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A B S T R A C T

The Ordovician-Cambrian aquifer system in the northern Baltic Artesian Basin contains glacial palaeoground-
water that originates from the Scandinavian Ice Sheet that covered the study area in the Pleistocene. Previously,
no absolute dating of this palaeogroundwater has been attempted. In this multi-tracer study, we use 3H, 14C, 4He
and stable isotopes of water to constrain the age distribution of groundwater. We apply the geochemical
modelling approach developed by van der Kemp et al. (2000) and Blaser et al. (2010) to calculate the theoretical
composition of recharge waters in three hypothetical conditions: modern, glacial and interstadial for 14C model
age calculations. In the second phase of the geochemical modelling, the calculated recharge water compositions
are used to calculate the 14C model ages using a series of inverse models developed with NETPATH. The cal-
culated 14C model ages show that the groundwater in the aquifer system originates from three different climatic
periods: (1) the post-glacial period; (2) the Late Glacial Maximum (LGM) and (3) the pre-LGM period. A larger
pre-LGM component seems to be present in the southern and north-eastern parts of the aquifer system where the
radiogenic 4He concentrations are higher (from ∼3.0·10−5 to 5.5·10−4 cc·g−1) and the stable isotopic compo-
sition of water is heavier (δ18O from −13.5‰ to −17.3‰). Glacial palaeogroundwater from the north-western
part of the aquifer system is younger and has 14C model ages that coincide with the end of the LGM period. It is
also characterized by lower radiogenic 4He concentrations (∼2.0·10−5 cc·g−1) and lighter stable isotopic
composition (δ18O from−17.7 to −22.4‰). Relations between radiogenic 4He and 14C model ages and between
radiogenic 4He and Cl− concentration show that groundwater in the aquifer system does not have a single well-
defined age. Rather, the groundwater age distribution has been influenced by mixing between waters originating
from end-members with strongly differing ages. Overall the results suggest, that in the shallower northern part of
the aquifer system, significant changes in groundwater composition can be brought about by glacial meltwater
intrusion during a single glaciation. However, multiple cycles of glacial advance and retreat are needed to
transport glacial meltwater to the deeper parts of the aquifer system.

1. Introduction

More than half of total aquifer storage in the Earth's upper crust is
occupied by groundwater that has renewal periods greatly exceeding
the human life-span (Gleeson et al., 2010, 2016; Jasechko et al., 2017).
Groundwater that originates from water cycles under environmental

conditions which are different from the present can be defined as pa-
laeo(ground)water (Fontes, 1981). The preservation of palaeoground-
water can be related to several factors such as confinement by thick
aquitards, dry climate conditions with small amounts of modern re-
charge and low hydraulic conductivity that results in low actual velo-
city of groundwater (Clark and Fritz, 1997). It is critical to sustainably
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manage palaeogroundwater resources, as present-day groundwater
abstraction may only partially be compensated by modern recharge if at
all. Water yields and quality may greatly deteriorate with over-
exploitation of palaeogroundwater. The first step towards a responsible
and sustainable management of groundwater resources is the determi-
nation of their age and renewal periods.

Glacial palaeogroundwater in the northern part of the Baltic
Artesian Basin (BAB) is a unique groundwater resource that originates
from glacial meltwater recharge in the Pleistocene. It has been shown
by numerical modelling that aquifers in sedimentary basins in formerly
glaciated areas had sufficient transmissivity to discharge subglacial
meltwater (e.g. Boulton et al., 1995; Lemieux et al., 2008; Sterckx et al.,
2017, 2018). Significantly higher heads imposed by continental ice
sheets compared to modern topographically driven heads were able to
reverse the regional groundwater flow (Person et al., 2007; McIntosh
et al., 2011). The reorganisation of groundwater flow is evident from
the isotopic and chemical composition of the groundwater which is in
many cases out of equilibrium with modern topographically driven flow
patterns (Stueber and Walter, 1991, 1994; Grasby et al., 2000). The
presence of glacial palaeogroundwater in the northern BAB is ex-
emplified by the lightest δ18O values found in Europe ranging from
−18.5 to −23.0‰ (Vaikmäe et al., 2001; Raidla et al., 2009; Pärn
et al., 2016).

Currently, the glacial palaeogroundwater is used extensively for
public water supply in northern Estonia. The glacial component in these
waters is essentially non-renewable and modern recharge into the
aquifer systems remains limited. To date, much of the work on glacial
palaeogroundwater in the BAB has concentrated on the deepest
Cambrian-Vendian aquifer system (Vaikmäe et al., 2001; Raidla et al.,
2009, 2012, 2014; Gerber et al., 2017). This is essentially a fossil
aquifer system where the influence of modern groundwater recharge is
minimal and confined to very restricted areas in its northern part.
Previous 14C age estimates (Raidla et al., 2012) suggested that the re-
charge of glacial meltwater into the Cambrian-Vendian aquifer system
was coeval with the advance and maximum extent of Scandinavian Ice
Sheet during Late Weichselian Glaciation in the Late Pleistocene
(∼14–27 ka BP).

The overlying Ordovician-Cambrian (O-Cm) aquifer system is more
influenced by modern groundwater recharge (Pärn et al., 2016, 2018).
Nevertheless, in large areas a substantial glacial component in
groundwater is still present. This is exemplified by the fact, that in the
modern recharge area of the aquifer system the isotopic composition of
groundwater is significantly depleted (δ18O values from −14 to
−17‰; Pärn et al., 2016) with respect to both values found in modern
precipitation (∼−10.3‰; IAEA/WMO, 2018) and in shallow ground-
water (−11.5 to −12.5‰; Raidla et al., 2016). The fraction of glacial
palaeogroundwater becomes larger farther down the groundwater flow
path as indicated by δ18O values decreasing down to −22‰ (Pärn
et al., 2016). However, the age of glacial palaeogroundwater in the O-
Cm aquifer system has not been studied.

Despite various reported problems (e.g. Sanford, 1997; Geyh, 2000;
Aeschbach-Hertig et al., 2002; Aggarwal et al., 2014), radiocarbon
dating (14C) has the most suitable half-life to study groundwater re-
charged in the Holocene and Late Pleistocene with ages up to 30 ka BP
and is still widely used in hydrogeologic studies in conjunction with
other age tracers (e.g. Blaser et al., 2010; Plummer et al., 2012; Grundl
et al., 2013; Cendón et al., 2014; Vautour et al., 2015; Petersen et al.,
2018). However, several preconditions have to be met for a successful
interpretation of 14C activities (a14C) in terms of age (Kalin, 2000;
Plummer and Glynn, 2013). Among the most important is the estima-
tion of initial activity of radiocarbon of the recharge waters (A0) at the
point where infiltrating water is isolated from the soil carbon reservoir.
Also, chemical and physical processes farther down the flow path that
change the initial A0 value need to be quantified. This comprises the
dilution of initial A0 due to the dissolution of carbonate minerals both
in the soil and the saturated zone which is accompanied by isotopic

exchange reactions and matrix exchange. Furthermore, the addition of
14C-free dissolved inorganic carbon (DIC) from the oxidation of organic
matter and methanogenesis has to be accounted for in interpreting 14C
activities in terms of age (e.g. Aravena et al., 1995a, b). Several cor-
rection models have been developed to quantify the effects of such
chemical processes on the DIC pool and A0 value (e.g. Tamers, 1975;
Fontes and Garnier, 1979; Plummer et al., 1983, 1990; van der Kemp
et al., 2000; Coetsiers and Walraevens, 2009; Blaser et al., 2010; Han
and Plummer, 2013). In addition, an assessment has to be made for
possible contamination of 14C samples with atmospheric CO2 during
sampling or during the transfer of the sample to a gas extraction system
(Aggarwal et al., 2014).

