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INTRODUCTION

The knowledge of the Baltic Artesian Basin (BAB) groundwater
formation plays a significant role in hydrogeology. Apart from the
significant interest in fundamental research of groundwater isotope-
geochemistry, the applications of these investigations include social-
economical projects, environmental assessments, an actual part of the
prognosis of changes in natural environments, and their impact on urban
areas, agricultural objects, industry, balneology, etc. Studies of groundwater
composition in the BAB include many topics: regional research,
classifications, paleohydrogeology, dating, origin, and formation scenarios.
Groundwater isotope-geochemistry data is beneficial when evaluating
resources, pollution, flow path velocity, and fresh, brackish, and brine
groundwater formation in the BAB. Yet, the isotope or chemical
composition of groundwater formation often cannot be easily explained
separately. In such cases, groundwater should be analyzed using coupled
research methods. Anomalous groundwater may have various definitions:
1. a significant deviation from surrounding sites’ groundwater chemical or
isotopic content; 2. unique geological-hydrogeological conditions,
lithological settings, or physical factors leading to groundwater alterations;
3. a variety of hydraulic boundary conditions for flow paths.

This study aimed to investigate BAB groundwater background, the
origin of isotope-geochemistry anomalies, and their formation scenarios.

The object of this study was shallow, intermediate, and deep
groundwater flow systems and their interaction resulting in isotopic-
chemistry anomalies of the BAB.

The main objectives of this study:

1. to describe anomalous sites for shallow (<300 m), intermediate (300-
1000 m), and deep (>1000 m) aquifers groundwater by isotope-
geochemistry data and reveal the main factors that influenced its
formation, such as geological and hydrogeological settings, paleo-
climate aspects during Pleistocene and Holocene;

2. to establish a distinction between the background groundwater
composition and anomalies in the context of local, intermediate, and
deep flow systems interaction for the formation of chemical and isotopic
content;

3. to use a coupled calibrated steady-state basin-scale groundwater flow
modeling with particle track schemes and noble gas data to identify
groundwater formation pathways and residence times.



Scientific novelty

e The development of groundwater anomalies’ spatial distribution
structure is based on its isotopic-geochemistry characteristics and
flow modeling.

» A new concept of the Estonian Homocline Cm-V and O-Cm aquifer
systems groundwater isotope-geochemistry anomaly formation is
proposed. The formation of isotopically fractionated residual
groundwater is due to cryogenic processes and the influence of the
talik system net.

e The comparison of coupled 8Kr and conventional “He ages with
numeric modeling of groundwater flow particle track times for
intermediate-deep groundwater bodies in the BAB was executed for
the first time.

Defended statements of this study:

1. According to isotope-geochemistry data and thermodynamic
calculations, a major part of the northern BAB Cm-V and O-Cm
aquifers groundwater formed in the periglacial environment before
LGM. Depleted 520 values, hydrogeochemistry, and noble gas excess
in Estonia O-Cm-V-B hydrogeological unit originate from the in situ
freezing of paleogroundwater.

2. The interaction of the shallow and intermediate groundwater flows on
the central-southern BAB occurs in the vicinity of coastal rivers
valleys, and lowlands where anomalies form by winter time seasonal
changes of depleted isotope-geochemistry in the local flow recharge-
discharge balance. Toward the southern region, the 5O enrichment
tendency predominates by upward discharge from intermediate-depth
at the places of tectonic faults.

3. Deep and intermediate-depth flows are separated by regional-scale
aquitards, which is proved by steady-state 3D groundwater flow
model where particles trajectory times are compared to radioisotopic
groundwater ages. The difference among radiokrypton, helium ages,
and particle travel times are significant. The absence of fractured fault
zone permeability characteristics at the numerical model may be
corrected after more detailed field studies of hydraulic parameters
within layers to reflect an actual hydrogeological internal boundary
setting accurately.

Approbation of the research results. The dissertation results were
published in four scientific articles, two of which have an impact factor in



the Clarivate Analytics Web of Science (CA WoS) database, and four
presentations at international conferences.

Content of the dissertation: introduction, four chapters, conclusions,
reference list. Dissertation extent: 31 figures, 11 tables, and 199 reference
list entries.
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1. PREVIOUS RESEARCH OVERVIEW

1.1. Research of Groundwater Anomalies at the Estonian Homocline and
Central-Southern BAB Sites

Two exclusive cases were studied in northern Estonia Cm-V
(Cambrian-Vendian (Ediacaran)) and O-Cm (Ordovician-Cambrian) aquifer
systems groundwater strongly depleted with stable isotopes (5¥0 down to -
22 %o) (Babre et al., 2016; Karro et al., 2009; Parn et al., 2019; Raidla et al.,
2016; Raidla, Parn, Schloemer, et al., 2019; Vaikméie et al., 2001). The
depletion is considered in respect to average annual meteoric water, with
5180 value -10.4 %o (Punning et al., 2008, 1987; WeiBlbach, 2014). The
radiocarbon dating supports the theory that this groundwater formed during
the Pleistocene (Banys et al., 1979; Parn et al., 2019; Raidla et al., 2012).
According to this theory, the variety of isotope-geochemistry parameters was
caused by glacial meltwater, crystalline basement brackish water mixing,
and modern groundwater recharge as well as the influence of seawater
(Babre et al., 2016; Delina et al., 2012; Raidla, Parn, Aeschbach, et al., 2019;
Sterckx et al., 2017, 2018; Vaikmie et al., 2001). Stable isotope depletion
was also hypothesized to result from the gravitational sink of heavy stable
isotopes (Babre et al., 2016). The influence of Baltic Ice Lake (BIL) water
recharge into aquifers in the Gulf of Finland resulting in isotopically
depleted groundwater was proposed by Bondarenko et al., 1981. Despite the
dominant hypothesis that this groundwater originated from glacial meltwater
recharge, in situ brackish and modern water mixing (Babre et al., 2016;
Karro et al., 2009; Parn et al., 2019; Raidla et al., 2009, 2016; Raidla, Parn,
Aeschbach, et al., 2019; Sterckx et al., 2017, 2018; Vaikmade et al., 2001), a
significant amount of samples have elevated TDS values, low bicarbonate
content, high pH, and a wide range of chemical facies may contradict this
theory. On the contrary, cryogenic brine rejection and isotopic Rayleigh
distillation could explain the evolution of the northern Estonian Cm-V and
O-Cm aquifer groundwater (Mokrik, 1996, 1997, 2003; Mokrik & Vaikmde,
1988). Cryogenic influence on the northern Estonian isotopically depleted
groundwater formation was suggested by Mokrik & Vaikmie, 1988.
Detailed analysis on this topic was done and proven by isotope-geochemistry
evidence later on (Mokrik, 1996, 1997, 2003).

The exploitation of Cm-V aquifer groundwater began in 1842 when the
first well was bored. Anomalous Ca-CI-HCO; groundwater facies was

11



observed (Gatalski, 1954). During the exploitation of the Cm-V aquifer, a
recharge of modern groundwater occurred in buried valleys areas resulting in
a stable isotope enrichment (Mokrik, 1996; Mokrik et al., 2005; Raidla,
2010; Raidla et al., 2009; Vaikmde et al., 2001; Yezhova et al., 1996). Due
to the significant intake in Tallinn, a 30 m drop of the hydraulic head
resulted in seawater intrusion (Mokrik, 1996; Raidla, Pédrn, Aeschbach, et al.,
2019). After 1990, the exploitation was reduced drastically; therefore, the
hydrodynamic regime had reversed to natural conditions. The observed Ca-
Cl type groundwater in the aquifer was suggested to be sedimentogenic, but
this theory is inconsistent with depleted isotopic values (Karro et al., 2004;
Savitski & Belkina, 1985; Yezhova et al., 1996)

The case study of Cm-V aquifer groundwater isotope-geochemistry in
the North Estonia and St. Petersburg area has lasted for 50 years. It was
conducted by the Leningrad branch of the Russian Geological Survey, the
Lithuanian Geological Scientific Research Institute (LGSRI), and the
Estonian Geological Survey (EGS). Radiocarbon dating was implemented on
demand for additional data resource evaluation previously modeled by
utilizing electrical analog simulation (Banys et al., 1979; Gregorauskas et al.,
1988; Mokrik, 1978). Glacier meltwater recharge 13 ka BP from Baltic Ice
Lake (BIL) was suggested by Yezhova et al., 1996. However, it was not
clear how this recharge occurred. An instant injection through Lontova
aquitard was due to lower hydrostatic pressure in the Cm-V aquifer
(Yezhova et al., 1996). Yet, Lontova is a clayey confining aquifer that is
unlikely to be permeable enough for such recharge. In situ groundwater
should be discharged somewhere in this case.

A case study of Tallinn groundwater was thoroughly explored, resulting
in the theory that multiple factors (subglacial meltwater recharge, BIL
influence, seawater intrusion, and modern meteoric injection) influenced the
formation of Cm-V groundwater (Mokrik, 1996, 1997, 2003; Mokrik et al.,
2005). Using transient flow and mass transport code, AQUA-01 models
proved that sea intrusion and crystalline basement cryogenic groundwater
altered isotope-geochemistry §'80 background values and increased TDS up
to 2.5 g/L at Kopli site (Gregorauskas et al., 1988). The model of Cm-V
aquifer connection with the isotopically depleted surface waters through the
thawed ground zone at the beginning of the Late Glacial Period takes into
account the subsequent factors: the impact of subglacial meltwater recharge
after glacier degradation, BIL influence, Baltic Seawater intrusion, and
modern meteoric recharge in the terrestrial part of the Baltic Artesian Basin.
Again, the formation of Cm-V aquifer groundwater was unclear and required
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more data and elaboration (Mokrik, Monkevicius, et al., 2000; Mokrik,
Petkevicius, et al., 2000)

The origin of the brackish groundwater and its formation at the northern
coast is not completely defined. The following two primary sources may be
the reason explaining the phenomenon: seawater intrusion or basement
saline groundwater recharge (Raidla, Parn, Schloemer, et al., 2019). Due to
groundwater exploitation on the Viimsi site, chloride content increases
together with the changes in other hydrochemical parameters. The main
source of salinity seems to be the bedrock brackish groundwater (Raidla,
Parn, Aeschbach, et al., 2019). Other authors suggest mixing relic saline
groundwater with seawater (Suursoo et al., 2017). Yet, the results and
discussion on this topic are inconclusive.

Depleted isotope anomalies in the northern BAB groundwater may be
due to local glacial meltwater recharge in the talik zones and cryogenic
processes. It may explain such anomalies in intermediate depth aquifers,
where direct lateral vector recharge with meltwater had a crucial role. A
vertical meltwater recharge of aquifers could occur near the taliks in
subglacial conditions, where no permafrost could form. The talik system was
reconstructed using lineaments on the seabed with the help of bathymetry
data of the Gulfs of Riga and Finland, the Eastern Gotland Basin, the North
Baltic Proper, and the bottom of Lake Peipus (Mokrik & Samalavicius,
2022). It is necessary to mention that permafrost persisted in most areas of
the BAB during the glaciations; therefore, meltwater could only recharge
near taliks. During the regression of the ice-sheet, higher glacial pressure
was in the northern part of the BAB leading to intensified meltwater
injection through the taliks into lower pressure areas, where the glacier was
significantly thinner.

These circumstances make recharge possible at the late stage of glacier
retreat, coinciding with the dating results of the groundwater in O-Cm and
Cm-V aquifers (Late Pleistocene). The talik scheme does not contradict
cryogenic groundwater theory as permafrost is a part of this paradigm. It
accompanies the explanation of a wide variety of groundwater anomalies in
the northern Estonia groundwater.

Radiocarbon dating of exclusive Pleistocene time groundwater in Cm-V
and O-Cm aquifers in Estonia was executed to evaluate isotope-
geochemistry formation scenarios, seawater intrusion, and meteoric water
leakage (Banys et al., 1979; Pérn et al., 2018, 2019; Raidla et al., 2012). The
groundwater of the O-Cm aquifer where the *C model obtained age, tritium
activity, and *He content suggest a wide age amplitude mainly due to the
mixing of multiple different water sources (Parn et al., 2019). Isotope-
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geochemistry and noble gas content, along with established ages, suggest
that groundwater originated before the Last Glacial Maximum (LGM)
(Mokrik & Samalavicius, 2022).

According to radiocarbon dating, Cm-V aquifer groundwater ages vary
from 7 to 33 ka BP (Banys et al., 1979; Péarn et al., 2018, 2019; Raidla et al.,
2012). Modern meteoric water recharge significantly lowered the
groundwater age (7-10 ka). The groundwater age of two Cm-V system
aquifers, Voronka (V2vr) and Gdov (V2gd) aquifers, is 17-27 and 23-33 ka
(Banys et al., 1979). Groundwater age 26—34 ka (radiocarbon content 1.7-3
pmC) could be related to a permafrost condition in Estonia, which most
likely occurred before the glacial transgression of LGM (Mokrik, 1997,
2003).

Multiple isotope-geochemistry anomalies of shallow-intermediate-deep
interaction levels were observed and studied in the central-southern BAB.
Saline groundwater and brine discharge into shallow freshwater aquifers
through vertical tectonic faults occur in the southeastern Lithuania
(Gregorauskas et al., 2017). A vertical flow of salty groundwater forces
binary mixing and creates dome-shaped and elevated salinity local
groundwater anomalies. The dome of saline water can sometimes reach the
ground surface, and mineralized water springs occur. Due to the variety of
hydrochemical composition, it is often extracted and used as potable mineral
water or for recreational activities in baths, pools, etc. (Juodkazis et al.,
1997). The result of the binary mixing is a range of different groundwater
chemical facies, stable isotope values, and increased salinity (Zuzevicius et
al., 2007). Similar cases are observed in Latvia (Babre et al., 2016; Levins,
1990).

Sodium-bicarbonate facies groundwater is observed in the western-
southern part of Lithuania, in the Cretaceous aquifer. Calcium-sodium and
magnesium-sodium chloride facies are abundant in Kaliningrad aquifers of
the same aquifer system (Juodkazis & Mikalauskas, 1994; Mokrik, 2003).
Sodium bicarbonate facies coincide with glauconite mineral deposits in the
aquifer matrix and may be due to the cation exchange (Na-Ca) processes
with calcium-bicarbonate meteoric groundwater (Juodkazis & Mikalauskas,
1994). Binary mixing of meteoric Ca-HCOj3; and paleoseawater Na-Mg-Cl
was proposed as a theory for sodium bicarbonate facies formation. During
Pleistocene (Holstein and Eemian interglacial stages), Sea transgressions
could have recharged the Cretaceous aquifers with seawater, which is
presently replaced by meteoric water. Seawater-meteoric chemical type
water reaction leads to dolomite precipitation and the formation of Na-
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HCOg, and chloride-bicarbonate dominant facies found in Cretaceous aquifer
systems (Mokrik, 2003).

Deep Riga site brines in O-Cm aquifer are very alkaline, pH value is up
to 8.7 (Babre et al., 2016; Delina et al., 2012; Gerber et al., 2017). Authors
suggest that this may be due to unreliable readings from the pH meter. Yet,
this pH anomaly was observed in a few measurements (Vaikmie et al.,
2020). In the deep aquifers of Lithuania, groundwater is usually acidic
(down to pH-6,5 and less) as a result of clay mineral metamorphosis, during
which the mineral adsorbs bicarbonate; therefore, shifting the carbonate
equilibrium toward acidity (Appelo & Postma, 1993; Mokrik, 2003).
However, thermodynamic conditions, especially thermal regime, are entirely
different in Latvia, Riga (20 °C) area compared to the western Lithuanian
deep groundwater (over 90 °C), which could influence the rate of rock-water
interaction and pH, accordingly (Juodkazis et al., 1997; Mokrik, 2003;
Sliaupa, 2009).

Calcium-dominant sulfate groundwater is found in the northern
Lithuania and the Latvian Devonian aquifers. This groundwater originates
from meteoric water precipitation recharging the gypsum-rich aquifer, where
it dissolves. Due to geohazards importance in this region (gypsum
dissolution associated karst), geochemistry of groundwater is well studied
and monitored (Juodkazis, 1994, 2003; Mokrik et al., 2009; Paukstys et al.,
1999; Paukstys & Narbutas, 1996; Rudzianskaité, 2017; Taminskas &
Marcinkevi¢ius, 2002). Groundwater in the Lithuanian Devonian aquifer is
slightly depleted with oxygen-18, dated with radiocarbon to the corrected
age from modern up to 23 ka (Mokrik et al., 2009).

1.2. Groundwater Anomalies Dating in the BAB
during the Last Decades

Groundwater age studies in the BAB involved many isotopic and other
techniques. In this study, the term age is equivalent to the definition of mean
residence time. A study of numeric modeling particle track, radiocarbon, and
tritium age comparison was conducted by Mokrik et al., 2014 and Stuopis et
al., 2012. The latest results helped develop the gradient method to solve the
initial tritium activity absence (Samalavi¢ius & Mokrik, 2016).

A complex study of the Lithuanian mineral groundwater in BirStonas
involved isotope-geochemistry analysis and radiocarbon dating (Zuzevicius
et al., 2007).

A thorough analysis of the Lithuanian Devonian aquifer systems
groundwater was conducted by Mokrik et al., 2009. The obtained results
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include radiocarbon age corrected by Fontes-Garnier matrix exchange model
considering dolomitization effect and dilution influence with the support of
tritium and carbon-13 data (Mokrik et al., 2009).

A valuable dataset of intermediate and deep groundwater radiokrypton
data was developed in 7 wells of the BAB (Gerber et al., 2017; Vaikmée et
al., 2020). Radiokrypton ages in 5 samples vary from 319 to 1157 ka.
Residence time estimation in Gen¢iai and Riga brines could not be
calculated as the samples appear to be older than 1300 ka, which is above the
detection limit of the krypton-81 technique. However, the data were
corrected using a three-member groundwater mixing model (brine-glacial-
modern), dating Riga site sample >1279 ka. A case study of Klaipéda site
(Well No. 25872) was conducted by applying the results for groundwater
geothermal energy extraction evaluation at the Klaipéda Geothermal
Demonstration Plant (KGDP), Lithuania (Brehme et al., 2019). The origin of
this groundwater was suggested to be evapoconcentrated seawater altered by
water-rock interaction and glacial meltwater or interglacial recharge. The
brine component of this groundwater is estimated to be 3-5 Ma old
(supported by “°Ar and “He data), while the meteoric and glacial parts vary
0.3-1.3 Ma (Brehme et al., 2019; Gerber et al., 2017).

For 40 years, helium distribution in the BAB was studied using the
INGEM-1 device (Juodkazis & Tibar, 1989; Mokrik et al., 2002). Helium
data was used for conventional dating (Mokrik et al., 2021; Mokrik, et al.,
2022).

A significant part of the research, including groundwater dating,
focused on the Ignalina Nuclear Power Plant (NNP) surroundings (Mazeika,
1999; Petrosius, 1990). Radiocarbon data and estimated age were measured
for the planned Visaginas Nuclear Power Plant construction area to
characterize the groundwater circulation (MazZeika et al., 2013).
Groundwater sampling, analysis, and dating where executed by the
Department of Hydrogeology and Engineering Geology of Vilnius
University as a part of the international research program F33022 within the
International Atomic Energy Agency (IAEA): Integrated studies of crustal
permeability based on environmental isotopes, noble gas data, and shallow-
deep groundwater flow and particle track modeling in the surrounding area
of Ignalina NPP (Mokrik et al., 2022). A set of geochemical, isotopic, noble
gas, hydraulic data, and flow modeling was used to evaluate sedimentary
cover permeability. Groundwater age obtained with “He were compared to
particle track time and ®Kr methods on the investigated sites (Mokrik, et al.,
2021). This analysis reveals groundwater circulation rates in the Ignalina
NPP. The developed numeric model was verified with the hydraulic head
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and other parameters of the boreholes in the BAB to obtain a more accurate
MODPATH particle tracking (Mokrik et al., 2022). Environmental factors
which could be significant for the Ignalina NPP safety had been studied
before, including monitoring programs: meteorological, seismic conditions
in the region; geotechnical factors; flood risk assessments, isotope, and
chemical content monitoring in the surrounding area. Two main programs
that required attention to the Ignalina NPP’s environmental issues were the
decommissioning plan and Radioactive Waste Management. Strategies,
principles, policies, and laws within the Republic of Lithuania were
established to ensure a proper NPP Decommissioning and Radioactive
Waste Management (Mokrik et al., 2022).

Each noble gas (NG) isotope may originate from a few sources such as
crust, mantle, atmosphere, or result in anthropogenic contamination
(Aeschbach-Hertig & Solomon, 2013; Ballentine & Burnard, 2002; Ozima &
Podosek, 2002; Porcelli & Turekian, 2014; Sano et al., 2013; Steiger &
Jager, 1977). It is a valuable tool to determine a groundwater formation
processes, origin, and age. Noble gas content in groundwater results is
usually being corrected for the atmosphere equilibrated water (AEW). It
shows either oversaturation or undersaturation of each noble gas (neon,
argon, krypton, xenon, and sometimes helium) compared to AEW under
specific thermodynamic conditions (usually STP, Standard Temperature and
Pressure) (Aeschbach-Hertig et al., 1999; Aeschbach-Hertig & Solomon,
2013; Burnard, 2012; Jdhne et al., 1987). Deviation from AEW could be due
to water formation conditions, geochemical environment, groundwater flow,
exchange ratio, recharge, discharge, open or closed system, aquitard
confining properties, etc. (Aeschbach-Hertig et al., 1999; Aeschbach-Hertig
& Solomon, 2013; Burnard, 2012; Jahne et al., 1987).
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Figure 1.1. Average values of noble gas excess air in the Estonian (EST) and
Lithuanian-Latvian (LT-LV) deep-intermediate and shallow groundwater. The blue
line represents air-equilibrated water (AEW) at Standard Temperature and Pressure
(STP).

Figure 1.1. represents the average excess air calculated from the noble
gas dataset. A total of 48 data entries are present in this dataset. All data
were divided into four groups: the Estonian groundwater aquifer depth above
and below 200 m, and an identical depth subdivision of Lithuania-Latvia.
Average values are calculated from EST>200 m: 10 samples, EST<200
m:18 samples, LT-LV>200 m: 13 samples, LT-LV<200 m: 7 samples.
Noble gases analysis for groundwater dating is relatively new in the Baltic
states; therefore, a volume of data is minor, but the current dataset is
sufficient to make some insights into NG setting of the BAB. The Lithuanian
and Latvian deep and intermediate aquifers groundwater lack noble gas
excess air for Ne, Ar, Kr, and Xe. Smaller amounts of noble gases could
result from prolonged saline and brine groundwater stagnation leading to
gradual degassing. An elevated temperature in deep aquifers could also
significantly diminish noble gas solubility and force degassing. Deep
groundwater may be undersaturated with respect to AEW in the aquifer, but
become oversaturated while extracting due to a decrease of pressure (Gerber
et al., 2017). Groundwater thermal anomalies in the Cambrian, the Lower-
Middle Devonian, and the Upper-Middle Devonian aquifers of the western
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part of the BAB (Juodkazis et al., 1997; Sliaupa, 2009; Sliaupa et al., 2010;
Suveizdis, 2000) may be a significant factor for noble gas content.

Considering the noble gas anomalies in the BAB groundwater, it is
necessary to establish possible average background values in various depths
and origin groundwater. A partitioning between gas and water phase results
in an equilibrated system (Aeschbach-Hertig et al., 1999, 2008). In the case
of natural water, such a system could be a shallow groundwater-atmosphere,
which is expressed as air-equilibrated water (under STP conditions). Such
water is likely to be a modern meteoric origin fresh groundwater observed in
shallow confined or unconfined aquifer systems. In this case, a slight air
excess is tolerable because of air dissolution during the recharge and
saturation aquifer with water (Aeschbach-Hertig et al., 2008; Weilbach,
2014). Shallow aquifer Lithuanian groundwater is almost in equilibrium with
air.

In deeper aquifers, the noble gas content differs from modern aquifers.
It could be due to a temperature variation during the Holocene and
Pleistocene recharge. Yet, other conditions in situ may be more important,
such as groundwater age - the factor determining groundwater’s exposure to
certain thermodynamic conditions resulting in NG content. Gas solubility
dependence on temperature, pressure, and salinity are the factors that must
be accounted for while analyzing deep and intermediate-depth groundwater.
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2. GEOLOGICAL AND HYDROGEOLOGICAL SETTING OF
THE BAB

2.1. Geology and Hydrogeology of the BAB

| Estonian-Sweden Homocline
[] Mazury-Belorus Massif (Antheclise)
[~ Baltic Artesian Basin Boundary

w | TDS value in the O-Cm aquifers groundwater

0 100 200 300 400 500 600 700km

c)

Figure 2.1. a) Location of the Baltic Artesian Basin. N-S cross-section line. Brown line -
the BAB boundary, purple lines and numbers - crystalline basement depth below sea
level (km). b) Main structural elements of the BAB, and deep-intermediate-shallow
groundwater lateral distribution in the O-Cm aquifer based on Total Dissolved Solids
content, based on Mokrik, 2003. ¢) Longitudinal cross-section N-S of the BAB, After:
Juodkazis, 1980a, 1980b; Mokrik et al., 2021; Péirn et al., 2016; Virbulis et al., 2013

20



The Baltic Artesian Basin is a large sedimentary basin in the northern
Europe, underlaid by a crystalline rock basement of the East European
Craton. The Baltic Artesian Basin’s total area is around 426 thousand square
kilometers (Cheban, 1966; Delina et al., 2012; Juodkazis, 1980a, 1989;
Juodkazis & Mokrik, 1981; Kondratas et al., 1969). It covers the whole
territory of Lithuania, Latvia, Estonia, and Kaliningrad (Russia) as well as
the territory of Poland up to the Teisseyre-Tornquist Lineament. A
significant part of the BAB is under the Baltic Sea (Juodkazis & Mokrik,
1981).

Sedimentary basin depths reach more than 5 km in the southern part of
the BAB (Kondratas et al., 1969; Mokrik, 2003; Suveizdis, 2003). All major
aquifer system layers are found in the cross-section of the BAB starting from
Ediacaran (Vend) to Quaternary (Figure 2.1.) (Juodkazis, 1980a, 1989, 2003;
Kondratas et al., 1969; Mokrik, 2003; Mokrik et al., 2004). Crystalline
basement consist of igneous and metamorphic rock (Kirs et al., 2009; Puura
et al., 1997; Skridlaité & Motuza, 2001; Wiszniewska & Krzeminska, 2005).
The main geostructures of the Baltic Sedimentary Basin are the Baltic
Syneclise (the Polish-Lithuanian Trough), the Latvian Saddle, the southern
slope of the Baltic Shield, the northern slope of the Mazury-Belarus
Anteclise, and the Estonian Homocline (Brangulis & Kanevs, 2002;
Paskevicius, 1994; Suveizdis, 1994, 2003).

