 2001). In the southern deeper parts of the
aquifer system brackish Ca-Na- SO4-Cl water is found having the TDS concentrations up
to 4600 mg·L−1 (Perens et al., 2001).
The Silurian–Ordovician aquifer system (S-O) consists of limestone, dolomite and
marls with clayey interlayers of Silurian and Ordovician Systems. These rocks underlie
the Quaternary sediments in northern Estonia and the Devonian sedimentary rocks in
southern Estonia (Fig. 3). The total thickness of the water-bearing rocks can reach up to
400 m. The upper 30 m of the rock matrix is karstified and is extremely cavernous, with
numerous cracks and fissures (Perens and Vallner, 1997). In deeper parts of the rock
matrix, the cracks and fissures are rare, and the S-O aquifer system gradually turns into
an aquitard. The whole Silurian-Ordovician sequence can be viewed as a regional
aquitard at increasing depths (>75 m, Perens and Vallner, 1997). The lateral and
transversal conductivity of the aquifer system is very variable, and the arrangement of
local aquifers and aquitards is often complex. The lateral conductivity ranges from
10-50 m·d−1 in the topmost 20 m, 5-8 m·d−1 at a depth down to 50 m and is only 1-2 m·d−1
at the depth of 50 to 100 m (Perens and Vallner, 1997). The transmissivity is on average
400 m2·d−1 (Perens and Vallner, 1997). Groundwater in the topmost 50 m of the S-O
aquifer system is mainly of Ca-Mg-HCO3 type with TDS concentrations between 300 and
500 mg·L−1 (Perens et al., 2001). In Western Estonian Archipelago which has been subject
higher rates of isostatic uplift in the Holocene, the groundwater is characterized by
higher concentrations of Na+ and Cl− (Mg-Ca-Na-HCO3-SO4 and Na-HCO3-Cl water types)
and by higher TDS concentrations (up to 2000 mg·L−1) as a result of the influence of the
Baltic Sea (Perens et al., 2001). The Na+ and Cl− concentrations also increase with depth
in the S-O aquifer system.
The lower portion of the Silurian and Ordovician sedimentary rocks form a SilurianOrdovician regional aquitard. In the northernmost part of the BAB in northern Estonia,
this aquitard consists of Lower Ordovician (Tremadocian and Floian Stage) limestones,
marls, siltstones, clays and black shale (graptolite argillite), extending ~100 km
southward from Estonia’s northern coast. The Lower Ordovician black shale is
characterized by high abundance of pyrite (on average 2.4–6% of mineral phases) and is
rich in the sedimentary organic matter (total organic content of 15–20%; Petersell, 1997;
Voolma et al., 2013). The whole Silurian-Ordovician sedimentary sequence forms a
regional aquitard at increasing depths >75 m and has a transversal hydraulic conductivity
ranging from 10−9 to 10−4 m·d−1 (Perens and Vallner, 1997; Perens et al., 2012).
The S-O regional aquitard is underlain by the Ordovician-Cambrian aquifer system
which consists of Cambrian and Early Ordovician age sand- and siltstones (Fig. 3).
The thickness of the aquifer system increases from 20-60 m in northern Estonia to ∼120
m in Latvia (Juodkazis, 1980; Savitskaja et al., 1995; Perens and Vallner, 1997). The depth
of the aquifer system strata is 10-20 m below ground surface in northern Estonia and
increases southward to over 1000 meters in Latvia. O-Cm aquifer system merges with
the underlying Cm-V aquifer system in south-western Estonia to form a single Cambrian
aquifer system in the deeper parts of the BAB (Perens and Vallner, 1997). Cambrian and
Lower Ordovician sandstones forming the aquifer matrix are mainly quartz arenites or
subarkoses, with quartz content up to 90% (Raidla et al., 2006). In addition, they contain
accessory phosphorite (authigenic apatite) and are cemented with carbonate minerals
(mainly Fe-dolomite), whose abundance varies from 0 to 29 wt% with an average value
of 3% (Raidla et al., 2006). The average content of pyrite and hematite is close to 1% or
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less (Raidla et al., 2006). Hematite is the most abundant Fe(III)-oxide in the aquifer
matrix, but the occurrence of secondary goethite has also been reported (Mens and
Pirrus, 1997; Raidla et al., 2006). Also, dispersed sedimentary organic matter of
sapropelitic type can be found from the Cambrian sandstones and in the underlying
Lontova clays (total organic matter content of 0.8–2.6%; Raidla et al., 2006). The lateral
hydraulic conductivity of Cambrian and Lower Ordovician sandstones ranges from 0.5 to
3 m·d−1 (Perens and Vallner, 1997; Perens et al., 2012). Transmissivity increases from 25
to 50 m2·d−1 in northern Estonia to a range from 80 to 130 m2·d−1 in southern Estonia due
to the increased thickness of the water-bearing rocks (Savitskaja et al., 1995; Perens and
Vallner, 1997). In northern Estonia several chemical types of water such as Ca-Mg-HCO3,
and Na-HCO3 with the TDS concentrations of 200-500 mg·L−1 have been reported
(Savitskaja et al., 1995; Perens et al., 2001; Paper II). The TDS concentrations increase in
southern and south-western directions where Na-Cl-HCO3 and Na-Cl groundwater with
TDS values >2000 mg·L−1 has been found (Perens et al., 2001). The highest TDS values
from the O-Cm aquifer system are reported from a deep borehole in Ruhnu, southern
Estonia, where TDS values are as high as 20 g·L−1 (EELIS, 2018).
The O-Cm aquifer system is separated from the underlying Cm-V aquifer system by
the Lükati-Lontova regional aquitard which consists of siltstones and clays of the Lower
Cambrian Lükati and Lontova Formations (Terraneuvian Series) that have a transversal
hydraulic conductivity from 10−5 to 10−10 m·d−1 (Perens and Vallner, 1997; Perens et al.,
2012). In western Estonia, this aquitard is laterally replaced by siltstones and sandstones
of the Voosi Formation (Fig. 3b). Here, the aquitard becomes sandier and thinner and its
transversal hydraulic conductivity increases to ≥10−5 m·d−1 (Perens and Vallner, 1997).
The Cm–V aquifer system consists mostly of Ediacaran (Vendian) sand- and siltstones
of the Kotlin Stage with interlayers of clay that lie directly on the Palaeoproterozoic
crystalline basement. The thickness of the aquifer system decreases from 80–90 m in its
north-eastern part to only a few metres in its north-western part (Perens and Vallner,
1997). In eastern Estonia up-to-50m-thick clays of Kotlin Formation with the transversal
conductivity of 10-8 to 10-5 m·d−1 divide the aquifer system into two aquifers: the upper,
Voronka aquifer (V2vr), and the lower, Gdov aquifer (V2gd; Perens and Vallner, 1997).
The former consists of quartzose sand- and siltstone with a thickness of up to 45 m.
The latter is formed of up-to-68m-thick complex of mixed-grained sand- and siltstone
(Perens and Vallner, 1997). The lateral hydraulic conductivities of the Voronka and Gdov
aquifers are on average 2-6 m·d−1 and 5-6 m·d−1, respectively, and decrease in southern
parts of the aquifer system (Perens et al., 2012). Transmissivity of the Voronka aquifer
decreases from 100-150 m2·d−1 in northern Estonia to 50 m2·d−1 and less in southern
Estonia (Perens and Vallner, 1997). The transmissivity of the Gdov aquifer decreases from
north-eastern Estonia (300-350 m2·d−1) in a southerly and westerly direction to
100 m2·d−1 and less (Perens and Vallner, 1997). In northern part of the Cm-V aquifer
system the groundwater is fresh or brackish with a Ca-Na-HCO3-Cl water type and TDS
concentrations from 300 to ~2000 mg·L−1 (Marandi, 2007). In north-eastern and southern
part of the aquifer system brackish water of Na-Cl type with TDS from ~1000 to ~18000
mg·L−1 can be found. These waters are a mixture between fresh groundwater in the
northern part of the aquifer system and relict saline formation water (Marandi, 2007). In
north Estonian coastal areas groundwater with Ca-HCO3 type is found in the vicinity of
the ancient buried valleys filled with Quaternary sediments that cut through the aquifer
matrix. Here fresh groundwater from the overlying aquifers and modern precipitation
can reach the aquifer system. This process has been accelerated by extensive water
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abstraction from the aquifer system starting in the 1970s, that formed large depression
cones in northern Estonia. The TDS concentration of groundwater filling the buried
valleys varies between 200-500 mg·L−1 (Marandi, 2007).
There is lithostratigraphic, biostratigraphic and geochronological evidence for the
occurrence of at least three Pleistocene glaciations in the northern part of the BAB –
Elsterian (480–420 ka BP; MIS 12), Saalian (300–130 ka BP; MIS 6–10) and Weichselian
(110–11.7 ka BP; MIS 2–4) – separated by two major interglacial periods – Holsteinian
(420–300 ka BP; MIS 11) and Eemian (130–110 ka BP; MIS 5, Kalm et al., 2011).
Sedimentary records from older glaciations or from the pre-Quaternary times have not
been preserved in Estonia (Raukas et al., 2004; Kalm et al., 2011). During the Late
Pleistocene, Estonia was ice-free at least between 115 – 68 and 44 – 27 ka BP (Kalm et
al., 2011). The beginning of the Late Weichselian glaciation in Estonia has not been
directly dated, but the available data from areas located more centrally in relation to the
Scandinavian Ice Sheet (e.g. Finland) suggest that the onset may have occurred around
22 ka BP (Ukkonen et al., 2011). The configuration of glacier bedforms and end moraines
in south-eastern Lithuania, northern Belarus and on the Valdai Heights in north-western
Russia indicate that the earliest advance to the most accepted Last Glacial Maximum
(LGM) position was predominantly from the north-west direction (Kalm, 2013).
Maximum thickness of the Scandinavian Ice Sheet during the Late Weichselian ice age
over northern BAB (i.e. Estonian and Latvian territory) reached ~2000 meters (Siegert
and Dowdeswell, 2004). Five major ice-marginal zones (in order of decreasing age:
Haanja, Otepää, Sakala, Pandivere and Palivere) are usually distinguished in Estonia that
mark the retreat of the ice sheet from the area (Kalm et al., 2011). They were formed
either as a result of still-stands of the ice margin or in some cases, as a result of readvances. At a larger scale, the ice-marginal zones in Estonia are sinuous compared to
the next, more northerly, relatively linear Salpausselkä end moraines in southern Finland.
This suggests a gentler slope of the ice sheet during the deglaciation of Estonia when
large ice-stream complexes drained the ice sheet (Kalm et al., 2011). The deglaciation of
the Estonian territory from the Haanja ice-marginal zone to the recession of ice from the
Palivere zone took place in approximately 2000 years from 15 to 13 cal. ka BP (Kalm,
2006; Saarse et al., 2012). In contrast to the older oscillatory phases (Haanja, Otepää,
Sakala, Pandivere), the Palivere ice-marginal zone is clearly of a re-advance character, as
reflected by the distribution of push moraines and by the fact that the older
glaciolacustrine sediments are overlain by glaciofluvial material (Kalm et al., 2011).