In this contribution, we aim to constrain the age distribution of
groundwater in the O-Cm aquifer system by using 14C as the main
tracer. The O-Cm aquifer system contains groundwater with various
recharge histories for which the initial parameters of recharge waters
(e.g. A0 and δ13Crech) in the modern recharge environment cannot be
applied and have to be estimated using geochemical modelling. We use
a hydrochemical model developed by van der Kemp et al. (2000) and
Blaser et al. (2010) that considers different climate conditions (e.g.
initial pCO2, temperature) during groundwater recharge to estimate the
initial parameters for recharge waters. The 14C model age is calculated
using NETPATH (Plummer et al., 1994; El-Kadi et al., 2011). A
groundwater sample is essentially a mixture of many flow paths with
different ages that is characterized by an age distribution rather than a
single unique age (e.g. Varni and Carrera, 1998; Corcho Alvarado et al.,
2007; McCallum et al., 2014; Suckow, 2014). This is important to
consider in the O-Cm aquifer system as mixing between groundwater
with different origin has been shown to be an important process here
(Pärn et al., 2016). To better characterize the age distribution of
groundwater in the O-Cm aquifer system, the interpretation of calcu-
lated 14C model ages is complemented by age estimates provided by 3H
activities, radiogenic 4He concentrations and δ18Owater values. Pre-
viously published 81Kr ages from the southern part of the aquifer system
(Gerber et al., 2017) are also considered.

2. Geology and hydrogeological setting

The O-Cm aquifer system is a confined water body in the northern
part of the BAB (Fig. 1). It is hosted by sandstones and siltstones of
Cambrian and Early Ordovician age. The rocks forming the O-Cm
aquifer system are distributed in most of the northern BAB, except in a
narrow coastal region of northern Estonia (Fig. 1). The thickness of the
aquifer system increases from 20m in northern Estonia to ∼120m in
Latvia (Juodkazis, 1980; Savitskaja et al., 1995; Perens and Vallner,
1997). The depth of the strata forming the aquifer system is 10–20m
below ground surface in northern Estonia and increases southward to
over 1000m in Latvia and Lithuania. Sandstones forming the matrix of
the aquifer system are weakly cemented quartz arenites or subarkoses,
with quartz content up to 90% (Raidla et al., 2006). The cement con-
sists mainly of Fe-dolomite whose abundance is 3% on average (Raidla
et al., 2006). In addition, the upper portion of the sandstone formation
contains accessory phosphorite (authigenic apatite). The lateral hy-
draulic conductivity of the sandstone ranges from 1 to 3m d−1 (Perens
and Vallner, 1997). Transmissivity ranges from 25 to 50m2 d−1 in
northern Estonia and from 80 to 130m2 d−1 in southern Estonia due to
the increased thickness of the aquifer system in the south (Savitskaja
et al., 1995; Perens and Vallner, 1997). The aquifer is confined from
above by the Silurian-Ordovician regional aquitard composed of lime-
stones, dolomites, marls, siltstones, clays and black shale (graptolite
argillite) with transversal hydraulic conductivity that ranges from 10−7

to 10−5m d−1 (Perens and Vallner, 1997). The underlying Lükati-
Lontova regional aquitard, consisting of siltstones and clays of the
Lower Cambrian age, separates the O-Cm aquifer system from the
Cambrian-Vendian aquifer system and has a transversal hydraulic
conductivity of ∼10−7m d−1 (Perens and Vallner, 1997).
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Fig. 1. (a) Location and distribution of the Ordovician-Cambrian (O-Cm) aquifer system in the northern Baltic Artesian Basin (BAB) together with the distribution of
pre-development freshwater heads (m., a.s.l.). The freshwater heads are calculated based on hydraulic head measurements given in Tšeban (1966) and Takcidi
(1999). The distributions of the outcrop area of the aquifer system together with the location of Pandivere Upland and the location of the Palivere end-moraine
formed during the Late Glacial period (∼12.7–14.7 ka BP; Kalm, 2006) are shown for reference. Numbers and symbols denote the position of sampling points in
Table S1 (Supplementary material). The water types are explained in Section 5.3. (b) the west-east cross-section of northern BAB; (c) the north-south cross-section of
the northern BAB.
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Groundwater in the O-Cm aquifer system can be classified into three
general groundwater types (Pärn et al., 2016). In the northern margin
of the aquifer system, near the outcrop area of the aquifer forming
rocks, Ca-HCO3 type groundwater can be found with an isotopic com-
position similar to shallow aquifers (−11.5 to −12.5‰; Pärn et al.,
2016; Raidla et al., 2016). In these areas the thickness of overlying
Ordovician carbonate formation is small (< 20m; Fig. 1a, c). A second
type of groundwater occupies areas farther away from the outcrop area
of the aquifer system, where the overlying thickness of carbonate for-
mation is larger (see Fig. 1c). These waters have a significantly depleted
isotopic composition (δ18O values from −14 to −22.5‰; Pärn et al.,
2016) with respect to values found in Ca-HCO3 type groundwater. The
groundwater is characterized by low TDS concentrations (from 200 to
600mg L−1) and a Na-HCO3 water type due to cation exchange reac-
tions (Pärn et al., 2016). These waters represent glacial palaeo-
groundwater, that have evolved from glacial meltwater originating
from the Scandinavian Ice Sheet that intruded the aquifer system in the
Pleistocene (Pärn et al., 2016; Sterckx et al., 2018). The freshening of
aquifers and the emergence of a related Na-HCO3 water type due to
glacial meltwater intrusion has previously been reported from various
sedimentary basins in North America (e.g. McIntosh and Walter, 2006;
Ferguson et al., 2007; Cloutier et al., 2010). The third type of
groundwater can be found in the deeper southern parts of the aquifer
system. Here, groundwater evolves from brackish groundwater to brine
with increasing depth and its water type changes to Na-Cl and Na-Ca-Cl.
The high freshwater heads observed in the deeper parts of the aquifer
system (Fig. 1) are mainly due to very high salinity (TDS up to
∼150 g L−1). The brackish groundwater in the aquifer system has de-
veloped through mixing between saline formation waters and glacial
palaeogroundwater evolved from glacial meltwater intrusion in the
Pleistocene (Pärn et al., 2016; Gerber et al., 2017). This is exemplified
by depleted δ18O values in brackish groundwater (from −9 to
−17.3‰) with respect to values found in brine from the deeper parts of
the BAB (δ18O ∼−4.5‰, Babre et al., 2016; Gerber et al., 2017).

3. Material and methods

The study is based on groundwater samples from 33 water supply
and observation wells screened in the O-Cm aquifer system in Estonia,
collected during two fieldwork campaigns undertaken in 2015 and
2016. In 2015, samples were collected for hydrochemical, stable iso-
tope (δ2H, δ18O, δ13C), age tracer (a14C, 3H) and noble gas (He, Ne)
measurements. Additional fieldwork was carried out in 2016 at the
same sampling points to collect samples for a14C AMS measurements,
accompanied by samples for hydrochemical and stable isotope (δ2H,
δ18O, δ13C) analysis. The study also uses He and Ne data from
Weissbach (2014). The data set interpreted in this study together with
references to previously published data are given in Table 2 and Tables
S1 and S2 (Supplementary material).

The sample collecting procedure in the field is characterized in
detail in Pärn et al. (2018). HCO3

− and CO3
2− concentrations were

measured in the Laboratory of the Geological Survey of Estonia using
the titration method (ISO 9963–1; analytical precision of± 3%) and in
the field using a Millipore MColortest™ titration kit (analytical precision
of± 11mg L−1) in 2015 and 2016, respectively. Major and minor ion

concentrations were measured in the Department of Geology at Tallinn
University of Technology using a Thermo Dionex ICS-1100 ion chro-
matograph. The analytical precision for major and minor ionic com-
ponents was±0.5–2.6% and±1.3–4.3%, for cations and anions, re-
spectively, depending on the ions measured (Table S1). Fe2+ and Mn2+

concentrations for samples collected in 2016 were determined in the
Laboratory for Applied Geology and Hydrogeology at Ghent University
using atomic adsorption spectrometry (Table S1; analytical precision
of± 0.05mg L−1).