Hydrostratigraphic division of the BAB includes the following aquifers
or their systems: Cm-V (in the eastern part of Estonia subdivided into V.gd,
V,vr and the Kotlin formation Vkt (aquitard in between), O-Cm, D2.1, Da§v-
ar, Dsdg-pl, Dsst, P-Dsfm, Ty, Js3-Ji, Koaem-Ki, K, and the multilayered
Quaternary aquifer system. It is essential to notice that the weathered upper
part of the crystalline rock basement is supposed to act as an aquifer
significantly changing the view on groundwater flow, mass transport, origin,
composition, and other features on the regional scale. Regional-scale
aquitards in the BAB generally separate groundwater into three main zones:
shallow freshwater (active exchange, depth <360 m), mostly brackish and
saline groundwater (delayed, depth 360-1850 m), and brine (stagnant, depth
>1850 m) (Mokrik, 2003). The interaction among these zones was analyzed
in this study as shallow-intermediate-deep levels.

During the last years, the BAB regional 3D mathematical flow model of
BAB sedimentary basin groundwater body had been created at the
Department of Hydrogeology and Engineering Geology of Vilnius
University. Hydraulic parameters, piezometric heads, and the occurrence of
the aquifer systems, aquifers, aquitards, and crystalline basement (CB) were
obtained from the calibration procedure and verification for
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MODFLOW?2000 simulation of the BABHEGM (the latest update in 2016-
2019) (Figure 2.2.).

In the BABHEGM there are two separate layers of CB representing this
situation: CB aquitard (k=1E° m/d) and aquifer (k=0.1 m/d) (Table 2.1.).
Cm-V aquifer systems include V.gd, V.vr aquifers with the hydraulic
conductivity value range k=0.5-6 m/d, Kotlin formation, and overlaying
Lontova aquitard k=1E7-1E® m/d. The Cm-V aquifer system is located
mainly in the eastern part of the BAB and Estonia with the general flow
direction northward, a discharge zone appearing in the bottom of the Gulf of
Finland (Figure 2.2.).

Similarly, in the O-Cm aquifer system, groundwater flows from the
deepest parts of the BAB in Poland towards the periphery (north-east
direction) (Mokrik, 2003). However, tectonic faults divide the aquifer into
separate blocks preventing groundwater’s smooth flow. This phenomenon is
critical in the stagnant flow conditions in depth, where hydraulic heads
distribution is observed to be discontinuous along the flow path (Juodkazis
& Mikalauskas, 1994). The Lithuanian and Latvian Cm, and the Estonian O-
Cm aquifer system is k=0.2-5 m/d. The occurrence of the O-Cm aquifer
system covers almost all of the BAB (Figure 2.2.). In southern and central
parts, it is in the deep parts of sedimentary cover with a stagnant water
regime. On the Estonian Homocline, it is in the intermediate-shallow level.
O-Cm confined with regional S-O aquitard, through which vertical upward
leakage occurs (k=1E°-1E m/d). Yet, in the northern part of the BAB, an
inversion of the hydraulic heads leads to downward percolation.
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Figure 2.2. General hydraulic head of aquifers is represented with blue lines, abs. I.
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In Estonia, the S-O formation is subdivided into the aquifer (upper part)
and the aquitard. The thickness of the layer increases from north towards the
southwestern part (>300 m) (Cheban, 1966; Juodkazis, 1980a).

The Middle-Lower Devonian aquifer groundwater flows from the
southeastern part of the BAB to discharge into the sea (Figure 2.2.). Due to
this aquifer’s inclination and varying thickness, flow transects shallow-
intermediate-deep levels resulting in various isotope-geochemistry
groundwater. The shallow part is in South Estonia-North Latvia, the deepest
being in the western Lithuania and the Kaliningrad District (Figure 2.2.)
(Mokrik, 2003). The range of hydraulic conductivity is 0.2-2.4 m/d. The
overlying Devonian Narva regional aquitard (k=1E-1.7E* m/d) occurrence
is similar to D, (Figure 2.2., Table 2.1.). The Middle Devonian aquifer
Dasv-ar planar occurrence is close to D21; however, the profile mainly
covers intermediate and shallow levels. The recharge and discharge places
coincide with the elevated ground levels, general flow from highlands
toward lowlands. Modeled hydraulic conductivity varies 0.5-5.6 m/d. The
Upper Devonian hydrostratigraphic unit consists of the following
formations: Dsam, Dsst, Dspm, Dsdg-pl in this study is united into one. In
this multilayered aquifer-aquitard unit, hydraulic conductivity varies from
5E7 to 15 m/d (Table 2.1.). These aquifers were studied and modeled
previously in more detail (Bujanauskas, 2018; Gregorauskas et al., 2008).
The general flow in these aquifers is from the highlands in Latvia toward the
Baltic Sea.

Mesozoic aquifers Kocm-Ki, Ka, J31, and P,-Dsfm are located in the
southwestern part of the BAB scaled to J-K unit (Figure 2.2.). Hydraulic
conductivity in these layers varies 0.2-8 m/d. K, Ky, and T1-Popr aquitards,
which separate J-K unit aquifers k=1E3-1E° m/d (Table 2.1.). Due to
relevance of injection anomalies in the southern Lithuania (Druskininkai,
Birstonas, etc.), a local Triassic aquifer T1 was modeled (k=0.2-4 m/d) to
represent the layer from which the discharge into overlaying aquifers occur
(Table 2.1.). Paleogene and Neogene formations occur sporadically
throughout the BAB, and the Quaternary aquifer system is heterogeneous;
therefore, these layers were modeled as a single unit, indexed as Q
(Bujanauskas, 2018). Hydraulic conductivity was adjusted to represent the
semi-permeable layer k=2E7-0.1 m/d. A similar approach was successfully
applied in the previous modeling of the BAB (Bujanauskas, 2018;
Gregorauskas et al., 2008, 2009, 2012; Kuzinas et al., 1981, 1982;
Stravinskas et al., 1984). Hydraulic heads of the Quaternary aquifer system
are plotted on the continental part of the BAB where it occurs; general flow
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goes from the highlands toward the Baltic Sea and major river valleys
(Figure 2.2.).

Table 2.1. The hydraulic conductivity of the BABHEGM aquifer, aquifer systems,
aquitards, and united hydrodynamic units.

Hydraulic
conductivity (x-y
for aquifers; z
Index Description for aquitards)
m/d
(BABHEGM
values)
Q Unconfined aquifer 2E7-0.1
Q- Quaternary, Neogene, paleogene layers separating 2ET-0.1
9 unconfined/underlaid confined aquifers )
Kz Aquifer 0.5-8
Ko Part of the upper Cretacious !ayer separating Kz/Kzcm- BE-S-1E
K1 aquifers
Kacm-K1 Aquifer 0.5-8
Ki Part of the lower Cretacious Iay_er separating Kocm-Ki 1ES-1E4
Nurassic aquifers
Ja-d1 Aquifer system 0.2-1
T1-P2pr Aquitard 1E8-1E°
T1 Local Triassic aquifer 0.2-4
P2-Dsfm Aquifer system 0.2-4
D Aquifer/aquitard multilayered unit of upper Devonian 5E7.15
3 (Dsam, Dsst, Dspm, Dsdg-pl, Dsjr)
Dasv-ar Aquifer system 0.5-5.6
Danr Regional aquitard 1E8-1.7E°
Da-apr-tl Aquifer system 0.2-24
S Aquifer 0.2-2
S-0 Regional aquitard 1E°-0.001
O-Cm Aquifer system 0.2-5
Cmin Aquitard 1E7-1E®
Vavr* Aquifer 0.5-6
Vokt Aquitard 1E7-1E%
Vogd* Aquifer 0.5-6
Basement, - 5
PR Aquitard 1E
Basement, .
PR Aquifer 0.1
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2.2. lIsotope-Geochemistry Setting

A chemical classification of the BAB groundwater is based on multiple
parameters: hydrochemical facies, salinity, aquifer depth, and major ion
ratios (Mokrik, 1996, 1997, 2003).

A shallow active exchange fresh groundwater zone covers the
continental part of the BAB. Meteoric water recharge aquifers mainly in the
highlands discharging in coastal submarine areas. Recharge and discharge
areas are separated by a transitional zone, where the inversion of the
groundwater heads occurs. A general flow in shallow and intermediate-depth
aquifers is directed towards the Baltic Sea, discharging in the sea bottom and
lowland river valleys (Juodkazis, 1980a, 1989, 2003; Kondratas et al., 1969;
Mokrik, 2003).

The groundwater of Lithuania, Latvia, Kaliningrad shallow aquifers
5180 vary from -7.7 to -13.9 %o (Mokrik, 2003; Rozanski & Zuber, 2000).
However, past processes may have influenced the oxygen-18 content in
shallow aquifers significantly. In Estonia, a strongly isotopically depleted
groundwater is found 680 from -14 to -22.5 %o. A wide range of 50 values
signifies varying paleoclimatic conditions during the Pleistocene and
Holocene (Mokrik, 2003). A completely different scenario was observed in
Gotland Island, where isotopically enriched saline groundwater was found at
the same depth with 8'®0 values from -5.7 to -6.1 %o (Mokrik, 1997).
Shallow BAB groundwater’s Craig line equation is 7.9x+7.5, closely
following GMWL (Figure 2.5.). The depletion of shallow groundwater
stable isotopes in Lithuania (down to -12 per mil) and Latvia (-13.6 per mil)
could result from seasonal variation in some cases or paleometeoric
recharge. However, it could also be due to Pleistocene water recharge in
well-confined aquifer groundwater.

Shallow freshwater is mainly bicarbonate type with Ca- and Mg-
dominant cations with the rare exception of Na-HCOs. Calcium-magnesium-
bicarbonate facies are usually shallow modern groundwater (blue circle,
Figure 2.3.) originating from the current meteoric water recharge. Modern
groundwater TDS rarely exceeds 1 g/L and is found at the depth of 300 m
(Juodkazis & Mikalauskas, 1994; Kondratas et al., 1969; Mokrik, 2003).
Sodium-bicarbonate is exclusive groundwater detected in North Estonia O-
Cm aquifer and associated with the processes of the Pleistocene glaciations
(Cheban, 1966; Mokrik, 1996, 1997, 2003; Mokrik & Vaikmie, 1988;
Vaikmie et al.,, 2001). Another case of Na-HCO; facies is found in the
southwestern BAB Cretaceous aquifers - groundwater altered by cation
exchange with glauconite mineral found in aquifer matrix, (Juodkazis &
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Mikalauskas, 1994). Both cases are represented by a black dotted circle
(Figure 2.3.). The northern Estonia Cm-V aquifer groundwater (Ca-Na)-(Cl-
HCOs) type was affected by carbonate mineral precipitation, cryogenic salt
rejection, and other processes during the Pleistocene and Holocene periods
(black dashed circle, Figure 2.3.) (Cheban, 1966; Gatalski, 1954; Mokrik,
1996, 1997, 2003; Mokrik & Vaikmée, 1988; Vaikmie et al., 2001). An
elevated amount of sulfate is found in some intermediate and shallow
aquifers regions: the Devonian, O-S layers in Latvia, and the northern
Lithuania region (green circle, Figure 2.3.) (Babre et al., 2016; Delina et al.,
2012; Juodkazis, 1980a, 1989, 1994; Kondratas et al., 1969; Levins et al.,
1998; Mokrik, 1996, 2003; Paukstys et al., 1999). An exclusive shallow
depth anomaly is found in the Kaliningrad District’s Cretaceous and Jurassic
aquifers groundwater where sodium-sulfate type groundwater exists and
should be associated with seawater influence (blue star, Figure 2.4.)
(Mokrik, 2003).

More saline groundwater is found in the delayed zone of the BAB,
where TDS values vary from 5 to ~100 g/L. Due to hydrostatic and
lithostatic pressure in intermediate and deep aquifers, groundwater flows
towards the periphery (Mokrik, 2003). Stable isotope 510 values range from
-13 to -6 %o. According to isotope-geochemistry, this zone is intermediate,
between stagnant fossil brines and shallow freshwater. Delayed groundwater
mostly evolved during mixing and in situ alterations of groundwater
(Mokrik, 2003).

The deep-intermediate groundwater Craig line equation is 7.2x-3.3
(Figure 2.6.). Two Craig lines could be plotted on this graph to represent the
isotopically depleted and enriched groundwater deviation from GMW.L.
Modern groundwater is considered a separation point (oxygen-18 -10.5 %.).
The isotopically depleted water line equation is 8.2x+10.2, enriched
groundwater equation is 6.8x-6.6 (Figure 2.6.). Depleted groundwater occurs
in intermediate depth in Estonia, Latvia, and some sites of Lithuania, while
enriched values are found in Lithuania, Latvia, and Kaliningrad’s
intermediate-deep groundwater. Insufficient or unevenly distributed data
entries of the BAB groundwater isotope-geochemistry information in the
databases may cause such differences.

Sodium-chloride type is saline (TDS up to 2->100 g/L); intermediate-
depth groundwater is found in all Baltic states as well (red circle, Figure
2.3.). Based on stable isotope data, its origin may be different. A separate
case of Na-Cl groundwater is the southern Lithuania anomaly, where brine
groundwater discharges into shallow freshwater aquifers making it sodium
and chloride dominant with a range of TDS from 2 to 50 g/L (Juodkazis,
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1989, 1994, 2003; Juodkazis et al., 1997; Zuzevicius, 2010; Zuzevicius et
al., 2007). Usually, these groundwater facies are located below at a depth of
a few hundred meters, but in anomalous regions, Na-Cl groundwater occurs
in the shallow level or may discharge to the surface in the form of springs
(Juodkazis & Mikalauskas, 1994).

High salinity brines stagnate in the deep aquifers of the BAB at the
depth of >1.5-1.8 km. Due to an elevated temperature gradient and pressure
at this depth, TDS could reach 140-400 g/L. Mainly enriched isotopic
content is observed at the stagnant zone (8'80 from -6 to -3 %o) (Mokrik,
2003; Mokrik et al., 2021)

Sodium-calcium-chloride (in extreme cases, calcium-sodium-chloride)
type brines evolve due to a prolonged cation exchange of stagnant
groundwater with minerals in deep aquifers (>1 km) of Lithuania, Latvia,
and Kaliningrad (yellow circle, Figure 2.3.) (Kondratas et al., 1969; Mokrik,
1997, 2003). Alteration degree ((rNa+rCIl)/rHCOs) is used to distinguish
groundwater in the BAB down to a depth of 1800 m. Deeper chloride
groundwater is predominant with calcium ions; therefore, the rCa/rNa ratio
(eqg/L) is suited better (Mokrik, 1996, 1997, 2003). This ratio reveals Ca-Cl
type groundwater anomaly in the stagnant zone of the O-Cm aquifer brines
which occur on the Lithuanian-Kaliningrad coast and offshore zone (the area
is about 5 thousand km?). The local geothermal regime since the Cretaceous
Period preconditioned the origin of this anomaly (Mokrik, 2003). Due to
geothermal gradient inconsistency throughout the BAB, the temperature in
the Cambrian-Ordovician aquifer varies from 98 °C to 21 °C in the western
Lithuania and Riga (Latvia), accordingly (Mokrik, 2003; Mokrik,
Samalavicius, Bujanauskas, et al., 2021). Higher temperatures catalyze
groundwater isotope-geochemistry altering processes, for example, ion-
exchange, membrane filtration, isotopic fractioning, gas dissolution, and
dissolved solids diffusion through layers. The TDS value of the southern
BAB groundwater on Poland territory is up to 300-400 g/L in the deepest
parts of evaporitic rocks (Mokrik, 2003).
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Figure 2.3. PIPER diagram of Estonia, Latvia, Lithuania, and Kaliningrad
groundwater. Calcium-magnesium-bicarbonate facies are represented by a blue
circle. Sodium-chloride type groundwater is represented by a red circle. Sodium-
calcium-chloride type brines are represented by a yellow circle. Calcium-sulfate
groundwater is represented by a green circle. Sodium-bicarbonate facies are
represented by a black dotted circle. Varying (Ca-Na)-(CI-HCO3) type groundwater
is represented by a black dashed circle. Exclusive sodium-sulfate type groundwater
is represented by a blue star.
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Figure 2.4. PIPER diagram of Estonia, Latvia, Lithuania, and Kaliningrad
groundwater anomalies. Estonia Cm-V aquifer system anomaly represented by a red
area, O-Cm by a yellow area. Sulfate-type groundwater in Latvia and Lithuania
Devonian aquifers are in the blue area. Binary mixing in the southern Lithuanian
interaction sites is represented with a black dashed line. A blue star represents
exclusive sodium-sulfate type groundwater.
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Figure 2.5. Craig diagram of the BAB in shallow groundwater.
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Figure 2.6. Craig diagram of the BAB in deep and intermediate groundwater. The
blue dotted line represents depleted groundwater (oxygen-18 <-10.4 per mil). The
red dotted line represents enriched groundwater (oxygen-18 >-10.4 per mil).
Equations are colored accordingly.
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2.3. Environmental Isotope Background Values and End-Member
Reference Points

The background stable isotope content of modern groundwater in the
BAB is average precipitation (or meteoric) water recharging shallow
aquifers. Oxygen-18 and deuterium values of meteoric water depend on a
couple of factors such as continental, latitude, altitude, and other effects
(Mokrik & Mazeika, 2006; Raidla et al., 2016; Skuratovi¢, 2013). Mean
weighted values of the BAB region precipitation are presented in Table 2.2.
Data of §80 vary from -10.2 to -10.7 per mil. Marginal values in Belarus,
Brest (-9.8 %o), and Russia, St. Petersburg (-11.5 %o), sites are not in the
BAB region but are close to its southern and northern boundaries,
accordingly. A clear latitude effect could be observed.

The value of 580 -10.5 per mil could be considered a starting point of
isotope content evolution of modern groundwater towards depletion or
enrichment. This value is almost identical to the average annual oxygen-18
value -10.4 %o used in previous research (Punning et al., 2008, 1987
Weillbach, 2014). Therefore, a depletion or enrichment in stable isotopes is
considered in reference to modern groundwater. Yet, a study in which
precipitation and shallow groundwater stable isotope content differences
were analyzed showed isotopic depletion of groundwater compared to
meteoric water of the BAB (Raidla et al., 2016). Modeling temperatures in
1981-2010 resulted in relatively depleted values, explained by more intense
transpiration by plants in warm seasons; therefore, increasing the cold season
portion of the recharge into aquifers (Raidla et al., 2016). Modern
groundwater §'80 content varies in the BAB from -9.0 to -13.0 per mil as a
latitude effect of precipitation. The most depleted values are observed in the
northern part (Estonia), while modern groundwater is more isotopically
enriched in Kaliningrad, Poland, and the southern Lithuania. However, this
modeling includes only 20 years of temperature change, while shallow
groundwater in the BAB may often be older (Samalavicius & Mokrik, 2016;
Stuopis et al., 2012). Evaporation of groundwater in the BAB vadose zone
and from the unconfined aquifer water table could have a significant role in a
stable isotope enrichment, as was shown by Skuratovi¢, 2013. Therefore, the
average meteoric water stable isotope composition is by far the most reliable
reference point.

This reference could also be applied to paleogroundwater, but it is
necessary to emphasize the climatic changes in the Holocene and
Pleistocene. Paleoprecipitation (paleometeoric water) stable isotope content
was generally more depleted compared to the present. Approximate
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paleoprecipitation content could be calculated using the mean annual
temperature and stable isotope values relationship expressed in equation
(Dansgaard, 1964). During the Holocene, the average temperature in the
northern hemisphere deviated from the current £1° C (Borgatti & Soldati,
2013), which accounts for oxygen-18 content in precipitation -9.8 to -11.2
per mil. This value range could be applied as a background for groundwater
up to ~10 ka old. During the Pleistocene, the average temperature drop from
the present could be down to -8° C (de Schepper et al., 2013). This
temperature could result in a mean oxygen-18 in precipitation values as low
as -15 per mil.

Table 2.2. Weighted annual mean of stable isotopes oxygen-18 and deuterium. Data
obtained using database (IAEA/WMO, 2019).

Weighted annual mean

S Oxygen-18, % VSMOW | Deuterium, % VSMOW
Belarus, Brest -9.8 -71.1
Lithuania, Vll_Tus and 106 753
Zarasai

Latvia, Ramata -10.2 -71.1
Estonia, Tartu -10.7 -76.5
Estonia, Vilsandi -10.2 -73.3
Russia, St. Petersburg -11.5 -87.4

*(Skuratovic, 2013)

Groundwater formation and origin are usually associated with sources
of recharge. These sources are often considered end-members in
groundwater formation scenarios and diagrams, valuable for analysis and
interpretation. They may be internal - groundwater from other aquifers,
saline, brine, or freshwater with various isotope-geochemistry compositions.
The data of the present groundwater is, in most cases, included in datasets.
Paleogroundwater composition was reconstructed using various formation
scenarios and models, such as Br/Cl and Na/Cl diagram, which shows
chemical evolution; paleoprecipitation 'O content is deduced from the
paleotemperatures (Dansgaard, 1964). Talik zones reveal a possible way for
uranium isotope ratio, helium-4, and REDOX condition variations (Mokrik
& Samalavicius, 2022). External recharge sources are mainly meteoric
water, glacial meltwater, and the Baltic Sea water (Table 2.3.). The
Pleistocene or Holocene seawater and paleometeoric water isotope-
geochemistry composition could have been different from the present
situation for a couple of reasons: colder climate conditions influence stable
isotope content in precipitation (Clark & Fritz, 1997; Jouzel et al., 1994),
glacial meltwater and seawater used to mix during multiple ice sheet
transgression and regression cycles in the Pleistocene; seawater evolution in
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the Holocene, lower salinity in the Late Pleistocene-Early Holocene (Andrén
et al., 2000; Grigoriev et al., 2011).

Permafrost formation affected the isotopic content of the
paleogroundwater. The data of permafrost collected from Siberia, Canada,
and Alaska sites reveal that 580 values vary from -17 to -28 %o and -14 to -
37 %o in the Holocene and the Late Pleistocene dated samples, accordingly
(Brosius et al., 2012). Groundwater studied in Canadian shield (down to
depth of 1,300 m) was cryogenically altered as well (Stotler et al., 2012).

Fractionation curve (Clark & Fritz, 1997; Michel, 1986) (Figure 2.7.)
shows that freezing affects groundwater isotopic composition in two
directions. For residual fraction from 1 to ~0.4, groundwater is isotopically
enriched, 0.4> depleted in reference to the initial composition (oxygen-18, -
15 per mil). The residual fraction represents the unfrozen volume portion of
the water unit. The example presented in Figure 2.7. represents a possible
freezing curve of in situ isotopically depleted groundwater (oxygen-18, -22
per mil). Such effect of in situ freezing must be taken into account while
evaluating possible end-members in the context of the northern BAB. The
cryogenic EM manifests itself at the depths of permafrost propagation,
which covers the shallow and intermediate levels of the BAB.

Residual fraction, f

1 0.8 0.6 0.4 0.2 0
-10

Permafrost propogation

12
Enrichement effect of permafrost

-16
Initial groundwater

-18

Oxygen-18, %o VSMOW

| Depletion effect of permafrost

-20

-22

Figure 2.7. Rayleigh distillation effect on oxygen-18 content in the fixed water
reservoir. The black circle represents the initial groundwater composition ((oxygen-
18, -15 %o). After (Clark & Fritz, 1997; Michel, 1986).
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A generalized dataset of end-members collected from various sources is
presented in Table 2.3. Some parameters are estimated according to the
collected data (Sl calcite and halite).

Table 2.3. Approximate values of the isotopic and geochemistry data of end-
members relevant for the BAB groundwater. Chemical parameters of the Baltic Sea
water and meteoric modern water were obtained from the Lithuanian database B.
Oxygen-18 data of the Baltic Seawater obtained from Jefanova et al., 2020, meteoric
water from IAEA/WMO, 2019 database resources. Glacial meltwater %0 and
hydrochemical data obtained from the published material by Ferguson & Jasechko,
2015; Grootes & Stuiver, 1997; Johnsen et al., 1989; Jouzel et al., 1997; Lhomme,
2005; Mix & Ruddiman, 1984; Murozumi et al., 1969; Vasil’chuk, 2007; Yde et al.,
2014). Precipitation at northern altitudes (Clark & Fritz, 1997).

Oxygen- . Si
Source 18, %o T?E ! Ct::}o;:fie, Srl#fzt_e‘ calcite/ pH
vsmow | 9 g g halite
MIN -40 45
Glacial
meltwater | AYC -21.5 <01 <100 <5 <-1/<-8 | 5t07
MAX -15 9
MIN -8
Baltic Sea | AVG 6 10 6000 850 <'%g/ <1 75
MAX -4
Meteoric MIN
origin ) )
modern AVG 104 0.4 10 10 1/<-9 75
BAB MAX
Precipitation at From -25
northern altitudes to-18
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3. MATERIALS AND METHODS
3.1. Groundwater Sampling and Analysis

Most of the data used in this study were obtained from previously
published material and databases. A detailed explanation of the gathered data
is given in the paragraph Used datasets and data filtration. The author of
this study participated in field works in 2017 for groundwater sampling in
Lithuania along with the staff of the Department of Hydrogeology and
Engineering Geology (HEG) of VU and the Lithuanian Geological Survey.
Fifteen groundwater samples were collected, eight from shallow Quaternary
aquifers in Mickinai (Well No. 172, 186), Trinku$kiai (487), Kanitikai
(2276), Elektrénai (10597), Salininkai (47520), Rudiskés (26368), Alanta
(403) and seven from intermediate-deep aquifers in Likénai (11978, 21965),
Biritonas (4913), Palanga (47543), Teldiai (26418), Anyks¢iai (12350),
Rokiskis (12349). Alanta sample was faulty, therefore, the obtained data is
not valid. Sampling and analysis were the same for all groundwater levels:
shallow, intermediate, and deep, except for tritium, which was measured in
the Quaternary aquifer (shallow) groundwater samples. Various sampling
techniques were applied according to the requirement for laboratory
analysis.

Sampling procedures of the 2017 campaign. Groundwater for major
chemical composition was sampled into 0.5 L plastic bottles. Trace element
analysis requires a sample to be acidified - nitric acid was added into a
plastic vessel (50 mL) according to the protocol (AntonParr, 2014). Water
for stable isotope (deuterium and oxygen-18) analysis was sampled into 50
mL plastic bottles. For tritium volumetric activity determination, 1 L of
groundwater was collected into plastic bottles. For helium analysis using the
INGEM-1 device, samples were taken into glass bottles (0.33 L), airtight
sealed with rubber corks. Excess air was removed from bottles with the help
of a metal wire while tightening the cork (Levina et al., 1975). For noble gas
analysis at IAEA Isotope Hydrology Laboratory, samples were collected in
copper tubes. A steady flow of groundwater was released through the copper
tube, both ends clamped without stopping the water stream. It ensures that
groundwater is without air contamination according to the procedure
described in Aeschbach-Hertig, 2020; Aeschbach-Hertig & Solomon, 2013;
Beyerle et al., 2000.

36



Analysis of the 2017 campaign samples. The laboratory of the
Lithuanian Geological Survey conducted major ion composition analysis
using spectrophotometer Genesys 20 and Jemway PFP7. The error for this
analysis is +10%. Necessary parameters pH; Eh (redox potential), mV; and
the temperature were measured during the sampling with portable devices
Multi-Line F/Set 3 or VWR MUG6100H.