3.2 Sample collection and analysis
The fieldwork campaigns for groundwater sampling were conducted in the period from
2013–2016 during which a total number of 227 samples were collected. In 2013 samples
were collected for hydrochemistry, stable isotope composition (δ2HH2O, δ18OH2O, δ13CDIC)
and noble gases in the north-western part of the O-Cm aquifer system (Weissbach, 2014;
Papers II and IV). In 2014 two separate fieldwork campaigns were undertaken. During
the first campaign samples for hydrochemistry and stable isotopes (δ2HH2O, δ18OH2O) were
collected from wells tapping shallow aquifers and from springs (Paper I). During the
second campaign groundwater in the O-Cm aquifer system was sampled in its northern
and north-eastern parts. Samples were taken to study the hydrochemistry and stable
isotope composition of groundwater (δ2HH2O, δ18OH2O, δ13CDIC; Paper II). During the third
fieldwork campaign in 2015 groundwater from both the O-Cm and Cm-V aquifer systems
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was sampled for hydrochemistry, noble gases, 3H, 14C (for dating with the conventional
method) and for a suite of stable isotopes in water and dissolved species (δ2HH2O, δ18OH2O,
δ13CDIC, δ34SSO4, δ18OSO4; Papers III-V). In 2016 two fieldwork campaigns were carried out.
The first concerned the D2-1 and S-O aquifer systems in southern Estonia. Groundwater
samples were taken for the analyses of hydrochemistry, 14C (for dating with the AMS
method) and a suite of stable isotopes in water and dissolved species (δ2HH2O, δ18OH2O,
δ13CDIC, δ34SSO4, δ18OSO4). The second fieldwork campaign in 2016 was carried out for
sampling many of the same wells as in 2015 from the O-Cm and Cm-V aquifer systems to
be analysed for hydrochemistry, 14C dating with AMS method, stable isotopes (δ2HH2O,
δ18OH2O, δ13CDIC) together with the abundance and the stable isotopic composition of
methane and CO2 (δ13CCH4, δ2HCH4, δ13CCO2; Papers III-V). In addition, several samples
measured for the isotopic composition of groundwater discussed in the thesis and the
related papers were collected by the Geological Survey of Estonia during the national
groundwater monitoring programme (Papers I and II).
For further details about sample collection and analysis, the reader is referred to
papers cited above. The general features of both sample collection and analysis for
samples discussed in the thesis are the following. Water samples were collected into
HDPE bottles once pH, electric conductivity values and dissolved O2 levels had stabilised.
The pH, temperature, electric conductivity and dissolved oxygen were measured in the
field using a Hach HQ40dTM multi-parameter digital meter. HCO3− and CO32−
concentrations were measured in the Laboratory of Geological Survey of Estonia using
the titration method (ISO 9963-1) within 48 hours of the sample collection or in the field
using a Millipore MColortestTM titration kit. Major and minor ion concentrations were
measured in the Department of Geology at Tallinn University of Technology using
DIONEX ICS-1100 ion chromatograph. Fe2+ and Mn2+ concentrations for samples
collected in 2016 were determined in the Laboratory for Applied Geology and
Hydrogeology at Ghent University using atomic absorption spectrometry (AAS).
Stable isotope ratios of hydrogen (δ2H) and oxygen (δ18O) in water were analysed in
the Laboratory of mass spectrometry at the Department of Geology, Tallinn University of
Technology using the Picarro L2120-i Isotopic Water Analyzer (Papers I-IV). The δ18OH2O
and δ2HH2O values for samples with TDS>1500 mg·L−1 were measured at the Department
of Climate and Environmental Physics at the University of Bern with Picarro L2140-i
Isotopic Water Analyzer using the online method presented in Affolter et al. (2014;
Papers II and III). For Paper V the stable hydrogen and oxygen isotope measurements of
groundwater were performed at the Institute for Geological and Geochemical Research
in Budapest using the Los Gatos Research LWIA-24d liquid water isotope analyser.
The carbon isotope composition of DIC (δ13CDIC) was determined using a Thermo Fisher
Scientific Delta V Advantage mass spectrometer at the Department of Geology, Tallinn
University of Technology from DIC precipitated as BaCO3 in the field using BaCl2·2H2O
and NaOH (Clark and Fritz, 1997; Papers III and IV). The dissolved sulphate for δ34SSO4 and
δ18OSO4 analysis was precipitated as BaSO4 and measured using a Thermo Scientific Delta
V Plus with Flash HT Plus mass-spectrometer in the Department of Geology at the
University of Tartu (Paper III). Methane concentration and stable isotope data of CH4 and
CO2 (δ13CCH4, δ2HCH4, δ13CCO2) were determined at BGR (Federal Institute for Geosciences
and Natural Resources) in Hannover, Germany using a CF-IRMS (Trace GC coupled to a
MAT 253; Paper V).
The samples for the measurement of radiocarbon activities were collected during two
fieldwork campaigns in 2015 and 2016. In 2015 radiocarbon activities were measured by
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a conventional method in the Radiocarbon Laboratory in Department of Geology at
Tallinn University of Technology. The samples were collected into several vessels with
the total volumes from 150 to 250 L from which DIC was precipitated as BaCO3. The
samples for 14C dating with AMS method were collected into 1 L glass bottles that were
submerged into an overflowing container to minimize the connection to the atmosphere.
These samples were prepared in the University of Heidelberg and measured by AMS
(MICADAS system) at the Curt-Engelhorn-Center Archaeometry in Mannheim (Paper IV).
Tritium samples were measured in the Laboratory of Nuclear Geophysics and
Radioecology at Nature Research Centre at Vilnius, Lithuania (Paper IV). The samples
were counted with electrolytic enrichment using Quantulus 1220 liquid scintillation
spectrometer.
Noble gas samples were collected into copper tubes fixed on the aluminium racks
(Torgersen and Stute, 2013; Paper IV). These copper tubes contained about 20 g of water
and were closed vacuum tight by stainless steel clamps. Noble gas contents (He, Ne) were
determined in at the Institute of Environmental Physics at Heidelberg University with a
GV Instruments MM 5400 mass spectrometer.

3.3 Geochemical modelling
To study the geochemical evolution of groundwater, geochemical modelling was utilized
for calculating saturation states of groundwater with respect to carbonate minerals
(Papers II and IV) and for constructing both forward and inverse models to calculate the
14
C model age (Paper IV). Three geochemical modelling software programs were used:
GWB (Bethke and Yeakle, 2015), PHREEQC (Parkhurst & Appelo, 2013) and NETPATH
(Plummer et al., 1994; El-Kadi et al., 2011). The specific details about geochemical
modelling can be found in Papers II and IV. To arrive at 14C model ages the isotopic and
chemical composition of recharge waters formed in three hypothetical recharge
conditions (modern, interstadial and glacial; Paper IV) were calculated. The applied multistep geochemical modelling concept in PHREEQC was based on the framework
developed by Van Der Kemp et al. (2000) and Blaser et al. (2010). Firstly, the
concentrations of total dissolved inorganic carbon (TDIC), DIC speciation, Ca2+ and pH
were calculated for calcite dissolution in different pCO2, temperature and system
conditions (open, closed). Secondly, this speciation of DIC was used to calculate the δ13C
compositions and initial 14C activities of the recharge waters considering equations
proposed by van der Kemp et al., (2000) and isotopic exchange during dissolution of
carbonate minerals (Mook, 1968; Vogel et al., 1970; Mook et al., 1974; Friedman &
O'Neill, 1977; Paper IV). The value for soil δ13CCO2 was calculated from equation
(van der Kemp et al., 2000; Blaser et al., 2010):
𝛿𝛿 13 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =

𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 ∙�𝛿𝛿 13 𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎 �+(𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 −𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 )∙(𝛿𝛿 13 𝐶𝐶𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 +1000𝑙𝑙𝑙𝑙𝑙𝑙)
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(2)

The explanation of the variables in Eq. 2 and their values are given in Table 1.
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Table 1. Variables used to calculate the value for soil δ13CCO2 in geochemical modelling
exercise with the PHREEQC in Paper IV.
Variable
Explanation
Values
Reference
catm
CO2 concentrations glacial/interstadial conditions:
Leuenberger
in the atmosphere 10−3.70
et al., 1992
−3.55
(ppmV)
Holocene conditions: 10
csoil
CO2 concentrations from 10−3.70 to 10−1.8
Paper IV
in the soil (ppmV)
δ13Catm
δ13C value (‰) of glacial conditions: −6.9
Leuenberger
CO2
in
the interstadial conditions: −6.6‰
et al., 1992
atmosphere
Holocene conditions: −6.5‰
δ13Cprod
δ13C value (‰) of −27‰
Vogel, 1993
biogenically
produced CO2 in the
soil
α
fractionation factor 1.0044
Cerling et al.,
determined by the
1991
relation
of
the
diffusion coefficients
for 12CO2 and 13CO2
To arrive at 14C model ages, series of inverse models were developed using inverse
modelling software NETPATH and its interactive user version NETPATH-WIN (Paper IV).
As initial waters, the composition of hypothetical recharge waters calculated with
PHREEQC was used. For each sample, ~20-30 different models were run in NETPATH with
different recharge waters representing modern, glacial and interstadial conditions.
Models which did not take into account the characteristic processes observed in the
aquifer system (e.g. oxidation of organic matter) were rejected. The models were
evaluated on the basis of consistency with δ13CDIC value and the total dissolved carbon
concentration in the end well. Initial waters from recharge conditions that best
reproduced the measured δ13CDIC value were considered the most plausible for
calculating 14C model ages (Paper IV). For age calculations, the 14C half-life of 5730 years
was used.
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4 Results and discussion
4.1 Isotopic composition of modern precipitation and shallow
groundwater in the BAB area
The isotopic composition of precipitation in the BAB and surrounding areas ranges from
−70‰ to −90‰ for mean annual δ2H values and from −10‰ to −12‰ for mean annual
δ18O values (Fig. 2; Punning et al., 1987; Kortelainen and Karhu, 2004; Terzer et al., 2013;
Skuratovič et al., 2015, IAEA/WMO, 2018; Paper I). The oxygen isotope composition of
precipitation in the northern part of the BAB (Estonia) was first studied during 1982-1985
by Punning et al. (1987) in Tiirikoja, eastern Estonia (Fig. 4). The monthly weighted mean
value of δ18O in precipitation for the period was −10.4‰. The difference between the
highest and lowest monthly δ18O values was 9.1‰ on average. The weighted mean δ18O
values of precipitation in winter and summer months during the observation period were
−13.8‰ and −8.4‰, respectively.

Figure 4. Locations of the Tiirikoja, Tartu/Tõravere and Vilsandi meteorological stations
in Estonia where the isotopic composition of precipitation has been studied (Punning
et al., 1987; IAEA/WMO, 2018) together with the location of the Pandivere Upland
discussed in Papers I-IV. (modified from Estonian Land Board, 2018)
In July 2013 two new GNIP stations were established in the Estonian territory on
Vilsandi Island, western Estonia and in Tartu/Tõravere meteorological station in southern
Estonia (Fig. 4). The precipitation samples have been collected up to present time and
measured in the Department of Geology at Tallinn University of Technology. The Vilsandi
station represents maritime climate in western Estonia close to the central parts of the
Baltic Sea, while Tartu/Tõravere station is located ~120 km inland from the Baltic Sea
coast and exhibits more continental conditions. The monthly weighted mean values for
δ18O in precipitation for the period 2013-2015 were −10.06±0.38‰ and −10.60±0.48‰
for Vilsandi and Tartu/Tõravere stations, respectively (IAEA/WMO, 2018). In Vilsandi, the
weighted mean δ18O values of winter and summer months during the observation period
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were −11.9‰ and −8.4‰, respectively (IAEA/WMO, 2018). In Tartu/Tõravere, the same
values were −13.1‰ and −8.6‰, respectively (IAEA/WMO, 2018). These values agree
well with results reported from Tiirikoja by Punning et al. (1987). The consistency with
Tiirikoja measurements is better for Tartu/Tõravere station which can be explained by
the similar inland location of the two stations (Fig. 4).
The local meteoric water lines (LMWLs) from Vilsandi and Tartu/Tõravere stations is
close to the global meteoric water line (GMWL, Craig, 1961; Rozanski et al., 1993).
The LMWL for Vilsandi station based on the reduced major axis regression (RMA;
Crawford et al., 2014) is (IAEA/WMO, 2018):
𝛿𝛿 2 𝐻𝐻 = 8.3𝛿𝛿 18 𝑂𝑂 + 11.5

(3)

𝛿𝛿 2 𝐻𝐻 = 8.0𝛿𝛿 18 𝑂𝑂 + 8.6

(4)

For Tartu/Tõravere station the LMWL based on RMA is (IAEA/WMO, 2018):

The δ18OH2O and δ2HH2O values in shallow groundwater (depths from 4 to 70 m) of the
northern BAB (Estonia) is in the same range as the variations in modern precipitation
varying from −10.9 to −12.7‰ and from −78 to −91‰, respectively (Paper I). The isotopic
ratios of oxygen and hydrogen in shallow groundwater and springs in Estonia yield the
following regression line using RMA:
𝛿𝛿 2 𝐻𝐻 = 7.7𝛿𝛿 18 𝑂𝑂 + 6.0

(5)

In Paper I, it is shown that in Estonia, the δ18O values of shallow groundwater are
depleted with respect to annual weighted mean values of local precipitation (Punning
et al., 1987; IAEA/WMO, 2018; Fig. 5). Several factors influence the formation of
groundwater isotopic composition, such as climate, local vegetation type, soil type
(moisture storage) and local geological conditions (Gehrels et al., 1998; Gray et al., 2001;
Song et al., 2009; Gleeson et al., 2009; Hayashi and Farrow, 2014) which can explain this
deviation.
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Figure 5. The co-variance of δ18O versus δ2H in groundwater from shallow wells (depths
from 4 to 70 m) and springs together with the annual weighted mean isotopic
composition of precipitation (Tartu/Tõravere and Vilsandi stations) in the northern BAB
(Estonia, IAEA/WMO, 2018; Paper I). The dotted blue line depicts the LMWL in the
Tartu/Tõravere station (Eq. 4). The solid black line depicts the co-variance of δ18O and δ2H
in shallow groundwater (Eq. 5).
It has been shown that vegetative transpiration and evaporation in the Great Lakes
area in North America are capable of transferring 45–70% of the annual precipitation
back to the atmosphere, making it unavailable for recharge (Saxton and McGuinness,
1982; Telmer and Veizer, 2000). Due to the more northern position of Estonia (60°N) with
respect to the Great Lakes area (50°N), the duration of daylight during the vegetative
period is longer here. That is why the proportion of evapotranspiration in the BAB area
should be close to or even higher than 70%. Additionally, it has been shown by numerous
studies (e.g., Maulé et al., 1994; DeWalle et al., 1997; Clark and Fritz, 1997; O’Driscoll
et al., 2005; Earman et al., 2006; Jasechko et al., 2014) that in areas, where snow forms
the essential part of annual precipitation, recharge is seasonally biased towards spring
snowmelt and δ18O values in groundwater may be depleted with respect to annual
weighted mean values in precipitation. In Estonia, a significant proportion of
precipitation accumulates as snow in winter (10–40%; Tooming and Kadaja, 2006) and
the snowmelt in spring together with the enhanced influence of evapotranspiration in
the summer could impact the observed depleted isotopic composition of shallow
groundwater.
In addition to the general depletion with respect to modern precipitation observed in
shallow groundwater, smaller scale spatial variations in the isotopic composition of
shallow groundwater are observed in Estonia reaching up to 1‰ per 50 km for the δ18O
values. These changes are much more abrupt than the spatial changes in δ18O values of
precipitation with distance reported from other flatland areas (e.g., Darling et al., 2003;
Kortelainen and Karhu, 2004). It is observed that in well-drained areas like river valleys,
where surface runoff of floodwater is prevalent, positive anomalies of δ18O values
33

prevail, while in karstified areas the opposite is the case (Paper I). Several negative
anomalies in δ18O values of shallow groundwater occur in karst areas (Paper I).
The phenomenon is especially evident in the Pandivere upland in northeastern Estonia
(Fig. 4), where there are no river or stream networks, and most rain and meltwater can
percolate directly into karst interstices. In spring, rapid snowmelt is often associated with
extensive floods over the frozen soil which enhances surface runoff and inhibits
groundwater recharge. In karst areas, where uncovered deep crevice systems or
depressions occur, the infiltration conditions are better and large amounts of isotopically
depleted floodwater can infiltrate into the subsurface (Paper I).
Several general conclutions can be drawn from the results presented in Paper I. Firstly,
during palaeoclimate and palaeoenvironmental research, one should not assume that
the average δ18O values of shallow groundwater in temperate climates correspond to the
annual mean values in precipitation. The bias between the two values is greater in areas
where important portion of precipitation falls as snow in winter. In addition, the
negligence of the local factors influencing groundwater recharge which cause the
isotopic composition of groundwater to deviate from the isotopic composition of local
precipitation can lead to misinterpretations in palaeoclimatic studies.