Stable isotope ratios of hydrogen and oxygen in water and the
carbon isotope composition of DIC were analysed in the Laboratory of
mass spectrometry at the Department of Geology, Tallinn University of
Technology (Table S2). Isotope ratios of hydrogen and oxygen are ex-
pressed in standard δ-notation relative to the Vienna Standard Mean
Ocean Water (V-SMOW). Isotope ratios of hydrogen and oxygen were
measured using a Picarro L2120-i Isotopic Water Analyzer (Brand et al.,
2009). Reproducibility of the stable isotope measurements was±0.1‰
for δ18O and±1‰ for δ2H. The carbon isotope composition of DIC
(δ13CDIC) was determined using a Thermo Fisher Scientific Delta V
Advantage mass spectrometer from DIC precipitated as BaCO3 (Clark
and Fritz, 1997; Table S2). For samples collected in 2015 the δ13CDIC

values were determined from BaCO3 precipitated together with samples
for 14C determination from volumes of 150–250 L. For samples col-
lected in 2016 the δ13CDIC was determined from BaCO3 precipitates
prepared in 1 L glass bottles (Table S2). The results are expressed in ‰
deviation relative to Vienna Peedee Belemnite (V-PDB). Reproducibility
of δ13C of the internal laboratory standards was better than±0.1‰.
The reproducibility of δ13CDIC was better than± 0.4‰ based on BaCO3

precipitates collected as duplicate and triplicate samples (Pärn et al.,
2018; Table S2).

The samples for the measurement of radiocarbon activities (a14C)
were collected during two fieldwork campaigns in 2015 and 2016. In
2015 radiocarbon activities were measured with the conventional
method in the Radiocarbon Laboratory of the Department of Geology at
Tallinn University of Technology. The samples were collected into a
number of vessels with a total volume from 150 to 250 L from which
DIC was precipitated as BaCO3 and synthesized to benzene for liquid
scintillation counting (Clark and Fritz, 1997). The radiocarbon activity
of the samples was determined with Quantulus 1220 liquid scintillation
spectrometer. The 14C activities are reported as percentage of the
modern standard (pmC). The analytical precision for radiocarbon ac-
tivity measurements is estimated to be±0.5 pmC, based on duplicate
and triplicate samples collected in 2015 and 2016 (Table S2). In 2016,
24 new 14C samples were collected for a14C measurements by AMS.
Glass bottles (1 L) submerged in an overflowing container were filled
with a small headspace and stabilized with ∼1 g of AgNO3 immediately
to stop the bacterial activity. In the Institute of Environmental Physics
at the Heidelberg University, Germany, acid (5ml, 3 N HCl) was added
to about 100ml of the water to convert the DIC to CO2, which was then
extracted under vacuum and collected in a glass ampoule (Kreuzer,
2007). The collected CO2 was then converted into graphite by a custom
build graphitisation system. The a14C of the samples was measured by
AMS (MICADAS system) at the Curt-Engelhorn-Centre Archaeometry in
Mannheim, Germany. The measurement error for the activity of
radiocarbon determined by AMS ranged from±0.02 to±0.2 pmC

Table 1
pCO2 values and temperature range considered in calculating initial water compositions with the PHREEQC together with the system conditions considered for
calcite dissolution (open - isotopically and chemically open; open/closed - chemically open and isotopically closed; closed - isotopically and chemically closed; see
also Appendix B in Supplementary material).

Recharge conditions Recharge temperature (°C) Initial pCO2 (atm) System conditions for calcite dissolution

Glacial 2 10−3.2–10−2.4 closed
Interstadial 2–4 10−3.7–10−2.6 open; open/closed; closed
Modern 6 10−2.5–10−1.8 open; open/closed; closed
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(Table S2).
Tritium samples were measured in the Laboratory of Nuclear

Geophysics and Radioecology at the Nature Research Centre at Vilnius,
Lithuania. The samples were counted with electrolytical enrichment
using Quantulus 1220 liquid scintillation spectrometer. 3H concentra-
tions are reported in tritium units (TU) with the detection limit of
measurements being 0.2 TU (Table S2). For samples where 3H con-
centrations exceeded the detection limit, the measurement error
was±0.2 TU.

Noble gas samples were collected into copper tubes fixed on alu-
minium racks (Aeschbach-Hertig and Solomon, 2013) during two
fieldwork campaigns in 2013 (Weissbach, 2014) and 2015. These
copper tubes contained about 20 g of water and were closed vacuum
tight by stainless steel clamps. Noble gas contents were determined at
the Institute of Environmental Physics at Heidelberg University with a
GV Instruments MM 5400 mass spectrometer. The concentrations of He
and Ne (calculated from 20Ne, assuming an atmospheric isotopic
abundance of 90.5%) were measured with an average analytical pre-
cision of± 1.1% and±0.5%, respectively. The precision of the 3He
measurement and thus the 3He/4He ratio was typically± 3–5%. How-
ever, most of the samples taken in 2015 were affected by an experi-
mental problem that prevented reliable results for 3He (Table 2). For
these samples, the reduction of the He amount necessary to bring 4He
into the measurable range was so strong that 3He signals became too
weak and the corresponding peak was not found.

4. Geochemical modelling

For calculating 14C model ages, we applied geochemical modelling
concept that is based on the framework developed by van der Kemp
et al. (2000) and Blaser et al. (2010). Previous studies have shown that
the O-Cm aquifer system contains groundwater originating from three
different end-members (Pärn et al., 2016, Section 2): (1) groundwater
originating from modern precipitation, (2) groundwater originating
from glacial meltwater intrusion from the Scandinavian Ice Sheet and
(3) groundwater originating from saline formation water and brine
from the deeper parts of the basin. Thus, modern climatic conditions do
not characterize the environmental characteristics (temperature, pCO2)
of the recharge environment for most of the studied waters. In these
circumstances the chemical and isotopic composition of modern
groundwater cannot be used as a starting point for deriving 14C model
ages for groundwater in the aquifer system. We used geochemical
modelling with PHREEQC to calculate the isotopic (A0 and δ13Crech)
and chemical composition of recharge waters formed in different re-
charge conditions. We considered three types of recharge conditions for
the O-Cm aquifer system for this modelling exercise: modern, glacial
and interstadial. The plausible values for general parameters describing
each recharge environment (temperature, pCO2) are summarized in
Table 1. A more detailed discussion on the choice of these values can be
found in Supplementary material (Appendix A).

The DIC concentrations and δ13Crech, A0 values in recharge waters
are not only determined by temperature and pCO2 in the soil zone but
also by dissolution of carbonate minerals, most commonly calcite. The
dissolving calcite in the study area is 14C-free as the carbonate rocks
overlying the O-Cm aquifer system are of Palaeozoic age (Ordovician
and Silurian; Fig. 1b and c). Due to the fact, that the rocks forming the
O-Cm aquifer system have a very narrow outcrop area, it can be as-
sumed that waters recharging the aquifer system both in the Pleistocene
and in the Holocene first came into contact with the overlying carbo-
nate formations. We considered three types of system conditions (open -
chemically and isotopically open; open/closed - chemically open and
isotopically closed; closed - chemically and isotopically closed) for
calcite dissolution in modern and interstadial recharge conditions,
while only closed system conditions were considered for glacial con-
ditions for meltwaters recharged under the Scandinavian Ice Sheet (cf.
van der Kemp et al., 2000; Blaser et al., 2010, Table 1). Specific details

about the calculation of the chemical and isotopic composition of re-
charge waters can be found in Supplementary material (Appendix B;
Tables S4 and S5).