Trace element analysis was executed at the Department of
Hydrogeology and Engineering Geology, Hydrochemistry laboratory using
inductively coupled plasma optical emission spectrometer (ICP-OEC) Perkin
Elmer Optima 7000 DV (BerkeleyRausser, 2014; PerkinElmer, 2008; UOV,
2019). The error for this analysis is £6%.

Stable isotopes deuterium and oxygen-18 were analyzed using Mass
Spectrometer Picaro Isotopic Water Analyzer at the Department of Geology
of Tallinn University, Technology laboratory. The typical uncertainty for
this analysis is 880 +0.1%0 and 8D +1%o (Brand et al., 2009; Pirn et al.,
2016; Vaikmae et al., 2020).

Tritium was measured at the laboratory of the Nature Research Center,
using Quantulus Tri-Carb 3170 Tr/SI; the errors for electrolytically enriched
samples are +0.2 TU, while a direct measurement is +2.4 TU (Mazeika,
2007).

Noble gases (He®/He?, He, Ne, Ar, Kr, and Xe) were measured at the
Isotope Hydrology Laboratory at the International Atomic Energy Agency
(IAEA). Sample extraction system, mass spectrometer MM5400, and two
guadrupole mass spectrometers (QMS) were used to determine noble gas
content in groundwater samples (Matsumoto et al., 2017; Suckow et al.,
2007). The uncertainties calculated from the NG dataset (He3/He* £5 %,
He+5 %, Net4 %, Ar+1 %, Kr+6 %, and Xe+10 %) (Vaikmaée et al., 2020).

3.2. Used Datasets and Groundwater Age Calculations

Two major sources of data were used in this study.

Dataset A. A dataset of the BAB groundwater published by Estonian
scientists with the cooperation of Latvian and Lithuanian researchers
(Vaikmie et al., 2020) - in this study referred to as Dataset A. Lithuanian
groundwater sample data obtained in the 2017 campaign was published in
this dataset. Yet, the Estonian database lacks deep and intermediate-depth
isotope-geochemistry data from Lithuania.

Dataset B. The first step of the alternative data base development
occurred during 1976-2000 and was conducted by the Lithuanian Geological
Institute (in this study referred to as Dataset B). Later on, it has been
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compiled at the Department of Hydrogeology and Engineering Geology of
Vilnius University during the past 40 years. It includes necessary Lithuania
deep and intermediate groundwater isotopic and chemical data. Vilnius
University, the Estonian Geological Survey, the Institute of Geology, and
Tallinn Technical University published material that served as a data source
during the second period of database creation. A number of sample and data
positions overlap in both databases as they were developed separately but by
using the same published material in many cases. Neither exclusive data in
dataset B, nor the database itself had been published before. However,
numerous generalized or actual data was analyzed in the following:

e Published material (Banys et al., 1979; Gerber et al., 2017; Klimas

& Plankis, 2007; Mazeika, 1999; Mazeika et al., 2013; Mokrik,
1997, 2003; Mokrik et al., 2009; Mokrik et al., 2021; Mokrik &
Samalavigius, 2022; Stuopis et al., 2012; Vaikmie et al., 2020;
Yezhova et al., 1996; Zuzevicius et al., 2007).

e Manuscripts, theses (Bujanauskas, 2016; Dzikaite, 2003;

SamalaviCius, 2015; Samalavi¢ius & Mokrik, 2016; Skuratovic,
2013).

Database B is supplemented with the calculated values of mineral
saturation indices (SI), which are not included in database A. Saturation
states of minerals were calculated with the help of the program code
Phreeqc, wateq4 database. Initial parameters were applied where actual data
was unavailable: the temperature - 10° C, electron activity (pe) - 0, density -
1 g/cm®. Wateg4 code is developed for calculating mineral solubility as a
possible derivative of the chemistry of natural waters. It uses multiple input
parameters: field measurements (temperature, pH, Eh, dissolved oxygen),
alkalinity, major and minor dissolved constituents, ion activities, chemical
reaction database (Appelo & Postma, 1993; Ball & Nordstrom, 1991).

Due to the high number of data entries in databases A and B, a
reduction in the analysis is necessary. For each task, data filtration was
applied to collect adequate information and establish representative samples
without losing any crucial details. A total of 5 datasets were derived from
databases A and B. Principles of data filtration are explained further.

1. The noble gas dataset was used from database A samples in
which at least helium, neon, argon, krypton, or xenon was
measured (Vaikmade et al., 2020; Weillbach, 2014). The dataset
consists of 48 entries. In most of them, oxygen-18 and chemical
data are available. Air excess was calculated for neon, argon,
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krypton, and xenon. The dataset includes data obtained during
the 2017 campaign.

The selective isotope-geochemistry dataset was compiled from
databases A and B. Samples should have at least some major
ion composition (sodium, potassium, magnesium, calcium,
chloride, sulfate, bicarbonate) and oxygen-18 isotope records.
Dating results, physical-chemical parameters were included as
well where available. A total of 215 entries are in this dataset.
The dataset consists of shallow (<300 m), intermediate (300-
1000 m), and deep (>1000 m) aquifer groundwater from
Lithuania, Estonia, Latvia, and Kaliningrad District. Such depth
subdivision and terminology (deep, intermediate, shallow) were
used in this study unless stated otherwise. The dataset includes
data obtained during the 2017 campaign.

A separate dataset of oxygen-18 and deuterium was extracted
from the described isotope-geochemistry dataset to develop
Craig diagrams (Figures 2.5., 2.6.). There are 174 entries in this
dataset. The dataset includes data obtained during the 2017
campaign.

A dataset of groundwater age results of intermediate and deep
groundwater dated with conventional radiokrypton and helium
methods was compiled, accompanied by estimated particle
travel times, from dataset A. The numerical model used in this
study was developed by the staff of the Department of
Hydrogeology and Engineering Geology of Vilnius University.
A total of 12 entries are in this dataset (Tables 4.5., 4.7., 4.8.).
The dataset includes data obtained during the 2017 campaign.
Dataset for cryogenic anomaly study in Estonia was created
from Databases A and B. Estonia’s groundwater is subdivided
into sub-regions to make a more precise analysis of the anomaly
in the Cm-V aquifer. This dataset involves 102 entries.

Additional data were used in Table 4.1. and the analysis of talik
environments in the paragraph Estonia Homocline Anomaly. Specific data
for 2C and “He in Estonia’s groundwater were collected during the sampling
campaign in 1974-1975 (14 wells) by the Lithuanian Geological Institute
and analyzed at its Radiocarbon Laboratory (Mokrik & Samalavi¢ius, 2022).
Additional sampling from Tallinn and Pérnu sites (15 wells) was conducted
in 1981-1982 by the Estonian Geological Survey. Samples were analyzed at
the Isotope Laboratory of the Institute of Hydrogeology and Engineering
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Geology (Moscow) (Mokrik & Samalavicius, 2022). Radiocarbon was
measured using counting liquid scintillation, &%0, and &H - mass
spectrometers in the VSMOW system, 8*3C according to PDB standard. The
activity of 2*U and 2®U were measured using an a-spectrometer after
electrolytic precipitation at the Institute of Hydrogeology and Engineering
Geology, Moscow (Yezhova et al., 1996). Helium gas content was
measured using the INGEM-1 device at the Lithuanian Geological Institute
(Banys et al., 1979; Mokrik, 1997; Mokrik et al., 2002).

As mentioned before, numerical 3D steady-state and transient
groundwater model of the BAB was developed in 2016-2019 (abbreviated as
BABHEGM). Numeric models were created using Groundwater VISTAS 6
Pro user interface and the code with a program for groundwater modeling
(MODFLOW). Differential equations of the groundwater flow in the
schematized underground environment are applied (Rumbaugh &
Rumbaugh, 2011). The BAB flow model was calibrated with the actual
hydraulic heads of the wells. The modeled area is approximately 500,000
km?, covering the BAB and its boundaries with other significant basins. The
total number of cells is 614,823, grid size 5x5 km. Hydro stratigraphic
subdivision includes 31 separated layers (aquifers and aquitards) from the
crystalline basement aquifer to the Quaternary aquifer system (Mokrik et al.,
2021). Modeled groundwater ages were obtained using MODPATH
simulation for particles tracking.

Calculation of conventional helium age (twe) requires multiple
parameters to be considered and known while using Equations 3.1., 3.2., 3.3.
Uranium and thorium content should be known in the continental crust
(crystalline basement) and aquifer matrix, if available. Helium production
rate J’ was calculated (Equation 3.1.) (Torgersen & Stute, 2013), using
average thorium (1500 ppm) and uranium (440 ppm) values from the rocks
of the crystal basement in Estonia (Mokrik et al., 2021; Raudsep, 1997).
Rock density (p=2.5 g/cm?®), the porosity of aquifers matrix (ne=0.15), and
release factor Anel (Mokrik et al., 2021) were used for the corrected helium
accumulation rate J (Equation 3.2.) (Torgersen & Stute, 2013).

J' = 0.2355 x 10712 x ([U] (1 +0.123 (%— 4)))

(3.1

=1 % (p X Age X (7)) 5.2)
_ Cue

fhe =7 (3.3)
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Helium content in groundwater (cm®STP/g) and corrected helium
production rate J (cm3STP/(gxa)) are used to obtain the conventional helium
age (a) (Equation 3.3.) (Torgersen & Stute, 2013). The uncertainties of the
conventional helium age calculations in this study are +20 %.

Considering that radiokrypton ages were not calculated in this study, no
detailed methodic information will be detailed in this section. Reference to
sources, including data, description, analysis, and calculations, are found in
Gerber et al., 2017; Vaikmée et al., 2020. A short sampling and analysis of
radiokrypton in groundwater timeline then follows. Radiokrypton sampling
campaign took place in 2013-2017 (Gerber et al., 2017; Mokrik et al., 2021).
Fieldwork, sample collection, and preparation were accomplished by a
cooperation of the Laboratory for Radiokrypton Dating, Argonne National
Laboratory; University of Bern; Tallinn University of Technology; and
Vilnius University (Mokrik et al., 2021; Mokrik et al., 2022) According to
the sampling procedure, groundwater is being pumped through the degassing
unit. Extracted gases are separated and collected in a steel container (Gerber
et al., 2017; Lu et al., 2014). Isotope ratio 8Kr/Kr was analyzed using the
Atomic Trap Trace Analysis (ATTA) technology at the Laboratory for
Radiokrypton Dating, Argonne National Laboratory (Gerber et al., 2017;
Mokrik et al., 2021). The uncertainty of radiokrypton obtained ages is
+23 %.
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4. RESULTS AND DISCUSSION

The analysis of the BAB groundwater isotope-geochemistry must begin
with the establishment of the background and anomalous groundwater plots.
The anomaly term used throughout this study is a deviation from the site’s
background isotope-geochemistry values. In most cases, anomalies are
considered any significant deviation (groundwater composition, age,
location, depth, aquifer rock lithology) in the context of the same category
(background) groundwater.

The isotopic and chemical parameters of groundwater vary in space and
their origin often cannot be easily explained by existing geological and
hydrogeological information or other environmental assessment factors.
Anomalous groundwater is formed as a result of specific geological-
hydrogeological conditions, lithological features of sediments or physical
factors that determine changes in the composition of groundwater at a
variety of relevant boundary conditions for groundwater flows. Each
groundwater must be evaluated in various contexts: amounts of comparable
data (resolution); chemical and isotopic composition; local and regional
scale; aquifer position, depth range, and various dating techniques.

4.1. General Characteristic of the BAB Groundwater Anomalies

Many anomalies had been observed in previous studies, which is very
helpful in identifying them. In these cases, the analysis could proceed further
- by explaining the anomaly’s origin, formation, or evolution in the light of
the gathered data and known parameters. In other cases, a new formation
model of anomalies is proposed during the analysis. These anomalies have
been described and interpreted. It was not always certain what caused these
anomalies; therefore, more than a few explanations of their origin was
presented. Erroneous data could be mistakenly described as an anomaly as
well. It was mentioned in the text where such suspicions arise to the author
or are described in other publications. The source of inaccurate data could be
explained for many reasons: wrong borehole parameters recorded in
databases, insufficient water pumping from the aquifer before the sampling,
data collection process, deviation from protocol, analytical errors obtained in
laboratory measurements, etc.
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4.1.1. Spatial Distribution Schemes of the BAB Groundwater
Framework and Anomalies

The driving force of the hydraulic gradient determines groundwater
distribution and zonality. Hydrodynamic network is necessary to follow the
general term flow systems recharge and drainage sites divided into regional
and local within shallow, intermediate, and deep intervals. These intervals
are distributed spatially by fresh, brackish, saline, and brine water exchange
zones.

Groundwater structural framework of the BAB features and anomalies
systematic analysis revealed such schemes:

1. The basin scale Estonian regional flow system anomaly of
shallow and intermediate depth of the O-Cm and Cm-V
groundwater (Figure 4.1.). A new conceptual model suggests that
this anomaly formed in the periglacial environment. Talik system
and freezing-induced cryogenesis are the most important evolution
factors. The evidence of these theses are discussed in the following
topics:

a. Talik system and permafrost influence on groundwater
formation.

b. Isotope-geochemistry aspects of anomalous groundwater.

¢. Thermodynamics of water-rock system, saturation indexes of
calcite and halite.

d. Noble gas content evidence of in situ groundwater freezing.

2. Anomalies caused by deep and intermediate depth regional flow
systems interaction in the central and southern BAB (Figure
4.1)):

a. Helium distribution and migration in the BAB multilayered
system.

b. Differences in groundwater dating results. Problems, causes,
and alternative solutions.

c. Deep-intermediate groundwater anomalies.

d. Anomalies’ occurrence in the regional flow systems interface
boundaries (lowlands and slopes of elevated areas).

3. Anomalies caused by local shallow and intermediate depth flow
systems interaction (Figure 4.1.):

a. The southern Lithuanian injection type local anomalies caused
by upward injection near tectonic lineament zones at rivers
valleys.
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b. Central BAB Devonian evaporitic (carbonate-sulfate) facies
with brackish groundwater sub-regional anomaly in the
fractured rocks.

Baltic Se

" Estonia |

Kaliningrad

I Local injection anomalies

Local injection anomalies northern Boundary

| Middle Devonian aquifer sulfate groundwater

| Estonian groundwater in the O-Cm and Cm-V aquifers
% | Oxygen-18 content

__* | Vepriai impact Crater

|| Ca-Clfacies in the O-Cm groundwater

Figure 4.1. Hydrogeological anomalies scheme of the BAB. Local injection anomalies
and boundaries — after (Juodkazis et al., 1997). Sulfate groundwater, Ca-Cl facies
anomalies, oxygen-18 data in Lithuania and Latvia — after: (Mokrik, 2003), in Estonia
after talik scheme (Mokrik & SamalaviCius, 2022). TFZ— Telsiai Fault Zone, after
(Suveizdis, 1994, 2003).
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There are two main trends of shallow-intermediate groundwater
composition: the central and the northern part of the BAB (Estonia-Latvia,
part of the northern Lithuania). 30 values are depleted from recharge
regions toward discharge zones, and in the southern BAB - enriched.
Chloride and oxygen-18 distribution in the BAB groundwater depends on
the depth of the aquifer, and planar features on sub-basin levels.

In the central BAB (the westside Latvia and the northern Lithuania)
territory, the Devonian aquifers groundwater is mostly of modern meteoric
origin with slightly depleted 8'80 values (Figure 4.4., green arrow). This is
presented in the profiles of the Figures 4.2., 4.3.: 4. Riga-Kemeri-Jirmala
site; 8. West Lithuanian site; 9. Panevezys-Birzai-Likénai site. The
anomalous §%0 (-13 to -12 per mil) content in the areas is depleted
compared to the overlying aquifer groundwater (-10 to -11 per mil). The
depth where such anomaly is observed is at the intermediate level (300-700
m), D21 (Riga, Likénai), and D, aquifer in TelSiai (Figures 4.2., 4.3.).
However, this anomaly in each site differs in its geochemical characteristics
as groundwater content results from sandstone cement, carbonate, and
sulfate mineral dissolution. The recharge mechanism of paleoprecipitation is
not clear; hydraulic head distribution should have been different from the
present for substantial groundwater volume to recharge the intermediate
level. Near the large Lielupe River valleys with intermediate and shallow
discharges, this type of anomaly possibly results in 'O depletion of
groundwater (Mokrik, 2003).

A depletion tendency formed by paleoprcipitation and cryogenesis
anomaly is observed in North Estonia’s Cm-V and O-Cm aquifer levels
(shallow <300 m) as well as intermediate-depth groundwater in the southern
Estonia (300-700 m). A cryogenic alteration can be deduced in a chloride-
oxygen-18 plot — isotopically depleted groundwater (Rayleigh distillation) is
more saline due to brine rejection (Figure 4.4.) (Mokrik, 1996, 1997, 2003;
Mokrik & Samalavic¢ius, 2022; Mokrik & Vaikmie, 1988). Brown dashed
arrows represent cryogenic evolution in Estonian groundwater. The talik
associated processes enabled some meteoric water recharge (Mokrik &
Samalavicius, 2022). The initial pre-cryogenic composition of the northern
Estonian coastal groundwater is most likely a mix of seawater and Ca-Mg-
HCO; freshwater. Part of it could be diluted with glacial meltwater recharge
(Figure 4.4.) (Pérn et al., 2018; Raidla et al., 2009; Vaikmde et al., 2001). An
evident depletion of 30 could be observed along with the flow trajectory
(Figure 4.2., profile 2-1). In these profiles, present hydraulic head
distribution indicates depletion tendency toward the depth where vertical
percolation predominates. However, the opposite hydraulic situation is on
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Héaddemeeste site (Figure 4.2., profile 3). The case of the previously
described Devonian aquifer anomaly could take place in the D, 80 ~-13
per mil. The Cm aquifer 50 ~-16 per mil content should be attributed to
cryogenic type formation scenario. A depletion tendency of 5'80 towards the
main discharge zone in the Baltic Sea predominate, with the sporadic
enrichment near the buried valleys.

An inversion of hydraulic heads in the local injection points of the
southern BAB results in 880 enrichment tendency toward the discharge
zone near the river valleys (Figure 4.4., red arrow, Figure 4.2., profile 5).
Saline groundwater injections occur close to the tectonic faults, connecting
shallow and intermediate groundwater. Intermediate depth in situ saline
groundwater is usually enriched with &'Q0; therefore, mixed shallow
groundwater in these areas is also affected (Gregorauskas et al., 2017;
Mazeika, 1999; Mokrik, 2003; Zuzeviius et al., 2007). An analogous
situation is on the Druskininkai site where the intermediate level §120 is -7
per mil. Near the seacoast, located sites could be influenced by seawater
(Mokrik, 2003). The Palanga site’s (Figure 4.3., profile 8) intermediate
groundwater 5'®0 is -9.5 per mil; shallow groundwater -10 per mil.
Groundwater’s main discharge area of the Do§v-ar is in the Baltic Sea. The
southern part of the BAB intermediate level groundwater discharging leads
to enrichment tendency.

The differences of the shallow-intermediate groundwater in the BAB
are due to different groundwater origin and paleoenvironments during the
Late Pleistocene according to radiocarbon, helium, and other dating
techniques (Banys et al., 1979; Mokrik & Samalavicius, 2022; Pirn et al.,
2018, 2019; Raidla et al., 2012). Shallow groundwater 330 values vary little
(except for Estonia) and mainly depend on meteoric water composition.
Intermediate level groundwater is in a delayed exchange zone, where it
originates from multiple sources and is significantly older than the modern
one (meteoric). The groundwater age is a non-direct evidence of the present
groundwater flow direction as during the Holocene-Pleistocene it could have
been different. The anomalies in the intermediate groundwater are
heterogeneous in all of the BAB, resulting in the varying isotope-
geochemistry.
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Figure 4.2. Schematized intermediate and shallow level groundwater interaction in
the BAB. Flowlines, leakage in aquitards, and hydraulic heads are collected from the
BABHEGM, except for the BirStonas site, where the data was obtained from
Zuzevicius, 2010. Oxygen-18 values are approximate from dataset 2 entries [The
selective isotope-geochemistry dataset] and the published maps (the Estonian Sites)
(Parn, 2018). 1-2. Cross-section from the northeastern to southern Estonia, the
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Regional aquitards are the main factor for analyzing intermediate-deep
groundwater interaction. Confining properties of the aquitards vary across
the BAB: hydraulic conductivity (m/d) of S-O — 1E*°-0.001; D,nr — 1E®-
1.7E; T1-Popr — 1E8-1.7E"®) (Table 2.1.). Hydraulic head distribution in the
southern and central part of the BAB shows the process of the vertical
discharge through the regional aquitards (Figure 4.3. profiles 7, 8, 9, 10). A
similar situation is with the vertical helium flow. However, anomalies of
helium content derived helium-4 ages and isotope-geochemistry are present.
The main reason for this is a fault zone setting in the BAB, which constitutes
highways for helium vertical emanation, dislocations limiting from the
lateral flow (helium migration accordingly). Stagnant groundwater flow
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often does not coincide with the helium content expressed in the mean
residence time. The differences in dating results obtained using various
techniques (in this study: MODPATH simulation, conventional helium, and
radiokrypton) illustrate this phenomenon. The isotope-geochemistry features
should accompany these results to distinguish anomalies. The proven tool for
this task is analyzing 5*20.

In the major part of the BAB, the S-O aquitard confines the Cm or O-
Cm aquifer system where isotopically enriched brines (50 -6 to -4 per mil)
are located at 1-2 km depth. A very rigid inversion occurs in the southern
Estonia (880 -16 to -12 per mil) (Figure 4.2., 4.3. profiles 2, 3, 6-7). This
inversion coincides with the inversed hydraulic heads in the southcentral
Estonia, where vertical downward flow predominates. Helium ages in the
southern Estonia O-Cm aquifer is 80-150 ka and is significantly younger
than radiokrypton (timescale ~0.5 Ma). Helium and 380 reveal an anomaly
in this region.

D».1 aquifer confined with the Devonian Narva regional aquitard shows
5180 depletion tendency along with the flow trajectory (Figure 4.3. profiles
6-7). 580 on Klaipéda site is -5 changing to -13 per mil in the southern
Estonia along the cross-section; the significant decrease in the northern
Lithuania (-12 per mil) (Figure 4.3. profiles 9-10). The helium age of the
Klaipéda and Virska sites are ~600 and 35 ka, accordingly. The isotopic
inversion occurs at depths 700-900 m. The helium age in Klaipéda is almost
twice younger as compared to radiokrypton (1.2 Ma).

Latvian groundwater 50 data distributions reveal an inversion: a slight
depletion (to -13.6 %o) toward 0.5 km depth (Figure 4.4. green arrow, Figure
4.2. profile 4), and reverses to deep brines at 1 km depth (oxygen-18 above -
5 %o). A similar tendency can be observed in the chloride distribution, the
inversion point seems to be around 10 gCI/L, but due to a data gap, it could
be in the range of 10-50 gCl/L (Figure 4.4.). More data on Latvia’s
groundwater at the depth ranging 0.5-1.0 km could help to clear out this
inversion. Helium age is three times younger than radiokrypton’s, 0.3 and
0.9 Ma, accordingly.

An extreme anomaly is observed in TelSiai (Figure 4.3. profiles 9).
Helium age is 5 ka, MODPATH’s - 200 ka. A major isotope-geochemistry
inversion occurs on the Tel3iai-Satrija sites separated with D,nr aquitard.

Seawater intrusion is especially obvious for the Kaliningrad District -
the groundwater is close to SDL (Seawater Dilution Line), (Figure 4.4. blue
line). Shallow groundwater 320 is -9 per mil, intermediate level -7 per mil.
The hydraulic head distribution indicates the vertical percolation going
upwards (Figure 4.3. profiles 7); therefore, the leakage from the underlying
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aquifers could also affect the isotopic composition. A low volume of data on
this site is insufficient to conclude any of the scenarios.
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Figure 4.3. Schematized deep and intermediate level groundwater interaction in the
BAB. Flowlines, leakage in aquitards, and hydraulic heads are collected from the
BABHEGM. Oxygen-18 values are approximate from dataset 2 entries [The
selective isotope-geochemistry dataset], except for Estonia, where the data was
obtained from the published maps (Parn, 2018). 6-7. Cross-section from the N.E.
Estonia to Kaliningrad, layers geometry based on Juodkazis, 1980a, 1980b; Mokrik
et al., 2021; Parn et al., 2016; Virbulis et al., 2013. Profiles 8, 9, and 10 represent the
Klaipéda-Palanga, Telsiai, Likénai sites, accordingly.
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These anomalies and inversions are a result of major regional aquitard
settings. The shallow-intermediate-deep level groundwater is effectively
confined from each other and could evolve separately. It leaves a specific
signature of isotope-geochemistry, noble gas, and age in each zone or level.
Nevertheless, the problem of groundwater composition in aquitards remains
open. It requires specific study and data of isotope, major and trace
distribution in the confining formations, and thorough analysis. It is often
difficult to extract and sample groundwater from the aquitards. Therefore,
databases often lack this type of content. The same problem stands with
crystalline basement groundwater. Most of the data comes from sedimentary
aquifer groundwater, while a few samples are taken from the basement. Data
inconsistency should be accounted for in future campaigns and research
emphasizing sampling from the less explored geological formations.

510, % VSMOW

-30 -25 -20 -15 -10 -5 o

1
Q I Interglacial and Holocene

of o Meteoric Groundwater
o O
’\ o |

Glacial " ya

EM . =l

p EM
7z w2
il N
. Modern Meteoric 10
g Groundwater EM
A 3RS

4‘ Cryogenic
EM -~

[y
L] LY At e
u" ] ,'-/ R . e \ Baltic Sea +
a . '.- /’ R Meteoric mix
1 EM
. g "";/ 1, 100
[ ] al a ’/ L i
“'?P*E:" " S sDL g
. <
< g > . g
O he]
' am o & 2
.\‘} _Q
=
o

o

Baltic sea
(paleo and
modern)

(- 1000

Y
RU
» EST, Cm-V

oLt
= EST, 0-Cm
® EST, 5-D

Deep, brine o L °
groundwater EM |7 N

10000

o
8 o
. R
100000

Figure 4.4. Chloride and oxygen-18 graph of the BAB groundwater. Groundwater
samples: LT - Lithuania, LV - Latvia, EST - Estonia (S-D, Cm-V, and O-Cm
aquifers, accordingly), RU - Russia (the Kaliningrad District). End members - EM.
Blue line - SDL Seawater Dilution Line. Brown dashed arrows - cryogenic alteration
trendline, red and green arrows - shallow-intermediate groundwater interaction in
Lithuania and Latvia, accordingly.

4.1.2. Anomalies of Regional Groundwater Flow Systems Interface

Regional groundwater flow is in general distinguished by recharge areas
at the highlands. This statement is relevant for the BAB as a sedimentary
cover body structure located at the seaside. Shallow and intermediate
groundwater flows are directed and discharged at rivers valleys, onshore
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lowlands, and submarine layers outcrop areas (Mokrik, 1997, 2003). On the
contrary, deep groundwater flow is oriented from the central basin towards
the periphery of marginal basin part and highlands slopes. On the slopes of
homocline, anteclise, or other elevated areas, the hydrochemical and
hydrodynamic barrier of shallow and intermediate groundwater flows occur.
As a result, the transitional brackish and saline groundwater is formed
(Mokrik, 1997, 2003).