4.2 Occurrence of palaeogroundwater in Estonian aquifer systems
In several aquifer systems in the northern BAB, the isotopic composition of groundwater
differs markedly from the values found in modern precipitation and in shallow
groundwater. Several reports from the Geological Survey of Estonia (Savitskaja et al.,
1995, 1996a, 1997) and unpublished data (T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla,
R. Vaikmäe, 2018) show that in areas farther down the groundwater flow paths δ18O
values as light as ~−20‰ can be found even in the shallow D2-1 and S-O aquifer systems
(Figs. 6 and 7). Such light values are already observed at depths as shallow as ~50 m
(Savitskaja et al., 1997). In deeper aquifers of O-Cm and Cm-V underlying the regional
aquitards of S-O and Lükati-Lontova, respectively (Section 2.1), the δ18O values decrease
to values <−20‰ (Vaikmäe et al., 2001; Raidla et al., 2009; Paper II; Figs. 8 and 9).
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Figure 6. Spatial distribution of (a) the isotopic composition of groundwater (δ18O values) and (b) salinity (Cl− concentrations) in the Lower-Middle
Devonian aquifer system (D2-1) in the northern BAB. The lines denote pre-development freshwater head (m.a.s.l.) calculated based on hydraulic head
data reported in Tšeban (1966) and aquired from Konrads Popovs (personal communication, 2016). The hydrochemical and stable isotope data is
from Savitskaja et al. (1996a) and unpublished data (T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, 2018).
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Figure 7. Spatial distribution of (a) the isotopic composition of groundwater (δ18O values) and (b) salinity (Cl− concentrations) in the Silurian part of
the Silurian-Ordovician aquifer system (S-O) in the northern BAB. The lines denote pre-development freshwater head (m.a.s.l.) calculated based on
hydraulic head data reported in Tšeban (1966). The hydrochemical and stable isotope data is from Savitskaja et al. (1996a, 1997, 1998), Vaikmäe
et al. (2001) and unpublished data (T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, 2018).
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Figure 8. Spatial distribution of (a) the isotopic composition of groundwater (δ18O values) and (b) salinity (Cl− concentrations) in the Cambrian and
Ordovician-Cambrian aquifer systems (O-Cm) in the northern BAB. The lines denote pre-development freshwater head (m.a.s.l.) calculated based on
hydraulic head data reported in Tšeban (1966) and Takcidi (1999). The hydrochemical and stable isotope data is from Raudsep et al., (1989), Savitski
et al. (1993); Savitskaja et al. (1995); Takcidi (1999); Vaikmäe et al. (2001); Raidla et al. (2009); Babre et al. (2016); Gerber et al. (2017), Paper II-IV.
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Figure 9. Spatial distribution of (a) isotopic composition of groundwater (δ18O values) and (b) salinity (Cl− concentrations) in the Cambrian and
Cm-V aquifer systems in the northern BAB. The lines denote pre-development freshwater head (m.a.s.l.) calculated based on hydraulic head data
reported in Tšeban (1966) and Takcidi (1999). The hydrochemical and stable isotope data is from Savitski et al. (1993); Savitskaja and Viigand (1994);
Takcidi (1999); Vaikmäe et al. (2001); Karro et al. (2004); Raidla et al. (2009, 2012, 2014); Babre et al. (2016); Gerber et al. (2017), Suursoo et al.
(2017), Paper V.

Groundwater with such a light isotopic composition described above cannot originate
from modern precipitation. The annual weighted mean δ18O and δ2H values for winter
precipitation in Estonia, the accumulation of which provides the main input for
groundwater recharge in spring, range from −11.9 to −13.8‰ and from −85 to −97‰,
respectively (Punning et al., 1987; IAEA/WMO, 2018). In southern Finland, north of the
study area, δ18O values for months where precipitation has fallen solely as snow range
from −10.2 to −21.6‰ and are on average ~−16% (IAEA/WMO, 2018). These values are
heavier than the ones observed in the deeper aquifer systems in the northern BAB.
Furthermore, the isotopic composition of the snowpack does not represent the isotopic
composition of spring snowmelt. The isotopic composition of snow is modified during
melting by evaporation during the sublimation of snow and isotope exchange between
meltwater and the snow (Clark and Fritz, 1997). Both processes lead to enrichment in the
isotopic composition of average snowmelt with respect to the initial isotopic composition
of snow. The isotopic enrichment between the snowpack and the snowmelt at the point
of snowpack exhaustion have been estimated to be in the range from 4 to 5.6‰ for δ18O
values (e.g. Taylor et al., 2001; Ala-aho et al., 2017). Thus, the actual isotopic composition
of snowmelt is probably considerably heavier compared to the weighted mean monthly
values of snow given above. This is supported by isotopic composition of shallow
groundwater shown to be strongly affected by recharge of snowmelt in spring (Paper I)
as its δ18O and δ2H values (from −11.7 to −12.7‰ and from −78 to −91‰, respectively)
are heavier with respect to snow samples collected in GNIP stations in the area. One must
also keep in mind that the shallow groundwater samples in Paper I have not been dated
with tracers providing absolute age estimates and thus may contain groundwater that
does not originate from modern recharge.
The previous discussion suggests that groundwater with isotopic composition strongly
depleted with respect to values found in shallow aquifers is palaeogroundwater that has
recharged in different climatic conditions compared to the present. The most plausible
source for this isotopically light water is the subglacial meltwater recharge from ice
sheets that covered the northern part of the BAB in the Pleistocene (Savitskaja and
Viigand, 1994; Savitskaja et al., 1995, 1996a, 1997; Vaikmäe et al., 2001; Raidla et al.,
2009; Sterckx et al., 2018; Paper II).
The evolution of glacial palaeogroundwater in northern BAB (Estonia) has been
influenced by mixing between groundwater originating from several end-members with
different origin. These include shallow groundwater recharged by modern precipitation,
glacial meltwater, saline formation water from the deeper parts of the aquifer systems
and possibly also from the Baltic Sea (Raidla et al., 2009; Paper II; III; Fig. 10). A similar
multi-component mixing trend has previously been observed in groundwater from the
Canadian Shield also influenced by glacial meltwater recharge (e.g. Clark et al., 2000;
Douglas et al., 2000; Stotler et al., 2012). The described mixing processes can be disclosed
using chloride concentrations and δ18O values that serve as conservative geochemical
tracers in low-temperature systems (Hem, 1985; Geyh, 2000). Based on recurring
advances and retreats of continental ice sheets in the study area during the Pleistocene
(Section 2.1), one can expect that the mixing between groundwater originating from
those end-members has not been simultaneous. The mixing has rather occurred in at
least two separate stages. Firstly, the pre-glacial formation waters were displaced by
fresh groundwater originating from glacial meltwater recharge due to the reversal of
groundwater flow under high hydraulic gradient imposed by the Scandinavian Ice Sheet.
During this stage, the mixing occurred between intruding glacial meltwater and saline
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formation waters in deeper parts of the aquifer systems. Relations between
concentrations of radiogenic 4He and Cl− shown in Paper IV suggest that at least for the
O-Cm aquifer system the mixing end-member for glacial palaeogroundwater has not
been the brine in the central parts of the BAB (cf. Paper II). Rather it seems that glacial
palaeogroundwater has mixed with a brackish groundwater end-member located in
central or southern Estonia that has probably evolved through a long period of mixing
between infiltrating glacial meltwater from previous glaciations and subsequent inflow
of more saline water after the hydraulic pressure exerted by the ice sheets had
dissipated.
The second stage of mixing occurred after the retreat of the Scandinavian Ice Sheet in
the Lateglacial period and the Holocene when the topographically driven flow system
was activated. This initiated the recharge of meteoric waters in the modern recharge
areas. These meteoric waters then mixed with both glacial palaeogroundwater
originating from glacial meltwater recharge but probably also with brackish groundwater
in the southern parts of the basin (Paper II; Fig. 10).
Sterckx et al. (2018) observed that the best fit between the measured and simulated
δ18O values of groundwater in the northern BAB during numerical modelling were
achieved by using less negative estimates for δ18O values (−22.5‰) for the subglacial
meltwater from the Scandinavian Ice Sheet. Although the authors were not able to
preform a proper inverse modelling study, this suggests that groundwater with the
lightest isotopic composition in the northern BAB could have experienced little mixing
after its infiltration.
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Figure 10. Mixing relationships in the northern BAB depicted using conservative tracers
δ18O and chloride. Data is from Raudsep et al. (1989), Savitski et al. (1993); Savitskaja
and Viigand (1994); Savitskaja et al. (1995, 1996a, 1997, 1998); Vaikmäe et al. (2001);
Karro et al., (2004); Raidla et al., (2009, 2012, 2014); Babre et al., (2016); Gerber et al.,
(2017), Suursoo et al. (2017), Papers I-V and unpublished data (T. Martma, J. Ivask,
E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, 2018). The end-member values for δ18O and
chloride are the following: shallow groundwater (−11.7‰, 4 mg·L−1; Paper I), glacial
palaeogroundwater (−23‰, 20 mg·L−1; Raidla et al., 2009; Sterckx et al., 2018; Paper II);
the Baltic Sea in the Gulf of Riga (−7.0‰, 3735 mg·L−1; Fröhlich et al., 1988; Feistel et al.,
2010), formation water (Cm-V: −12.6‰, 9800 mg·L−1; Raidla et al., 2009; O-Cm: −9‰,
11438 mg·L−1; EELIS, 2018; T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe,
unpublished data, 2018; D2-1: −12.5‰, 3740 mg·L−1; Babre et al., 2016). Abbreviations:
Cm-V – Cambrian-Vendian aquifer system; V2vr – Voronka aquifer; V2gd – Gdov aquifer;
O-Cm – Ordovician-Cambrian aquifer system; S-O – Silurian-Ordovician aquifer system;
D2-1 – Lower-Middle-Devonian aquifer system.
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The occurrence of glacial palaeogroundwater in the S-O and D2-1 aquifer systems has
not been studied extensively. As a part of this thesis, new data on the hydrochemical
and isotopic composition of groundwater (δ2HH2O, δ18OH2O, δ13CDIC, δ34SSO4, δ18OSO4, a14C)
were collected from these aquifer systems to study the spatial distribution of
palaeogroundwater and processes that have affected its hydrochemical evolution
(T. Martma, J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, unpublished data, 2018). This
data is, however, still to be published. Below a short summary of the preliminary results
of these studies is given.
Several factors have probably helped to preserve glacial palaeogroundwater in the
S-O and D2-1 aquifer systems. D2-1 aquifer system is covered by a regional aquitard (Narva
aquitard; Section 2.1) with a thickness of up to 90 m (Perens and Vallner, 1997).
The presence of that aquitard could potentially help to preserve glacial
palaeogroundwater in the underlying aquifer system especially in areas farther down the
groundwater flow path (cf. Sterckx et al., 2018). While groundwater in large parts of the
aquifer system has an isotopic composition similar to modern groundwater in the BAB
area (Paper I), the isotopic composition of groundwater farther down the groundwater
flow path in its north-eastern and north-western part is significantly depleted with
respect to it (Fig. 6). Furthermore, the 14C activities in these waters are also very low
being <7 pmC. The glacial palaeogroundwater in the D2-1 aquifer system is mainly of
Na-Cl type and occasionally brackish. This could be related to the fact that most of the
glacial palaeogroundwater can be found in the peripheral parts of the aquifer system
where it can mix with saline formation water (see also Section 2.1; Fig. 6). The higher
salinity of glacial palaeogroundwater located on islands in the Gulf of Riga (Fig. 6) and on
the Baltic Sea coast could also be related to mixing between glacial palaeogroundwater
with seawater during groundwater abstraction (Fig. 10). The role of the Baltic Sea could,
however, be pivotal in preserving the glacial palaeogroundwater in the aquifer system
(Sterckx et al., 2018). The presence of the Baltic Sea and its predecessors in the Holocene
considerably decreased the SE-NW hydraulic gradient and thus decreased the rate of
flushing of the glacial palaeogroundwater from the confined aquifers below it. During the
formation of the Baltic Sea in the Holocene, the discharge area of the aquifer system was
relocated landwards which led to the formation of much steeper hydraulic gradient in
the inland part of the aquifer system. Thus, the glacial palaeogroundwater under the
Baltic Sea became essentially isolated from the modern topographically driven flow
system and could be preserved for over 10 ka in natural conditions without groundwater
abstraction (cf. Hinsby et al., 2001).
Similarly to the D2-1 aquifer system, the majority of waters in the S-O aquifer system
have isotopic composition characteristic to the shallow groundwater in the study area
(Fig. 7). However, in areas farther down the groundwater flow path in the Silurian
carbonate rocks, the isotopic composition of groundwater is depleted with respect to
shallow groundwater decreasing to values characteristic to glacial palaeogroundwater
(δ18O values from −14 to −20‰; Savitskaja et al., 1997; T. Martma, J. Ivask, E. Kaup,
J. Pärn, V. Raidla, R. Vaikmäe, unpublished data, 2018). The lightest values have been
observed in western Estonia and especially on the islands in the Gulf of Riga (Fig. 7). The
preservation of glacial palaeogroundwater in these areas could be related to the Baltic
Sea, similar to the D2-1 aquifer system. As in the latter, the presence of glacial
palaeogroundwater in the S-O aquifer system is supported by the observations of low 14C
activities <12 pmC. A further similarity with the D2-1 aquifer system is that also in the S-O
aquifer system, the groundwater with the lightest isotopic composition has a Na-Cl water
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type and is occasionally brackish indicating possible mixing with seawater during
groundwater abstraction (Fig. 10).