To calculate the 14C model ages, several hydrochemical processes
that affect the a14C of DIC in groundwater, in addition to calcite dis-
solution, were considered for recharge waters. Previous studies have
shown that the major processes affecting hydrochemical evolution of
groundwater in the O-Cm aquifer system are dissolution of carbonate
minerals (i.e. calcite and dolomite), along with cation exchange and
oxidation of organic matter (Pärn et al., 2016, 2018). The saturation
indices with respect to both calcite and dolomite calculated using
PHREEQC (Table S1) suggest that the majority of waters in the aquifer
system are in equilibrium with respect to calcite (SIcalcite from −0.40 to
0.22) and undersaturated or in equilibrium with respect to dolomite
(SIdolomite from −1.13 to 0.36; Table S1, Fig. 2a and b). This suggests
that the dissolution of carbonate minerals in the aquifer system takes
place mainly in the form of incongruent dissolution of dolomite where
calcite is precipitated as dolomite is dissolved. This inference is further
supported by increasing Mg/Ca values (up to ∼1.5) with increasing
DIC concentrations (Fig. 2c). The palaeogroundwater dominant in the
northern part of the aquifer system has a Na-HCO3 water type due to
cation exchange reactions of the freshening type (Pärn et al., 2016).
Cation exchange reactions cause secondary dissolution of carbonate
minerals as Ca2+ is removed from the solution, which can lead to a
further dilution of the 14C-active component in DIC (Appelo and
Postma, 2005). Previous studies (Raidla et al., 2012) and data from
laboratory experiments with Cambrian and Lower Ordovician sedi-
mentary rocks have shown that exchangeable Ca2+ and Mg2+ occur
mainly in 50:50 relationship on the surfaces of the exchanger. Hydro-
chemistry of the aquifer system has also been influenced by oxidation of
sedimentary organic matter found in the aquifer matrix and adjacent
aquitards (Pärn et al., 2018). To arrive at 14C model ages, series of
inverse models were developed using the inverse modelling software
NETPATH (Plummer et al., 1994) and its interactive user version
NETPATH-WIN (El-Kadi et al., 2011) based on the conceptual model on
the geochemical evolution of groundwater described above. Specific
details about the calculation of 14C model ages can be found in Sup-
plementary material (Appendix C, Table S6). The results of the inverse
models together with the uncorrected 14C ages and calculated 14C
model ages are reported in Table S3 (Supplementary material).

5. Results and discussion

5.1. Age tracers in the O-Cm aquifer system and evaluation of 14C data

The results obtained for the age tracers suggest that groundwater in
the O-Cm aquifer system is of considerable age (Tables S2 and S3). In
only few wells near the outcrop area of the aquifer system tritium ac-
tivities are above detection limit (> 0.2 TU). These measurable tritium
activities were found in waters with chemical and isotopic compositions
similar to modern groundwater in shallow aquifers in the study area
(Pärn et al., 2016; Raidla et al., 2016). In glacial palaeogroundwater
and brackish groundwater from the southern parts of the aquifer
system, the tritium activities are below detection limit (< 0.2 TU). This
indicates that a modern groundwater component recharged during the
last 50 years is practically missing in these waters. Modern measure-
ments of 3H activities in precipitation near the northern margin of the
study area in Espoo, southern Finland were in the range from 7.3 to
13.1 TU in the period 2003–2010 (IAEA/WMO, 2018). Thus, a 3H ac-
tivity of 0.2 TU in groundwater would indicate a fraction of modern
groundwater only from 1.5 to 2.7%. 14C activities of glacial palaeo-
groundwater in the O-Cm aquifer system are also very low, being
generally< 5 pmC and yielding conventional 14C ages ≥25000 14C
years (Table S3).

It is well known that low radiocarbon activities measured from
water cannot be directly interpreted in terms of actual groundwater
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age. Besides the uncertainties of initial 14C activities in recharge waters
and the dilution of this initial 14C activity by processes discussed above
(Section 4), a critical issue in 14C dating concerns possible contamina-
tion of the original a14C signal with atmospheric 14C during sampling
and sample preparation. The possibility of contamination is more likely
in samples collected with the conventional method where DIC is pre-
cipitated in the field as BaCO3 (Gleason et al., 1969; Clark and Fritz,
1997) at a high pH (>11) which creates a suitable environment for
rapid CO2 uptake from the atmosphere. This in turn can lead to a sig-
nificant kinetic fractionation resulting in a decrease in δ13C value and
an increase in the 14C activity of a sample (Craig, 1953; Clark and
Lauriol, 1992; Aggarwal et al., 2014).

The parallel measurements by the conventional method and by the
AMS method in the O-Cm aquifer system can be used to evaluate the
possible 14C contamination signal in groundwater. For glacial palaeo-
groundwater and brackish groundwater (groundwater with δ18O values
from −13.5 to −22.5‰), a14C values measured with the conventional
method ranged from 1.2 to 4.4 pmC. For waters with a modern isotopic
composition (groundwater with δ18O values from −11.3 to −11.9‰)
the a14C values ranged from 17.5 to 32.7 pmC. The new AMS sample
taken from groundwater with a modern isotopic composition had 14C
activity of 29.9 pmC, which falls in the same range as samples collected
with the conventional method. For glacial palaeogroundwater the AMS
measurements yielded a14C values from 0.4 to 4.6 pmC. The 14C ac-
tivities in palaeogroundwater measured by the AMS were in many cases
∼1 to 3 pmC lower than for samples collected by the conventional
method (Table S2), which leads to a difference of about 2000–18000 ka
in uncorrected 14C ages. This confirmed the suspicion that some sam-
ples collected with the conventional method were subject to atmo-
spheric CO2 contamination. The differences between the two mea-
surements were greater for brackish waters with higher TDS.

Nevertheless, for several wells in the north-eastern and southern
parts of the study area, the a14C measured with the two methods were
very similar (± 0.3 pmC; Table S2). Even though the exposure time to
the atmosphere is greatly reduced during sampling for the AMS

method, the CO2 uptake during sampling and sample preparation
cannot be excluded especially when the sampled groundwater has a
high pH (>8; Aggarwal et al., 2014). Thus, despite the correction to
conventionally measured a14C offered by the AMS method, the a14C
model ages calculated in this study should be considered minimum age
estimates for the studied waters. In the modelling exercise, we pre-
ferably calculated 14C model ages using a14C values measured with
AMS method. For wells where the AMS and conventional measurement
of a14C is similar, the lower value was used. Given the abovementioned
uncertainties, the modelled 14C ages are not calibrated and all ages
including relevant background information reported in this study are
given in uncalibrated 14C ages BP.

5.2. Plausible models for calculating 14C model ages

The models used to calculate 14C model ages were evaluated based
on their consistency with the measured δ13CDIC value in the end well
(Fig. 3). Initial waters from recharge conditions that best reproduced
the measured δ13CDIC value were considered the most plausible for
calculating 14C model ages (Table S3). Sensitivity analysis revealed that
calculated δ13CDIC can vary± 3.6‰ when either minimum and max-
imum values of δ13C for phases is used instead of an average value (see
Supplementary material, Appendix C, Table S6; Fig. 3). The 14C half-life
of 5730 years (Cambridge half-life) was used for age calculations
(Plummer et al., 1994). The results of the modelling exercise together
with the 14C model ages are summarized in Table S3 (Supplementary
material). The reported age is an average of model ages calculated using
different initial water compositions from plausible recharge conditions.

For several samples a good correspondence between measured and
calculated δ13CDIC values was not found with any of the initial water
combinations in the chosen modelling framework (Fig. 3a). These were
groundwater with the heaviest δ13CDIC values situated in the sulphate-
reduced and methanogenic zone in the aquifer system (Pärn et al.,
2018; Table S3, type “methanogenesis”). It was hypothesized that in
addition to hydrochemical reactions described above, methanogenesis

Table 2
He, Ne concentrations together with values for the Ne/He and 3He/4He ratio normalized to RASW in the studied samples from the Ordovician-Cambrian aquifer
system. Excess air (4Heexc) and radiogenic (4Herad) 4He components are also given.