On these barriers, specific groundwater anomalies could emerge. On
the marginal parts of structural basins or near the slopes (between highlands
and lowlands) exclusively, brackish mineral water types form. A similar
transition is observed near the northern part of the Polish-Lithuanian Trough,
where intermediate and deep groundwater connects. This phenomenon
occurs in the deepest parts of the West Lithuania Lowland and the southern
part of the Middle Lithuanian Lowland. Groundwater transition towards
higher TDS takes place (Mokrik, 1997, 2003). Hydrogeologically active
faults strongly influence Belt-like anomalies. The main faults in Lithuania
are Telsiai together with the Klaipéda’s zone; the South and East Baltic Fault
(Baltic Fault Zone), which includes the Druskininkai-Birzai-Likénai Faults;
in the southwest Lithuania, the Nemunas Fault at the Staduva High heading
towards Nida (Figure 4.5.). In the territory of Latvia, the Liepaja-Riga-Pskov
Fault Zone is located. A significant Pregol Fault Zone is found in the
Kaliningrad District. In the Estonian Homocline,Middle (sometimes called
Central) Estonian Fault Zone, Parnu-Tapa Zone, and Vihterpalu Fault are
situated (Figure 4.5.).

Close to these faults, anomalies with brackish water within a few
kilometers belt are located, where the alteration coefficient is 12-100
(Mokrik, 2003). These bands extend on the basin margins and geostructure
slopes. Such anomalies were observed in Cm-V and O-Cm aquifer systems
around the Dzikija High, along the river valleys of the Nemunas-Neris-
Vilija, the southern slope of the Estonian Homocline close to the Central
Estonian Fault Zone. In the middle-lower Devonian aquifer system,
anomalies occur on the Mazury-Belarus Anteclise slope and Valmiera-
Moniste-Lokno High. The Nemunas and Pregol Faults influence and
predetermine anomalies for the Jurassic and Cretaceous aquifer systems.
Two brackish areal anomalies in the Central BAB are the D,.; aquifer system
in the Jelgava-Riga-Pskov Zone (brown hash, figure) and the Cm-V aquifer
system in Estonia, where groundwater TDS increase from 1 g/L at the
Central Estonian Fault to 10 g/L at the Lokno High. A more detailed
description of the boundaries and structures of these anomalies can be found
in Mokrik, 2003.
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Figure 4.5. Brakish groundwater anomaly bands and major tectonic fault zones of
the BAB. Faults and fault zones (red lines): a) Vihterpalu, b) Parnu-Tapa, ¢) Middle
Estonian, d) Liepaja-Riga-Pskov, e) Telsiai, f) Pregol, g) Nemunas, h) Southern
Lithuanian, i) Baltic, j) Ashmyanski (Mokrik, 2003).

At the depth ranging 600-800 m, vertical interaction of deep-
intermediate level groundwater occurs. A general vertical upward flow
predominates, with the discharge areas covering the Baltic Sea Lowland area
and river valleys (Juodkazis, 1980a, 1989, 2003; Juodkazis & Mokrik, 1981;
Kondratas et al., 1969; Mokrik, 1997, 2003) (Figure 4.5.). The groundwater
interaction in western coastal territory also depends on the Baltic Sea
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bottom’s bathymetry. It influences shallow water discharge down to
intermediate level and on brines where upward advective flow occurs.

The classification of anomalies of deep-intermediate flow system
interface poses multiple problems. Hydrochemical, hydrodynamic and
spatial distribution aspects are all valid as a basis distinguishing anomaly
groups. However, each of them has significant shortcomings. Isotope-
geochemistry parameters are essential to establish anomaly and background
groundwater differences. However, the chemical data is difficult to analyze
without additional information on groundwater flow path, depth, and age.

On the contrary, the spatial distribution, zoning, groundwater flow
peculiarities do not provide specific information on the possible formation of
anomalies without groundwater content. Therefore, the classification of
anomalies could be done in the following order: 1. establish isotope-
geochemistry peculiarities; 2. classify filtered data by their occurrence in
planar and profile sections, areal or linear distribution, and association with
structural elements. Attempts to do the general classification of intermediate-
deep flow systems interaction results in five groups.

Southern Estonian areal anomaly group. The planar distribution
covers the southern and a part of the eastern Estonian Cm-V and O-Cm
aquifer systems groundwater. The aquifer overlays a crystalline basement on
the Estonian Homocline, at the depths of 400-600 m. The main fault zones
which affect flow conditions are Parnu-Tapa and Middle Estonian (Figure
4.5.). Groundwater is brackish (TDS 1-4 g/L, Virska 18 g/L), oxygen-18
varies from -19 to -12 per mil, and pH is mostly alkaline up to 8.3. The key
parameter which makes this groundwater anomalous is a strongly depleted
oxygen-18 content.

Central BAB areal anomaly group. The anomalous brackish
groundwater occurs in the D.; aquifer system at the depths of 400-800 m.
Main fault zones may be attributed to the formation of this anomaly: in
Latvia - Liepaja-Riga-Pskov, in the northern Lithuania - Telsiai, and the
Baltic fault zones (Figure 4.5.). Groundwater chemical type is influenced by
evaporite mineral (gypsum, carbonate minerals) dissolution, which makes
water Ca-SO4 facies in extreme cases. Due to the anomaly’s location at the
deep-intermediate interface, deep saline and brines influence through faults.
This results in an elevated sodium and chloride content near the tectonic
lineaments. Oxygen-18 content is from -13 to -11 per mil, TDS 1-11 ¢/L, pH
is slightly alkaline 7-8. The slightly depleted oxygen-18 content and
evaporite mineral dissolution are the main parameters of determining the
anomaly.
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Southern Lithuanian local anomaly group. These anomalies are
observed near the tectonic faults (Figure 4.5.) and large river valleys. They
occur locally in the Triassic, Cretaceous aquifers at the depths of 300-400 m
and strongly influence shallow groundwater. In some places, upward
injection forms brackish groundwater up to the ground surface. The
groundwater is enriched with Na and Cl and slightly with oxygen-18 (varies
-11 to -9(7) per mil). Brackish groundwater TDS is 1-15 g/L, however, could
be higher if the site was close to the saline water injection point. Helium
anomalies are also observed in these places and indicate hydrogeologically
active faults. The composition of groundwater is anomalous; however, it
occurs locally within the proximity of the faults.

Western Lithuanian and Kaliningrad onshore and offshore’s
anomalies group. This part of BAB is significantly deeper - the Polish-
Lithuanian Trough. Brackish-saline groundwater anomalies occur in the
Jurassic aquifers in Kaliningrad and the Upper-Middle Devonian aquifers in
Lithuanian part. Multiple major faults (Telsiai, Pregol, Nemunas) intersect
this area; therefore, the brine groundwater effect on the intermediate-deep
interface level is more significant. Intermediate level groundwater TDS is up
to 20-30 g/L, oxygen-18 from -10 to -7 per mil, pH is close to neutral 6.5-
7.2. Helium content, oxygen-18, and chlorides (TDS) are the main
parameters indicating anomaly. The anomaly itself should be considered
areal, but it is strongly influenced by the flux from the deep aquifers. Deep
groundwater characteristics in this area (down to 2 km) determine the
anomaly on the interface level. Another important factor distinguishing this
regional anomaly from others is an elevated geothermal flux.

Eastern Lithuanian anomaly group. This anomaly group is located on
the slope of the Mazury-Belarus Anteclise. The southern Lithuanian and the
Ashmyanski Faults affect deep-intermediate interface anomalies. The
Cambrian, Ordovician, and Middle-Lower Devonian aquifers in this area
contain brackish-saline groundwater with TDS 1-10 (30) g/L. The
groundwater freshening occurs in the southeastern direction on the Mazury-
Belarus slope. The oxygen-18 content is -12 to -10 per mil; however, the
value is -7.2 per mil on the Ignalina site. Due to the elevation of the slope,
the groundwater TDS drop gradient is high. Therefore, the brackish
groundwater area (1-10 g/L) is narrow, forming a band on the periphery of
the BAB southeastern part (Figure 2.1. b). Oxygen-18 and chloride (TDS)
are the main indicators of anomaly in this place.

Groundwater residence time is a critical factor determining the isotope-
geochemistry content of anomalies. Multiple isotope-geochemistry
anomalies could be observed on the ClI- 50 diagram (Figure 4.6.). An
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apparent trendline (dashed line) of all data is set on the plot to distinguish
possible anomalies visually. A few anomalies could be revealed: elevated
salinity in the southern Lithuania (BirStonas and Druskininkai), &0
depleted Pédrnu, and Kuressaare groundwater. The Jurassic aquifer
Svetlogorsk (Na-SO. facies), the Permian Svetlogorsk, D,.1, Vepriai, and
other samples are relatively enriched with oxygen-18 compared to their
chloride content (Figure 4.6., red dashed line). A sub-regional anomaly may
be associated with geothermal anomaly (up to 4-5°C/100 m) in the
southwestern part of Lithuania and the Kaliningrad District onshore and
offshore. Elevated temperature in local sites groundwater may increase
oxygen-18 and deuterium fractioning towards enrichment (red arrow). The
Vepriai site anomaly is placed in the impact crater. A single record of
oxygen-18 (-3.1 per mil) exists in the database; therefore, it is difficult to
make any conclusions. More data is required to elaborate on this topic. The
Satrija site’s reading of oxygen-18 is significantly shifted from the BAB
isotopic trend and should be reestimated.

Cation exchange caused the variation of calcium content in Lithuanian
intermediate-deep brines from 21 to 54 %eq. Both extreme cases of chloride
type groundwater are from Di-, aquifer: the Velai¢iai groundwater is Ca-
dominant Ca (54 % eq.)-Na (32 % eq.), Klaipéda is Na-dominant Na(67%
eq.)-Ca (21 % eq.) type. These samples are taken from similar depths with
TDS 83 and 92 g/L, accordingly. They are reflected in oxygen-18 values,
which differ by 1.9 per mil. A factor leading to such a drastic difference in
calcium content should be associated with an aquifer matrix mineral
composition, which could be a key to a cation exchange rate and affect the
hydrochemistry accordingly. However, the Klaipéda borehole groundwater
was used for geothermal energy extraction, during which sulfates
precipitated from solution and may have caused depletion of Ca content in
groundwater (Brehme et al., 2019). Calcium content in brine samples from
deeper O-Cm or Cm aquifers is consistent, varying 35-41 %eq.
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Figure 4.6. Oxygen-18 and chloride content diagram of the BAB deep-intermediate
groundwater. Subdivided into smaller depth increments. Anomalies of the TelSiai,
Satrija, Velai¢iai, Vdisiku, Vepriai, and Svetlogorsk (the Jurassic and Permian aquifers)
sites; the southern Estonia (red circle) and the southern Lithuania (blue circle) are
marked separately. The blue dashed line represents the background values of the BAB
groundwater. The red dashed line and red arrow represent isotope-geochemistry content
shift due to geothermal anomaly in the southern part of the Baltic Basin.
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Figure 4.7. Oxygen-18 content and pH diagram of the BAB deep-intermediate
groundwater. Subdivided into states. Anomalies of TelSiai, Likénai, Varéna, Rokiskis,
Satrija, Vilkaviskis, Vepriai, and Ignalina are represented separately on the plot. Blue
circle and blue arrows represent isotopically depleted pH elevated anomaly. Green
arrows represent isotope enriched anomaly at intermediate depth range.
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As mentioned before, the main subdivision of deep-intermediate level
groundwater could be done based on oxygen-18 and deuterium isotopic
fractioning by the reference of modern groundwater. The Estonian and
Latvian intermediate groundwater is depleted as well as a few samples from
Lithuania, in particular: Rokiskis, Likénai, Varéna, and TelSiai (Figure 4.7.).
These anomalies are not extreme (lowest 330 value in the Likénai -12.2 %o
and Telsiai wells -13 %o0) (Mokrik et al., 2009). Almost all isotopically
depleted groundwater samples’ pH is above 7, except for Vérska pH=6.7. In
Figure 4.7., isotopic depletion and increase in pH are represented by a blue
circle and two arrows inside it. The depleted isotopic signature indicates that
this groundwater could be exposed to a few chemistry altering factors,
meteoric water recharge, in situ mixing, cryogenic alteration, dominant
winter precipitation recharge, etc. The increase of pH values above 8, in this
case, is due mainly to carbonate saturation or mineral precipitation during
the Pleistocene evolution of the groundwater. The other part of the BAB
intermediate and deep groundwater is neutral or acidic (pH<7.2) (Figure
4.7.). A decrease of pH in intermediate and deep aquifer groundwater is
associated with the gradual accumulation of CO; gas, which forces carbonate
equilibrium and pH accordingly toward acidic values. The exceptions are the
Latvian deep groundwater (pH up to 8.7) and the Lithuanian sample from
Ignalina (pH=7.6) from 500 depth O-Cm aquifer.

Overall, the anomalies in the deep-intermediate interaction interface are
challenging to analyze, classify, and interpret. The isotopic data record is
often very limited; chemical analysis alone is insufficient for such a task.
The problem arises from the grey areas in the BAB where isotope-
geochemistry data is scarce. The research was in most cases conducted in
relevant places, leaving big territories unexplored. This should be accounted
for future research and sampling campaigns. A more even spatial distribution
of data records would significantly benefit the resolution of the background
and anomalous groundwater content. The noble gas analysis is necessary for
a deeper understanding of groundwater origin. The current record especially
lacks data from Latvia, Poland, and the Kaliningrad District. Isotopic
groundwater dating should be applied in many intermediate flow systems to
obtain more records and identify patterns and tendencies ideally sufficient
for mapping. The least explored part of the BAB is a crystalline basement
and regional aquitard groundwater. The data from these objects would
enable to clarify deep-intermediate groundwater interaction on many topics.
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4.2. Basin Scale Anomaly of the Estonian Homocline

There are two main hypotheses on the Estonian groundwater isotope-
geochemistry anomaly formation. A three end-member (EM) mixing (glacial
meltwater, modern and saline groundwater (Pérn et al., 2018; Raidla et al.,
2009; Vaikmie et al.,, 2001)) and cryogenic alteration due to permafrost
formation in the Pleistocene (Mokrik, 1996, 1997, 2003; Mokrik &
Vaikmée, 1988). Considering this anomaly, it is crucial to establish the age
of the Estonian groundwater. This data were presented in the previous
research stating that isotopically depleted groundwater in the northern
Estonia could be dated to the Late Pleistocene (20-30 ka) (Banys et al., 1979;
Pirn et al., 2018, 2019; Raidla et al., 2012) in the southern Estonia (Virska
and Hiddemeeste) 400-600 ka (Middle Pleistocene) according to
radiokrypton (Gerber et al., 2017; Parn et al., 2019). Radiocarbon age
interpretation is supported with the data provided by tritium activity,
radiogenic helium-4 amount, and stable isotope composition in the
groundwater of the O-Cm aquifer system (Pérn et al., 2019). According to
this data, O-Cm aquifer system groundwater seems to originate from mixing
multiple source water with different ages. Radiocarbon, helium, and
previously published radiokrypton ages suggest that groundwater most likely
formed before the LGM period. It means that periglacial groundwater is
currently present in the deepest aquifers of the northern part of the BAB.

Another important factor to consider is the influence of modern and
paleoprecipitation recharge and mixing. The reconstruction of
paleotemperature variation in the Holocene and Pleistocene shows that the
annual average isotopic content 580 of precipitation in the Baltic region
could have been -9.8 —-11.2 and down to -15 per mil, accordingly. Since the
groundwater in North Estonia is isotopically depleted (580 >23 per mil), the
paleoprecipitation recharge could not have been a single factor of the
groundwater formation. In this study, the analysis of the Estonian
groundwater anomaly involves a few topics: isotope-geochemistry features
in the context of the whole BAB groundwater, subdividing Estonia into
zones or sub-regions to observe anomalies more thoroughly, talik
distribution scheme, noble gas patterns of depleted isotope origin
determination in groundwater.
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4.2.1. Talik System and Permafrost Influence
on Groundwater Formation

The conceptual talik scheme reconstructed in the northern BAB
supports an opinion about the groundwater isotope-geochemistry features
discussed in this chapter (Figure 4.8.). Talik distribution scheme is based on
the present seabed and land depressions. The main lineament zones-taliks are
the Gulf of Finland, the North-Central Baltic Proper, the Gulf of Riga, the
Liivi Lowland, the Alutaguse-Peipus Lake Lowland. Talik system provides
means for lateral flow in sub- and supra-permafrost aquifers as well as
vertical flow (Figure 4.9.). However, in most cases, an upward groundwater
flow was strongly confined by regional aquitards (Kotlin and Lontova) and
permafrost terrains. The talik introduction into the groundwater formation
scenario may suggest a mechanism to form various isotope-geochemistry
content and chemical facies of the O-Cm and Cm-V groundwater. Aquifer
recharge with meteoric and surface water could recharge aquifers near the
taliks (Mokrik & Samalavicius, 2022).
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Figure 4.8. Talik zones’ reconstruction scheme for the Pleistocene Epoch on the
northern part of BAB. Numeration of taliks on the scheme: 1. Gulf of Finland Talik,
2. North-Central Baltic Proper Talik, 3. Liivi Bay Northern Talik, 4. Liivi Bay
Southern Talik, 5. Alutaguse-Peipus Talik (Mokrik & Samalaviéius, 2022).
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Figure 4.9. Talik zones’ principal cross-section schemes based on Kurylyk et al.,
2014; Mokrik & Samalavi¢ius, 2022; Walvoord & Kurylyk, 2016.

Strongly depleted 380 content on the Tallinn sites (Kopli and Viimsi
Peninsulas) coincides with the elevated uranium isotope ratios due to
permafrost (Mokrik, 1997; Yezhova et al., 1996). The prolonged effect of
permafrost on the groundwater in the Cm-V aquifer and the hydraulically
connected upper basement part resulted in a substantial increase of 24U in
frozen rocks (Yezhova et al., 1996). Uranium isotope ratio 2*U/?8U may
suggest cryogenic alteration via the formation of permafrost. In closed
systems, this ratio is >1, while in open ones ~1 (Fujikawa et al., 2000)
Permafrost traps uranium isotopes in the ice lattice; therefore, 2*U cannot
escape. During the permafrost thaw, leaching of 24U increases (Tokarev et
al., 2006). In the northern Estonia, the Cm-V aquifer groundwater 24U/?%U
ratio was as high as 26 (Yezhova et al., 1996). The increasing uranium
isotope ratios show the growing permafrost age (Ewing, O’Donnell, et al.,
2015; Ewing, Paces, et al., 2015). Seasonal variation-induced permafrost
thaw flow paths could also be studied using 2*U/?8U (Bagard et al., 2011;
Hindshaw et al., 2018; Koch et al., 2013). Elevated uranium-234 and
helium-4 production may be associated with rock fracturing while glacier
retreat induced pressure release (Mejean et al., 2017). The study of St.
Lawrence Lowland aquifer groundwater revealed that the release rate of
helium might be up to 30,000 times higher than the local production rate
(Mejean et al., 2017). This situation may have increased the uranium isotope
ratio and overestimated helium ages in Cm-V aquifer groundwater.

The eastern part of the Gulf of Finland within the upper Cm-V layer
consists of clays, siltstones, and sandstones. Groundwater on the close-by
sites: 234U/?%U ratio vary Lontova clays — 0.85, basement rocks — 0.75, Cm-
V aquifer groundwater — 0.48-0.65 (Table 4.1.) (Bondarenko et al., 1981).
Modern precipitation recharge may elevate the uranium isotope ratio up to
1.1. The Vendian aquifer in the Arkhangelsk-Severodvinsk-Novodvinsk site
study area was covered with non-continuous permafrost (Malov, 2017).
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Deeper layered brackish Vendian Mezen aquifer groundwater discharge
upwards to the overlaying Vendian Padun aquifer bearing freshwater. The
deeper (reduced Eh) groundwater uranium isotope ratio varies 4.8-7.2, the
adjusted “C age range 17-33 ka, 83C -15.5 to -16.6 %o, 5'0 content -14.4
%o, TDS values 4.3 to 9 g/L (Table 4.1.). Meteoric water recharged upper
part (oxidized Eh) freshwater 8°C is -11.7 %o, 880 -13.8 %o (Table 4.1.).
Pleistocene glaciations, marine transgressions affected the Arkhangelsk
region’s groundwater isotope-geochemistry significantly (Malov, 2017). At

seacoast line, shallow groundwater is slightly enriched with 6'80 = -7.7 %o

and &*H = -98.9 %0 (Malov & Tokarev, 2019). The elevated uranium ratios
are found in the reduced groundwater.

Table 4.1. Isotopes and chemistry of the Tallinn and Sosnovy Bor intakes for Cm-V
aquifer system modified after (Bondarenko et al., 1981; Malov, 2017; Malov &
Tokarev, 2019; Mokrik & Samalavicius, 2022; Yezhova et al., 1996), (Poljakov
unpublished, 1988 from DHVU).

Adjusted
13, 14,
Well | TDs, | 8%0, | &H, 5%(:’ 2y | uc, urgn"’ilzi] Depth, m
o 0 D
No. g/L %o %o PDB (AR) pmC decay ages, b.s.l.
ka.
Kopli Peninsula,
14 0.95 -19.4 -150 -15.0 8.0 9.4 18.4 100-125
22 0.92 -20.6 -156 -16.2 33 16.8 15.4 50-120
17 0.43 -15.2 -110 -15.0 51 24.0 11.8 115-130
18 0.42 -15.1 -111 -12.5 3.0 43.0 55 116-135
19 0.44 -21.1 -160 -16.2 16.0 7.8 21.7 112-136
20 0.43 -213 -165 -16.2 26.0 7.1 225 90-140
Viimsi Peninsula
21 0.46 -215 -160 -15.0 4.0 16.7 14.8 45-115
27 0.84 -22.5 -170 -12.4 15.1 33.6 75 60-125
26 0.35 -12.0 -90 -12.6 2.7 54.7 3.6 80-122
25 0.53 -14.4 -105 -13.4 115 53.2 4.3 60-110
66 0.7 -15.0 -111 -11.2 - 48.1 3.7 59-125
67 0.8 -16.3 -125 -14.7 - 39.2 7.6 56-120
1A 9.3 -11.6 - - - - - 110-120
Rakvere Deposit area, Kabala site
60ka2 04 | -137 - -15.7 16 53.0 5.7 45
SO0 047 | 169 - -10 41 35 24.4 90
Cm
1433 0.45 -16.9 - -13.9 4.8 14.0 15.7 115
O-Cm
3752 0.55 -19.8 - -20.0 8.2 3.6 29.9 165
Sosnovyi Bor site
P9 15 -15.5 - - 1.1 - 5.5 -
P6 - -12.6 -86 - 0.63 - - 180
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Adjusted
13 14
Well | TDS, | %0, | &°H, ﬁ%f‘ iy, | 14c, ur(;n"’i‘zi Depth, m
No. g/L %o %o PDB (AR) pmC decay ages, b.s.l.
ka.
P14 24 -18.8 - - - - 9.0 160
114 2.7 -15.7 -108 - 0.48 - - 191
m2 29 -13 -98 - 0.64 - 13.0 240
Northern Dvina River delta site
8mz 22.25 - - - 2.97 - 460* 120
La5 15.7 12.2%* | 94.4** - 6.19 - 110* 200
Nol 8.9 -1.7 58.3%* 6.72 - 80 90
Mi 5.3 14%* | _107%* -14.6 7.16 1.7 33.0 150-201
Bl 9.14 -15.6 541 5.79 26.1 105
Lo 0.79 -11.2 5.94 37.03 54 80
W6 0.732 13.;;** -100** -9.6 2.86 25.3 4.0 80-90
3e 0.138 -12.3 2.26 34.18 21 20-25

Note: Borehole 1A is located on the Aegna Island (Tallinn Bay offshore); Sosnovyi Bor site is
located on the eastern coast of the Koporye Bay (Leningrad district); for the Kabala site above
layered aquifers are marked with stratigraphic unit; *- uranium (?%*U-?%U) isotopic dating of
age; ** - 8'80 and &%H stable isotopes average value.

In shallow Cm-V aquifer system groundwater at the Tallinn site, the
uranium isotope ratio varies from 3.6 to 26 (Table 4.1.). Uranium AR and
TDS slightly correlate, especially on Viimsi Peninsula. It is likely that during
the Holocene, Eh, in the Cm-V aquifer, groundwater was -150 — -250 mV.
Redox inversion to the oxidizing environment is mainly due to meteoric
water recharge near buried valleys (Mokrik et al., 2009). During the
periglacial before LGM, the drop in the sea level opened up an elevated cliff
in the Estonia’s western and northern parts resulting in the landscape altitude
change toward eroded seabed-taliks. It established a new recharge and
discharge boundary for groundwater flow paths. A redox part of the Cm-V
aquifer could only be oxidized near taliks, where supra-permafrost recharge
occurred (Figure 4.8.) (open Liivi Bay and Alutaguse-Peipus talik systems).
The accumulation of the 2*U occurred in the sub-permafrosted aquifer due
to a-recoil from 28U in the aquifer for 10-20 ka duration. In these
conditions, a similar accumulation of helium could occur in situ from a-
recoil. Groundwater with high uranium isotope values started to flow from
the original formation locations. A deviation from an equilibrium of
23Y/2%8Y, can be observed in the O-Cm, and Cm-V aquifer groundwater
(Figure 4.10). The highest AR values (40-56) are measured in samples from
Saaremaa Island and Viimsi Peninsula (Yezhova et al., 1996).
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Figure 4.10. Residence time and 234U/?%8U activity ratio diagram. 1. Tallinn intake,
2. Sosnovyi Bor intake, 3. Northern Dvina site. Data after: (Bondarenko et al., 1981;
Malov, 2017; Malov & Tokarev, 2019; Mokrik & Samalavi¢ius, 2022; Yezhova et
al., 1996; Poljakov unpublished, 1988 from DHVU.

Groundwater radiogenic “He ages of the southern part of Estonia,
Virska site (close to Alutaguse-Peipus Talik), are 81 ka for O-Cm (463 m)
and 86 ka Cm-V (545 m) for aquifers; Haademeeste site (close to Liivi Bay
Northern Talik) is 150 ka for O-Cm (610 m) (Mokrik et al., 2021). In the
eastern Estonia, groundwater in the middle part of Alutaguse-Peipus Talik is
significantly younger (**C adjusted age is 26.8 ka, TDS is 1.5 g/L) in
comparison with the northern part of the Pandivere Highland 33.1 ka, TDS is
0.5 g/L (Mokrik, 1997). Such inversion may be caused by the talik
environment and prolonged permafrost occurrence on the Estonian
Homocline.

Helium-4 and uranium-234 content in groundwater is associated with
periglacial environment studies (Mejean et al., 2017). The opening of new
additional fractures in aquifer rocks results in a bigger surface area for a
more rapid ?**U and “He transition into the water (Mejean et al., 2017). This
scenario could be observed in the Estonian Homocline (EH), 2*U, and “He
anomalies found in the North Estonian coastal plain, the West Estonian
Lowland, the Alutaguse-Peipus Lake Lowland coinciding with the major
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taliks (Figure 4.8.). In the sub-permafrost O, Cm, V formations, and
basement fractures were joined to a single hydraulic unit. The correlation of
the 24U and “He excesses in the groundwater is evident for establishing a
boundary between near talik supra- and sub-permafrost units.