4.3 Palaeogroundwater in the Ordovician-Cambrian (O-Cm) aquifer
system
The Cm-V aquifer system has been the most extensively studied hydrogeological unit in
Estonia due to its significantly depleted isotopic composition and limited mixing with
modern groundwater (see Section 2). Glacial palaeogroundwater also forms a significant
portion of groundwater in the O-Cm aquifer system that overlies the Cm-V aquifer
system. Although groundwater in the O-Cm aquifer system is more influenced by mixing
with post-glacial meteoric recharge, the wider spatial distribution of wells in the O-Cm
aquifer system with respect to the Cm-V aquifer system offers more possibilities to study
the geochemical trends in glacial palaeogroundwater. The studies on the O-Cm aquifer
system form the most important part of this thesis and are covered in Papers II-IV.
4.3.1 Origin of groundwater
Groundwater in the northern part of the O-Cm aquifer system is fresh and characterized
by a wide variety in Cl− concentrations (from 4 to 105 mg·L−1) and in isotopic composition
(δ18O values from −11.2‰ to −22.4‰, Paper II; Fig. 8). Fresh groundwater in the O-Cm
aquifer system is of meteoric origin as illustrated by the δ18O-δ2H co-variance that
defines a line close to the GMWL (Paper II):
𝛿𝛿 2 𝐻𝐻 = 7.9𝛿𝛿 18 𝑂𝑂 + 7.7

(6)