Well no. Location 4He (cc·g−1) 4He error Ne (cc·g−1) Ne error Ne/He 3He/4He (R/RASW) 4Heexc (cc·g−1) 4Herad (cc·g−1)

Type I
1630 Kiili* 4.40·10−7 3.07·10−9 2.65·10−7 3.33·10−9 0.60 0.25 7.63·10−8 3.14·10−7

Type II
1551 Riisipere* 2.35·10−5 2.92·10−7 8.57·10−7 3.24·10−9 0.04 0.02 2.47·10−7 2.33·10−5

12422 Heltermaa 3.21·10−5 3.21·10−7 8.57·10−7 4.28·10−9 0.03 ** 2.47·10−7 3.18·10−5

13359 Käina 4.00·10−5 4.00·10−7 8.60·10−7 4.30·10−9 0.02 ** 2.48·10−7 3.97·10−5

3171 Varesmetsa 9.22·10−6 9.22·10−8 5.09·10−7 2.57·10−9 0.06 ** 1.47·10−7 9.02·10−6

9483 Risti* 2.24·10−5 2.42·10−7 8.61·10−7 2.04·10−9 0.04 0.02 2.48·10−7 2.21·10−5

1562 Lehtmetsa 3.87·10−5 3.87·10−7 8.65·10−7 4.32·10−9 0.02 ** 2.49·10−7 3.84·10−5

15346 Karjaküla 1.16·10−5 1.16·10−7 8.87·10−7 4.44·10−9 0.08 0.03 2.56·10−7 1.13·10−5

13305 Kõrgessaare 9.82·10−6 9.82·10−8 1.07·10−6 5.34·10−9 0.11 ** 3.07·10−7 9.46·10−6

16413 Vihterpalu* 8.57·10−6 5.73·10−8 1.10·10−6 4.07·10−9 0.13 0.05 3.16·10−7 8.20·10−6

8104 Nõva* 3.41·10−6 3.89·10−8 7.53·10−7 1.80·10−9 0.22 0.04 2.17·10−7 3.14·10−6

Type III
25755 Kose 3.29·10−5 3.29·10−7 7.12·10−7 3.56·10−9 0.02 ** 2.05·10−7 3.26·10−5

11851 Võisiku 4.72·10−5 4.72·10−7 5.36·10−7 2.68·10−9 0.01 ** 1.54·10−7 4.70·10−5

4002 Piilse 1.25·10−5 1.25·10−7 7.12·10−7 3.56·10−9 0.06 ** 2.05·10−7 1.22·10−5

4109 Tapa 3.18·10−5 3.18·10−7 6.01·10−7 3.01·10−9 0.02 ** 1.73·10−7 3.15·10−5

3508 Tamsalu 4.02·10−5 4.02·10−7 6.90·10−7 3.45·10−9 0.02 ** 1.99·10−7 4.00·10−5

1679 Alu 3.59·10−5 3.59·10−7 6.87·10−7 3.43·10−9 0.02 ** 1.98·10−7 3.57·10−5

5968 Estonia mine 1.55·10−5 1.55·10−7 6.13·10−7 3.06·10−9 0.04 ** 1.76·10−7 1.53·10−5

Type IV
1224 Tartu 1.14·10−4 1.14·10−6 4.00·10−7 2.18·10−9 0.00 ** 1.15·10−7 1.13·10−4

3950 Värska 1.81·10−4 1.81·10−6 4.70·10−7 2.44·10−9 0.00 0.01 1.35·10−7 1.81·10−4

4471 Pärnu 1.36·10−4 1.36·10−6 3.92·10−7 2.13·10−9 0.00 0.01 1.13·10−7 1.36·10−4

8021 Häädemeeste 2.04·10−4 2.00·10−6 4.14·10−7 1.40·10−9 0.00 ** 1.19·10−7 2.04·10−4

10836 Kuressaare 5.53·10−4 5.53·10−6 6.49·10−7 3.25·10−9 0.00 0.02 1.87·10−7 5.53·10−4

* He and Ne concentrations previously published in Weissbach (2014).
** No reliable 3He result available due to very low 3He signal in the gas split used for 4He analysis.
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can be a relevant process influencing the δ13CDIC composition of these
waters. During methanogenesis 12C is preferentially used by bacteria
and incorporated into the CH4 molecule, while the remaining DIC be-
comes enriched in 13C (Aravena et al., 1995a; Clark and Fritz, 1997).
The magnitude of fractionation between biogenic δ13CCH4 and parent
δ13CCO2 depends on the methanogenic pathway and is larger for car-
bonate reduction compared to acetate fermentation (Whiticar, 1999).
Pärn et al. (2018) have shown that the isotopic composition of CH4 in
the O-Cm aquifer system is more consistent with the carbonate reduc-
tion pathway. As methane production via the acetate fermentation
pathway is initially the dominant mechanism of methanogenesis in
freshwater, we chose an ε13CCO2-CH4 value of 40‰ for modelling which
is a value overlapped by both methanogenic pathways (Whiticar,
1999). Initial δ13CCH4 was chosen to be −80‰ which is the most de-
pleted value reported from the aquifer system and thus thought to be
least affected by possible oxidation effects (Pärn et al., 2018). When
methanogenesis is added to the processes considered by inverse mod-
elling in NETPATH a much better correspondence between measured
and calculated δ13CDIC values is achieved (Fig. 3b; Table S3). The re-
maining inconsistencies can result from uncertainties in the chosen
fractionation factor and the initial δ13CCH4 value.

5.3. 14C model age of groundwater in the O-Cm aquifer system

The calculated 14C model ages of groundwater in the O-Cm aquifer
system were on average ∼20 ka BP younger than conventional ages
(Table S3) for all studied waters which shows the significance of geo-
chemical reactions in diluting the original a14C activity. Based on cal-
culated 14C model ages and isotopic composition, the studied waters
can be classified into four types (Types I-IV; Fig. 1) The new classifi-
cation is generally in agreement with the previous classification based
only on the stable isotopic composition (Pärn et al., 2016, Section 2).
Groundwater with isotopic composition similar to the modern
groundwater end-member (δ18O from −11.3 to −11.9‰, δ2H from
−84 to −85‰) containing tritium (Type I) was characterized by ne-
gative average 14C model ages within modern recharge conditions
(Table S3). 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 (Toth and Katz, 2006). The waters of
Type I are mostly consistent with the evolution of recharge waters in
both open and open/closed system conditions for calcite dissolution
(see Section 4, Table 1 and Appendix B in the Supplementary material).
However, previous data available from shallow groundwater in the
study area do not support the occurrence of open system conditions for
carbonate mineral dissolution in shallow groundwater. This would re-
sult in a measured a14C close to ∼100 pmC which has not been ob-
served (Table S4, Supplementary material). Instead available data
suggest that groundwater with modern isotopic composition and con-
taining tritium in the overlying shallow aquifers is characterized by
a14C of ∼40–60 pmC (Raudsep et al., 1989; Välkmann et al., 1992;
Vaikmäe et al., 2001), which is characteristic of carbonate mineral
dissolution in an open/closed system conditions (Table S4), where only
partial isotopic exchange occurs between total inorganic carbon and
soil CO2 (van der Kemp et al., 2000). Thus, the open/closed system
conditions for recharge waters are deemed more plausible for the study
area.