Modern groundwater recharge in paleo valleys results in lowering of
uranium isotope ratio. Similar depletion occurs from the seawater intrusion
with the end-member being yet higher in TDS compared to modern water. In
this case, the uranium isotope ratio could be used to distinguish elevated
salinity sources in the isotopically depleted waters: seawater with close to
equilibrium values, cryogenic water with >1 activity ratio. Sea intrusion
influence could be deduced in wells No. 14, 22 (Kopli Peninsula), and No.
27 (Viimsi Peninsula) (Table 4.1.). Alteration of the chemical content in this
groundwater includes an increase in TDS and SO4/Cl during 1977-1988
(Mokrik, 1996), supporting evidence of seawater influence. The rest of the
salinity in groundwater samples of Estonia most likely originate from
cryogenic alteration.

Disequilibrium of 24U/?%U AR, REDOX conditions, “He ages supports
the theory of groundwater formation in a periglacial environment where talik
system development and permafrost formations are the main factors for the
northern BAB anomaly formation.

4.2.2. lsotope-Geochemistry Aspects of Anomalous Groundwater

Two main processes of cryogenic water alteration are salt (brine)
rejection (Starinsky & Katz, 2003; Tsironi et al., 2020) and isotopic
Rayleigh distillation (Gragnani R et al., 1998; Lehmann & Siegenthaler,
1991; Souchez et al., 1987). Due to the increasing major ionic content in
groundwater, oversaturation of minerals resulting in their precipitation
occurs (Jessen et al., 2014; Kononova, 1979; McEwen & Marsily, 1991).

Cryogenic fractionation of stable isotopes (6*30 and D) depends on the
freezing velocity at the ice-water boundary (Lehmann & Siegenthaler, 1991).
Fractionation constants (under equilibrium condition) published in research
material vary §'80 2.8-3.0 %o (Clark & Fritz, 1997; O’Neil, 1968; Suzuoki &
Kimura, 1973). Freezing velocity influences naturally occurring cryogenic
fractionation either under kinetic or non-equilibrium conditions (Gragnani R
et al., 1998; Souchez et al., 1987)

Hydrochemical stratification of the groundwater in the aquifer itself
indicates cryogenesis. Water chemical type gradually evolves with the
increasing depth from bicarbonate to chloride dominant. Salt rejection
causes mineral precipitation (calcite, dolomite, gypsum, and pyrite). It
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decreases bicarbonate, magnesium, calcium, and sulfate content and shifting
pH to alkaline (Alexeev et al., 2007; Alexeev & Alexeeva, 2002, 2003;
Jessen et al., 2014; Kononova, 1979; Lacelle et al., 2006; Starinsky & Katz,
2003).

Diagram of Na/Cl and Br/Cl ratios revealed the cryogenic influence on
the chemical composition of groundwater in Estonia (Figure 4.11.). The
diagram is supplemented with groundwater data from Aspd and Palmottu
sites in Scandinavia (Zhang & Frape, 2003). Two lines representing the
alteration and evolution of seawater during evaporation and freezing
processes are presented in Figure 4.11. The evaporation trend was
determined experimentally, while the seawater freezing line is predicted
(Herut et al., 1990; Starinsky & Katz, 2003). Evaporation and predicted
freezing trends of seawater may not be the same for Estonia’s groundwater
the initial (pre-cryogenic) composition did not necessarily match the one of
seawater. Cryogenic salt rejection has multiple impacts on groundwater
chemical composition: increased dissolved solids content, oversaturation
with major ions - mineral precipitation, and selective concentration of
dissolved species may occur. These processes affect Na/Cl and Br/Cl ratios
manifesting in a specific distribution of groundwater on the plot (Figure
4.11.). Groundwater evolution trends are different for calcium and sodium
dominated initial water, significantly changing Na/Cl ratio values (Stotler et
al., 2012).

Such trendlines may be observed in the groundwater of Estonia’s O-Cm
and Cm-V aquifers (Figure 4.11.). It is necessary to mention that
groundwater evolution trends are entirely different for Cm-V and O-Cm
groundwater, indicating distinct formation scenarios and environments,
initial water composition, or both these factors.

The groundwater of the O-Cm aquifer Na/Cl and Br/Cl ratios tend to
increase, showing either an elevation of sodium and bromide content or a
decrease of chloride. Differences in Br/Cl ratio coincide with the slight
evolution of chemical facies: Na-HCO3-Cl groundwater Br/Cl vary from
0.002 to 0.004; sample with ratio >0.004 chemical type is Na-HCOs. The
stable isotope content of Na-HCO;z; groundwater is -19.0 to -18.5 per mil of
5180. The transition of chemical types may be due to carbonate mineral
precipitation, resulting in the depletion of calcium, magnesium, and
bicarbonate species in groundwater. Hypothesizing that the initial water in
the O-Cm aquifer was calcium-dominated, the precipitation of carbonate
minerals could have resulted in Na-HCO3-(Cl) water facies. It would support
the theory of the influence of cryogenic processes on groundwater chemical
composition; therefore, the freezing trend could be deduced (Figure 4.11.).
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The setting of O-Cm aquifer groundwater Na/Cl and Br/Cl ratios match the
data from Scandinavian Shield, Aspd, and Palmottu sites (Zhang & Frape,
2003), which are likely influenced by cryogenesis. Sodium-calcium cation
exchange with minerals (illite, glauconite, etc.) in the Estonian O-Cm aquifer
groundwater was considered to explain the formation of Na-HCOs-(Cl)
facies (Kirsimae & Jorgensen, 2000; Parn et al., 2019). Yet, the cation
exchange may increase sodium content rather than the Br/Cl ratio elevation,
both of which are anions.

The alteration of Cm-V aquifer groundwater follows the trendlines of
seawater freezing and evaporation. An increase in the Br/Cl ratio in Cm-V
groundwater occurs toward the lower Na/Cl ratio, different from O-Cm
(Figure 4.11., red and blue freezing lines, accordingly). Calcium-sodium-
chloride facies groundwater Br/Cl ratio exceeds 0.004, with 80 varying
from -21.5 to -20.7 per mil. Groundwater may have evolved either following
the evaporation trend or the freezing trend. The evaporation process could
not be the significant factor in the Cm-V groundwater alteration as it
contradicts previously established statements: groundwater age averages the
Late Pleistocene, colder annual temperature causing freezing rather than
evaporation. The groundwater evaporation tends to enrich heavy stable
isotope content (50 and %H) while Cm-V aquifer groundwater is depleted.
Seawater freezing trendline may fit better, explaining Cm-V groundwater
chemistry and isotopic composition. As stated before, the initial water
composition in the Cm-V aquifer could result from meteoric and seawater
mixing. This mixture may have been less calcium-dominant and more saline
than O-Cm initial groundwater. Mineral precipitation from this groundwater
may have had a different product compared to the O-Cm case. Carbonate
mineral precipitation could happen on multiple occasions, strongly depleting
the groundwater of bicarbonate, therefore effectively preventing further
fallout. From this point, a brine rejection could concentrate the solute
without any loss of dissolved solids. Moderate sulfate mineral precipitation
may be a reason for the low SO4 amount in Cm-V groundwater. Cryogenic
alteration increases chloride, calcium, and sodium amounts, resulting in Ca-
Na-Cl chemical facies groundwater, which follows the Cm-V groundwater
freezing trend (Figure 4.11., blue line). The evolution and formation of O-
Cm and Cm-V groundwater strongly depend on the initial chemical
composition of groundwater. It is safe to assume that the initial water and
groundwater of both aquifers were distinct; therefore, cryogenesis resulted in
different chemical facies, TDS, and other parameters. The source of the
initial groundwater is most likely to be meteoric water, seawater, and in
some cases, glacial meltwater. The mixture of seawater and the Pleistocene
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meteoric groundwater could have resulted in the 30 value ranging from -15
to -9 per mil, depending on each portion percentage. Isotopic depletion due
to the Rayleigh distillation of the freezing fraction of aquifer groundwater
should have been significant to decrease by 7 or more per mil &0
(cryogenic Cm-V aquifer groundwater is down to -23 per mil of §*%0). The
permafrost should have penetrated >0.5 of the aquifer for isotope depletion
to occur. Therefore, the influence of isotopically depleted glacial meltwater
could have caused lower stable isotope values in the initial groundwater
composition or affected them after cryogenesis. Some of O-Cm and Cm-V
aquifer groundwater is affected by modern meteoric recharge. These samples
are plotted near the modern groundwater member on the diagram (Figure
4.11)).
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Figure 4.11.  Sodium, chloride, and bromide ratio diagram (Mokrik &
Samalavicius, 2022) of the BAB groundwater, predicted seawater freezing (Herut et
al.,, 1990), and seawater evaporation (McCaffrey et al., 1987) lines are
supplemented. Aspd and Palmottu groundwater data is provided as a reference for
cryogenic alteration in the Fennoscandian shield (Zhang & Frape, 2003).

One of the most important chemical parameters for evaluating the
permafrost effect on groundwater is the Ca/Mg ratio (eg/L). Cryogenic
water, which undergoes periodic precipitation of calcite, eventually becomes
depleted of calcium. Therefore, the Ca/Mg ratio drops to the value range 1-2
(Alexeev & Alexeeva, 2002). This case is observed in O-Cm shallow
groundwater, particularly Na-HCOs facies, which are plotted in the range of
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1.08-1.38. O-Cm groundwater has the lowest Ca/Mg ratio in the BAB,
making it exclusive.

An opposite trend is observable for the Ca/Mg ratio ranging 3.31-5.42.
This groundwater is found in the shallow Estonian Cm-V aquifer and
crystalline basement. Strongly isotopically depleted (§'80 -22.7 to -21.3 %)
groundwater is Ca-Na-Cl or Na-Ca-CI-HCOs facies. The most extreme case
is found on Tallinn sites (Well No. 646, 1151), where the Ca/Mg ratio is
above 4.5. It seems that the groundwater on these sites is purely cryogenic in
origin. The pH value of Viimsi site groundwater is 8.5, and Sl calcite is
oversaturated. However, after that the water was repeatedly concentrated due
to multiple freezing-thawing cycles.

The rest of the shallow Estonian Cm-V and O-Cm groundwater have a
Ca/Mg ratio of 1.5 to 3. Their chemical facies vary but mainly include
sodium, calcium, chloride, and bicarbonate. These chemical types fall
between previously discussed Na-HCO; and Ca-Na-Cl. This groundwater
may be affected by salt rejection and carbonate precipitation resulting in a
series of groundwater chemical facies but not modeling marginal forms with
anomalous Ca/Mg ratio.

4.2.3. Thermodynamics of Water-Rock System, Saturation Indexes of
Calcite and Halite

Simple moving averages (SMA) of calcite saturation data were
calculated in the diagrams of SI calcite versus 8O0 (Figure 4.12.) to
emphasize the general tendency and eliminate background noise. SMA is
obtained from the specifically arranged data sequence divided into intervals.
An average value for each interval was calculated (Schneider et al., 2013).
The obtained data intervals overlap with the required increment (in this
calculation, the increment is 1). To illustrate the process, a sequence (1, 2, 3,
4,5, 6, 7) with an interval 3, and an increment 1 results in the following data
sets: (1, 2, 3), (2, 3,4),(3,4,5), (4,5, 6), (5,6, 7). The average value of each
obtained data set is then calculated. An array of these averages is SMA. Data
was sorted on ascending &'0 values. Simple moving averages were
calculated with two intervals (2 and 10). Accordingly, intervals of 2 and 10
represent a more precise and generalized distribution of calcite saturation in
each area.

An increase in SI Calcite SMA correlates with the depletion of §'80
ranging -22 to -19 %o in the northcentral part of Estonia (Figure 4.12.b, red
arrow). Calcite saturation increased from -0.7 to 0.2, reaching its maximum
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at the most depleted 30 value range. Saturation of 0.2 means that the
groundwater is close to equilibrium or is oversaturated slightly. Depending
on calcium, magnesium, and bicarbonate resources in groundwater,
cryogenesis-induced mineral precipitation should effectively deplete
groundwater from these components and maintain Sl equilibrium value
(0£0.2). In the northeastern part (Figure 4.12.a), oxygen-18 enrichment from
-21.5 t0 -19.5 %o correlates to an increase in saturation from -0.5 to 0.3
accordingly. Meteoric groundwater influence may be the reason for an
opposite trendline direction (black arrow) at the oxygen-18 interval from -
19.5 to -18.0 %o and SI Calcite increase from -0.5 to 0.6, accordingly. The
Kotlin aquitard present in the northeastern Estonian part may be a barrier for
permafrost; therefore, the Voronka aquifer groundwater is being
cryogenically altered during more cycles than the confined Gdov aquifer.
Isotope-geochemistry in such situations may be diverse in both sub-aquifers
of the Cm-V. It could also be two distinct groundwater fractions —
cryogenically altered toward isotope enrichment in the first instance of
freezing and a follow-up depletion at a greater depth.

The cryogenic trendline is not apparent in the northwestern area (Figure
4.12.c, red arrow). It is noticeable in the green series (SMA interval of 10)
with 880 ranging from -22.4 %o to -20.0 per mil. Saturation with calcite in
this isotope range is in equilibrium, possibly due to mineral precipitation
caused by cryogenic salt rejection. Cryogenic alteration of groundwater was
most likely different in the northwestern region compared to other parts of
North Estonia. In this area, Cm-V and O-Cm aquifers are hydraulically
connected without a considerable confining layer between them. It allows
cryogenesis-induced calcite precipitation to be more substantial. While
propagating downward permafrost, brine rejection may result in multiple
mineral precipitation cycles, depleting the groundwater of calcium,
magnesium, and bicarbonate.

In Tallinn, oxygen-18 ranging from -22.4 to -20.0 %o correlate to SI
Calcite ranging from -0.8 to 0.6 (Figure 4.12.d). An apparent cryogenic
trendline could be deduced from the green series (SMA interval of 10). It is
well established that the groundwater in the Tallinn area was significantly
altered by multiple factors: modern meteoric water influence, seawater
intrusion, glacial meltwater recharge, and cryogenic alteration. The
exploitation of the Cm-V aquifer strongly affected its composition by
changing the natural flow paths. A net of buried valleys in the Tallinn region
is where modern groundwater leakage from O-Cm, S-O occurs (Mokrik,
1996; Mokrik et al., 2005; Raidla et al., 2009; Vaikméie et al., 2001;
Yezhova et al., 1996). Many groundwater formation factors lead to diverse
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isotope-geochemistry, including variations in Sl calcite. Some groundwater
in the Tallinn area is cryogenic: elevated pH, high chloride content, depleted
isotopically, in equilibrium, or oversaturated with calcite. Groundwater
marginal value of 8'®0 >-16 per mil in calcitt SMA is due to modern
groundwater influence (Figure 4.12.).
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Figure 4.12. Calcite saturation and §'®0 diagram of North Estonia Cm-V aquifer
groundwater. a) Northeastern part, b) Northcentral part, ¢) Northwestern part, d)
Tallinn site. The blue line represents SMA with interval 2, green line - 10. Red
arrows show salt rejection.

The Estonian anomaly could be observed in the context of the whole
BAB groundwater variety. Two background lines in the TDS vs. SI Halite
diagram represent the general increase of TDS in Lithuania-Latvia (Figure
4.13. blue dashed line) and Estonia (red dashed line). On average, the
Estonian groundwater is more saturated (~1 unit of SI) with halite than the
Lithuanian-Latvian groundwater with identical TDS (Figure 4.13.). Higher
saturation with halite means an elevated content of sodium and chloride.
Brine rejection caused by cryogenesis could alter the chemical composition
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of the Estonian groundwater by increasing Na and Cl amount in the
groundwater. However, the same salt rejection forces the precipitation of
calcium, magnesium, and carbonate species into the solid-state. Relative
depletion of Ca, Mg accompanied by increased Na and CI results in higher
halite saturation without a loss of TDS amount. Some Estonian groundwater
has either modern chemical composition or it is influenced by a meteoric
origin water recharge (green arrow).
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Figure 4.13. TDS and Sl halite diagram of the selectively picked BAB groundwater.
Modern, glacial meltwater and fossil (brine) end-members are presented. The blue
dashed line represents the chemical evolution of the Lithuanian and Latvian
groundwater. The red dashed line represents the chemical content background values of
the Estonian groundwater. The blue arrow represents shift due to cryogenic brine
rejection or different thermodynamic conditions in aquifers.

Saturation with calcite mineral in the northern Estonian groundwater
correlates with 30 depletion, which complements previously stated brine
rejection during freezing. This observation solidifies the theory of this
anomaly’s chemical evolution. However, isotopic content variation (§20)
could be proved additionally, extending toward the noble gas signatures of
the groundwater.

4.2.4. Noble Gas Content Evidence of In Situ Groundwater Freezing

Noble gases Ar, Kr, Xe content, and their ratios are used in ground ice
and permafrost origin determination (Utting et al., 2016). Excess air in the
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Estonian samples was hypothesized to be originated from air bubbles
trapped in the glacial ice and, due to compression, increased the noble gas
content in meltwater which recharged aquifers (Weifbach, 2014). However,
the Canadian permafrost and ground ice study reveal that noble gas content
should be close to atmospheric content (Utting et al., 2016). On the contrary,
frozen groundwater noble gas content must be closer to AEW at STP. Noble
gas ratios in the delta notion (Table 4.2.) are being used to evaluate the
origin of underground ice (Utting et al., 2016). A similar approach was made
with other dissolved gases (Oz, N2, CO,, CHa), which are less reliable due to
their reactive nature (Utting et al., 2016). This theory may suggest an
approach for reconstructing paleoenvironments as well as present
permafrost-snowpack / ice-sheet glacier distinction.

Noble gas ratios in & notation were calculated for the Estonian samples:
O(Ar/Xe) and 6(Kr/Xe) (Equation 4.1.). The main objective of these ratios
was to evaluate the origin of isotopically 6'®0 depleted groundwater in
Estonia, based on similar research of the Canadian cryogenic samples
(Utting et al., 2016).

sample (Ar (KT)/XE,)

—1) x 100 %

Ar(Kr)
s —=
( /X€ atrrwSpher‘e(m (K )/Xe) (4 1 )

)sam'ple =

In equation 4.1.: 5(Ar or Kr/Xe) sample, %; sample (Ar or Kr/Xe) -
noble gas ratio of the sample; atmosphere (Ar or Kr/Xe) - noble gas ratio in
the atmosphere (Table 4.2.) (Utting et al., 2016).

Table 4.2. Noble gas composition of atmosphere air and air equilibrated water
(Aeschbach-Hertig et al., 1999; Aeschbach-Hertig & Solomon, 2013; Potter & Clynne,
1978; Sano et al., 2013; “Solubility Data Series, Argon,” 1980; “Solubility Data Series,
Helium and Neon,” 1979; “Solubility Data Series, Krypton, Xenon and Radon,” 1979;
Stute & Schlosser, 1993; Weiss, 1970, 1971; Weilbach, 2014). Isotope ratios in delta
notation are shown based calculation procedure in Utting et al., 2016.

Gas Atmosphere, cm3STP/g AEW at 0 °C, cm®STP/g
Helium %1076 52 0.049
Neon x106 18.2 0.25
Argon x10 93 4.98
Krypton x107 1.14 0.125
Xenon x108 8.6 1.91

Ratio Atmosphere, % AEW at 0 °C, %

S(Ar/Xe) 0 -75.9
3(Kr/Xe) 0 -50.7
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Figure 4.14. Delta argon/xenon and oxygen-18 diagram. Data is subdivided into the
Lithuanian-Latvian and Estonian regions at depths over and below 200 m. The blue
line represents the glacial meltwater’s end-member and the red line - permafrost’s
end-member. The blue arrow represents the increase of Ar-Xe toward atmospheric
content.

According to Figures 4.14., 4.15., the Estonian groundwater 6'%0>-15
per mil is almost exclusively originated from groundwater freezing; most of
the samples are closer to a permafrost noble gas end-member (blue arrows)
(Samalavicius & Mokrik, 2021). Most samples of argon, krypton, and xenon
content are insufficient to be of a glacier, firn, or snowpack origin. A few
sites (Nova, Harju-Risti) (Figures 4.15., yellow circle) are considered to
obtain depleted 880 values from glacial meltwater, which is supported with
the low TDS content described previously. Canada’s example on the Eagle
River site (Figures 4.15., green circle) contains the lowest amount of noble
gases from the research (Lauriol et al., 2010; Utting et al., 2016), yet it is
proven to originate from frozen groundwater. Almost all Estonian samples
contain less argon, krypton, and xenon (Figures 4.15., blue arrow), meaning
that the atmospheric signal is low or absent. Therefore, permafrost is the
predominant factor of this groundwater formation.
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Excess air in the Estonian samples could be explained by gas rejection
during freezing in the Pleistocene. This would support the depleted 50
content, probably due to Rayleigh distillation during the freezing. Rejection
of gases was observed to be stronger than dissolved solids (Lipp et al., 1987;
Loose et al., 2009).
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Figure 4.15. Delta argon/xenon and delta krypton/xenon diagram. Data is
subdivided into the Lithuanian-Latvian and Estonian regions at depths over and
below 200 m. The blue dashed line represents the mixing line of glacial meltwater
(blue circle) and the red circle - permafrost’s end-member. The blue arrow
represents a noble gas content evolution toward permafrost EM for water §'80 (<-15
per mil). The yellow dashed circle - the Estonia groundwater recharged with glacial
meltwater. The green circle - Canada, the Eagle River frozen groundwater (Lauriol
etal., 2010; Utting et al., 2016).

The excesses of noble gas in the Estonian groundwater depleted with
5180 (<-15 per mil) is mainly caused by in situ freezing. Heavy noble gas
O(Ar/Xe) and 6(Kr/Xe) ratios range toward the permafrost EM, with little
possible influence of glacial meltwater (Samalavic¢ius & Mokrik, 2021). A
few samples deviate from this tendency, indicating the meltwater as a
source. However, they are exceptions to the general trend.
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4.3. Interaction of Deep and Intermediate Depth Regional Flow Systems
4.3.1. Differences in Groundwater Dating Results

Three conventional intermediate and deep groundwater dating
techniques were used in this study: radiokrypton, helium-4, and modeled
particle track (Mokrik et al., 2021). The research group at HEG Department
of VU calculated most sampled helium-4 and particle track groundwater
ages as a part of an IAEA Research Project F33022. The obtained results
were published in a book and report (Mokrik et al., 2021; Mokrik et al.,
2022). Hydraulic ages were determined on sites where helium and
radiokrypton dates had been calculated. The particle travel time option was
employed using MODPATH simulation. Recharge areas were established in
regional highland areas. In the case of a few separate particle track paths
crossed on site, two of the most significant recharge areas were selected
(cases: Riga Well No. 50194 and Likénai Aukstaitija Well No. 21965)
(Figures 4.16., 4.17.). Therefore, two-particle travel times were obtained and
recorded (Figures 4.16., 4.17., Table 4.5.). The examples of particle travel
tracks and apparent hydraulic ages are presented in three aquifers O-Cm, Da-
1, and D8v-ar (Figure 4.16. a, b, ¢). Radiokrypton ages were obtained from
the previous research of the BAB (Gerber et al., 2017; Vaikmée et al., 2020).

A few dating techniques combined allow to verify groundwater age
results, include necessary corrections, and evaluate possible groundwater
mixing and other features of aquifer systems that can alter the results (IAEA,
2013). The distribution of helium in multilayer systems is helpful in
assessing numeric modeling both in wvertical and horizontal directions,
especially in deep aquifers (Zhao et al., 1998). The lack of necessary
structural features in regional-scale models eliminates the possibility of
helium diffusing vertically in overlaying aquifers; therefore, the hydraulic
age seems older than the one calculated using the helium method (Zhao et
al., 1998).

Agquitards significantly influence the helium age of deep groundwater in
the Great Artesian Basin, Australia, as helium accumulates in the top of
aquifers altering “He residence time. Helium amount in multilayered system
aquifers can be useful in evaluating vertical flow rates of recharge and
discharge (Bethke et al., 2000). A vertical flow through regional-scale
aquitards is generally slow; for example, in the Arckaringa Basin, Australia,
it is calculated using helium and chloride tracers to be 0.7 mm/a (Priestley et
al., 2017). Radiokrypton is considered an almost ideal tracer due to its
nonreactive nature, a constant and steady source in the atmosphere
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(Aeschbach-Hertig, 2014). The 8Kr/Kr ratio decreases due to radioactive
decay, therefore enabling groundwater dating. The half-life of radiokrypton
is 229 thousand years; an old (150-1500 ka) groundwater, polar ice, and
thermal fluids can be dated using this isotope. Younger water lacks the
81Kr/Kr ratio resolution necessary for measuring, while >1500 ka
groundwater krypton ratios are below uncertainty due to technical limitations
(Lu et al., 2014). Latest studies reveal that geogenic krypton-81 production
is possible (Purtschert et al., 2021).

c)D,sv-ar

Figure 4.16. Numerical 3D steady-state and transient groundwater model grid of the
BAB. An illustration of MODPATH modeled particle tracks for a) O-Cm, b) D».1, )
Dasv-ar aquifer. The particles were released in two recharge areas: the eastern
Lithuania and the northern part of the Kaliningrad District. Blue lines and numbers
represent hydraulic heads in meters above sea level. Red arrows and black numbers
represent particle track and time in years, accordingly. Partly based on Mokrik et al.,
2021.

Groundwater dating results in deep (>1000 m) aquifer groundwater
show the most significant difference among the three dating techniques
(Figures 4.17.). Groundwater age obtained by the radiokrypton method is >2
times older compared to helium and modeling results. Aquifers on these sites
(Klaipéda, Riga) are confined with regional scale aquitards and, in some
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cases, overlaid by a few semi-permeable layers. Low helium amount in
aquifer results in young age. It is possible that helium diffuses through faults
upwards and accumulates under the aquitards in places not disrupted by
tectonic dislocation.

Particle travel time is lower than the radiokrypton age and slightly
higher than the helium residence time. Krypton-81 and particle track
pathways should mostly coincide, but groundwater ages differ significantly.
Aquifers in the numeric model are smooth; the parameters which affect the
flow are: hydraulic conductivity, porosity, and boundary conditions. Faults
and similar geological structures are not digitized; therefore, the
radiokrypton ages are significantly older. The particle track migrates more
easily in a modeled setting compared to the radiokrypton in a natural
environment.

Helium and particle travel time ages are similar in the intermediate
aquifer groundwater of Lithuania (Figure 4.17., Table 4.5.). On the contrary,
helium shows that the intermediate-depth Estonian groundwater is very
young compared to ages obtained with other techniques. The Lithuanian-
Poland Trough’s intermediate aquifer isolation by structural aquitards
sealing features result in an elevated helium accumulation in groundwater.
At the eastern part of the Saldus-Riga-Pskov Fault Zone (Latvia) and the
south-eastern Estonian Highlands the situation is opposite; therefore, a
significant amount of helium escapes from intermediate-depth aquifers
(Hdademeeste and Varska). The data of two wells of Lithuania (Likénai and
Rokiskis) in the Lower-Middle Devonian aquifer groundwater show 3-fold
younger helium age compared to the modeled groundwater flow alternative.
Meteoric water recharge is a possible cause of low helium content values
here as well. The elevated content of radioactive elements is found in
basement rocks in many places of the BAB basement, including Latvia and
Estonia (Mokrik et al., 2021).