Groundwater with δ18O values in the same range as the observed variation in shallow
groundwater (from −11.7 to −12.7‰, Paper I) are found in the northern Estonian coastal
regions close to the outcrop area of the aquifer system (Paper II; Fig. 8). In these areas
the thickness of the overlying formations is small (<20 m) leading to a more active
exchange with modern meteoric water.
Further south from the outcrop area, the aquifer system is occupied by fresh
groundwater with significantly depleted isotopic composition compared to modern
precipitation (δ18O and δ2H values from −14.3‰ to −22.4‰ and from −104‰ to −169‰,
respectively, Paper II; Fig. 8). The δ18O values of these waters are similar to values that
have been proposed for glacial meltwater of the Scandinavian Ice Sheet during the LGM
(from −19‰ to −25‰, Olausson, 1982; Pitkänen et al., 1999). Furthermore, the values
are also very similar to groundwater from the underlying Cm-V aquifer system (from
−18‰ to −23.5‰) where the occurrence of glacial palaeogroundwater has been well
documented (e.g. Savitskaja and Viigand, 1994; Vaikmäe et al., 2001; Raidla et al., 2009).
This suggests that the isotopically light groundwater in the O-Cm aquifer system is glacial
palaeogroundwater originating from glacial meltwater recharge in the Pleistocene
(Paper II). Waters with the light isotopic composition also occur near the Pandivere
Upland, where the highest hydraulic heads of the aquifer system are observed (Tšeban,
1966; Figs. 4, 8). This observation indicates that the modern hydraulic heads do not
characterize the flow system during the glacial meltwater recharge in the Pleistocene
(Fig. 8, Papers II and III).
About 400 km southward from the northern coastal areas of Estonia Na-Cl type brine
is found in the Cambrian aquifer system (merged Cm-V and O-Cm aquifer system, see
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Section 2.1) in Latvia with Cl− concentrations and δ18O values up to ~80000 mg/L and
~−4.5‰, respectively (Takcidi, 1999; Babre et al., 2016; Gerber et al., 2017). The salinity
of groundwater decreases in northerly directions and brackish Na-Cl waters appear in
the O-Cm aquifer system in southern Estonia (Fig. 8, Papers II and III). The δ18O values
also decrease from a mean value of −4.5‰ in brine to minimum values of −17.6‰ in
brackish waters (Fig. 8, Papers II and III). 81Kr ages calculated by Gerber et al. (2017) show
that the brackish Na-Cl waters have long residence times (~500 ka) but are much younger
compared to brines in the central parts of the basin (with ages >1.3 Ma). Thus, these
brackish waters have probably evolved through mixing between intruding glacial
palaeogroundwater and the saline formation water that occupied the aquifer system
prior to the glacial meltwater intrusion (Paper II).
4.3.2 Geochemical evolution of groundwater
Carbonate mineral dissolution
In addition to simple mixing between waters of different origin (see Section 4.2), several
types of water-rock interaction have influenced the geochemical evolution of
groundwater in the O-Cm aquifer system. The most important of these are the
dissolution of carbonate minerals (calcite, Fe-dolomite), cation exchange, and oxidation
of organic matter.
The Ca2+ and Mg2+ activities suggest that groundwater in the O-Cm aquifer system is
mainly in equilibrium with respect to calcite and slightly undersaturated with respect to
dolomite (Papers II, IV). This shows that the groundwater is buffered by dissolution of
carbonate minerals through the incongruent dissolution of dolomite where calcite is
precipitated as dolomite is dissolved (Paper IV). Cambrian and Lower Ordovician
sandstones are weakly cemented with authigenic carbonate minerals such as Fe-rich
dolomite and calcite with an average content of 3 wt.% and 1 wt.%, respectively (Raidla
et al., 2006). Additionally, the intruding glacial meltwaters could have been in contact
with the overlying Ordovician and Silurian carbonate rocks dominated by calcite (Paper
IV). It has been argued that carbonate rocks could have acted as important pathways for
transmission of glacial meltwater into the subsurface (e.g. Grasby and Chen, 2005;
McIntosh et al., 2006, 2011).
It is evident that in waters with different origin the carbonate mineral dissolution has
commenced under different conditions. In glacial palaeogroundwater higher Ca2+ and
HCO3− concentrations coincide with lower pH values, which is in contradiction to the
expected pattern where pH rises together with progressing dissolution of carbonates
(e.g. Garrels and Christ, 1965; Langmuir, 1971; Deines et al., 1974). This phenomenon
can be related to recharge conditions for waters originating from glacial meltwater
recharge. The initial dissolution of carbonate minerals would have depended on the
concentration of CO2 that was acquired by the recharging glacial meltwater. The high
partial pressures of CO2 in modern groundwater are mostly derived from the soil zone
where bacterial oxidation of vegetation can raise the pCO2 value from the modern
atmospheric value of 10−3.4 to 10−1 atm (Clark and Fritz, 1997). Groundwater originating
from glacial meltwater recharge would have carried less carbon dioxide than modern
waters due to the fact that the pCO2 in soils overlain by a continental ice sheet would
have been lower (Paper II). However, the pCO2 values in these soils were probably higher
than in the atmosphere as pCO2 in glacial meltwater in the margins of modern ice sheets
and glaciers in Greenland and Svalbard ranges from 10−2.4 to 10−3.2 atm (Souchez et al.
1993; Wadham et al., 2004; Ryu and Jacobson 2012). These elevated pCO2 pressures with
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respect to atmospheric pCO2 in glacial meltwaters have been related to subglacial
microbial metabolism and organic matter originating from vegetation and soils
overridden by ice sheets (Sharp et al. 1999; Tranter et al. 2002, 2005; Bhatia et al. 2010;
Boyd et al. 2010; Wadham et al. 2008; Montross et al. 2013).
Paper II shows that a clear relation exists between HCO3− and δ18O values in the O-Cm
aquifer system with waters having the lightest isotopic composition also having the
lowest HCO3− concentrations. Geochemical modelling has shown that the evolution of
glacial palaeogroundwater with the lightest isotopic composition is most consistent with
carbonate mineral dissolution in closed system conditions, which is the most plausible
scenario for subglacial recharge conditions under a continental ice sheet (Paper IV). The
geochemical evolution of groundwater with modern isotopic composition and glacial
palaeogroundwater influenced by mixing with a recent meteoric end-member is more
consistent with calcite dissolution in open system conditions which is a plausible scenario
for periods when the continental ice sheets had retreated from the study area (Paper IV).
In closed system conditions, the saturation with respect to carbonate minerals is reached
at lower HCO3− concentrations and higher pH values compared to carbonate mineral
dissolution in open system conditions (Langmuir, 1971). This can explain the observed
inverse relationship between HCO3− and δ18O values in the O-Cm aquifer system.
Cation exchange reactions
The Na+ and Cl− relations show that the brackish Na-Cl waters from the southern part of
the aquifer system plot close to the seawater dilution line (SDL), while fresh groundwater
from the northern part of the aquifer system deviates from this relation having Na+/Cl−
values which exceed the marine values (Paper II). The surplus of Na+ over marine
concentrations can be associated with the silicate mineral dissolution (e.g. albite) or
cation exchange reactions (e.g. Toran and Saunders, 1999; Appelo and Postma, 2005).
Albite is present as an accessory mineral (<5 wt.%) in the Cambrian and Lower-Ordovician
sandstones (Raidla et al., 2006). However, due to very slow kinetics of albite dissolution
in the low-temperature conditions (from 7.5°C to 15°C) and at low pH from 7.0 to 8.5
encountered in the O-Cm aquifer system, the silicate mineral dissolution is extremely
slow and can be considered a negligible source of Na+ in the aquifer system (Appelo and
Postma, 2005; Zhu 2005; Paper II).
The Na+ surplus and a characteristic Na-HCO3 water type of glacial palaeogroundwater
is rather related to cation exchange reactions. The Cambrian and Lower Ordovician
sandstones forming the aquifer matrix together with the over- and underlying formations
contain various minerals with notable cation exchange capacity (Appelo and Postma,
2005) such as illite, illite-smectite, chlorite, glauconite and kaolinite (Kirsimäe and
Jørgensen, 2000; Raidla et al., 2006; Voolma et al., 2013). The cation exchange reactions
in the O-Cm aquifer system are of the freshening type, where fresh groundwater
containing Ca2+ as the dominant cation enters the pore water solution with higher salinity
and Na+ as the dominant cation (Appelo and Postma, 2005). In the exchange sites, Na+ is
replaced by Ca2+ that has a greater affinity for sorption. Na+ is subsequently released to
the pore water solution and the Na-HCO3 water type develops. The freshening of aquifers
due to recharge of glacial meltwater and the emergence of a related Na-HCO3 water type
has previously been reported from various sedimentary basins in North America
(e.g. Siegel, 1989; McIntosh and Walter, 2006; Ferguson et al., 2007).
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Oxidation of organic matter and the redox zonation in the aquifer system
Groundwater in the O-Cm aquifer system is anoxic as both O2 and NO3− concentrations
are below the detection limit (<0.2 mg·L−1 and <1.8 mg·L−1, Paper III). In terms of
concentration Fe2+ and SO42− are the most important redox-sensitive dissolved
substances in the aquifer system (Paper III). CH4 is also present in large areas at the
northern part of the aquifer system. Higher CH4 concentrations are found in areas with
low SO42− concentrations and also in the deeper southern parts of the aquifer system.
The distribution of redox-sensitive dissolved substances in the aquifer system is
unusual with respect to the modern groundwater flow patterns, as the conditions in the
modern recharge area (the Pandivere Upland) are more strongly reducing than in areas
farther down the groundwater flow path (Paper III). In the modern recharge area, low
concentrations for both SO42− (<5 mg·L−1) and Fe2+ (<0.5 mg·L−1) are observed together
with the presence of CH4 suggesting that the sulphate reduction has run close to
completion. This inference is supported by the fact that the concentrations of Fe2+ tend
to decrease in a sulphate reducing zone due to precipitation of iron-sulphides
(e.g. Jakobsen and Postma, 1999; Hansen et al., 2001; Appelo and Postma, 2005; Park et
al., 2006; Jakobsen and Cold, 2007). The sulphate concentrations increase (>5 mg·L−1)
and CH4 concentrations decrease farther down the groundwater flow path (Paper III).
The relations between SO42− and Cl− together with the isotopic composition of sulphate
(∆18OSO4-H2O from +20.5 to +31.1‰ and ∆34SSO4-H2S value of 47.9‰) point to the fact that
in these waters farther down the groundwater flow path, elevated sulphate
concentrations do not originate from mixing with saline waters having high
concentrations of SO42− (Paper III). Rather, sulphate in the glacial palaeogroundwater
originates from pyrite oxidation by O2 in infiltrating glacial meltwater (Raidla et al.,
2012, 2014) that has been subsequently reduced during bacterial sulphate reduction
(Paper III). Brackish groundwater in the southern deeper parts of the aquifer system has
sulphur and oxygen isotope systematics of sulphate that suggests an origin from mixing
with saline formation waters from the deeper parts of the BAB.
Higher CH4 concentrations in the modern recharge area where SO42− reduced zone is
established suggest, that this part of the aquifer system has already evolved to
methanogenic conditions (Paper III). Lower CH4 concentrations farther down the
groundwater flow path where SO42− concentrations are higher, may rather be related to
transport processes than to active CH4 production. The available stable isotopic data of
CH4 support the ongoing methanogenesis in the aquifer system (Paper III). Methane near
the SO42− reduced zone with δ13CCH4 values lower than −60‰ can be attributed to a
bacterial origin (Whiticar, 1999) and the comparison between δ13CCO2 and δ13CCH4 values
indicates carbonate reduction as the main methanogenic pathway (Paper III). Methane
with a heavier isotopic composition is found farther down the groundwater flow path in
areas where the SO4-reduction is still ongoing (Voitov et al., 1983; Pihlak et al., 2001;
Paper III) and seems to represent methane transported from more reducing conditions
that has been subsequently oxidized.
The observed redox zonation where more strongly reducing conditions are
encountered near the modern recharge area, suggests that this zonation has not
developed as a response to the modern hydraulic head gradient. Rather, it can be
suspected that the observed redox zonation largely follows groundwater flow patterns
established in the Pleistocene (Paper III). However, the isotopic and chemical
composition of groundwater suggests that glacial palaeogroundwater has still been
influenced by mixing with a more recent meteoric end-member (Papers II, III). Thus, the
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influence of post-glacial recharge conditions cannot be ruled out in explaining the
strongly reducing conditions surrounding the modern recharge area. Indeed, the
groundwater in the overlying S-O aquifer system becomes progressively depleted in
higher free energy electron acceptors (NO3−; Fe3+) with depth during the vertical
movement of groundwater through the Silurian and Ordovician carbonates that contain
various types of sedimentary organic matter (Paper III). When these higher free energy
electron acceptors become unavailable, SO42− is left for bacteria to be utilized for
oxidation of organic matter. Consequently, recharging groundwater has the potential to
evolve towards low SO42− concentrations and the dissolved sulphate can become
enriched in 34S. As the redox potential decreases, methanogenesis is initiated as all higher
free energy electron acceptors have already been consumed during the vertical
movement of groundwater into the aquifer system.
The areas farther down the groundwater flow path are less influenced by post-glacial
groundwater recharge. Here, the ongoing SO42− reduction could be sustained by the
diffusive transport of both the fermentation products of organic matter as well as SO42−
from the adjacent aquitards into the aquifer system (Paper III). According to the
interpretation provided above, the extent of a SO42−-reduced zone near the modern
recharge area could represent the extent to which the post-glacial topographically driven
recharge has influenced the O-Cm aquifer system. The spatial extent of this zone is in
general agreement with the proposal by Vallner (1997) which states that under the
modern hydraulic gradient groundwater could have flowed only 30–40 km along the
groundwater flow path during the last 10000 years in the O-Cm aquifer system. Overall,
the unusual distribution of redox zones with respect to modern recharge area shows the
presence of two different flow systems in the O-Cm aquifer system: 1) modern flow
system which is manifested in recharge of modern meteoric water through the overlying
carbonate formation in the outcrop area and the modern recharge area, and 2) flow
system established in the Pleistocene where the recharge of glacial meltwaters occurred
at the northern/north-western margin of the aquifer system under a high hydraulic
gradient imposed by an advancing ice sheet. The study of the redox zonation has shown
that the time elapsed since the termination of Late Weichselian glaciation has been too
short for the O-Cm aquifer system to reach an equilibrium with post-glacial flow
conditions. As an aquifer system containing glacial palaeogroundwater, it is still in a
transient state after the ice sheet retreated more than 10 ka ago (cf. Bense and Person,
2008; Rousseau-Guentin et al., 2013; Paper III).
The δ13CDIC values of glacial palaeogroundwater in the O-Cm aquifer system (from
−7.0‰ to −15.5‰; Paper III, IV) are enriched in 13C with respect to values found in
organic matter from adjacent aquitards and the aquifer matrix (δ13Corg from −20‰ to
−32‰; Bityukova et al., 2000; Mastalerz et al., 2003; Kosakowski et al., 2017; Johnson
et al., 2017; Paper III), showing that the occurrence of organic matter oxidation has not
been the dominant process in its hydrochemical evolution. The δ13CDIC values in glacial
palaeogroundwater from the underlying Cm-V aquifer system are much lighter (δ13C
from −11.5‰ to −22‰, Raidla et al., 2012, 2014). It has been suggested that these light
carbon isotope signatures reflect that an important portion of DIC is derived from
oxidation of organic matter (Raidla et al., 2012). If we suppose that the light δ13CDIC was
characteristic to pristine glacial palaeogroundwater in the BAB, the enriched δ13CDIC
values in the O-Cm aquifer system suggest that this glacial palaeogroundwater has gone
through significant geochemical changes after its infiltration through processes such as
carbonate mineral dissolution and cation exchange (Paper III).
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4.3.3 Dating of groundwater
Activities of age tracers (14C and 3H) suggest that groundwater in the O-Cm aquifer system
is of considerable age (Paper IV). Only waters with a chemical and isotopic composition
similar to modern groundwater in shallow aquifers have tritium activities above
detection limit (>0.2 TU) reaching 1 TU (Paper IV). In glacial palaeogroundwater where
the isotopic composition of groundwater is depleted with respect to modern
groundwater, the tritium activities remain below the detection limit indicating that
modern groundwater component recharged during the last 50 years is missing in these
waters (Paper IV). 14C activities (a14C) of glacial palaeogroundwater are also very low
being generally <5 pmC and yielding conventional ages >25000 14C years (Paper IV). The
14
C model ages of groundwater in the O-Cm aquifer system were calculated using
geochemical modelling (Section 3.3, Paper IV). The plausibility of these age estimates
was evaluated by using a multi-tracer approach that looked at radiogenic 4He
concentrations and hydrochemical and isotopic composition of groundwater in
conjunction with 3H and 14C activities (Paper IV).
The composition of initial waters (a14Crecharge, δ13Crecharge, pH, DIC concentrations) used
in the inverse modelling exercise was modelled with PHREEQC (Parkhurst and Appelo,
2013) in three hypothetical recharge conditions: modern, glacial and interstadial (Paper
IV). The three hypothetical groups of initial waters characterize recharging groundwater
at the point when they arrive in the saturated zone. The composition of these initial
waters was calculated by considering the dissolution of calcite (the most abundant
mineral in the strata overlying the aquifer system) in different system conditions
(isotopically and chemically open, chemically open and isotopically closed and chemically
and isotopically closed), pCO2 values and temperature. The values of the
abovementioned parameters for all considered recharge conditions are summarized in
Table 2 and the results are reported in Paper IV. In the following inverse modelling
exercise with NETPATH, the phases and chemical reactions were chosen based on the
hydrochemical evolution of groundwater in the O-Cm aquifer system outlined in Papers
II–IV.
Table 2. The system conditions (open - isotopically and chemically open; open/closed chemically open and isotopically closed; closed - isotopically and chemically closed), pCO2
values and temperature range considered in calculating initial water compositions with
the PHREEQC.
Recharge
Temperature (°C)
pCO2 (atm)
System conditions
conditions
Glacial
2
10−3.2–10−2.4
closed
Interstadial/Early
2–4
10−3.7–10−2.6
open;
Holocene
open/closed;
closed
−2.5
−1.8
Modern
6
10 –10
open;
open/closed;
closed
Besides the uncertainties of initial a14C activities in recharge waters and in the dilution
of this initial 14C activity by physical and chemical processes, a critical issue in 14C dating
concerns possible contamination of the original 14C signal with atmospheric 14C during
sampling and sample preparation. To check for this possible contamination in samples
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collected from the O-Cm aquifer system, the initial set of activities collected in volumes
up to 250 L to be measured with the conventional method were complemented by
parallel 14C samples measured by AMS. For waters with the modern isotopic composition
the activities measured by AMS were in the same range compared to samples collected
with the conventional method (Paper IV). For glacial palaeogroundwater the 14C activities
in samples measured by AMS were in many cases ~1 to 3 pmC lower (Paper IV) suggesting
that some samples collected with conventional method were subject to contamination
with atmospheric CO2. The differences between the two measurements were greater for
brackish groundwater with higher TDS. However, for several samples of glacial
palaeogroundwater the a14C measured with the two methods were very similar
(±0.3 pmC; Paper IV) showing that some influence of contamination during sampling or
sample preparation is also possible for samples measured by AMS (cf. Aggarwal et al.,
2014). Thus, the a14C ages calculated in this study should be considered minimum age
estimates for the studied waters as the largest effects of contamination on the 14C model
age calculations occur in the low activity range of 14C (<5 pmC) characteristic for waters
considered in this study.
The calculated 14C model ages of groundwater in the O-Cm aquifer system were on
average ~20 ka BP younger than conventional ages (Paper IV) showing the significance
of geochemical reactions in diluting the original 14C activity in the O-Cm aquifer system.
Groundwater with an isotopic composition similar to modern groundwater end-member
(δ18O from −11.3‰ to −11.9‰) containing tritium can be considered modern in age as it
was characterized by negative average model ages within modern recharge conditions.
Negative ages can reflect the fact that the a14C of the last 60 years has been considerably
higher than the value of 100 pmC used for atmospheric a14C in this study (cf. Toth and
Katz, 2006).
Geochemical evolution of glacial palaeogroundwater with the lightest isotopic
composition (δ18O from −17.7‰ to −22.4‰) from the north-western part of the aquifer
system was consistent with closed system evolution of recharge waters in glacial
conditions. The average 14C model ages of these waters ranged from ~10 ka BP to 14 ka
BP (Paper IV). These estimates roughly coincide with the deglaciation of the study area
in the Lateglacial period (Kalm, 2006; Saarse et al., 2012). Although it is generally
assumed that the recharge of glacial meltwater should occur during the advance of an
ice sheet (e.g. Lemiaux et al., 2008; McIntosh et al., 2011), favorable conditions for glacial
meltwater recharge are also encountered during is retreat as the most active glacial
meltwater production and its transport to the bed occurs near the ice sheet margin
(Vidstrand et al., 2013). In addition, during deglaciation of the northern part of the BAB
re-advances of the Scandinavian Ice Sheet occurred the most famous of which was the
re-advance during the Palivere stage from ~14.7 to 12.7 ka BP ago (Kalm, 2006). Palivere
end-moraines related to the ice sheet re-advance are situated in north-western part of
the study area and their age agrees with the 14C model ages of glacial palaeogroundwater
in these parts of the O-Cm aquifer system (Kalm, 2006; Lasberg and Kalm, 2013; Paper
IV). In addition, there is evidence of palaeogroundwater originating from the end of the
LGM from various locations in the BAB and adjacent areas (Section 2.2; Fig. 2).
Glacial palaeogroundwater from the north-eastern parts of the aquifer system was
previously interpreted to be a mixture between groundwater originating from glacial
meltwater and modern precipitation end-members (Paper II). However, these waters
have calculated 14C model ages ranging from ~14 to 22 ka BP. These ages lie closer to the
period of maximum extent of the Scandinavian Ice Sheet in the Late Weichselian rather
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than to the Holocene when the mixing with more recent meteoric waters could have
occurred. Moreover, inverse modelling for these waters gave the most consistent results
with initial waters evolved in chemically open and open/closed system conditions under
interstadial recharge conditions (Paper IV). This together with the calculated 14C model
ages make these waters potentially older than glacial palaeogroundwater farther down
the groundwater flow path with more depleted isotopic composition. It suggests that
even if glacial palaeogroundwater from the north-eastern parts of the aquifer system is
influenced by mixing with recent meteoric water, it still contains an important
component of water recharged in interstadial conditions prior to the LGM.
Brackish groundwater in deeper parts of the aquifer system (Type IV) has been shown
to have 81Kr ages significantly older (~500 ka; Gerber et al., 2017) compared to the
average calculated 14C model ages of ~22 ka BP (Paper IV). Three of the five brackish
water samples dated in this study have a 14C model age >25 ka BP and can be considered
to lie beyond the 14C dating range in agreement with the old 81Kr ages (Paper IV).
The geochemical evolution of brackish waters is also most consistent with recharge
waters evolved in interstadial recharge conditions. Due to their considerable 81Kr age,
they have probably been influenced by groundwater flow reversals during several
advance and retreat cycles of the Scandinavian Ice Sheet and could also contain a
meteoric component from previous interglacials (Gerber et al., 2017).
The proposed pattern of 14C model ages for glacial palaeogroundwater in the O-Cm
aquifer system is in general agreement with the accumulation of radiogenic 4He in the
studied waters (Paper IV). The dissolved 4He in the O-Cm aquifer system is dominantly of
radiogenic origin as its 3He/4He and He/Ne ratios plot very close to the crustal endmember (Paper IV). In situ 4He accumulation rates in Cambrian sandstones are up to 5
magnitudes lower compared to the accumulation of 4He through the crustal flux of
3.4·10−6 cm3STPcm−2a−1 (Oxburgh and O’Nions 1987). However, very high 4He
concentrations in brackish groundwater seem to originate from mixing with deep saline
formation water (Paper IV). Thus, due to mixing effects, the groundwater in the O-Cm
aquifer system cannot be viewed to have a single well-defined age. Rather, the studied
samples seem to contain fractions of differing ages. One must take into account, that
while the 14C model ages date the meteoric component (precipitation, glacial meltwater)
of groundwater, the radiogenic 4He component mostly depends on mixing with older
saline groundwater (cf. Gerber et al. 2017; Paper IV). In the future an attempt should be
made to date the groundwater in the aquifer system with more reliable age tracers
(e.g. 81Kr) to better constrain the groundwater age and 4He accumulation. However,
despite the difficulties described above, the dating of groundwater in the O-Cm aquifer
system allowed to identify groundwater originating from three different climatic periods:
(1) the Holocene (0–10 ka BP); (2) the LGM (~10–22 ka BP) and (3) the pre-LGM period
(>22 ka BP).
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4.4 Important aspects concerning the management of glacial
palaeogroundwater in Estonia
4.4.1 The occurrence of glacial palaeogroundwater in the light of previous
understanding of groundwater flow and budget in Estonia
A wide occurrence of glacial palaeogroundwater in Estonia has important implications
for groundwater abstraction and management in the area. Glacial palaeogroundwater is
essentially a non-renewable resource within the time-frame of human activities. Nonrenewable groundwater can be defined as groundwater resource available for
abstraction which has a low current rate of annual renewal but a large storage capacity
(Margat et al., 2006). Generally, there is a lack of awareness by policy makers in Estonia
about the occurrence of glacial palaeogroundwater and its spatial extent. The presence
of palaeogroundwater has only received slight attention in groundwater management
and related legislation (e.g. Vee erikasutusõiguse…, 2014; Andresson et al., 2018). There
is a considerable risk that groundwater balances in Estonia are not properly understood,
and that groundwater withdrawals could exceed the actual replenishment of aquifers
containing glacial palaeogroundwater. This could lead to overexploitation of
groundwater. Essentially, glacial palaeogroundwater resources are being mined similarly
to mineral resources (Clark and Fritz, 1997; Edmunds, 2001). Mining of non-renewable
groundwater could lead to depletion of aquifer reserves to a degree that they will not be
available for the future strategic use (Margat et al., 2006; WMO 2012).
A widespread view in the literature concerning groundwater flow and groundwater
budget in Estonia holds that all aquifer systems receive some degree of modern recharge
(e.g. Vallner, 1997, 2003; Karise et al., 2004; Perens et al., 2012). For example, Vallner
(1997) suggests that about 150000 m3·d−1 or ~4% of groundwater reaching the bedrock
aquifers from the overlying Quaternary cover recharges the O-Cm aquifer system. About
1/3 of this volume is deemed to reach the underlying Cm-V aquifer system as leakage
through the Lükati-Lontova regional aquitard. It cannot be disputed that in all aquifer
systems except the Cm-V, the modern hydraulic heads are controlled by topographicallydriven groundwater flow and are in equilibrium with present day conditions (Tšeban,
1966; Perens and Vallner, 1997; Vallner, 2003; Perens et al., 2012; Sterckx et al., 2018,
Figs. 6–9). This is further supported by the fact that there are no abnormal pressures
observed in aquifers from the the northern BAB today (Sterckx et al., 2018).
However, this does not mean a priori, that the groundwater in the confined aquifer
systems in Estonia has reached an equilibrium with modern flow conditions with respect
to its composition. On the contrary, the hydrochemical and isotopic composition of
groundwater in the O-Cm, D2-1 and S-O aquifer systems show that parts of these aquifer
systems are still dominated by flow conditions induced upon them by the Pleistocene
glaciations. Previous studies have shown that the time after the end of the LGM has been
too short for aquifer systems in previously glaciated areas to attain equilibrium with
modern recharge conditions. Gerber et al. (2017) have estimated that a time of ~50 ka is
needed for the deep Cambrian aquifer system to reach a new steady state with respect
to post-glacial hydraulic conditions while Bense and Person (2008) show that the aquifers
influenced by glaciations in sedimentary basins of North America have probably never
reached a steady state during the advance and retreat cycles of ice sheets in the
Pleistocene.
The chemical and isotopic composition of groundwater in the O-Cm, D2-1 and S-O
aquifer systems suggests that the vertical extent of the active water exchange zone in
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Estonia can be less extensive than previously thought. Based on hydrodynamic
modelling, Vallner (1997) states that the active water exchange zone reaches down to
250 meters below sea level in Estonia. According to this estimate, all aquifer systems
overlying the Lükati-Lontova regional aquitard in northern Estonia and all aquifer
systems overlying the S-O regional aquitard in southern Estonia belong to the active
water exchange zone. While the influence of modern recharge is clear near the recharge
areas of D2-1 and S-O aquifer systems and near the outcrop area of the O-Cm aquifer
system, the composition of groundwater suggests that the depth of active water
exchange zone in these aquifer systems is highly variable. For example, isotopic
composition and dating of groundwater in the O-Cm aquifer system suggest that the
active water exchange zone in its northern margin is confined to depths <30 m (Papers II
and IV). In the D2-1 and S-O aquifer systems groundwater with isotopic composition
significantly different from modern precipitation and shallow groundwater can be found
in areas farther down the groundwater flow path at depths of ~50 and ~60 m,
respectively (Savitskaja et al., 1996a, 1997, 1998; Vaikmäe et al., 2001; T. Martma,
J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, unpublished data, 2018). These depths
suggest that the extent of the active water exchange zone can be confined to very
shallow depths in certain areas. The parts of O-Cm, D2-1 and S-O aquifer systems
containing glacial palaeogroundwater rather belong to a zone of passive water exchange
together with the Cm-V aquifer system according to the classification of Vallner (1997).
Currently, the estimations of groundwater budget and the rate of modern infiltration
into the aquifer systems in Estonia rely on the results of hydrodynamic modelling that
have only been calibrated against observed hydraulic heads or base flow but not against
solute transport or age estimations (e.g. Vallner, 2003). The results of this thesis suggest
that the zone where active exchange with modern infiltration takes place and renewable
groundwater is formed does not reach as deep as previously thought. Quantitative dating
of groundwater with absolute age tracers has only been attempted in the Cm-V and
O-Cm aquifer systems (Raidla et al., 2012; Paper IV). In the light of the isotopic and
chemical composition of groundwater in the shallower D2-1 and S-O aquifer systems, it is
critical that quantitative dating of groundwater is also carried out in these aquifer
systems and that the results of hydrodynamic modelling and groundwater budget
calculations are critically evaluated with respect to these estimates.
In addition to traces of glacial palaeogroundwater discovered in the D2-1 aquifer
system and the Silurian part of the S-O aquifer system, there are other aquifers in the
northern part of the BAB that could host glacial palaeogroundwater. There is
hydrochemical evidence which points to a slow recharge through the Pandivere Upland
in north-eastern Estonia (Papers II-IV). This suggests that groundwater in the deeper
aquifers in the Ordovician carbonate rocks (below the fractured zones at depths >75 m;
Perens and Vallner, 1997) could not be of modern origin but recharged at earlier periods
in the Holocene or in the Pleistocene.
The study of the age and origin of these waters is critical for the understanding of the
hydrological system in Estonia. Currently, the Pandivere Upland is seen as a major
recharge area in northern Estonia that drives modern infiltration waters down to at least
the O-Cm aquifer system (e.g. Perens and Vallner, 1997; Vallner, 2003; Perens et al.,
2012; Figs. 3, 4). The fact that glacial palaeogroundwater containing a fraction of
palaeogroundwater originating from pre-LGM recharge has been found in the O-Cm
aquifer system below the Pandivere Upland challenges this assumption. If it were to be
the case that the active water exchange zone in the Pandivere area would be constrained
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to the shallow depths in the Ordovician carbonate rocks, this would dramatically
decrease the volume of groundwater in north Estonian aquifers that could be deemed
renewable in human timescales.
Several problems encountered in groundwater management in Estonia in recent
decades can be related to the fact that groundwater budgets are not properly
understood and the occurrence of glacial palaeogroundwater has not been accounted
for. These problems are related to salinization of groundwater in the coastal parts of the
Cm-V aquifer system in the Tallinn area (Karro et al., 2004; Suursoo et al., 2017). In the
last 60 years, this aquifer system has been extensively used for public water supply.
Groundwater exploitation has led to the drawdown of hydraulic heads down to about
30 meters below the pre-development levels (Perens et al. 2012; Erg et al. 2017).
In the Kopli peninsula the Cl− concentrations reached up to ~700 mg·L−1 from the
natural baseline levels of ~150 mg·L−1 in the period from 1950–1995 (Karro et al., 2004).
Based on the isotopic composition of groundwater and ratios between major cations and
Cl− the authors concluded that the increased salinity probably originated from the
underlying weathered portion of the crystalline basement. Although during the last
25 years the groundwater consumption has decreased and hydraulic heads in most areas
have slowly recovered, there are areas in Estonia, where recent increase in population
has led to a larger groundwater consumption and groundwater salinization (Suursoo et
al., 2017; Pärn et al., 2018). For example, in Viimsi peninsula near Tallinn the chloride
concentration in the deeper portion of the Cm-V aquifer system has risen from the
natural baseline level of 150 mg·L−1 to ~400 mg·L−1 (Suursoo et al., 2017; Pärn et al.,
2018). In the case of Viimsi, the actual source of salinity (seawater intrusion versus the
upconing of saline water from the underlying crystalline basement) is currently unknown.
The preliminary results point to the underlying crystalline basement as the main source
of salinity, although the effects of seawater intrusion could become an issue in the future
when the depression cone grows wider (Pärn et al., 2018). This case study provides a
cautionary example of how the failure to take into account the presence of glacial
palaeogroundwater in groundwater management has led to overexploitation of
groundwater and deterioration in groundwater quality.
4.4.2 Differentiation of glacial palaeogroundwater during groundwater monitoring in
Estonia
The major reason that has led to ignorance on the wide existence of glacial
palaeogroundwater in the Estonian bedrock has been the lack of specific tracers
characteristic to palaeogroundwater measured during national groundwater monitoring
in Estonia. The most important of such characteristics not monitored for is the stable
isotopic composition of groundwater.
In the following section, several simple diagnostic features are proposed that can help
to identify glacial palaeogroundwater. The features are based on the results discussed in
this thesis (Papers I-V) together with the synthesis of data from previous studies
(Raudsep et al., 1989; Savitski et al., 1993; Savitskaja and Viigand 1994; Savitskaja et al.,
1995, 1996a, 1996b, 1997, 1998; Vaikmäe et al., 2001; Raidla et al., 2009, 2012, 2014;
Weissbach, 2014; Gerber et al., 2017). They are chosen such that they could be
implemented in the national groundwater monitoring programme and in other
hydrogeological studies at a local level. The selected suite of features enables the
detection of the occurrence of glacial palaeogroundwater based on hydrochemical and
isotopic analysis (δ18OH2O, δ2HH2O). The diagnostic features that can help to identify glacial
53