Glacial palaeogroundwater having the most depleted isotopic
composition with respect to modern groundwater (δ18O from −17.7 to
−22.4‰; δ2H from −133 to −169‰) from the north-western part of
the aquifer system (Type II) is consistent with closed system conditions
for calcite dissolution in recharge waters from glacial conditions (Table
S3). The calculated 14C model ages of Type II waters range from 6 to 26
ka BP. Radiocarbon model ages younger than 11 ka BP can be judged to
be affected by contamination as the ice sheet retreated from the study
area ∼11.3 ka BP ago (Saarse et al., 2012). Most of the Type II waters
have 14C model ages from ∼10 to 14 ka BP which roughly coincides

Fig. 2. The saturation indices of (a) calcite, (b) dolomite and (c) Mg2+/Ca2+

ratios as a function of dissolved inorganic carbon (HCO3
− + CO3

2−) con-
centration in the Ordovician-Cambrian aquifer system. The area between dotted
lines on (a) and (b) represents equilibrium with respect to the given mineral.
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with the deglaciation of the study area in the Late Glacial period (Kalm,
2006; Saarse et al., 2012). Models which describe the infiltration of
glacial meltwater into aquifers (e.g. Bense and Person, 2008; Lemieux
et al., 2008; McIntosh et al., 2011) suggest that most of the water did
not infiltrate during the glacial maximum but during the transgression
phases of continental ice sheets in the Pleistocene, when the ice sheet
could not have been much thicker than 1000m. During deglaciation of
the study area, several re-advances of the ice sheet occurred. The most
prominent of those was the re-advance of the Scandinavian Ice Sheet
during the period from ∼12.7 to 14.7 ka BP ago known as the Palivere
Stage (Kalm, 2006). Palivere end-moraines related to the ice sheet re-
advance are situated in the north-western part of the study area and
thus coincide with the spatial distribution of Type II waters (Fig. 1). The
possibility of groundwater recharge during the regression phase of the
Scandinavian Ice Sheet in the Late Pleistocene is further supported by
the occurrence of groundwater with the Late Glacial age in the southern
parts of the BAB (Mokrik et al., 2009) and in areas near the southern
and south-western margins of the BAB that were affected by glaciation
during the LGM (e.g. Zuber et al., 2000; Hinsby et al., 2001).

Glacial palaeogroundwater from the north-eastern parts of the
aquifer system (Type III) have calculated 14C model ages ranging from
∼8 to 29 ka BP. These waters have a depleted isotopic composition
(δ18O from −14.2‰ to −16.5‰; δ2H from −104 to −131‰) with
respect to modern groundwater, but their isotopic composition is hea-
vier compared to Type II waters. Previously, it was suggested that Type
III waters are a mixture between groundwater originating from glacial
meltwater and modern precipitation, respectively (Pärn et al., 2016).
The 14C model ages calculated in this study challenge this assumption.
The average age of ∼17 ka BP for Type III waters coincides with the
period of maximum extent of the Scandinavian Ice Sheet in the LGM
rather than with the Holocene period, when the mixing with more re-
cent meteoric waters could have occurred (Table S3). Geochemical
modelling of Type III waters gave most consistent results with recharge
waters evolved in open and open/closed system conditions for calcite
dissolution in interstadial conditions. As discussed above, open/closed
system conditions are considered more plausible for the study area.
Also, open system conditions of carbonate mineral dissolution would
result in even older 14C model ages compared to open/closed system
conditions and thus the latter provides a minimum age estimate. The
calculated 14C model ages suggest that the Type III waters are poten-
tially older than Type II waters, which have a more depleted isotopic
composition. This could mean that groundwater from Type III contains
a component of water recharged in interstadial conditions prior to the
LGM. When we assume that Type III waters have evolved through
mixing between waters originating from glacial meltwater and modern
precipitation, as was done previously, it would be hard to explain the
greater 14C model ages for Type III (mixed) waters compared to Type II
(glacial) waters. So, the most plausible inference from the geochemical
modelling framework adopted in this study is, that even if Type III

waters have been affected by mixing with the modern meteoric end-
member, they probably also contain an older component from the pre-
LGM period. Results from previous studies also support the inference
that Type III waters in the north-eastern part of the aquifer system could
be older than Type II waters in the north-western part of the aquifer
system. It has been observed that the sulphate reduction is ongoing in
Type II waters, while in Type III waters it has run close to completion
(Pärn et al., 2018). Also, Raidla et al. (2012) have shown that in the
underlying Cambrian-Vendian aquifer system younger 14C model ages
characterize the western part of the aquifer system, corresponding to
the regression phase of the Scandinavian Ice Sheet in the Late Pleisto-
cene.

Brackish groundwater in deeper parts of the aquifer system (Type
IV) have been shown to have 81Kr ages significantly older (∼550 ka)
compared to the 14C model ages calculated for fresh groundwater in the
O-Cm aquifer system (Gerber et al., 2017). The 14C model ages for Type
IV waters range from ∼10 to 31 ka BP with the average age of ∼22 ka
BP. Three of the five brackish waters dated in this study have a14C
model age>25 ka BP and can be considered to lie beyond the 14C
dating range due to uncertainties and possible contamination effects
discussed in Section 5.1. Two samples with calculated ages of 10 and 17
ka BP (wells no. 1224 and 10836) could be influenced by contamina-
tion during sampling or during sample preparation due to anomalously
high a14C values measured in those samples compared to other brackish
waters of Type IV (Table S2). The contamination can also be connected
to the leaky casing of the wells. Similarly to the palaeogroundwater of
Type III, the brackish waters are also most consistent with recharge
waters evolved in interstadial recharge conditions. Due to their con-
siderable 81Kr age they could also contain a meteoric component from
previous interglacials (Gerber et al., 2017).

5.4. 4He accumulation in the O-Cm aquifer system

The consistency of the calculated 14C model ages can be checked by
studying the accumulation of radiogenic 4He in groundwater. It has
been observed that 4He concentrations in groundwater increase with
groundwater travel time (Andrews and Lee, 1979; Castro et al., 2000;
Kipfer et al., 2002). He dissolved in groundwater can originate from
three principle sources (Torgersen and Stute, 2013):

(a) atmospheric He in solubility equilibrium and excess air acquired
during infiltration;

(b) in situ production within the aquifer matrix;
(c) He from external sources (e.g. crustal He flux).

Several lines of evidence suggest that the majority of 4He in
groundwater of the O-Cm aquifer system is of radiogenic origin with
atmospheric and excess air components being almost negligible. The
radiogenic 4He component was calculated by subtracting the

Fig. 3. Comparison between measured δ13C values
and δ13C values calculated with NETPATH. The
water types are discussed in Section 5.3. (a) δ13C
values calculated without methanogenesis (see text
for further discussion); (b) δ13C values calculated
with methanogenesis (Type CH4). Dashed lines show
the deviation of± 3.6‰ that can result when pos-
sible minimum or maximum estimates of the δ13C
value are used for phases instead of the average value
(Supplementary material, Appendix C, Table S6).

J. Pärn, et al. Applied Geochemistry 102 (2019) 64–76

71



equilibrium concentration of 4He in air-saturated water at 0 °C and the
excess air component from the total 4He concentrations. The excess air
component was estimated using the Ne concentrations (Table 2). Most
samples contain substantial excesses of Ne above equilibrium, in-
dicating the presence of an excess air component, which for 4He is es-
timated according to Torgersen and Stute (2013, Eq. 8.5), assuming an
atmospheric He/Ne ratio of this component. It must be noted that
complete noble gas datasets from glacial palaeogroundwater of the BAB
(e.g. Weissbach, 2014) show highly unusual excess air patterns, where
Ne is strongly depleted with respect to excess air amounts predicted by
the usual excess air models (Weissbach, 2014; Raidla et al., 2017). As
this depletion may also affect excess air of He, the applied estimate for
the excess air component is likely to be a maximum estimate, leading to
a minimum estimate for radiogenic He. However, the effects are very
small, as radiogenic He dominates in all samples (Table 2).