Helium distribution in the multilayered aquifer system of a particular
site reveals that older groundwater may be found in a more shallow aquifer
compared to deep brines as a result helium age inversion occurs. For
example, close to the Klaipeda-Telsiai Fault Zone, the immense helium
value was fixed according to Mokrik et al., 2002, in the D;-, aquifer system
because of the Narva aquitard sealing. This anomaly contradicts the isotope-
geochemistry data distribution by depth, contrary to the BAB groundwater
tendency of older groundwater in deeper aquifers. Such occurrences reveal
that the tendency is not valid in principle. Therefore, such on-site
occurrences in hydro stratigraphy must be considered while interpreting
helium ages.
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Table 4.3. Aggregate “He age on the Klaipéda site’s multilayered aquifer systems
(Mokrik et al., 2021; Mokrik et al., 2022). Helium content was obtained in Gerber et
al., 2017; Juodkazis & Tibar, 1989; Mokrik, 2003; Mokrik et al., 2002

System He, ccSTP/g Age, ka
T Regional aquitard -
P, 4.56E8 Modern
D, 3.06E-* 225
Danr Regional aquitard -
D1 8.12E* 597
O-Cm 9.00E* 662
2 2.02E3 1484

Table 4.4. Aggregate “He age on the Virska site’s multilayered aquifer systems
(Mokrik et al., 2021; Mokrik et al., 2022). Helium content was obtained in Gerber et
al., 2017; Juodkazis & Tibar, 1989; Mokrik, 2003; Mokrik et al., 2002

System He, ccSTP/g Age, ka
Donr Regional aquitard -
D12 4.75E° 35

O-Cm 1.10E* 81
Vovr 1.17e* 86
V,gd 3.09E 2

) 2.78E* 204

The significant effect of upward helium diffusion through aquitard
fractures may suggest a specific vertical distribution together with inside
sources in multiple aquifers on one site. Therefore, aggregate helium age is a
total of all aquifer helium content in an area or site of a multilayered aquifer
unit (Tables 4.3., 4.4.) (Mokrik et al., 2021; Mokrik et al., 2022). The
summing-up of all ages could be of great benefit to the analysis and
interpretation of groundwater dating results. The sum of accumulated helium
in aquifers should be equal to its total emanation from the crystalline
basement and inner sources. The primary helium accumulation occurs in the
aquifer reservoirs up to the most shallow major regional aquitard. Above this
confining layer, helium escapes into the atmosphere; therefore, the amount
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found in the shallow groundwater is low, usually close to equilibrium with
the air content.
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Figure 4.17. Intermediate and deep BAB groundwater age according to conventional
helium, radiokrypton, and particle travel time techniques. Data is presented in Table 4.5.

The results of conventional helium age and aggregate helium age are
presented on two sites of the BAB regions (Tables 4.3., 4.4.): Viarska and
Klaipéda. In a cross-section of the Klaipéda site, which is located near the
Lithuanian coastline with the Baltic Sea, helium content in the aquifer is O-
Cm — 9.0E™* D21 — 8.1E% D, — 3.1E*, P, — 4.6E*® (ccSTP/g). The total
amount of accumulated helium is 20.2E* ccSTP/g. The calculated aggregate
helium age on the Klaipéda site is 1,484 ka. Aggregate helium age could
suggest a way to interpret and obtain a reliable residence time of the deepest
aquifer. In the Klaipéda area, it is O-Cm. The radiokrypton measured age in
the overlaid D».; aquifer dates the groundwater to approximately 1.2 Ma. The
aggregate helium groundwater age (1.5 Ma) is a more likely scenario in the
O-Cm aquifer system than 0.66 Ma calculated by conventional helium dating
(Mokrik et al., 2022).

A site in the southern Estonia (the case of Virska) presents an even
more peculiar situation where age inversion (anomaly) is observed (Mokrik
et al., 2022). The deepest sedimentary aquifer (V.gd) groundwater is
depleted with helium more than 40 times compared to overlaying Vvr
(Table 4.4.). These aquifers in a major part of Estonia are united, yet
separated by the Kotlin aquitard in this area. Helium amount distribution in
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the aquifers of Virska site is the following: V.gd - 3.1E®, Vovr - 1.2E*, O-
Cm - 1.1E*, D2.1- 4.8E™° ccSTP/g. The sum of accumulated helium on the
Virska site is 2.8E-04 ccSTP/g, the aggregate helium age is 204 ka. Similar
to the Klaipéda case study, the estimation of the deepest aquifer V.gd
groundwater age could be made using the aggregate helium age - 0.2 Ma.
Compared to conventionally helium-dated groundwater (0.002 Ma), the
results differ almost 100 times.

Hydrogeological age inversions using aggregate helium age were
partially corrected. Yet, it is important to emphasize that this method may be
insufficiently accurate, and not covering all aspects of helium dynamics
underground. For example, the groundwater of the Virska O-Cm aquifer
dated with the radiokrypton technique reveals the age of 0.6 Ma, which is
significantly (3-fold) older than the aggregate helium age. This discrepancy
may occur due to the loss of helium from the whole multilayered aquifer
unit. It is likely that a significant part of helium escapes to the atmosphere
diffusing through aquitards or other pathways which lower the confining
capacity of layers. In this case, the total bulk emanation is not equal to the
sum of accumulated helium. The influence of confining regional scale
aquifers is crucial while applying conventional and aggregate helium age
techniques (Mokrik et al., 2022).

Table 4.5. Intermediate and deep BAB groundwater age according to conventional

helium, radiokrypton, and particle travel time (modeled), recharge from south/east
techniques (Gerber et al., 2017; Mokrik et al., 2021; Vaikmée et al., 2020).

- T Particle 4He 81Ky
Ne Site Index ELEL State travel time | age age
0. m
ka
12350 Anyksgiai D21 360 | Lithuania 70 76 -
47543 Palanga D2 522 Lithuania 250 225 -
12349 Rokiskis D21 440 | Lithuania 100 31 -
21965 Likénai O-Cm | 1011 | Lithuania | 900/180 308 -
(Aukstaitija)
11978 Likenai D21 434 | Lithuania 180 55 -
(Likénai)
50423 Ignalina O-Cm 500 Lithuania 100 129 320
25872 Klaipeda D21 1100 | Lithuania 400 597 | 1,157
50194 HR'g"."' o-Cm | 1027 Latvia | 1,100/300 | 326 | 929
ospital
8021 | Haidemeeste | O-Cm 610 Estonia 500 150 | 408
4613 Viirska 0-Cm 600 Estonia 360 81 550
26418 Telsiai D2 715 | Lithuania 200 5 -
4913 Birstonas T1-P2 300 | Lithuania 120 79 -
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The differences in groundwater mean residence time obtained using
isotopic and particle travel times are considerable. The general tendency of
the groundwater ages is, on average, Krypton-81>MODPATH>Helium-4.
The numerical model should be updated with the correction of hydraulic
parameters and geometry to represent structural features such as fault zones.
A different age modeling could be applied in the future, including mass
distribution and transport (MT3D). Helium migration in the multilayered
system is a proxy for future research on groundwater age determination,
where more accurate porosity or double porosity parameters (porous-
fractures conditions) should be applied for conventional helium dating.

4.3.2. Helium Distribution and Migration in the
BAB Multilayered System

The role of the regional scale aquitards in the BAB groundwater age
estimation and isotope-geochemistry formation is crucial. Hydraulic
conductivity values of the BAB aquitards, which prevent meteoric water
leakage into intermediate-depth aquifers on a regional scale, are below 5E-7
m/d. Other specific features which must be accounted for are the structures
preventing the lateral flow of groundwater in the aquifer. Vertical faults
offset could reach from 100 to 600 m, drastically slowing down groundwater
flow (Mokrik et al., 2021). Major tectonic faults that could influence the
groundwater flow are the Middle Estonian, Liepaja-Saldus-Riga, fault
systems in the western Lithuanian, and Paldisk-Pskov. In the deepest
aquifers of the BAB, these vertical dislocations isolate and separate areas
where groundwater flow rates are fast or delayed from stagnant. The average
velocity of the groundwater flow in intermediate depth aquifers at the
peripheral part of the BAB may vary from 0.2 to 1 m/a (Mokrik, 2003).

The source of “He in the BAB is mainly crustal due to the decay of
radioactive elements (uranium and thorium) found in minerals of the
basement rocks (Figure 4.18., red circle). Neon generation in the crust is
extremely low compared to helium; therefore, Ne/He ratio is close to O
(Ozima & Podosek, 2002). Radiogenic “He amount in intermediate and deep
aquifers is significantly higher than in the Lithuanian shallow groundwater,
yet similar to the Estonian freshwater. It is probably due to a crystal
basement depth higher in the northern Estonia by tens to hundreds of meters,
while in Lithuania - by hundreds to thousands of meters. Because of this
reason, helium flux in the Estonian shallow aquifers is higher compared to
the Lithuanian ones. Major Rapakivi granite massifs in the Estonian region
crust add a significantly higher content of helium as well. The origin of the
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Lithuanian shallow aquifer groundwater helium seems to be crustal and
atmospheric (Figure 4.18., green circle). This observation suggests that
radiogenic crustal helium could accumulate in shallow Quaternary aquifer
systems as well. The groundwater is enriched with 3He through
anthropogenic tritium decay (Figure 4.18., blue circle) - a considerable
amount of tritium was found in the shallow groundwater (Mazeika, 1999;
Mazeika et al., 2013; Mokrik et al., 2014; Samalavic¢ius & Mokrik, 2016;
Stuopis et al., 2012). The measured tritium content on these sites varies 4.7-
5.4 TU. It elevates *He/*He ratio values (Figure 4.18., red arrow) above
helium equilibrium with the atmosphere. Neon is in equilibrium with
atmospheric content. Deeper Quaternary aquifers lack anthropogenic *He as
the anthropogenic tritium signal was considerably lower there.

Helium flow underground could be different from groundwater because
the “*He molecule diffusion coefficient is 3-10 times higher than H.O
molecule or dissolved chloride (Bethke & Johnson, 2008; Krynicki et al.,
1978; Oelkers & Helgeson, 1988; Wise & Houghton, 1966). It should be
especially noticeable in stagnant or delayed flow regimes. Therefore, helium
may migrate through aquitards faster than water and give significant mass
transport balance uncertainties. In some cases, the upward helium diffusion
may be completely different from the general flow path of groundwater
(Bethke & Johnson, 2008). The diffusion coefficient of chloride, helium, and
water molecule depended on temperature. Due to this property, helium
distribution in the groundwater is often unpredictable depending on the
confining aquitards and structural features of the layers rather than on the
groundwater flow (Juodkazis & Tibar, 1989; Mokrik et al., 2002). In
reservoirs, the accumulation rate of helium could increase significantly,
therefore resulting in older groundwater. The opposite situation occurs when
helium escapes from deep and old groundwater and accumulates elsewhere.
All these factors contribute to the helium amount variation in intermediate-
deep groundwater of the BAB: 4.6E® up to 9.0E*ccSTP/g (Mokrik, 2003).
The distribution of thorium and uranium elements in the crystal basement
differs in the whole BAB (Juodkazis & Tibar, 1989; Mokrik et al., 2002;
Raudsep, 1997). The high content of these radioactive element’s margins is
found near large and small Rapakivi type granite massifs and other basement
granitoids which can emit He migrating towards sedimentary cover. The
main traps are on the Polish-Lithuanian Trough onshore in the O-Cm rocks,
circuit water oil deposits; in the Lower Devonian aquifer system (800-1000
m deep); below the clayey Devonian Narva aquitard; in the deep-
intermediate depths of the Riga Depression; the southwestern Estonian
Coast, the northern part of the Mazury-Belarus Anteclise Slope. Fractured
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zones in the crystalline basement are usually associated with high helium
content in groundwater reservoirs (Mokrik et al., 2002).
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Figure 4.18. Helium origin in natural waters diagram. *He/*He Raew - isotope ratio
corrected for air equilibrated ratio, Ne/He - neon, and helium ratio.

The tectonic faults strongly determine helium and groundwater
migration in the multilayered aquifer system in the BAB. The main
lineaments are given in Figure 4.5. It is necessary to establish whether the
intermediate-deep groundwater helium content appears from the tectonic
faults as a highway for emanation or leakage through aquitards. According
to the BABHEGM, the confining properties of the regional aquitards are
usually very high; therefore, they isolate aquifers very well. A modeled
parameters on the main studied sites are presented in Table 4.6. The increase
in helium content could occur near the tectonic faults or along the flowline
trajectory, passing high helium zones.

In the southern Estonia (Virska, Haddemeeste, South-Central Estonia
sites), S-O aquitard hydraulic conductivity is from 1.0E® to 1.0E™® m/d,
thickness is 100-300 m, hydraulic head drop along the aquitard is 1-20 m
(Table 4.6.). These parameters enable the calculation of the hydraulic
velocity of leakage approximately 1E-**-7E"-m/d. A modeled actual velocity
(n=0.005) is 1E*-1E® m/d. However, the southern Estonian fault zones limit
groundwater’s lateral flow on the Virska site, Cm aquifer, and act as a
hydraulic connection vertically - a head drop in the S-O top and bottom is
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~2m. The vertical helium leakage through the S-O aquitard would have
resulted in significantly higher accumulation rates than observed; therefore,
older groundwater according to the helium method. The fault allows some
helium to migrate upwards faster. The role of the fault zone in this place
could also be supported by comparing the helium content on the
Héademeeste site O-Cm (less fault influence, higher helium content) -
Virska (fault influence, lower helium content). However, the situation was
different during the permafrost conditions when helium accumulation could
have been significantly higher.

The main difference in fault zone distribution in the central and
southern BAB is that a higher density of dislocations is in the western part
(Figure 4.5.). The sites of Klaipéda-Palanga, Riga, Telsiai, the Kaliningrad
District (Rusné) could be directly influenced by higher helium upwelling due
to faults. Some helium could be distributed along the flow trajectory in the
BAB. In the Cm and O-Cm aquifers, groundwater flow from the southern,
deepest parts of the BAB and the southeastern recharge point towards the
north (Figure 4.16.). Hydraulic conductivity is 0.2 m/d. In D aquifer
recharge area is mainly in the western Lithuania with the general flow line
directed toward the Baltic Sea (Figure 4.16.). Hydraulic conductivity is 1-
2.4 m/d. The S-O aquifer on the sites is significantly thicker — 200-600 m,
modeled k values are ~1.0E® m/d. Such confining properties of the regional
aquitard should limit the helium upwelling to the minimum at the
intermediate-deep interaction level. S-O aquitard thickness and hydraulic
head difference at bottom-top suggest that hydraulic gradient may vary 0.07-
0.22. The leakage velocity may vary 1E®-1E7 m/d, seepage velocity
(n=0.005) is 1E8-5E® m/d. Such parameters make the aquitards almost
impermeable. The role of the faults in the intermediate-deep level, in this
case, is obvious. Without the loss through faults, helium content in the O-Cm
aquifer should be significantly greater than measured and lower in the Da.1.
The tendency of the lowest helium ages compared to radiokrypton and
MODPATH simulation indicates a fault’s importance. The mass balance
simulation may be an alternative solution to modeling groundwater ages in
the BAB, which would account for groundwater mixing. The homogenous
hydraulic parameters of the modeled regional aquitards S-O (k=1E* m/d)
and D4 (k=1E®-1E7 m/d) could be corrected to simulate the fault zones and
represent a more accurate hydrogeological situation.

84



Table 4.6. Main sites hydrodynamical parameters of aquifers/aquitard according to
the BABHEGM data. Parameters are approximate for the site region and are not
actual wells.

Site (s_urface e conggci:\a}ilg/ic(x-y Thickness, TOP
elevation, m Index heads, m for aquifers: z for m elevation,
clos) . aquitards) m/d i G155,
Cm-V 70 0.5-1 150 -350
Cmin 64 1.0E7 28 -322
O-Cm 58 1 32 -290
Virska (38) S-0 57 1.0E® 166 -124
D21 56 15 48 -76
Danr 47 1.7E¢ 45 -31
D2 36 3 21 -10
0O-Cm 24 10 140 -363
Hﬁﬁ‘ﬁ%ee“e S0 15 1.0E° 333 30
D21 6 0.01 6 -24
0O-Cm 53 1 130 -320
South- S-0 57 1.0E° 197 -123
centrel Do 61 15 37 86
(100) Donr 66 1.OE7 26 -60
D2 70 3 87 27
O-Cm 77 0.2 150 -962
S-0 54 1.0E° 487 -475
Riga (20) D21 44 1 99 -376
Danr 25 1.0E7 103 -273
D2 9 3 214 -59
O-Cm 173 0.20 200 -1800
S-0 60 1.0E° 520 -1280
P;;anigaé‘&) D21 54 1.4-24 260 -1020
Donr 40 1.0E8 215 -805
D2 23 0.5-1 168 -637
O-Cm 147 0.20 70 -1730
S-0 91 1.0E° 650 -1080
Telsiai (130) D21 55 1.40 274 -806
Donr 46 1.0E8 130 -676
D2 36 1 196 -480
O-Cm 120 0.20 150 -844
Likénai (46) s-0 81 1.0E 391 -453
D21 68 1.00 133 -320
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. . Hydraulic
i;zigiuor:aﬁ Index T\Zggzurlr STMEIUGINIL; (b7 | TAEE, ele\T:tFi)on
' ' for aquifers; z for m '
abs.) abs. - ’ m abs.
aquitards) m/d
Danr 56 1.0E7 97 -223
D2 45 2.4 217 -6
O-Cm 207 0.20 225 -2000
S-0 131 1.0E6 840 -1160
Rusné (2)
D21 58 24 210 -950
P 41 2 200 -750
T aquifer 90 1 40 -180
T .
Birstonas aquitard 81 1.0E*® 15 -165
(55) Kem-K: | 78 2 60 105
K2 53 1.0 120 15

4.3.3. Helium Content and Isotope-Geochemistry Peculiarities

Helium content in the intermediate-deep groundwater varies from 1E°
to 1E* ccSTP/g (Figure 4.19., Table 4.7.). The helium content strongly
depends on depth, with higher helium values in the deeper aquifers.
Analogically, helium content correlates with the chloride amount. A similar
generalized tendency is for the TDS and oxygen-18. The enrichment of
oxygen-18 correlates with the depth and chlorides, accordingly. Therefore,
helium content is also observed to rise in this trend. As mentioned in
previous chapters, helium content in the BAB groundwater is strongly
predetermined by confining properties of the overlaying aquitard, fault
zones, and other structural features of sedimentary cover and crystal
basement. The highest amount of helium is found in the Cambrian aquifer
system (Likénai, Klaipéda, and Riga) at depths of >1 km (Table 4.7.). These
sites coincide with the major Rapakivi massifs where the largest amount of
helium is produced, such as the Riga massif. The Hiddemeeste site also
deviates from the He-Cl with elevated helium content near the western
Estonian massif (Figure 4.19.) (Juodkazis & Tibar, 1989). The Veisiejai
massif emanation may similarly influence the BirStonas site.

Groundwater residence time can be attributed to the helium content
either directly (helium-4 ages) or indirectly compared to the radiokrypton
and particle tracks. The Riga and Klaipéda sites’ groundwater helium
content may be attributed to the 1 Ma timescale. Ignalina, Hifidemeeste and
Virska are 0.3-0.6 Ma, according to radiokrypton. Other sites’ groundwater
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is younger by <0.3 Ma. The insight in this generalization may suggest that
the Likénai Cm groundwater age should be close to Riga and Klaipéda, due
to the similar helium content. An anomaly of the TelSiai site where low
helium and chloride content is observed should be associated with shallow
groundwater leakage, which dilutes groundwater in situ.
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Figure 4.19. Chloride and helium diagram of intermediate-deep groundwater of the
BAB.

Some of the isotope-geochemistry anomalies in basin-scale
intermediate-deep levels could be observed in the light of groundwater age,
especially obvious deviations from the established general trendlines of the
BAB (Figure 4.20). The trendline slope of radiokrypton is 0.75x, particle
track - 1.08x, and helium age - 1.29x (Figure 4.20.). These slope values
mean that groundwater age differences using each method increase in deeper
aquifers and data divergence occurs. The equations presented in Figure 4.20.
could be used to roughly estimate the groundwater age at a certain depth of
the BAB. It is necessary to mention that the equations are only valid for
intermediate and deep aquifers with minimal depth criteria. The starting
point of groundwater age is a depth function - a trendline transecting y-axis
(x=0). According to equations, the criteria are radiokrypton at the depth of
260 meters, helium - 413 m, particle track - 319 m. It is necessary to mention
that these depths, 0 annum age groundwater references, are close to the
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intermediate depth groundwater upper limit used in this work (300 m), and
the previously established delayed exchange zone depth (360 m) according
to Mokrik, 2003; Mokrik & Mazeika, 2006. However, in the western part of
Lithuania on the Zemaitija High, the fresh groundwater anomaly reaches up
to 400-500 m thickness (Juodkazis & Mikalauskas, 1994; Mokrik, 2003).
This anomaly is possibly formed by an intensive percolation of meteoric
water through fractured and high permeability rocks of the Devonian
Formations during the Holocene-Pleistocene.
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Figure 4.20. Intermediate-deep level groundwater age vs. aquifer depth based on
Mokrik et al., 2021. Linear trendlines are plotted for helium, radiokrypton, and
particle travel time dating results. The yellow circle and arrow represent the southern
Lithuanian anomaly (the BirStonas site). The red circle represents the southern
Estonian anomalies (the Varska and Haddemeeste sites). The blue circle represents
the TelSiai site.
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Figure 4.21. Intermediate and deep BAB aquifers groundwater age dependence on
chloride content. Trendlines are plotted for helium, radiokrypton, and particle travel
time dating results. The yellow circle represents the BirStonas and Ignalina sites.
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Table 4.7. Isotope-geochemistry data of intermediate and deep BAB groundwater
with determined ages (Mokrik et al., 2021).

‘He
. 8180 TDS Sl Sl
Well No. Site " | 8%H, %o | content, ' - .
%o CcSTP/g g/L calcite halite
12350 Anyksciai -9.6 -72.8 1.04E+ 20.9 -0.40 -3.02
47543 Palanga -9.7 -70.0 3.06E* 22.8 0.28 -2.95
12349 Rokiskis -11.4 -83.8 4.54E° 5.6 0.33 -4.56
21965 Likénai -5.7 -46.0 419+ 114.7 -0.42 -1.39
(Aukstaitija)
11978 Likénai -12.2 -88.4 7.47E 6.9 0.24 -4.18
(Likénai)
50423 Ignalina -7.2 -55.2 1.76E* 46.3 0.72 -2.22
25872 Klaipéda -4.5 -34.7 8.12E* 94.2 -1.24 -1.64
50194 Riga, -4.8 -42.7 4.43E* 114.2 0.86 -1.37
Hospital
8021 Héaddemeeste | -13.6 -100.7 2.04E+ 5.1 0.31 -3.98
4613 Virska -12.6 -92.8 1.77E4 18.4 0.34 -2.99
26418 Telsiai -11.6 -85.5 6.64E°© 13 0.20 -7.18
4913 Birstonas -9.0 -66.0 1.08E* 47.6 -0.32 -2.31
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Table 4.8. Isotope-geochemistry data of intermediate and deep BAB groundwater
with determined ages (continued) (Mokrik et al., 2021).

Well No. Cl, SO4%, | HCOs, Br, Na*, K*, Mg?*, | Ca%,
mg/L mg/L mg/L mg/L mg/L | mg/L | mg/L | mg/L
12350 9700 3500 69 194 6030 99 430 1010
47543 12100 2008 97 - 5790 196 500 2081
12349 1630 2064 116 - 850 54 163 745
21965 69600 1630 38 208.0 | 32450 308 2700 7780
11978 2300 2050 82 9.1 1480 42 158 772
50423 26348 2589 - 81.5 14535 190 764 1781
25872 57470 1712 - 368.9 24947 594 2319 6787
50194 69770 1379 - 287.1 | 33011 342 2567 6848
8021 3093 73 - 15.0 1648 36 78 175
4613 11240 249 - 53.6 5348 80 383 1006
26418 35 814 102 - 78 16 76 208
4913 28570 1540 74 - 11045 84 1570 4750

The case of the Telsiai groundwater in the D».; aquifer is significantly
younger based on conventional helium and particle travel time modeling, 5
and 200 ka, accordingly (Figures 4.20., 4.21., blue circle). Using the
established equations, the theoretical groundwater age at this depth should be
235 ka (helium equation), and 366 ka (particle travel time equation). A
theoretical radiokrypton age can be calculated as well - 607 ka. The
difference between actual and hypothetical ages is significant. It is also
possible that for helium age calculation in the TelSiai groundwater, low
porosity value should be reestimated; therefore, the groundwater age result
differs from the modeled one 40 times.

The age results in the southern Estonian groundwater, the Hididemeeste
and Virska wells, according to helium and radiokrypton is close to the
general trendlines in the BAB (Figures 4.20., 4.21., red circle). On the
contrary, the calculated particle travel time (Haddemeeste 500 ka, Virska
360 ka) is higher than the theoretical (~260 ka) at this depth. These results
are calculated based on the same digital numeric model; therefore, the
difference in groundwater age is a consequence of the multiple parameters
and geometry coded into this simulation.

On the Birstonas site, a slight groundwater age inversion could be
observed (Figures 4.20., 4.21., yellow circle arrow). According to previously
established equations, the theoretical groundwater age should be modern.
The equations are imperfect: the trendlines should intercept O on both axes -
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the groundwater age starts from the recharge of soil at the ground surface.
Therefore, the fit of the trendline is not necessarily linear.

It is difficult to establish any generalized relationship between
groundwater age and chemical parameters. Geochemical anomalies and
regional differences of groundwater isotope-geochemistry should be
considered while analyzing and interpreting certain ages, groundwater
chemical, and isotopic composition categories. For this reason, in Figure
4.21., four isotope-geochemistry anomalies are isolated and omitted from the
calculation of trendlines and their equations: BirStonas (the southern
Lithuanian anomaly), Virska and Hididdemeeste (the southern Estonian
anomalies), and TelSiai. The background trendlines of the BAB groundwater
(Lithuania and Latvia) are established.

The major ion content in intermediate-deep level groundwater increases
with the mean residence time due to multiple factors: initial water
composition, water-rock interaction, evaporation, gravitational sink,
ultrafiltration through confining layers. Groundwater alteration (or
metamorphization) is usually a prolonged process; therefore, an increase in
salinity (chloride) takes hundreds of ka. In case of increased chloride
content, a certain solubility limit is reached (Figure 4.21., Table 4.8.).
Solubility limit depends on the thermodynamic conditions in aquifers, which
may vary across the BAB. The opposite situation is with sulfate. In
intermediate-depth aquifers, the groundwater sulfate content is higher
because it is not yet reduced to H,S or other substances. The reduction of
chemical species in groundwater occurs in succession; therefore, a sulfate
could persist for hundreds of ka. The reduction strongly diminishes the
sulfate content in million-year age (according to radiokrypton) groundwater.
The southern Estonian groundwater lacks sulfate compared to other BAB
groundwater of the similar age at least threefold. The cryogenic alteration
which leads to sulfate precipitation and increases chloride content could
partly explain both these anomalies.