palaeogroundwater in Estonia are (1) the light isotopic composition, (2) high volumes of
dissolved gases, (3) Na+-excess over Ca2+ in hydrochemical composition and the
(4) absence of high free energy electron acceptors (O2, NO3− and Fe2+) among the
dissolved constituents.
(1) Isotopic composition of groundwater
Fresh groundwater containing an important glacial component is significantly depleted
in isotopic composition with respect to values found in modern precipitation and shallow
aquifers. Based on isotopic data of modern precipitation (Punning et al., 1987;
IAEA/WMO, 2018) and of shallow groundwater (Paper I) in the study area, the proposed
diagnostic threshold values for glacial palaeogroundwater are <−14‰ for the δ18O and
<−102‰ for the δ2H (see also discussion in Sections 4.1 and 4.2). The absolute dating of
groundwater with age tracers (3H, 14C and 4He) has shown that waters with such isotopic
composition are ≥10 ka old (Raidla et al., 2012; Paper IV).
(2) High concentration of dissolved gases
An additional feature that indicates the presence of glacial palaeogroundwater is
distinctly visible degassing in a sampling vessel (e.g. flow-through cell, bucket; Fig. 11)
during groundwater sampling. The reason for intensive degassing and bubble formation
in a sampling vessel is the reduction of pressure in glacial palaeogroundwater as it is
exposed to the atmospheric conditions (Weissbach, 2014). Although this characteristic is
qualitative, it is directly linked to the enormous amounts of excess air and dissolved gases
(e.g. N2, CH4, noble gases) characteristic to glacial palaeogroundwater (Vaikmäe et al.,
2001; Paper V).

Figure 11. (a) Characteristic degassing of glacial palaeogroundwater in a bucket during
sampling compared to (b) modern groundwater with no visible bubble formation during
sampling. (modified from Weissbach, 2014)
Recent studies into the dissolved gas composition of glacial palaeogroundwater in the
Cm-V aquifer system have helped to explain the formation of these anomalously high
dissolved gas concentrations. Vaikmäe et al. (2001) hypothesized that dissolved gases in
the Cm-V groundwater are related to ablation processes in the ice sheet. Indeed, the
relation between Ar and Kr in the groundwater follows the trend expected for addition
of air to the air-equilibrated water (Raidla at al., 2017) which supports this hypothesis
because noble gas composition in ice generally correspond to atmospheric composition
(Severinghaus et al., 1998). However, the amounts of excess Ar in the sampled wells
reach up to anomalously high values of 240% (Weissbach, 2014; Raidla et al., 2017). The
cause for the formation of such anomalously high excess air could have been the daily
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and seasonal fluctuations of the water level in the englacial channel systems depending
on the intensity of ablation which led to an entrapment of large volumes of air with an
atmospheric origin in the system (Raidla et al., 2017). This entrapped air would have been
later pressed into the subglacial meltwater (Raidla et al., 2017). The observation that the
relation between Ar and Kr in glacial palaeogroundwater of the Cm-V aquifer system
corresponds to atmospheric composition, points to the possibility that they can be used
to quantify concentrations of other atmospheric gases in pristine subglacial meltwater.
For instance, by knowing the concentration of Ar in groundwater, one can also calculate
the initial oxygen concentration in glacial meltwater. This would give valuable
background information for studying the alternation of redox conditions in aquifers
affected by glacial meltwater recharge and explain the precipitation of redox sensitive
dissolved substances (e.g. Fe-oxides, Fe-hydroxides and U).
Additionally, very high dissolved methane content (up to 50% of the total gas volume)
in the Cm-V aquifer system has been observed (Paper V). The methane concentrations
are lower (0.01 to 1%) in the north-western part of the aquifer system, but considerably
higher (1 to 50%) in the north-eastern part of the aquifer system (Paper V). In addition,
the the δ13CCH4 values vary widely (from −6 to −105‰). The δ13CCH4 values of the methane
in the north-western part of the aquifer system range from −6 to −80‰ whereas the
isotopic composition of methane is more depleted in 13C in the north-eastern part of the
aquifer system (δ13CCH4 values from −80 to −105‰, Paper V). Isotopic composition of
methane in the Cm-V aquifer system (δ13CCH4 and δ2HCH4 values) suggest that it is of
biogenic origin as it lies in δ13CCH4 range comparable to the methane produced via CO2
reduction pathway on the δ2HCH4 versus δ13CCH4 diagram (Paper V).
Several lines of evidence show that the CH4 in the aquifer system is not produced in
situ but is rather of allochthonous origin (Paper V). It is proposed that the methane could
originate from pre-LGM terrestrial systems that were overridden by the Scandinavian Ice
Sheet during its advance in the LGM (Paper V). This fact is significant as it shows that
subglacial environments have played an important part in the global carbon cycle due to
accumulation of the pre-glacial organic matter under the ice sheets. It also confirms
previous findings from the Greenland Ice Sheet (Souchez et al., 2006), which showed that
the Pleistocene ice sheets did not advance over polar deserts but rather over terrestrial
environments (e.g. wetlands) that had recently been biologically active. The origin of
methane in palaeogroundwater from the BAB supports these findings and provides
a strong supporting evidence that significant amounts of organic matter were stored
under the continental ice sheets in the Pleistocene (Sharp et al., 1999; Wadham et al.,
2008).
As hydrogen bound in methane during CO2 reduction is ultimately derived from the
water in which it has formed (Waldron et al., 1999; Chanton et al., 2006), its isotopic
composition could be used to estimate the isotopic composition of the formation water.
Assuming the GMWL relationship (Craig, 1961) for the formation water, the
corresponding δ18O values for water where the CH4 was formed would be −17.0±1.25‰
(Paper V). Today such isotopic composition of precipitation is characteristic to areas
where taiga and tundra biomes dominate. According to the δ18O-temperature
relationship presented in Rozanski et al. (1992, p. 984), the annual average air
temperature during the period of methane formation in the pre-LGM period could have
ranged from −2 to −8 °C (Paper V).