Relations between normalized 3He/4He ratio and total concentra-
tions of He and Ne (Fig. 4) confirm this inference as all samples with
available 3He data plot very close to the crustal end-member indicating
that 4He in studied waters is almost solely of radiogenic origin. The
samples with missing 3He results would probably also have a very low
radiogenic 3He/4He ratio, since 3He signals were too low for a reliable
measurement. The brackish waters (Type IV) plot almost on the crustal
end-member values. Type II samples plot on the mixing line with the
atmospheric end-member, whereas the single Type I sample plots above
the line, possibly due to tritiogenic 3He in this relatively young sample,
which contains about 5 TU of tritium (Weissbach, 2014).

In general, the calculated radiogenic 4He concentrations seem to
support the assumptions on relative age differences between different
water types that were based on calculated 14C model ages (Fig. 5). The
in-situ 4He accumulation rate (AHe; cm3STPcm−3a−1) can be calculated
based on the U and Th concentrations in the aquifer-forming minerals
(Castro et al., 2000; Wen et al., 2016):

= × + × × × ×A C C n
n

(1.207 10 2.867 10 ) 1
He U Th r He

13 14
(1)

where ΛHe is the release factor of He from minerals to water (usually
taken to be 1; Torgersen and Stute, 2013), CU and CTh are the average
concentrations of U and Th in ppm; ρr is the average density and n is
porosity of the reservoir rock, respectively. The overview of parameters
used in the calculation of AHe and the calculated AHe for geological
strata associated with the aquifer system are given in Table 3. The in-
situ production of the sandstone in the aquifer matrix is small (average
5.5·10−11 cm3STPcm−3a−1; Table 3) and yields 4He accumulation rates
markedly smaller than suggested by 14C model ages (Fig. 5). However,
the Lower Ordovician black shale that is in contact with the upper part
of the Cambrian and Lower Ordovician sandstones is notable for its high
U concentrations (average concentrations in western and eastern Es-
tonia are 88 and 236 ppm, respectively, Petersell, 1997; Voolma et al.,
2013; Hade and Soesoo, 2014). Thus, it can be proposed that the real
4He accumulation rate in the aquifer system is much larger than the in-
situ production rate calculated from U concentrations in the sandstones.
When the contribution to 4He accumulation rate from the shale and the
clay are also taken into account, the estimated maximum 4He accu-
mulation rates increase to values from 1.2·10−10 to 2.0·10−9

cm3STPcm−3a−1, respectively, depending on the values of parameters
used (Table 3; Fig. 5).

The measured radiogenic He concentrations generally increase with
increasing 14C model ages (Fig. 5). However, despite a general agree-
ment with radiogenic He isotope concentrations and calculated 14C
model ages, the 4He accumulation rates suggest that in many cases the
groundwater ages are older compared to 14C model ages calculated for
glacial palaeogroundwater (Types II and III). Furthermore, brackish
groundwater of Type IV plot above the area defined by calculated 4He
accumulation rates and close to the crustal degassing flux of 4He
(Oxburgh and O'Nions, 1987; Fig. 5). A possible explanation of this
relation is that the calculated 14C model ages presented in this study

Fig. 4. The three-isotope plot of 3He, 4He and Ne in the Ordovician-Cambrian
aquifer system. The sampled wells with available 3He data are normalized to
the air saturated water (ASW) 3He/4He ratio at 0 °C with RASW=1.360·10−6

(Benson and Krause, 1980). In addition to air saturated water at 0 °C (ASW with
normalized 3He/4He ratio of 1 and Ne/He ratio of 4.59; grey square), the crustal
end-member (normalized 3He/4He ratio of 0.0153 and Ne/He ratio of 0,
Mamyrin and Tolstikhin (1984); white square) and the mantle end-member
(normalized 3He/4He ratio of 8 and Ne/He of 0, Graham (2002); black square)
are also depicted. The dashed lines indicate the mixing lines between the end-
members. The size of the symbols is larger than the analytical precision for both
ratios.

Fig. 5. Modelled 14C ages as a function of radiogenic 4He in the Ordovician-
Cambrian aquifer system. The dashed line shows the in-situ production rate in
Cambrian and Lower Ordovician sandstone. The grey area between the two
solid lines shows the range for the maximum 4He accumulation rate calculated
based on the parameters given in Table 3. The error bars for 14C model ages
reflect the standard deviation of ages derived from acceptable models for each
sample (Table S3, Supplementary material). The accumulation of He from an
external flux in cm3 (STP) cm−3a−1 is calculated from the continental degas-
sing flux of 3.4·10−6 cm3 (STP) cm−2a−1 (Oxburgh and O'Nions, 1987), the
average thickness of the aquifer system of 60m and the average porosity of 0.2.
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need to be considered minimal ages due to various contamination ef-
fects that could modify the measured a14C value (Section 5.1). This
assumption is supported by much larger 81Kr ages estimated for
brackish groundwater (∼550 ka BP; Gerber et al., 2017). However,
these inferences are complicated by the fact that the concentration of
radiogenic 4He in groundwater from the O-Cm aquifer system can be
influenced by mixing between glacial palaeogroundwater and much
older saline formation water (Pärn et al., 2016; Gerber et al., 2017).
Thus, the high 4He concentrations in studied groundwater are probably
also related to mixing between very old water with a very high He
concentrations and younger water of low salinity and lower He con-
centrations (cf. Lehmann et al., 1996).

5.5. Groundwater age distribution in the Ordovician-Cambrian aquifer
system

Strong influence of mixing between groundwater of different origin
(modern recharge, glacial meltwater from the Pleistocene, saline for-
mation water and brine) has probably resulted in wide age distributions
in the studied waters. This can be illustrated by relations between
radiogenic 4He, δ18O values and Cl− concentrations (Fig. 6a and b).
Glacial palaeogroundwater with the lightest isotope composition of
Type II from the north-western part of the study area has the lowest
radiogenic 4He content and the latter increases with enrichment in δ18O
values (Fig. 6a). This indicates increasing groundwater residence times
and mixing with older groundwater from the deeper parts of the aquifer
system. The same general pattern as in Type II waters is visible in Type
III waters with higher concentrations of radiogenic 4He corresponding
to heavier δ18O values. This supports the assumption that glacial pa-
laeogroundwater with most depleted isotopic composition could indeed
represent waters originating from the latest advance of the Scandina-
vian Ice Sheet during the Palivere stage from ∼14.7 to 12.7 ka BP
(Kalm, 2006). Waters with higher radiogenic 4He content could contain
a more important fraction of groundwater from the pre-LGM period.

However, the relations in Fig. 6a and b suggest that mixing pro-
cesses have been markedly different for brackish groundwater of Type
IV compared to glacial palaeogroundwater of Type II and III. Brackish
groundwater of Type IV has radiogenic 4He contents of a magnitude
higher compared to glacial palaeogroundwater in line with much older
81Kr ages estimated by Gerber et al. (2017). Previous studies (Pärn
et al., 2016, 2018; Gerber et al., 2017) have shown that Type IV
groundwater is a mixture of groundwater with glacial origin, a meteoric
component possibly originating from previous interglacials and brine in
the central parts of the basin. This is supported by the relation between
Cl− and radiogenic 4He (Fig. 6b), which shows that the majority of 4He
in the studied waters has been acquired by mixing with the saline
formation water and brine from the deeper parts of the basin. Thus,
Type IV groundwater certainly contains much older components with
respect to glacial palaeogroundwater (Types II and III) as suggested by
radiogenic 4He concentrations. This older component has been related
to Na-Cl type brines in the central parts of the BAB which have 81Kr
ages beyond the 81Kr dating range (> 1.3Ma; Gerber et al., 2017). As
halite is not present in the aquifer matrix, the high chloride con-
centrations found in the brine suggest, that they have most likely
evolved from evaporated seawater later modified by water-rock inter-
action (Pärn et al., 2016; Gerber et al., 2017). Furthermore, values of
the Li+/Cl−, Na+/Cl− and Br−/Cl− ratios are similar to seawater in
both Type IV groundwater in the O-Cm aquifer system and in the brine
(Pärn et al., 2016; Gerber et al., 2017). Thus, the brine component is
potentially very old and probably of pre-Quaternary origin (Mokrik,
1997; Gerber et al., 2017).