The highest helium content is near the Baltic Sea coast and islands - in
intermediate-deep level groundwater discharge areas. The deep and
intermediate level groundwater flows are separated with the regional
aquitards strongly confining the aquifers; therefore, the most significant
leakage of helium should be associated with hydraulically active faults.
However, vertical block dislocations may decrease the regional groundwater
flow trajectory in the lateral direction. Helium has good conditions to
accumulate below the regional aquitards in reservoirs bounded by screened
faults and other dislocations. Helium content irregularities could often be
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considered an anomaly largely unsupported by isotope-geochemistry
deviations.

4.4. Shallow-Intermediate Flows Interaction on the Evaporitic Succession
Rocks Area and Tectonic Lineaments Local Sites

4.4.1. Intermediate Groundwater Upward Flow Injection on Local
Anomalies Sites in the Southern Lithuania

The interaction of the shallow and intermediate groundwater occurs
throughout the BAB, where leakage through aquitards or flow through
tectonic faults occurs, in places where vertical inversed head distribution
results in upward percolation (Juodkazis, 2003; Juodkazis et al., 1997;
Mazeika, 1999; Mokrik, 2003). However, the southern Lithuanian
groundwater anomalies are significantly pronounced, isotope-geochemistry
alteration may reach the ground surface - spring discharge with saline
groundwater. Such a phenomenon serves as a basis for considering
anomalies in the area. The isotope-geochemistry peculiarities in the southern
Lithuania are associated with sites where saline or brine groundwater
discharges into shallow freshwater aquifers through tectonic faults.
Intermediate-shallow groundwater interaction near the injection points
results in a dome-shaped hydrogeological unit (Figure 4.22.). Therefore,
isotope-geochemistry anomaly occurs in lateral and vertical dimensions.
Hydraulic heads implicate a vertical upward discharge. Due to the low
permeability of the Triassic aquitard (k=1E®-1E®° m/d, 10-30 m thick
according to BABHEGM), the main discharge occurs through the vertical
faults, instead of leakage creating injection anomalies. This process was
thoroughly studied in previous research; there are numerous observations
and evidence of this phenomenon published (Juodkazis, 2003; Juodkazis et
al., 1997, Mazeika, 1999; Mokrik, 2003; Zuzevicius et al., 2007).
Hydraulically permeable tectonic faults can equally leak the helium from the
intermediate zone and below. Chloride and helium content quantitatively
correlate. Such observation supports the theory of deeper groundwater brine
discharge and mixing with shallow freshwater (Gregorauskas et al., 2017
Juodkazis, 2003; Juodkazis et al., 1997; Mazeika, 1999; Mokrik, 2003;
Zuzevicius et al., 2007). In the Figure 2.3., three main groundwater chemical
facies could be derived: sodium-calcium-chloride (in some cases Ca-
dominant), calcium-magnesium-bicarbonate, and freshwater end-member
sodium-bicarbonate. A binary mixing line is presented between Na-Cl and
Ca-Mg-HCOs type groundwater. There are no data points on this line
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concerning anomaly in this chapter as a TDS value of mixed groundwater
should be between 1 and 2 g/L to make a chemical type that could manifest
itself on PIPER plot, which is absent in the database. This is due to a
significant difference in TDS values of end-members, freshwater <1 g/L, and
saline groundwater up to 50 g/L. Therefore, a small portion (>5 % of total
volume) of Na-Cl end-member is required to change calcium bicarbonate
type into sodium chloride (Juodkazis & Mikalauskas, 1994).

The anomalous groundwater in this region is used as a mineral water
resource; therefore, the most explored sites are BirStonas and Druskininkai.
According to corrected radiocarbon dating, groundwater mixture on the
Birstonas site’s Cretaceous and Quaternary aquifer systems are up to 9,600
years old (Zuzevicius et al., 2007). Conventional helium and particle track
ages of the Triassic aquifer saline groundwater members are 79 and 120 ka,
accordingly. Based on tritium and radiocarbon data, a freshwater member is
modern (Zuzevicius et al., 2007). Such on-site age distribution is logical and
concurs with the previously established binary mixing. The theoretical age of
mixed water should extend from the modern to ~100 ka timeframe,
depending on freshwater-saline member portions. However, the dating
methods are crucial at this point.

Helium content in the intermediate layer may be strongly affected by
the tectonic fault vicinity, confining properties of aquitards, and helium
production in situ, and crust. The sample for helium analysis was extracted
near the tectonic fault in the BirStonas site’s Triassic aquifer and could be
depleted with upward emanation. It may cause an error in the dating results.
The most likely solution would be to take additional samples from the
intermediate level further from the anomalous site, avoiding any significant
faults nearby. Such an approach may reveal the helium content in an aquifer
without the disturbance of probable loss. Particle travel time modeling in this
site shows 1.5 times older groundwater compared to helium. The previously
stated fact that the digital model lacks structural features may be
advantageous in this particular case. The groundwater age is not affected in
any way apart from the intermediate aquifers’ flow time and hydraulic
properties. It may be a methodical problem for a solution for estimating a
groundwater age distribution in anomalous sites. Other isotopic techniques,
such as radiokrypton, may help estimate the age of groundwater in the
intermediate zone. The radiokrypton method limit may not be sufficient if
groundwater age is <150 ka (Lu et al., 2014). These problems should be
addressed in future research of the injection type anomalies in the southern
Lithuania.
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Figure 4.22. Druskininkai (Lithuania) mineral groundwater reservoir scheme. The
black line A-B represent cross-section line, the red dashed lines are tectonic faults.
After: Juodkazis, 2003; Juodkazis et al., 1997; Samalavicius, 2015.

The case study of natural and artificial processes which affect the
southern Lithuanian anomalies was elaborated in the study (Gregorauskas et
al., 2017). Groundwater modeling results in the Cenozoic-Mesozoic
(Triassic, Jurassic, Cretaceous, and Quaternary aquifer systems) resources in
the southern Lithuania are 893 thousand cubic meters per day. Most of it
consists of meteoric water and lateral underground recharge. The primary
discharge endpoints are river valleys and the Baltic Sea (Gregorauskas et al.,
2017).

According to the authors, a natural process of binary mixing is
catalyzed during the exploitation of freshwater. Due to the low permeability
of aquifers and exploitation, the hydraulic head drops significantly;
therefore, saline groundwater recharge from underlying aquifers intensifies.
This process may alter the freshwater quality by increasing TDS and
chloride content (Gregorauskas et al., 2017). The groundwater facies result
from mixing modern meteoric, the Holocene Baltic Sea stages’ recharge, and
in situ saline groundwater leakage or injection. Water mixing results in Ca-
Mg-HCOs3, Na-Ca-HCOs-Cl, Na-HCO3-Cl, Na-CI-HCOg3, and Na-Cl facies
(Gregorauskas et al., 2017; Mokrik, 2003). The increase of chloride content
observed near the river valleys often indicates tectonic faults (Gregorauskas
et al., 2017). According to chloride content modeling, significant anomalies
are observed near the Sesupé River valley. A similar situation occurs in the
proximity of the Nemunas River around Sakiai district (Figure 4.23.). A
distinction of chloride anomalies found near tectonic faults correlates with
geogenic helium emanation. This phenomenon can be observed in Figures
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4.23.,4.24. In the SeSupé River valley, helium content varies 25-1,000 (107
mL/L), the Nemunas River near the Bir§tonas tectonic fault zone up to 2,000
(10°° mL/L). Such an increase indicates favorable groundwater and helium
upwelling conditions through tectonic faults into freshwater aquifers
(Gregorauskas et al., 2017).
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Figure 4.23. The scheme of helium and modeled chloride content in the
groundwater of the Cretaceous aquifer system in the southwestern Lithuania.
Modified based on Gregorauskas et al., 2017.

Isotope-geochemistry characteristics must be approached, focusing on
the saline member of binary mixing. This statement is relevant concerning
separate injection points in the southern Lithuanian area. Freshwater
member is usually constant in their isotope-geochemistry composition -
chloride content is <0.5 g/L, 5'®0 ~-10.4 per mil. However, brine end-
members differ on the sites. In the case of the Bir$tonas saline water, the
chloride amount is 25-30 g/L, 8'®0 content -9.0 per mil, the Druskininkai
brine chloride content is >30 g/L, 'O value is -7.3 per mil. Chemical
composition, pH values, and depth are similar in samples of the Triassic (T1)
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aquifer in Druskininkai and Birstonas. The distance between these locations
is ~60 km. However, 380 values differ by 1.7 per mil. This difference is
significant, keeping in mind that most other parameters are very similar. It
could be explained by the influence of different types of brine by depth.
Saline end-member could result from various brine mixing, such as
discharge from the below. Vertical tectonic faults present on these sites
could lead to multiple-level aquifer groundwater mixing. The shallow-
intermediate interaction is as likely as multiple intermediate aquifer
groundwater mixing as faults propagate towards the depth intersecting and
hydraulically connecting them. Such phenomenon may be analyzed in the
light of groundwater ages obtained in multiple site saline members. Noble
gas signatures may reveal the origin and mix formation scenarios and
provide crucial data where isotope-geochemistry is insufficient.

A clear correlation of chloride and helium content was observed in the
Lithuanian groundwater at shallow-intermediate groundwater interface
including the southern Lithuanian anomalies (Gregorauskas et al., 2017;
Juodkazis, 2003; Juodkazis et al., 1997; Mazeika, 1999; Mokrik, 2003;
Zuzevicius et al., 2007). This supports a widely observed binary mixing of
intermediate-shallow groundwater in the BAB. However, groundwater
helium deficit is observed on Druskiniai and Bir$tonas sites (Figure 4.24.,
blue circle). These anomalies most likely occur due to a few reasons.
Intermediate groundwater with higher salinity (>5 gCI/L) could be sensitive
to sample proximity to a fault zone. Groundwater near the hydrogeologically
inactive tectonic dislocation may be effectively depleted of helium compared
to the background by upward vertical emanation. The helium content of
shallow aquifer groundwater is most likely controlled by the confining
properties of aquitards in the saline groundwater discharge location.
Chloride as a conservative constituent does not react to changes of
geological setting, unlike helium. This phenomenon may have a crucial
impact on the helium-4 dating results due to its loss. The importance of
confining layers on helium content in groundwater was explicitly shown in
Figure 4.18. where the Quaternary aquifer system aquitards collect a small
amount of helium, contrary to other sites where almost all of He is lost to the
atmosphere.

The 30 enrichment tendency toward the local discharge places is the
opposite of Latvia and Estonia anomalies because of the upward outflow of
isotopically heavier groundwater. The helium ages in these anomalies are
less predictable than other intermediate-deep groundwater as He loss to the
atmosphere is significant. It is essential to provide additional dating
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techniques to establish He loss in balance-reliable time frame at the injection
points.
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Figure 4.24. Chloride and helium diagram of shallow-intermediate depth groundwater in
Lithuania supplemented with Bir§tonas, Druskininkai, and Varéna anomalies (Gregorauskas
et al., 2017; Juodkazis, 2003; Juodkazis et al., 1997, Mazeika, 1999; Mokrik, 2003;
Zuzevicius et al., 2007).

4.4.2. Central BAB Anomalies of the Devonian Evaporites
Dissolution and Groundwater Leakages

Abundant shallow groundwater of Latvia and the northern Lithuanian
isotope-geochemistry data shows an increase of chloride content correlating
with a depletion in §'%0. Such an occurrence could suggest a previously
mentioned cryogenic effect similar to the one observed in Estonia. Most of
the isotopically depleted and elevated salinity samples are found at the depth
ranging 150-300 m. However, in the Central BAB, the shallow groundwater
may have modern recharge features according to many last decades’
assessments. Groundwater tends to be slightly depleted with 380 in the
Devonian aquifers at the intermediate-shallow level in the Middle Lithuanian
Lowland (North Lithuania) and the Zemgale Plain (Latvia). The depletion
near the coast correlates to groundwater chemistry alteration increase
(Mokrik, 2003). A depletion with 580 is observable down to -11.5 -13.2 per
mil. The predominant hydrochemical type is Ca-Mg-SO., associated with
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carbonate and sulfate mineral rocks dissolution in the Upper Devonian
aquifers. Therefore, it is a sub-regional type of anomaly. Another anomaly is
observed in the Kurzeme-Zemiatija Upland and the Middle Lithuania
Lowland which from the south are bordered near transient zone from
shallow to intermediate flow environment. Groundwater southwestward
from this area has increased TDS values compared to the shallow depth
background. This anomaly is connected with a northern part of the Middle
Lithuania Lowland and the Zemgale Plain anomaly. However, here
groundwater is more enriched with 80 values from -10 to -11 per mil.

The interaction of shallow and intermediate groundwater manifests
itself considering the Narva Formation regional aquitard. The inclination of
the shallow aquifer formations indicates that the interaction occurs in both
lateral and depth boundaries (Mokrik, 2003). The Ca-Mg-SO4 groundwater is
found at the depth ranging ~150-715 m. However, the sodium chloride facies
are observed near the coast (Palanga) at ~500 m depth. The interaction of
intermediate-deep level groundwater separated by the Narva regional
aquitard must be elaborated on considering the transecting faults or by
hydraulic conductivity of fractured lithologic rocks sequence. The areal
anomalies study may include the sites near the Klaipéda-Tel$iai Fault Zone,
which may help to analyze this case.

A B

0.2 /!T,uii.i Satrja

Figure 4.25. Telsiai and Satrija sites in the cross-section of Lithuania. Upper
Devonian, Devonian Narva, Silurian-Ordovician formations are regional aquitards.
Modified based on Juodkazis and Mikalauskas, 1994.
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Stable isotope depletion occurs in the shallow groundwater of the
northern part of the Middle Lithuania Lowland-Zemgale Plain. There is an
apparent 880 inversion towards the deep meteoric observed in the last
decades (Figure 4.26., red arrows). The depletion trend of this anomaly of
8180 occurs down to the depth of ~ 400 m with the value of -11.5-13.2 per
mil, and chloride content up to a few hundred mg/L. At this point, the
isotopic trend for the western-central site of the Liepaja-Riga-Pskov
Antiklinal zone reverses toward a stable isotope enrichment indebted to the
Kurzeme-Zemaitija Highland recharge area by modern precipitation, where
mean annual 30 precipitation values are about 10.5 per mil. A slightly
isotopically depleted Latvian groundwater at the Lielupe River valley on the
Zemgale Plain is close to intermediate-shallow depth of <200-300 m,
resulting from modern recharge on local land sites with winter season
precipitation surplus in total balance. Calculations show that modern
meteoric water percolation velocities can reach that depth in 30-50 years.
Radiocarbon dating coupled with the tritium method also revealed that at this
anomaly modern recharge occurs (Mokrik et al., 2009). The anomaly is
likely related to wintertime depleted meteoric precipitation water mixing
with the shallow groundwater of aquifer host rocks. Such winter seasonal
precipitation has significantly increased in the last decades near sea lowlands
and riverstream deltas on the Baltic coast (Jaagus et al., 2010; Kriaucitniené
etal., 2012)

Global climatic variations shifts to winter season domination have
probably caused isotopically depleted precipitation recharge. Available
radiocarbon data at the sites of Renceni (Well. No. 9369, oxygen-18 -12.4
%o, chloride 56 mg/L) and Baldone (Well. No. 1506, oxygen-18 -12.1 %o,
chloride 3022 mg/L) are 4.2 and 21.4, accordingly. This roughly
(uncorrected carbon-14 data) could suggest the groundwater age of the Late
Pleistocene or the Early Holocene Epoch. However, a significant amount of
dissolved dead carbon in carbonate and evaporitic rocks may appear in the
groundwater DIC. For the Baltic region, the Middle Lithuanian Lowland
dead carbon content in groundwater is largely detected (Mokrik et al., 2009).
A post-Pleistocene meteoric recharge most probably significantly affected
the groundwater by diluting and depleting it in stable isotope content.

However, additional data is required to elaborate on the origin of the
Devonian aquifer’s isotopically depleted groundwater on the Baltic Sea
islands, where regional discharge groundwater may be preserved.
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Figure 4.26. Oxygen-18 and chloride content diagram of the western Lithuanian and
Latvian groundwater. The red lines represent isotopic inversion in the shallow-
intermediate-deep groundwater multilayered system. The green arrow represents stable
isotope enrichment in deep (>1500 m) brines.
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Figure 4.27. Oxygen-18 content and depth diagram of the western Lithuanian and
Latvian groundwater in the Devoniain aquifers. The green circle represents modern
meteoric origin groundwater, the green dashed circle - the Holocene Epoch groundwater,
the red circle - the Middle Pleistocene Epoch, the blue circle - the lower-middle
Devonian aquifer confined with regional aquitard. The blue arrow represents the
formation of calcium sulfate facies, the red arrow - sodium (calcium) chloride.
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The groundwater on the Telsiai site (Figure 4.25.) significantly deviates
from the background according to its isotope-geochemistry content. The
groundwater o the Telsiai site is in the Middle Devonian aquifer system: the
depth is 650-715 m; TDS is 1.3 g/L, a slight depletion in 880 is from -11.6
to -13.2 per mil with Ca-Mg-SO. groundwater facies. A low helium content
is observed on the Telsiai site and could be explained by a modern
groundwater recharge influence from the overlying Frasnian Formation. It is
quite possible that the pumping well is not properly sealed; therefore,
leakage from shallow aquifers occurs. The TelSiai site is very similar to all
Latvian evaporitic anomalies, according to the parameters mentioned before.

The groundwater dating results in the Devonian aquifers reveal that
different groundwater facies evolve on each shallow-intermediate interaction
level. Calcium sulfate groundwater in the D, aquifer most likely originates
from the Holocene Epoch precipitation, according to radiocarbon ages and
580 depletion (Figure 4.27., blue arrow). However, the TelSiai site’s
groundwater dating results are controversial - according to the helium
method, the age is ~5 ka, while particle track time is ~200 ka. The
establishment of this site’s groundwater age value requires additional
studies. The Palanga D; aquifer’s groundwater sample is entirely different
from the Latvian groundwater (Figure 4.27., red circle). It has sodium
chloride facies and ages 225-250 ka (Mokrik et al., 2021). For comparison,
5180 content is slightly enriched in the Palanga sample. This groundwater
most likely originates from altered seawater or mixing of meteoric,
paleoseawater, and in situ saline recharge from underlying aquifers. The D,.1
groundwater is significantly older than the sample of the D, aquifer.
According to radiokrypton dating of the Klaipéda site in D..; groundwater is
>1.3 Ma, modeled and helium ages are 0.4-0.6 Ma (Gerber et al., 2017;
Mokrik et al., 2021). Ages and isotope-geochemistry support the hypothesis
that groundwater in both these aquifers differs in origin; the Devonian Narva
aquitard is a significant controlling factor of this phenomenon (Mokrik,
2003).

The study of the Telsiai %0 depleted Middle Devonian aquifer
groundwater would strongly benefit from the broader record of noble gas
data. Such an approach may provide evidence of the groundwater origin,
especially argon, krypton, xenon content, and excess air parameters.
Multiple aspects could be cleared up: meteoric signal, recharge temperatures,
and their relation to §'®0 source.
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CONCLUSIONS

Groundwater anomalies found in the BAB are challenging to classify
because of the variety of isotope-geochemistry content and their spatial
distribution. From the scientific point of view, it often occurs that more than
one formation scenario is possible; therefore, no definite conclusion could be
made at this point. Nevertheless, some critical observations, theses, and
suggestions could be made and proven with currently available data. The
analysis supported the formation and origin of multiple previously stated
anomalies by providing a new context of their occurrence. Some
characteristic features are proposed in already established cases and sites.
Other groundwater anomalies are, on the contrary, being reviewed and
updated with an original conceptual model including entirely different
explanations, hypotheses, and evidence. Spatial distribution sites of
conceptualized BAB groundwater anomalies were based on the analysis of
the flow formation models and origin. To reveal anomalies for shallow
(<300 m), intermediate (300-1000 m), and deep (>1000 m) aquifers, the
groundwater analysis of isotope-geochemistry data was executed.
Additionally, the main factors, such as geological and hydrogeological
settings and paleo-climate aspects during the Holocene and Pleistocene that
influenced its formation were assessed. The establishment of a distinction
within the background groundwater composition was made in the context of
the local, intermediate, and deep flow system interaction for the formation of
the surrounding lateral and depth-sequencing sites’ groundwater anomalies
by chemical and isotopic content.

The new conceptual model approach for the Estonian Homocline Cm-V
and O-Cm aquifer systems groundwater shows that permafrost conditions
occur on the boundary of the Fennoscandian and Northern Baltic regions.
This approach is based on stable oxygen-18 isotope and thermodynamic data
together with 2**U/28U AR and helium ages. During periglacial cryogenic
processes, the talik system influenced groundwater. Isotope-geochemistry of
the Estonian Cm-V and O-Cm groundwater reveals that brine rejection
(cryogenic concentration) and the Rayleigh distillation (depletion) formed
these anomalies.

The saturation of the Estonian groundwater with calcite coincides with
5180 depletion trendline and supports the previously stated brine rejection.

Permafrost-induced shifts in hydrochemistry (elevated ionic content and
partial, selective mineral precipitation) lead to higher SI Halite (~1 unit)
values in the Estonian groundwater compared to other BAB groundwater
with the same TDS.
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According to Na/Cl and Br/Cl ratios and the Pleistocene Epoch’s mean
annual temperature variations, the initial, pre-cryogenic groundwater
composition should be close to meteoric, paleogroundwater, and seawater
mix. Uranium 2%*U/?®U isotope ratio AR and helium content suggest that the
groundwater before LGM was frozen. However, some hydraulic pathways
existed along the talik framework, allowing local flux on supra- and sub-
permafrost levels.

Argon, krypton, and xenon gas content ratios in the Estonian shallow
anomalous groundwater reveal that isotopic depletion originates from in situ
groundwater freezing as it is closer to an air-equilibrated water
composition’s end-member than atmospheric air. Noble gas excess air, in
this case, could be explained by gas rejection during the freezing.

A good linear relationship of chloride-helium values content exists in
the BAB groundwater. In recharge areas on highlands, the shallow
groundwater helium content is diluted with meteoric precipitation. Helium
may escape intensively in the intermediate-shallow groundwater boundary;
resulting in lowering its amount. This evidence is observed on sites near the
deep fluid injection places close to the hydrogeologally active tectonic fault
zones. Helium escapes to the atmosphere, where the confining properties of
overlaying aquitards are insufficient for trapping.

Shallow-intermediate groundwater &0 composition change in the
BAB toward discharge places forming two general trends:

a. In the central and northern parts of BAB, 580 values are getting
depleted. Two distinct anomalies support this trend. In the Late-
Middle Devonian shallow aquifer system on the coastline and the
Lielupe River system, slightly &0 depleted groundwater may
originate from modern winter season precipitation due to the increased
atmospheric water balance during the last 30 years. The isotopically
depleted groundwater trend of the northern and western Estonian coast
in the Cm-V and O-Cm aquifers is due to cryogenesis and talik system
in the Pleistocene.

b. The interaction of the shallow and intermediate groundwater flows in
the vicinity of the tectonic lineaments on river valleys manifests by
the changes of isotope-geochemistry where saline water discharge
occurs. In the southern part of the BAB, an enrichment of §'80 values
occurs - saline groundwater injections into freshwater aquifers near
the river valleys result in isotopic enrichment.
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Deep and intermediate depth flows are separated by regional-scale
aquitards, which is proved by the steady-state 3D groundwater flow model
coupled with the noble gas residence times of the deep groundwater. In the
deep-intermediate groundwater interaction zone, helium migration and
distribution may not necessarily coincide with groundwater flow. The most
critical factors on helium content in groundwater are confining regional scale
aquitards and hydrogeological highways within tectonic zone fractures
(faults).

Helium dating peculiarities in the BAB multilayered aquifer systems
extend beyond a simple collection of data and parameters necessary for the
calculation. The regional features of groundwater isotope-geochemistry
composition, formation environments, and processes suggest various
approaches to evaluate helium age validity. The knowledge of geological
settings (aquifer and aquitard position, tectonic features, permeability
hydraulic parameters, etc.) is crucial for assessing conventional helium ages.
The coupled dating method, which includes MODPATH modeling and
radiokrypton tracer, provides necessary data concerning helium distribution.
Differences in dating techniques and results could be embraced based on the
background trends and anomalies in the BAB or isolated flow systems. The
aggregate helium method could be used to correct groundwater ages in the
deepest aquifers, accounting for advection and diffusion of helium in depth.

The particle track trajectories revealed the lack of tectonic fracture
zones’ permeability in the numerical model, which significantly distorts the
estimated modeled residence times compared to radiokrypton and helium
ages. It must be solved by correcting hydraulic parameters and including
fault geometry. An alternative groundwater mass transport modeling may
also help with the reevaluation of groundwater ages. In many cases, the
difference between radiokrypton, helium ages, and groundwater flow
particle travel times are significant. The absence of fault zones’ actual
permeability characteristics in the numerical model may be substituted with
the correction of hydraulic parameters in layers to reflect a natural
hydrogeological internal boundary setting more accurately. It is also
necessary to minimize discrepancies of 8Kr and “He groundwater ages,
improving methodical assessment aspects to actual porosity parameters of
multi-layered porous-fractured media. An alternative groundwater mass
transport modeling may also help with the reevaluation of groundwater ages,
however, problems in defining initial boundaries arise as well.
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SANTRAUKA
IVADAS

Zinios apie Baltijos artezinio baseino (BAB) poZeminio vandens
formavimasi vaidina svarby vaidmenj hidrogeologijoje. BAB pozeminio
vandens sudéties tyrimai apima daugybe temy: regioniniai tyrimai,
klasifikacijos, paleohidrogeologija, datavimas, kilmé ir formavimosi
scenarijai. PoZzeminio vandens izotopiniai ir cheminiai parametrai yra
naudojami vertinant isteklius, tarSa, gélo, mineralizuoto ir stiraus poZeminio
vandens susidarymag BAB. Taliau izotopiné ar cheminé sudétis ar Kiti
parametrai ne visada yra lengvai paaiSskinami esama geologine ir
hidrogeologine aplinka ar kitais veiksniais. Toks vanduo traktuojamas kaip
anomalija. Anomalaus poZeminio vandens apibréZimai gali buti jvairds:
1. nukrypimas nuo aplinkiniy vietoviy pozeminio vandens cheminés ar
izotopinés sudéties charakteristiky; 2. unikalios geologinés-hidrogeologinés
salygos litologiniai ypatumai arba fiziniai veiksniai, lemiantys poZeminio
vandens pokycius; 3. ribiniy salygy jvairovés jtaka poZeminio vandens
srautams.

Sio tyrimo tikslas buvo istirti Baltijos artezinio baseino poZeminio
vandens izotopinés ir geocheminés sudéties fonines reikSmes, anomalijy
kilme ir jy susidarymo scenarijus.