55

(3) The Na+/Ca2+ ratio
Hydrochemically, a characteristic feature of glacial palaeogroundwater in the majority of
aquifer systems in Estonia is the excess of Na+ concentrations over other main cations
(Ca2+, Mg2+). This is related to the fact that isotopically light groundwater is characterized
by Na-HCO3 and Na-Cl water types (Paper II, Sections 4.2 and 4.3). The cause for such
composition is either the cation exchange reactions or mixing with more saline water
(saline formation water or seawater; Paper II, Section 4.2). Strong connection between
excess Na+ concentrations and glacial palaeogroundwater is exemplified by relation
between the Na+/Ca2+ ratio and δ18O values (Fig. 12). Whereas values for the Na+/Ca2+
ratio are <1 in groundwater with δ18O values >−14‰, the values increase to >2 in glacial
palaeogroundwater with lighter isotopic composition. The values for Na+/Ca2+ ratio are
somewhat lower in the Cm-V aquifer system (1.5 on average) compared to glacial
palaeogroundwater from other aquifer systems, although these values still exceed the
ones found in groundwater with modern isotopic composition (Fig. 12). This is probably
related to mixing between glacial palaeogroundwater with brackish and saline Na-Ca-Cl
type groundwater in the fracture zones in the underlying weathered portion of the
crystalline basement where waters are enriched in Ca2+ (Karro et al., 2004; Marandi,
2007; Raidla et al., 2009, 2012). Today, many wells that are opened in the O-Cm and
Cm-V aquifer systems in central and southern Estonia have been dismantled and cannot
be measured for δ18O and dissolved gases. Because from many of such wells, the
hydrochemical data has been collected, the values for the Na+/Ca2+ ratio can give an
indication whether these wells pumped glacial palaeogroundwater.

Figure 12. Relation between the log of Na+/Ca2+ ratio and δ18O values in groundwater
from the northern part of the Baltic Artesian Basin (Cm-V – Cambrian-Vendian aquifer
system; O-Cm – Ordovician-Cambrian aquifer system; S-O – Silurian-Ordovician aquifer
system; D2-1 – Lower-Middle-Devonian aquifer system; D3-2 – Middle-Devonian and Upper
Devonian aquifer systems; Q – Quaternary aquifer systems). Data from Raudsep et al.,
(1989), Savitski et al., (1993); Savitskaja and Viigand (1994); Savitskaja et al., (1995,
1996a, 1996b, 1997, 1998); Vaikmäe et al., (2001); Karro et al., (2004); Raidla et al.,
(2009, 2012, 2014); Suursoo et al., (2017); Papers I-V, unpublished data (T. Martma,
J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, 2018).
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(4) Redox-sensitive dissolved substances
Due to long residence times of glacial palaeogroundwater (Vaikmäe et al., 2001; Raidla
et al., 2012; Gerber et al., 2017; Paper IV) and accumulation of interstadial organic matter
below the advancing Scandinavian Ice Sheet (Raidla et al., 2012, 2014; Papers IV, V), the
waters originating from glacial meltwater intrusion are characterized by absence of
higher free energy electron acceptors (O2, NO3−) and by ongoing sulphate reduction that
has occasionally evolved into methanogenesis. All studied waters with δ18OH2O values
<−14‰ are devoid of O2 and NO3− and if the latter has been detected its presence is
related to mixing with modern groundwater or analytical errors (Paper III; T. Martma,
J. Ivask, E. Kaup, J. Pärn, V. Raidla, R. Vaikmäe, 2018). Furthermore, in more regional
scales the redox zonation of aquifers containing glacial palaeogroundwater have been
shown to be opposite to those inferred from modern hydraulic head patterns because
they follow hydrologic gradients established in the Pleistocene (Paper III).
The relative importance of the proposed diagnostic features
The most important diagnostic feature for identifying glacial palaeogroundwater is its
distinctive light isotopic composition (feature no. 1). All other features related to the
amount of dissolved gases (feature no. 2) and the hydrochemical composition of
groundwater (features no. 3 and 4) are complementary or characterise secondary
qualities of glacial palaeogroundwater. Thus, the identification of glacial
palaeogroundwater cannot be made solely based on features no. 2-4. However, the
identification of threshold values characteristic to glacial palaeogroundwater with
respect to those features can point to the necessity to conduct stable isotope analysis on
the given sample which can then confirm the presence of glacial palaeogroundwater.
One important field of study, where the proposed diagnostic features could be
implemented, is the estimation of the volume of non-renewable palaeogroundwater in
the Estonian aquifers. This could then be compared to the volume of groundwater
originating from modern recharge that belongs to the active water exchange zone and is
replenished during human lifespan. Such analysis could be further extended to quantify
the volumes of non-renewable palaeogroundwater that are currently extracted for water
supply. The abstracted volumes could then be compared with estimations of glacial
palaeogroundwater volumes present in the Estonian bedrock to evaluate whether there
is a risk of overexploitation of this unique groundwater resource.
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5 Conclusions
1.

2.

3.

4.

5.

The results presented above have confirmed the proposed hypothesis that
glacial palaeogroundwater has been preserved in a number of aquifer systems
in the northern BAB. Their presence is revealed mainly by very light isotopic
composition that differs markedly from values found in modern precipitation
and shallow groundwater in the study area. The spatial and vertical distribution
of glacial palaeogroundwater in the aquifer systems overlying the LükatiLontova regional aquitard has been shown to be wider than previously thought.
The results of this thesis suggest that the zone where active exchange with
modern infiltration takes place and renewable groundwater is formed, does not
reach as deep as previously thought. In the aquifer systems overlying the LükatiLontova regional aquitard, glacial palaeogroundwater can be found at depths as
shallow as 30 m (Papers II-IV). Such a wide distribution of glacial
palaeogroundwater in Estonian bedrock makes it a special location in the world
and a unique one in Europe. The closest region where such a wide distribution
of glacial palaeogroundwater can be found is in North America (McIntosh et al.,
2012);
The occurrence of glacial palaeogroundwater is particularly wide in the O-Cm
aquifer system where it occupies most of the aquifer system similarly to the
underlying Cm-V aquifer system. In shallower aquifer systems of S-O and D2-1
the presence of glacial palaeogroundwater is confined to areas farther down
the groundwater flow path. They are best preserved on the Baltic Sea islands.
The development of the Baltic Sea in the Holocene could be an important factor
that has helped to preserve these waters until the present day;
Glacial palaeogroundwater in the northern BAB has gone through a significant
geochemical evolution after its infiltration. The most important processes that
have influenced its chemical composition are the dissolution of carbonate
minerals, cation exchange reactions, oxidation of organic matter and mixing
with groundwater originating from modern precipitation, saline formation
water and the Baltic Sea. More specifically, the dating of glacial
palaeogroundwater in the O-Cm aquifer system allowed to identify
groundwater originating from three different climatic periods: (1) the Holocene
(0–10 ka BP); (2) the LGM (~10–22 ka BP) and (3) the pre-LGM period (>22 ka BP);
Aquifers containing glacial palaeogroundwater in the study area are in a
transient state with respect to modern topographically-driven groundwater
flow conditions. Both the 14C model ages and redox zonation in the O-Cm aquifer
system suggest that glacial palaeogroundwater under the modern recharge
area (Pandivere Upland) has a long residence times which can be explained by
the prevalence of groundwater flow patterns established under the influence of
continental ice sheets in the Pleistocene. This indicates that under natural
conditions a significant time period is needed for the deeper confined aquifer
systems in northern BAB to gain hydrochemical and isotopic equilibrium with
groundwater originating from modern recharge;
Glacial palaeogroundwater in the northern BAB can be used as a proxy to study
paleoenvironmental conditions in the study area prior to the advance of the
Scandinavian Ice Sheet in the LGM. The study of the isotopic composition of
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7.

methane in the Cm-V aquifer system suggests that Pleistocene ice sheets
advanced over areas where terrestrial vegetation had been only recently active.
During the advance of continental ice sheet, large volumes of this organic
matter accumulated beneath it. Subsequently, both the organic matter and its
oxidation products were carried into the subsurface by infiltrating glacial
meltwaters;
Wide occurrence of glacial palaeogroundwater in Estonia has important
implications for groundwater abstraction and management. A weak connection
of glacial palaeogroundwater reservoirs with modern groundwater recharge
and isolation from potential anthropogenic contamination makes them a highquality resource which should be treated as a strategic reserve and not be
wasted, but rather used for specific purposes (e.g. for potable water, not for
agriculture and dewatering of mines). Their sustainable use should be protected
by appropriate legislation (Edmunds, 2001). It is critical to sustainably manage
palaeogroundwater resources, as their withdrawals will be compensated by
modern recharge very slowly if at all. Several case studies in northern Estonia
show that if palaeogroundwater is overexploited, water yields and quality may
greatly deteriorate;
The results of the thesis show that areas which have experienced drastic
environmental changes during their recent geological history (e.g. the
Pleistocene glaciations), steady-state conditions with respect to modern
groundwater flow conditions cannot be assumed a priori. This also implies that
a simple equilibrium model of topographically driven groundwater flow where
groundwater abstraction is balanced by recharge of meteoric waters is not
adequate for aquifers in previously glaciated areas. As recent global overviews
(e.g. Gleeson et al., 2016; Jasechko et al., 2017) have shown, the occurrence of
palaeogroundwater weakly connected to modern groundwater flow system
should be considered a norm, not an exception.
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Abstract
Origin and Geochemical Evolution of Palaeogroundwater in
the Northern Part of the Baltic Artesian Basin

The PhD thesis was designed to study the spatial distribution, origin, geochemical
evolution and age of glacial palaeogroundwater in the northern part of the Baltic Artesian
Basin (BAB). In this area, groundwater recharged prior to the beginning of the Holocene
has been previously observed in various depths and locations. The brine in the deep
central parts of the basin (Latvia) has ages >1.3 Ma based on noble gas age tracers 81Kr,
4
He and 40Ar (Gerber et al., 2017). In the northern part of the basin (northern Estonia)
the distribution of glacial palaeogroundwater originating from subglacial meltwater
recharge during the Pleistocene glaciations has been shown to be wide in the deepest
Cambrian-Vendian aquifer system (Vaikmäe et al., 2001; Raidla et al., 2009). Despite
previous evidence suggesting that the spatial distribution of glacial palaeogroundwater
could also be wide in the aquifer systems overlying the Cambrian-Vendian (e.g. Savitskaja
et al., 1995, 1996b, 1997), their occurrence, origin and age were not extensively studied
until recently.
The main objective of the author was to study the extent to which groundwater
originating from the Pleistocene glaciations is spread in the aquifer systems overlying the
Cambrian-Vendian aquifer system. Based on previous evidence, the working hypothesis
was that groundwater originating from the Pleistocene is far more widely distributed in
the northern BAB than previously thought. It could be suspected that confined aquifers
in the study area have not reached an equilibrium with modern topographically-driven
groundwater flow conditions and still exhibit groundwater flow patterns and
composition established in the Pleistocene.
The study of Pleistocene groundwater in the thesis also involved the study of the
special characteristics of groundwater in the Cambrian-Vendian aquifer system (high
concentrations of noble gases and methane). Those characteristics shed light to
palaeoenvironmental conditions during the recharge of glacial palaeogroundwater that
provide a starting point for the geochemical evolution of the Pleistocene groundwater in
shallower aquifer systems. Understanding the spatial distribution and processes
influencing the geochemical evolution of this non-renewable groundwater resource is
crucial for predicting the effects of groundwater abstraction on its composition and
availability. The results presented in the thesis illustrate the multi-faceted nature of
information about pre-Holocene palaeoenvironmental conditions that can be recorded
in palaeogroundwater reservoirs.
Glacial palaeogroundwater was studied using a multi-tracer approach utilizing the
hydrochemical composition of groundwater, a suite of stable (δ2HH2O, δ18OH2O, δ13CDIC,
δ34SSO4, δ18OSO4, δ13CCH4, δ13CCH4) and radioactive isotope tracers (3H, 14C and 4He) together
with the study of dissolved gas compositions in groundwater (CH4, CO2, He, Ne, Ar, Kr,
Xe). In addition, the geochemical evolution and groundwater age were studied with
geochemical modelling using the software programs GWB, PHREEQC and NETPATH.
Many of these methods were utilized for the first time in studying groundwater in aquifer
systems overlying the Cambrian-Vendian.
The results of the thesis confirmed the proposed hypothesis that glacial
palaeogroundwater has been preserved in a number of aquifer systems in the northern
part of the BAB. Their presence is revealed mainly by a light isotopic composition that
differs markedly from values found in modern precipitation and shallow groundwater in
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the study area. In the Ordovician-Cambrian, Silurian-Ordovician and Lower-MiddleDevonian aquifer systems groundwater with δ18O values as light as ~−22‰ was found.
These values are markedly depleted with respect to the mean value of −11.7‰ found in
shallow groundwater originating from modern recharge. Such a wide distribution of
glacial palaeogroundwater in the northern BAB is unique in Europe as the closest
analogues to this situation can be found in North America.
The occurrence of glacial palaeogroundwater is particularly wide in the OrdovicianCambrian aquifer system where it has a similarly wide distribution compared to the
underlying Cambrian-Vendian aquifer system. In shallower aquifer systems of SilurianOrdovician and Lower-Middle-Devonian the presence of glacial palaeogroundwater is
confined to areas farther down the groundwater flow path. The glacial
palaeogroundwater in the northern part of the BAB has gone through significant
geochemical evolution after its infiltration involving dissolution of carbonate minerals,
cation exchange reactions, oxidation of organic matter and mixing with groundwater
originating from modern precipitation, previous interstadials, saline formation water and
the Baltic Sea. The dating of glacial palaeogroundwater in the Ordovician-Cambrian aquifer
system allowed to identify groundwater originating from three different climatic periods:
(1) the Holocene period (0–10 ka BP); (2) the Late Glacial Maximum (~10–22 ka BP) and
(3) from earlier interstadials (>22 ka BP).
Aquifers containing glacial palaeogroundwater have been shown in a transient state
in the study area with respect to modern topographically-driven groundwater flow
conditions. This indicates that under natural conditions a significant time period is
needed for the deeper aquifer systems to gain equilibrium with groundwater originating
from modern recharge in terms of their chemical and isotopic composition. The study of
the isotopic composition of methane in the Cm-V aquifer system suggests that the
Pleistocene ice sheets advanced over areas where terrestrial vegetation had been only
recently active.
The wide spread of glacial palaeogroundwater in Estonia has important implications
for groundwater abstraction and management. A weak connection of glacial
palaeogroundwater reservoirs with modern groundwater recharge and with potential
anthropogenic contamination makes them a high-quality resource which should be
treated as a strategic reserve, to be used only for specific purposes (e.g. potable water).
Furthermore, their sustainable use should be protected with appropriate legislation to
avoid overexploitation of this non-renewable groundwater resource. In several aquifer
systems containing palaeogroundwater, the rocks associated with the aquifer strata
contain mineral resources that could have potential economic significance in the
future (e.g. biogenic phosphorite in the upper portion of sandstones forming the
Ordovician-Cambrian aquifer system). Any future plans for mining these mineral
resources need to take into account the renewability of groundwater in the associated
aquifer systems.
The results of the thesis show that in areas that have experienced drastic
environmental changes during their recent geological history (e.g. the Pleistocene
glaciations), steady-state conditions with respect to modern topographically-driven
groundwater flow cannot be assumed a priori. As the recent global overviews have
shown (Gleeson et al., 2016; Jasechko et al., 2017), the occurrence of palaeogroundwater
weakly connected to modern groundwater flow system should be considered a norm,
not an exception.
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Lühikokkuvõte
Paleopõhjavete päritolu ja
arteesiabasseini põhjaosas