In previous studies (e.g. Aquilina et al., 2015; Aquilina and de
Dreuzy, 2011), diffusion has been reported as the main process for the
source of solutes in saline groundwater with long residence time. Sev-
eral lines of evidence suggest that dispersive mixing rather than diffu-
sion has been the main process that has led to the development of a
wide age distribution and the observed salinity gradient (chloride
concentrations) in the O-Cm aquifer system. Firstly, Type IV

Table 3
Parameters in Eq. (1) and the calculated AHe for geological strata associated with the Ordovician-Cambrian aquifer system.

Hydrogeological unit CU CTh pr pw n AHe Publications

ppm g cm−3 g cm−3 cm3STP g−1 a−1

Ordovician-Cambrian aquifer system: sandstone - minimum estimate 38 – 2.6 1 0.3 2.8·10−11 Raudsep (1997)
Ordovician-Cambrian aquifer system: sandstone - maximum estimate 50 – 2.6 1 0.15 8.9·10−11 Raudsep (1997)
Lower Ordovician graptolite argillite - minimum estimate 88 14 1.8 1 0.2 9.1·10−11 Croff et al. (1985); Petersell (1997)

Voolma et al. (2013); Soesoo & Hade (2014)
Lower Ordovician graptolite argillite - maximum estimate 236 14 1.8 1 0.05 1.9·10−9 Croff et al. (1985); Petersell (1997)

Voolma et al. (2013); Soesoo & Hade (2014)
Lükati-Lontova aquitard: claystone - minimum estimate 3.6 12.4 2.2 1 0.15 9.1·10−11 Kiipli et al. (2000)
Lükati-Lontova aquitard: claystone - maximum estimate 3.6 12.4 2.2 1 0.25 4.3·10−10 Kiipli et al. (2000)
Total (minimum estimate) 1.2·10−10

Total (maximum estimate) 2.0·10−9

Fig. 6. (a) δ18O composition and (b) Cl− concentra-
tions of groundwater as a function of radiogenic 4He
in the Ordovician-Cambrian aquifer system. For a
clearer representation of the majority of the samples,
the Kuressaare sample with the highest radiogenic
4He concentration (Table 2) is omitted from the
figure (a). The samples representing the brine end-
members in figure (b) are located in the Riga area,
Latvia and the data is reported in Gerber et al.
(2017). The dashed lines in figure (b) are fit through
data to show hypothetical mixing lines between brine
and waters of Type IV and between Type II and Type
IV waters.
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groundwater has an isotopic composition markedly lighter (δ18O from
−13.5 to −17.3‰) compared to the brine (δ18O value of∼−4.5‰;
Babre et al., 2016; Gerber et al., 2017), which can be explained by
mixing with glacial palaeogroundwater. Secondly, Gerber et al. (2017)
have shown that the patterns of 81Kr ages together with radiogenic 4He
and 40Ar in groundwater of Type IV and brine cannot be explained by
assuming that the deep groundwater has been almost stagnant on time
scales of several hundred thousand years. The same point is also
highlighted by calculating the diffusion length scale from D t· ·m (θ –
effective porosity; Dm – molecular diffusion of water molecules in
water; t – times since recharge) for sample no. 8021 (Table 2; Appelo
and Postma, 2005; Aquilina et al., 2015). From this sample an 81Kr age
of 541 ± 28 ka has been reported (Gerber et al., 2017). If the effective
porosity in the range of 0.05–0.2 is assumed (Gerber et al., 2017), the
resulting diffusion length scale would be only 30–50m. At the same
time, the chemical and isotopic composition of Type IV waters is
markedly different from brines which lie approximately 150 km to the
south.

Thus, due to the mixing processes described above, the studied
samples seem to contain fractions of water with strongly differing ages.
It should be kept in mind, that while the 14C model ages (and also 81Kr
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). The observed
discrepancies in age estimates provided by different age tracers can be
explained by assuming that in the shallower northern part of the aquifer
system significant changes in groundwater composition can be brought
about by glacial meltwater intrusion during a single glaciation. At the
same time, multiple glacial-interglacial cycles are needed to transport
the glacial meltwater signature to the deeper southern parts of the
aquifer system. Indeed, the numerical modelling carried out by Sterckx
et al. (2018) has shown that glacial meltwater did not infiltrate to
distances greater than 175 km in the northern part of the BAB during
the LGM. At the same time groundwater of Type IV lies approximately
200–250 km to the south from the outcrop area of the aquifer system.
This supports the inference, drawn based on 14C model ages and
radiogenic 4He concentrations, that groundwater originating from
previous glacial-interglacial cycles is present in the O-Cm aquifer
system (Sections 5.3-5.4; Gerber et al., 2017). Furthermore, this would
also mean that glacial palaeogroundwater originating from the LGM
period would not have mixed with the brine in the central parts of the
basin (cf. Raidla et al., 2009; Pärn et al., 2016), but rather with brackish
groundwater of Type IV which was already a product of mixing be-
tween glacial meltwater and saline formation water from the previous
glacial-interglacial cycles.

Finally, Raidla et al. (2012) dated the glacial palaeogroundwater
from the underlying Cambrian-Vendian aquifer system to the period
from 14 to 27 ka BP and deemed it to be coeval with the advance and
maximum extent of the Scandinavian Ice Sheet in the LGM. In the light
of the results provided here, it should be considered whether there is
evidence for the presence of groundwater originating from previous
interstadials and glacial-interglacial cycles in the Cambrian-Vendian
aquifer system. This could be possible as the Cambrian-Vendian aquifer
system is much better protected from mixing with modern groundwater
from shallow aquifers than the overlying O-Cm aquifer system.

6. Conclusion

Despite the shortcomings discussed above, the first attempt to date
the palaeogroundwater in the O-Cm aquifer system allowed us to
identify groundwater originating from three different climatic periods:
(1) the post-glacial period (0–12 ka BP); (2) the LGM (∼12–22 ka BP)
and (3) the pre-LGM period (> 22 ka BP). Part of the glacial palaeo-
groundwater in the northern part of the aquifer system is consistent
with dissolution of calcite in open/closed system conditions which is a
more likely scenario for interstadial time periods when the

Scandinavian Ice Sheet did not reach the study area. Glacial palaeo-
groundwater situated in the north-western parts of the study area is
consistent with closed system dissolution of calcite which points to the
direct origin from glacial meltwater recharge. Future studies should
consider whether this difference in 14C model ages between two parts of
the aquifer system is caused by a prominent movement of the
Scandinavian Ice Sheet from west to east or by secondary effects (e.g.
choices made in modelling, modification of initial 14C signal by con-
tamination). As 14C model ages for several samples of glacial palaeo-
groundwater in the aquifer system are ≥20 ka BP, age tracers having
longer half-lives (e.g. 81Kr) should be used in future studies to better
constrain the groundwater age distribution.

Comparison between 14C model ages and 4He accumulation rates
showed that groundwater ages based on 4He accumulation would be
systematically older. However, the 4He in the majority of studied wa-
ters seems to be acquired through mixing with very old saline formation
water and brine from the deep parts of the basin which complicates the
calculation of 4He accumulation ages. Thus, groundwater in the O-Cm
aquifer system probably has a wide age distribution containing frac-
tions of water with markedly different ages. The observed pattern of 14C
model ages, radiogenic 4He concentrations and previously published
81Kr ages suggest that the aquifer system probably also contains
groundwater originating from pre-LGM period. Such results comple-
ment the inferences drawn by Gerber et al. (2017) for the deep part of
the BAB, by showing that groundwater originating from pre-LGM
period is already present in shallower northern parts of the deepest
sedimentary aquifers in the BAB. This offers further support to the
hypothesis that these deep aquifers must have been in a transient state
for large parts of the Pleistocene (Gerber et al., 2017).
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