geokeemiline

areng

Balti

Viimastel aastatel läbiviidud uuringud on näidanud, et tänapäevase (kuni 50 aastat vana)
põhjavee kogus on globaalses mastaabis palju väiksem võrreldes vanemas minevikus
tekkinud põhjaveega (Gleeson jt., 2016; Jasechko jt., 2017). Põhjavett, mis moodustus
minevikus valitsenud kliimas, mis erines oluliselt tänapäevasest kliimast, võib nimetada
paleopõhjaveeks. Doktoritöös keskenduti liustikutekkelise paleopõhjavee uurimisele
Balti Arteesiabasseini põhjaosas. Varasemad uuringud olid näidanud, et uuringuala
sügavaimas Kambriumi-Vendi põhjaveekompleksis on laialt levinud põhjavesi, mis
pärineb Pleistotseenis Eesti ala katnud mandriliustike sulavetest. Kuigi varasemad
uuringu olid osutanud ka võimalusele, et taolist päritolu põhjavee levik Eesti alal ei piirdu
vaid Kambriumi-Vendi põhjaveekompleksiga, ei olnud seda seni põhjalikumalt uuritud.
Doktoritöös lähtuti eeldusest, et liustikutekkeline paleopõhjavesi on laialt levinud ka
põhjaveekompleksides, mis lasuvad Kambriumi-Vendi põhjaveekompleksi katval LükatiLontova regionaalsel veepidemel. Töös keskenduti peamiselt Ordoviitsiumi-Kambriumi
põhjaveekompleksi põhjaveele, aga uusi andmeid koguti ka Siluri-Ordoviitsiumi ja AlamKesk-Devoni põhjaveekompleksis esineva paleopõhjavee uurimiseks. Peamisteks töös
püstitatud eesmärkideks oli: (1) uurida liustikutekkelise põhjavee ja teiste varasemates
kliimatingimustes kujunenud põhjavee esinemist ja paiknemist Eesti aluspõhjas;
(2) selgitada paleopõhjavee päritolu ning protsesse, mis on mõjutanud selle keemilise ja
isotoopkoostise kujunemist; (3) uurida paleopõhjavee vanust ja (4) kasutada
paleopõhjavee koostises salvestunud signaale viimasel jääajal ja selle eel Eesti alal
valitsenud keskkonna- ja kliimatingimuste uurimiseks.
Doktoritöös ja sellega seotud artiklites uuriti Eesti põhjavett mitmekesise
metoodikaga, et kirjeldada paleopõhjavett ja selle koostist erinevatest vaatepunktidest.
Töös püstitatud eesmärkide saavutamiseks uuriti põhjavee keemilist koostist, põhjavee
ja selles lahustunud ainete isotoopkoostist (δ2HH2O, δ18OH2O, δ13CDIC, δ34SSO4, δ18OSO4,
δ13CCH4, δ13CCH4), põhjavee vanust kirjeldavate radioaktiivsete isotoopide aktiivsust
(3H, 14C) ja põhjavees lahustunud gaaside sisaldust (CH4, CO2, He, Ne, Ar, Kr, Xe). Andmete
interpreteerimisel kasutati muuhulgas ka geokeemilise modelleerimise tarkvarasid GWB,
PHREEQC ja NETPATH. Enamikku kirjeldatud meetoditest kasutati OrdoviitsiumiKambriumi, Siluri-Ordoviitsiumi, ja Alam-Kesk Devoni põhjaveekomplekside põhjavee
uurimisel esmakordselt.
Töö tulemused kinnitasid liustikutekkelise paleopõhjavee laialdast levikut KambriumiVendi põhjaveekompleksil lasuvates põhjaveekompleksides. See kajastub eelkõige
põhjavee kerges isotoopkoostises. Kõigis kolmes eelpool nimetatud põhjaveekompleksis
leidub kerge isotoopkoostisega vett, mille δ18OH2O väärtused on kuni ~−20‰ ja
Ordoviitsiumi-Kambriumi põhjaveekompleksis kohati isegi kuni ~−22,5‰. Need
väärtused on oluliselt kergemad Eesti tänapäevaste sademete aasta keskmistest
väärtustest (δ18OH2O vahemikus −10,1 kuni −10,6‰; Punning jt., 1997; IAEA/WMO, 2018)
või selle infiltratsioonil kujunenud maapinnalähedastes põhjaveekihtides esinevatest
väärtustest (δ18OH2O vahemikus −10,9 kuni −12,7‰). Isotoopkoostise erinevused on
veenvaks tõendiks minevikus külmemates kliimatingimustes kujunenud põhjavee
esinemisest Eesti aluspõhjas. Taolise kerge isotoopkoostisega vesi sai tõenäoliselt
kujuneda vaid Pleistotseenis Eesti ala katnud mandriliustike sulavete infiltreerumisel
aluspõhja settelistesse põhjaveekompleksidesse. Eriti lai on taolise liustikutekkelise
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põhjavee levik Ordoviitsiumi-Kambriumi põhjaveekompleksis. Seal on tänapäevastele
kliimatingimustele viitav signaal jälgitav vaid kitsal ribal veekompleksi põhjaosas, kus
seda kattev karbonaatkivimite kompleks on õhuke või puudub hoopis. Paleopõhjavee lai
levik Ordoviitsiumi-Kambriumi põhjaveekompleksis muudab selle palju sarnasemaks
Kambriumi-Vendi põhjaveekompleksiga kui sellel lasuvate Siluri ja Ordoviitsiumi
karbonaatkivimites esineva põhjaveega. Siluri-Ordoviitsiumi ja Alam-Kesk Devoni
põhjaveekompleksides leidub paleopõhjavett peamiselt nende põhjaveekomplekside
tänapäevastest toitealadest (Haanja, Otepää, Sakala ja Pandivere kõrgustikud) kaugemal
asuvatel
aladel,
põhjavee
voolusüsteemi
perifeersetes
osades.
Neis
põhjaveekompleksides on paleopõhjavesi paremini säilinud Läänemere ja Liivi lahe
saartel (nt. Sõrve poolsaar Saaremaal, Kihnu ja Ruhnu). Meri on sealjuures tõenäoliselt
olnud jääajajärgsel ajal oluliseks paleopõhjavee säilimist soodustavaks teguriks.
Paleopõhjavee koostis on pärast selle infiltreerumist teinud läbi mitmeid olulisi
muutusi. Peamiseks vete koostist mõjutanud protsessideks on olnud karbonaatsete
mineraalide lahustumine, katioonvahetus, orgaanilise aine oksüdatsioon ja
segunemisprotsessid. Segunemine on toimunud liustikutekkelise paleopõhjavee, viimase
jäätumise eelsetest kliimaperioodidest pärineva põhjavee, põhjaveekompleksides enne
liustiku sulavete sissetungi olnud soolasema reliktse põhjavee, tänapäeva sademetest
pärineva põhjavee ja kohati ka merevee vahel. Paleopõhjavee dateerimine 3H, 14C ja 4He
meetoditega kinnitas, et tänapäevaste väärtustega võrreldes oluliselt kergema
isotoopkoostisega vesi Ordoviitsiumi-Kambriumi põhjaveekompleksis on vähemalt
10000 aastat vana. Põhjavee modelleeritud vanused annavad alust kahtlustada, et
vähemasti Ordoviitsiumi-Kambriumi põhjaveekompleksis leidub teatud ulatuses ka HilisWeichseli jäätumise eelsest ajast pärinevat põhjavett. Paleopõhjavee keemilise ja
isotoopkoostise võrdlus tänapäevaste põhjaveetasemetega viitab sellele, et need
põhjaveed ei ole saavutanud tasakaalu pärast-jääaegsete põhjavee voolutingimustega ja
nende koostises on endiselt esil Pleistotseenis väljakujunenud mustrid. See on kooskõlas
varem Põhja-Ameerikas saadud modelleerimise tulemustega paleopõhjavee käitumisest
aladel, kus jääajad ja jäävaheajad on Kvaternaari ajastul tsükliliselt vaheldunud.
Doktoritöö raames uuriti ka Kambriumi-Vendi põhjaveekompleksi paleopõhjavees
lahustunud gaaside sisaldust ja päritolu. Seda põhjavett iseloomustab erakordselt suur
üleküllastus lahustunud gaaside suhtes (nt. 240% üleküllastus Ar suhtes). Valdav osa
põhjavees lahustunud väärisgaasidest (Ar ja Kr) on atmosfäärset päritolu. Suur osa
põhjaveekompleksis esinevast metaanist ei ole aga tekkinud põhjaveekompleksis endas,
vaid on sinna sisse kantud koos infiltreerunud mandriliustike sulavetega. See on oluline
tõend sellest, et Pleistotseeni mandriliustike ees paiknesid enne selle pealetungi
bioloogiliselt aktiivsed alad, milles tekkinud orgaaniline aine mattus mandriliustiku alla.
Lisaks sellele on suurte koguste bioloogilist päritolu metaani esinemine
liustikutekkelistes põhjavetes viiteks selle kohta, et ka tänapäevaste suurte
mandriliustike all Gröönimaal ja Antarktikas võib olla säilinud märkimisväärsetes
kogustes orgaanilisi setteid, mis jää alt vabanedes võivad mõjutada tänapäevast
süsinikuringet ja kliimat.
Liustikutekkelise paleopõhjavee lai levik Eesti aluspõhjas tähendab ka seda, et Eesti
põhjavee kasutamist reguleerivad põhimõtted ja seadusandlus vajavad ülevaatamist.
Paleopõhjavee lai levik viitab sellele, et aktiivse veevahetuse tsoonis paikneva põhjavee
hulk, kust veevõttu kompenseerib tänapäevaste sademete infiltreerumine, võib olla
palju väiksem kui varem arvatud. Eesti põhjaveekompleksid, kus paleopõhjavee
esinemine on kindlaks tehtud, on tänapäeval olulisteks joogi- ja tarbevee allikateks. Suur
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osa paleopõhjaveest on väikese soolsusega ja moodustab kvaliteetse põhjaveeressursi.
Paleopõhjavee esinemine näitab, et veekompleksid või nende osad, kus selline vesi
paikneb, on hästi kaitstud maapinnalt lähtuva reostuse eest. Oma olemuselt on aga
tegemist vähemalt inimese eluea piires taastumatu loodusvaraga. Tulevikus tuleks seista
hea selle eest, et seda kvaliteetset põhjaveeressursi majandataks vastutustundlikult ega
toimuks selle tarbetut raiskamist (nt. kasutamine kastmisveena põllumajanduses,
väljapumpamine kaevandustest jne.). Paleopõhjavett tuleks ületarbimise eest kaitsta
vastava seadusandlusega, mis Eestis praegu suuresti puudub. Mitmetes paleopõhjavett
sisaldavates kivimites esineb tuleviku perspektiivis ka potentsiaalselt olulisi maavarasid
(nt. Kallavere kihistu biogeenne fosforiit Ordoviitsiumi-Kambriumi põhjaveekompleksis).
Nende maavarade kaevandamise planeerimisel tuleb taastumatu paleopõhjavee
levikuga kindlasti arvestada.

80

Appendix

Paper I
Raidla, Valle; Kern, Zoltan; Pärn, Joonas; Babre, Alise; Erg, Katrin; Ivask, Jüri; Kalvans,
Andis, Kohán, Balázs; Lelgus, Mati; Martma, Tõnu; Mokrik, Robert; Popovs, Konrads;
Vaikmäe, Rein (2016). A δ18O isoscape for the shallow groundwater in the Baltic Artesian
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