Sio tyrimo objektas buvo seklaus, vidutinio gylio ir gilaus pozeminio
vandens srautai ir jy saveika, sukelianti izotopines ir chemines anomalijas
BAB.

Pagrindiniai §io tyrimo uzdaviniai:

1. Naudojant izotopinius ir cheminius duomenis apibtdinti anomalines
seklaus (< 300 m), vidutinio gylio (300-1000 m) ir gilaus (> 1000 m)
pozeminio vandens vietas ir atskleisti pagrindinius veiksnius, turin¢ius jtakos
jo susidarymui: geologinés ir hidrogeologinés salygos, paleoklimato aspektai
pleistoceno ir holoceno laikotarpiu.

2. Nustatyti skirtumus tarp foninés ir anomalijy pozeminio vandens
sudéties lokaliy, vidutinio gylio ir giliyjy srauty sistemy sgveikos kontekste.

3. Panaudoti kombinuota radioizotopy ir vandens tékmés modeliavima
su daleliy sekimo schemomis vandens amziui nustatyti, Siekiant nustatyti
pozeminio vandens tekéjimo kelius ir amZiy.

Mokslinis naujumas:

* Pozeminio vandens anomalijy erdvinio pasiskirstymo struktdra yra
grindziama jo izotopine ir chemine sudétimi, kilme ir migracija.
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* Pasitlyta nauja Estijos monoklinos Cm-V ir O-Cm vandeningyjy
sluoksniy pozeminio vandens izotopiniy ir geocheminiy anomalijy
formavimo koncepcija. Izotopiskai frakcionuotas pozeminis vanduo susidaro
dél kriogeniniy procesy ir taliky sistemos tinklo jtakos.

* Pirma karta atliktas BAB vidutinio gylio ir gilaus pozeminio vandens
81Kr ir *He datavimo rezultaty palyginimas su tékmés daleliy sekimo
trukmés modeliavimu.

Ginami teiginiai:

1. Remiantis izotopinés ir cheminés sudéties tyrimais ir
termodinaminiais skaiiavimais nustatyta, jog didesné dalis Siaurinio BAB
Cm-V ir O-Cm vandeningyjy sluoksniy pozeminio vandens susiformavo
periglacialinéje aplinkoje prie§ paskutinio apledé¢jimo maksimuma.
Nuskurdintos &*0 vertés ir inertiniy dujy ekscesas Estijos O-Cm-V-B
hidrogeologiniame vienete atsirado dél vandens uzsalimo in situ.

2. Seklaus ir vidutinio gylio pozeminio vandens srauty sgveika pietinéje
BAB vyksta $alia tektoniniy linijy, upiy sléniy bei Zemumy, kur anomalijos
pasireiskia izotopinés ir cheminés sudéties pokyciais lokaliose ir plotinése
iskrovy vietose. Pietinio regiono link §'®0 praturtinimo tendencija vyrauja
vidutinio gylio pozeminio vandens iSkrovos tektoniniy liziy vietose.

3. Gilus ir vidutinio gylio pozeminio vandens srautai yra atskirti
regioninémis vandensparomis. Tai jrodo stacionarios filtracijos 3D
MODPATH modeliuotos trajektorijos ir laikai, palyginti su radioizotopinio
datavimo rezultatais. Skirtumai tarp radiokriptono bei helio amziy ir
modeliuoto amziaus yra reikSmingi. Jei skaitmeniniame modelyje néra laziy
zony pralaidumo charakteristiky, jos gali bati surandamos atlikus
iSsamesnius sluoksniy hidrauliniy parametry lauko tyrimus. Norint gauti
patikslintus vandens amziaus duomenis, masés transporto modeliavimas
turéty buti taikomas kartu su tékmés daleliy sekimo trukmés modeliavimu.

Tyrimo rezultaty aprobavimas. Disertacijos rezultatai publikuoti
keturiuose moksliniuose straipsniuose, i$ kuriy du ,,Clarivate Analytics Web
of Science (CA WoS su IF) duomeny bazéje; Kketuri praneS$imai
tarptautinése konferencijose.

125



1. BALTIJOS ARTEZINIS BASEINAS

|| Estijos-8vedijos monokiina

i . yvas (Anteklizs)
- Baltijos artezinio baseino riba
«_| Mineralizacijos vertés O-Cm sluoksnio vandenyje

a) b)

0 100 200 300 400 500 600 700km

c)

1 pav. a) Baltijos artezinis baseinas. N-S pjavio linija. Ruda linija — BAB riba,
purpurinés linijos ir skaiiai — kristalinio pamato gylis, km, Zemiau jiros lygio. b)
Pagrindiniai BAB  struktlriniai elementai O-Cm vandeningojo sluoksnio
mineralizacija (Mokrik, 2003). ¢) BAB igilginis skerspjiivis S—P. Modifikuota
(Juodkazis, 1980a, b; Pdrn ir kt., 2016; Virbulis ir kt., 2013; Mokrik ir kt., 2021)

126



Baltijos artezinis baseinas yra nuosédinis baseinas Siaurés Europoje,
sligsantis ant Ryty Europos kratono kristaliniy uolieny. Bendras Baltijos
artezinio baseino plotas yra apie 426 tukst. kvadratiniy kilometry (Kondratas
ir kt., 1969; Juodkazis, 1980a; Juodkazis ir Mokrik, 1981; Juodkazis, 1989;
Cheban, 1966; Delina ir kt., 2012). Baseinas apima visa Lietuvos, Latvijos,
Estijos ir Kaliningrado (Rusija) teritorija bei Lenkijos dalj iki Teiserio-
Tornkvisto zonos (1 pav.). Nemaza dalis BAB yra po Baltijos jira
(Juodkazis ir Mokrik, 1981). Visi pagrindiniai sistemos sluoksniai randami
BAB skerspjiivyje nuo ediakaro (vendo) iki kvartero (1 pav.) (Kondratas ir
kt., 1969; Juodkazis, 1980a, 1989, 2003). Biutina pazyméti, kad virSutiné
kristaliniy uolieny pamato dalis veikia kaip papildomas vandeningasis
sluoksnis, regioniniu mastu reikSmingai kei¢iantis supratimg apie pozeminio
vandens tékme, masés transportavima, kilmeg, sudétj ir kitus ypatumus.
Estijos monoklinoje kristalinio pamato vandenyje yra aptinkama anomalijy,
analogisky Cm-V sluoksniui. Tai jrodo, jog §i dalis yra neatsiejama nuo
auksCiau sliigsanciy nuosédiniy vandeningyjy sluoksniy. Regioniniu mastu
BAB skirstomas ] tris pagrindines zonas: seklus gélas vanduo (aktyvios
apykaitos zona, gylis < 360 m), stirokas arba stirus pozeminis vanduo
(sulétéjusios apykaitos zona, gylis 360—1850 m) ir strymai (1étos apykaitos
zona, gylis > 1850 m) (Mokrik, 2003). BAB pozeminio vandens klasifikacija
pagrista keliais parametrais ir iSvestiniais rodikliais: hidrocheminiu tipu,
mineralizacija, vandening ojo sluoksnio gyliu ir pagrindiniy jony santykiais
(Mokrik, 1996, 1997, 2003).

Aktyvios apykaitos zonos pozeminio vandens mityba vyksta
zemyningje dalyje, aukStumose vykstant krituliy infiltracijai. ISkrova vyksta
upiy sléniuose ir zemumose, | Baltijos jarg (Kondratas ir kt.,, 1969;
Juodkazis, 1980a, 1989; Mokrik, 2003). Pozeminio vandens §'®0 Lietuvoje,
Latvijoje, Kaliningrado srityje svyruoja nuo —7,7 iki —13,9 %o (Mokrik,
2003; Rozanski ir Zuber, 2000). Estijoje pozeminis vanduo yra stipriai
izotopiskai nuskurdintas — jo 8'80 nuo —14 iki —22,5 %.. Visiskai kitaip yra
Gotlando saloje, kur tame padiame gylyje randamas turtingas izotopy
druskingas pozeminis vanduo, kurio 80 reik§més yra nuo —5,7 iki —6,1 %o
(Mokrik, 1997).

Aktyvios apykaitos zonos pozeminis vanduo daugiausia yra Ca-Mg-
HCO; tipo su isimtimis kai dominuoja Na katijonas. Sis tipas susiformuoja
dél dabartinés meteorinio vandens mitybos. PoZeminio vandens
mineralizacija retai vir$ija 1 g/l, toks vanduo sltigso iki 360 m gylio (Mokrik,
2003; Juodkazis ir Mikalauskas, 1994). Na-HCOs; ir (Ca-Na)-(CI-HCO:»)
tipai yra susije su Siaurés Estijos O-Cm ir Cm-V sluoksniy anomalijomis
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(Vaikmade ir kt., 2001; Cheban, 1966; Mokrik, 1996, 1997, 2003; Mokrik ir
Vaikmie, 1988).

Sulétéjusios apykaitos zonoje mineralizacijos reik§més svyruoja nuo 5
iki ~100 g/L. D¢l hidrostatinio ir litostatinio slégio vidutinio gylio ir giliuose
vandeninguosiuose sluoksniuose vanduo teka i§ baseino centro j periferijg
(Mokrik, 2003). Stabiliyjy izotopy 880 reikdmés yra nuo —13 iki —6 %o.
Pagal izotoping ir chemine¢ sudétj Si zona yra tarpiné tarp giluminiy stirymy
ir seklaus gélo vandens — toks vanduo dazniausiai susidaré maisSantis in situ
pozeminiam vandeniui (Mokrik, 2003). Sulétéjusios apykaitos zonoje
esanCio natrio chlorido tipas yra aptinkamas visose Baltijos Salyse.
Remiantis stabiliyjy izotopy duomenimis, jo kilmé gali buti skirtinga.
Atskiras Na-Cl pozeminio vandens atvejis yra Piety Lietuvos anomalija, kai
stirus pozeminis vanduo patenka j seklius vandeninguosius gélo vandens
sluoksnius, todél jame dominuoja natris ir chloridas (mineralizacija nuo 2 iki
50 g/L) (Juodkazis, 1989; Juodkazis ir Mikalauskas, 1994; Juodkazis ir kt.,
1997; Zuzevitius, 2010; Zuzevicius ir kt., 2007).

Létos apykaitos zonoje esantys strymai sligso BAB
vandeninguosiuose sluoksniuose > 1,5 km gylyje. Dél padidéjusio
temperatiros gradiento ir slégio Siame gylyje mineralizacija gali siekti 140—
400 g/L. Sie siirymai yra labiausiai praturtinti 8'*0 — nuo —6 iki -3 %o
(Mokrik, 2003; Mokrik ir kt., 2021).

Natrio-kalcio-chlorido (krastutiniais atvejais kalcio-natrio-chlorido) tipo
stirymai susidaro dél ilgai stovin¢io poZzeminio vandens katijony mainy su
mineralais > 1 km gylyje. Metamorfizacijos laipsnis ((rNa+rCIl)/fHCO3) yra
naudojamas klasifikuoti pozeminj vandenj BAB iki 1800 m gylio. Giliau ima
vyrauti kalcio jonai; todél rCa/rNa santykis (ekv/L) yra tinkamesnis
(Mokrik, 1996, 1997, 2003). Sis santykis atskleidzia Ca-Cl tipo poZeminio
vandens anomalija O-Cm vandeningojo sluoksnio stirymy létos apykaitos
zonoje, kuri yra Lietuvos—Kaliningrado pakrantéje ir jirinéje dalyje (plotas
apie 5 tiikst. km?). Sios anomalijos atsiradimg nulémé vietinis geoterminis
rezimas (Mokrik, 2003). Dél geoterminio gradiento heterogeniskumo visame
BAB temperatira O-Cm vandeningajame sluoksnyje Vakary Lietuvoje ir
Rygoje, Latvijoje, atitinkamai svyruoja nuo 98 °C iki 21 °C (Mokrik, 2003;
Mokrik ir kt., 2021a). Aukstesné temperatiira katalizuoja poZeminio vandens
izotopinés geocheminés sudéties pokycius, pavyzdziui, jony mainus,
ultrafiltracija, izotopy frakcionavimg, dujy tirpimg ir iStirpusiy medziagy
difuzija per sluoksnius.
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2. METODAI

Dauguma $iame tyrime naudoty duomeny buvo paimti i§ anksciau
paskelbtos medziagos ir duomeny baziy. Sio tyrimo autorius Kartu su
Vilniaus universiteto Hidrogeologijos ir inzinerinés geologijos katedros
(HEG) bei Lietuvos geologijos tarnybos darbuotojais 2017 m. dalyvavo
lauko darbuose, kuriy metu buvo imami pozeminio vandens méginiai
Lietuvoje. Paimta 15 poZeminio vandens méginiy, astuoni i§ sekliy kvartero
vandeningyjy sluoksniy ir septyni i§ vidutinio gylio ir giliy vandeningyjy
sluoksniy. Méginiy émimas ir analizé buvo atlikti visuose taskuose
analogiskai, iSskyrus tritj, kuris buvo iSmatuotas tik kvartero vandeningojo
komplekso pozeminio vandens méginiuose.

2017 mety lauko darby méginiy paémimas. Bendrai cheminei
analizei pozeminio vandens méginiai buvo paimti j 0,5 | plastikinius
butelius. Mikroelementy analizei méginiai parfigStinti azoto ragstimi ir
paimti j plastikinj indg (50 ml). Vandens méginiai stabiliyjy izotopy
(deuterio ir deguonies-18) analizei buvo paimti j 50 ml plastikinius butelius.
Tri¢io tiriniam aktyvumui nustatyti j plastikinius butelius buvo pilamas 1 |
poZzeminio vandens. Helio analizei naudojant INGEM-1 prietaisg méginiai
buvo paimti j stiklinius butelius (0,33 1), o Sie sandariai uzkimsti guminiais
kams¢iais. Oro perteklius i§ buteliy buvo paSalintas metaline viela
priverziant kamstj. Inertiniy dujy analizei Tarptautinés atominés energijos
agentiiros (TATENA) lzotopy hidrologijos laboratorijoje méginiai buvo
paimti | varinius vamzdelius. Per varinj vamzdelj paleidus pastovy
poZzeminio vandens srautg, uzspausti abu vamzdelio galai nesustabdant
vandens srovés. Toks paémimas uztikrina, kad poZeminis vanduo nebiity
uzterstas atmosferos oru.

2017 mety lauko darby méginiy analizé. Lietuvos geologijos tarnybos
laboratorija atliko pagrindiniy jony sudéties analizg¢ spektrofotometru
,»aenesys 20 ir , Jemway PFP7“. Sios analizés paklaida + 10 %. Bitini
parametrai pH; Eh (redokso potencialas), mV, ir temperatiira buvo
matuojami méginiy émimo metu neSiojamaisiais prietaisais ,,Multi-Line
F/Set 3“ arba VWR MUG6100H. Mikroelementy analizé atlikta
Hidrogeologijos ir inzinerinés geologijos katedros Hidrochemijos
laboratorijoje naudojant induktyviai susietos plazmos optinés emisijos
spektrometrg (ICP-OEC) ,,Perkin Elmer Optima 7000 DV*. Sios analizés
paklaida + 6 %. Talino technologijos universiteto Geologijos katedros
laboratorijoje stabilieji izotopai deuteris ir deguonis-18 buvo nustatyti
naudojant masés spektrometra ,,Picaro”. Tipiné Sios analizés paklaida yra
8180 + 0,1 %o ir D =+ 1 %o. Tritis buvo iSmatuotas Gamtos tyrimy centro
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laboratorijoje, naudojant ,,Quantulus Tri-Carb 3170 Tr/SI*. Elektrolitiniu
btdu koncentruoty méginiy paklaidos yra = 0,2 TU, o tiesioginio matavimo
—+ 2,4 TU. Inertinés dujos (He®/He?, He, Ne, Ar, Kr ir Xe) buvo iSmatuotos
TATENA Izotopy hidrologijos laboratorijoje. Inertiniy dujy kiekiui
pozeminio vandens méginiuose nustatyti buvo naudojama méginiy
iStraukimo sistema, masés spektrometras MM5400 ir du kvadrupoliniai
masés spektrometrai (QMS). Apskaiciuotos paklaidos He*/He* £5 %, He + 5
%, Ne+4 %, Ar+ 1 %, Kr+ 6 % ir Xe + 10 %.

Duomenys. Siame tyrime buvo naudojami duomenys i§ dviejy
pagrindiniy duomeny baziy.

Duomeny bazé A, sudaryta Estijos mokslininky, bendradarbiaujant su
Latvijos ir Lietuvos tyréjais, paskelbta kaip vienas dokumentas (Vaikmae ir
kt., 2020) — §iame tyrime vadinama duomeny rinkiniu A. | §ig duomeny baze
jtraukti 2017 m. lauky darby metu paimty méginiy duomenys. Sioje
duomeny bazéje truksta giliyjy ir vidutinio gylio izotopinés ir cheminés
sudéties duomeny i§ Lietuvos.

Duomeny bazé¢ B. Duomenis rinkti pradéta 1976-2000 m. Lietuvos
geologijos institute, véliau pastaruosius 40 mety tesiama Vilniaus
universiteto Hidrogeologijos ir inZinerinés geologijos katedroje. Sioje
duomeny bazéje yra bitini Lietuvos giliojo ir vidutinio gylio poZeminio
vandens izotopiniai ir cheminiai duomenys. | §ig duomeny bazg yra jtraukta
Vilniaus universiteto, Estijos geologijos tarnybos, Geologijos instituto ir
Talino technikos universiteto mokslininky paskelbta medziaga, taip pat dalis
nepublikuoty duomeny. Duomeny bazé B papildyta prisotinimo mineralais
rodikliy (SI) reikSmémis, modeliuotomis programos kodu ,,Phreeqc®,
naudojantis ,,wateq4‘ duomeny baze.

Dél didelio duomeny jrasy skaiciaus A ir B duomeny bazése buvo
bitina atlikti duomeny filtravimga, siekiant surinkti tinkama informacija ir
sukurti reprezentatyvius pavyzdzius, neprarandant jokios svarbios
informacijos. IS duomeny baziy A ir B buvo gauti i§ viso penki duomeny
rinkiniai. Toliau paaiS$kinami duomeny filtravimo principai.

1. Inertiniy dujy duomeny rinkinys (sudaro 48 jrasai).

2. Izotopinés ir chemings sudéties duomeny rinkinys buvo sudarytas i§
A ir B duomeny baziy. I§ viso Siame duomeny rinkinyje yra 215 jrasy.
Duomeny rinkinj sudaro Lietuvos, Estijos, Latvijos ir Kaliningrado srities
sekliojo (< 300 m), tarpinio (300-1000 m) ir gilaus (> 1000 m)
vandeningojo sluoksnio poZzeminis vanduo.

3. Kreigo diagramoms sukurti iSskirtas duomeny rinkinys (174 jrasai).
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4. Vidutinio gylio ir gilaus pozeminio vandens duomeny rinkinys,
kuriame buvo apskai¢iuotas vandens amzius kriptono-81 ir helio-4 metodais
ir MODPATH modeliavimu.

5. Duomeny rinkinys kriogeniniy anomalijy tyrimui Estijoje buvo
sudarytas i§ A ir B duomeny baziy (102 jrasai).

Taliky aplinkos jtakos Estijos monoklinos pozeminiame vandenyje
analizei buvo naudoti papildomi duomenys. Estijos pozeminio vandens *C ir
“He duomenys buvo surinkti 1974-1975 m. Lietuvos geologijos instituto
kampanijos metu (14 méginiy) ir Estijos geologijos tarnybos 1981-1982 m.
Taline ir Pernu (15 greziniy). Méginiai istirti Hidrogeologijos ir inZinerinés
geologijos instituto Izotopy laboratorijoje (Maskvoje) ir Lietuvos geologijos
institute (Mokrik ir Samalavicius, 2022).

PoZeminio vandens amZiaus skaifiavimai. Vilniaus universiteto
Hidrogeologijos ir inzinerinés geologijos katedroje buvo sukurtas regioninis
3D matematinis BAB nuosédinio baseino poZeminio vandens tékmés
modelis (BABHEGM), kuris buvo Kkalibruotas ir verifikuotas (2016—
2019 m.). Skaitiniai modeliai sukurti naudojant ,,Groundwater VISTAS 6
Pro* vartotojo sasajg ir koda su gruntinio vandens modeliavimo programa.
BAB srauto modelis buvo Kkalibruotas naudojant faktinius poZeminio
vandens lygius (MODFLOW). Modeliuojamas plotas yra apie 500 000 km?,
apimantis BAB ir jo ribas su kitais reik§mingais baseinais. Bendras langeliy
skaiCius yra 614 823, tinklelio dydis 5 x 5 km. Hidrostratigrafinis
padalijimas apima 31 atskirta sluoksnj (vandensparas ir vandeninguosius
sluoksnius) nuo kristalinio pamatinio vandeningojo sluoksnio iki kvartero
vandeningyjy sluoksniy sistemos (Mokrik ir kt., 2021). Modeliuojamas
pozeminio vandens amzius buvo gautas naudojant MODPATH.

Apskaic¢iuojant helio-4 amziy (tHe), batini parametrai yra urano ir torio
kiekis zemyningje plutoje (kristaliniame pagrinde) ir vandeningojo sluoksnio
matricoje, helio koncentracija poZeminiame vandenyje, vandeningojo
sluoksnio poringumas ir tankis bei atidavimo faktorius Axel. Helio gamybos
greitis J' buvo apskaiéiuotas pagal (Torgersen ir Stute, 2013), naudojant
vidutines torio (1500 ppm) ir urano (440 ppm) vertes i§ Estijos kristalinio
risio uolieny (Raudsep, 1997; Mokrik ir kt., 2021). Uolieny tankis,
vandeningyjy sluoksniy matricos poringumas ir i$siskyrimo faktorius Anel
naudoti koreguotam helio akumuliacijos greiciui J apskaiciuoti.

Kriptono-81 datavimo rezultatai Siame tyrime nebuvo skai¢iuojami, bet
paimti i§ publikacijy (Vaikmide ir kt.,, 2020; Gerber ir kt., 2017).
Radiokriptono méginiy émimo kampanija vyko 2013-2017 m. (Gerber ir kt.,
2017).
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3. REZULTU APTARIMAS

3.1. Bendra BAB pozeminio vandens anomalijy charakteristika

Ankstesniuose tyrimuose buvo aptikta daug anomalijy, o tai padeda jas
identifikuoti. Tokiais atvejais analizé gali biiti tesiama toliau — atsizvelgiant |
surinktus duomenis ir zinomus parametrus paaiSkinama anomalijos kilmé,
formavimasis ar raida. Kitais atvejais analizés metu sudaromas naujas
anomalijy formavimosi modelis. Ne visada anomalijy susiformavimo
scenarijus yra neabejotinai aiSkus, tokiais atvejais pateikiamos Kkelios
versijos. Duomeny bazése pasitaikantys netikslumai ir klaidos taip pat gali
bati klaidingai apibtdinti kaip anomalija. Kilus abejoniy, Siame darbe buvo
paminéta, kur tokie jtarimai kyla autoriui ar aprasomi kitose publikacijose.
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Baltijos jura

apB >

Kaliningrada$

Lenkija™
B Lokalios injekcinio tipo anomalijos
Lokaliy injekcinio tipo anomalijy riba
[ ] Devono vandeningyjy sluokksniy anomalija
[ ] Estijos poZeminis vanduo (O-Cm ir Cm-V sluoksniai)
Deguonies-18 vertés ir izolinijos
[ ] Ca-Cl cheminio tipo O-Cm poZeminis vanduo

2 pav. Hidrogeologiniy anomalijy BAB schema. Lokalios injekcinio tipo anomalijos
ir ribos pagal (Juodkazis ir kt., 1997). Evapority tirpimo paveiktas poZeminis
vanduo, Ca-Cl tipo anomalijos, deguonies-18 duomenys Lietuvoje ir Latvijoje pagal
(Mokrik, 2003)., Estijos anomalija pagal taliky tinklo schema (Mokrik ir
Samalaviéius, 2022).
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Hidrogeodinamika lemia poZeminio vandens pasiskirstymg ir
zoniSkumga. Hidraulinis gradientas yra vandens srauto varomoji jéga, jis yra
suskirstytas j regioninius ir lokalius seklaus, vidutinio gylio ir gilaus
intervalus. Erdviskai Sie intervalai pasiskirsto gélo, stiroko, stiraus, vandens
ir slirymy zonose.

Struktiriné BAB poZeminio vandens savybiy ir anomalijy analizé
atskleide tokias schemas:

1. Seklaus ir vidutinio gylio regioninio srauto O-Cm ir Cm-V
pozeminio vandens anomalija Estijos monoklinoje (2 pav.).

2. Gilaus ir vidutinio gylio regioniniy srauty sgveika sukélé helio
pasiskirstymo ir migracijos anomalijas centrinéje ir pietinéje BAB dalyse,
dél to susidaro pozeminio vandens amziaus skirtumai.

3. Lokalios seklaus ir vidutinio gylio vandens srauty sgveikos sukurtos
anomalijy grupés: Piety Lietuvos injekcinio tipo anomalijos (2 pav.),
plotinés anomalijos centrinio BAB devono sluoksniuose.

Regioniniai poZeminio vandens srautai paprastai iSskiriami pagal
auk$tumose esancias mitybos sritis. Seklaus ir vidutinio gylio poZeminio
vandens srautai iSsikrauna ] upiy slénius, pakrantés Zemumas ir
povandeniniy sluoksniy atodangas (Mokrik, 1997, 2003). PrieSingai,
giluminis poZeminio vandens srautas yra orientuotas i§ centrinés baseino
dalies | periferijg ir aukStumy §laitus. Monokliny, antekliziy ar kity teigiamy
strukttry Slaituose susidaro seklaus ir vidutinio gylio pozeminio vandens
srauty hidrocheminiai ir hidrodinaminiai barjerai. Dél to susiformuoja
tarpinés mineralizacijos (stirokas, 1-10 g/I) vanduo (Mokrik, 1997, 2003).

Prie §iy barjery gali atsirasti specifiniy pozeminio vandens anomalijy.
Baseino krastinése dalyse arba ant $laity (tarp auk$tumy ir Zemumy) susidaro
siiroko mineralinio vandens tipai — anomalijos. Panasus peréjimas yra
prie Siaurinés Lenkijos—Lietuvos duburio dalies, kur susijungia vidutinio
gylio ir giluminis pozeminis vanduo. Sis reiskinys pasireiskia giliausiose
BAB vietose, kur vyksta pozeminio vandens mineralizacijos didéjimas
(Mokrik, 1997, 2003). Keliy kilometry juostose apie liizius atsiranda straus
vandens, kurio metamorfizacijos koeficientas yra 12-100, anomalijos
(Mokrik, 2003). Sios juostos tesiasi baseino pakrailiuose ir geostruktiiry
Slaituose.

Anomalijy klasifikavimui gali bati naudojami  hidrocheminiai,
hidrodinaminiai ir erdvinio pasiskirstymo aspektai bei parametrai. Taciau
paskirai naudojami Sie aspektai turi dideliy trikumy, todél juos bitina
derinti. Siame darbe anomalijy klasifikacija gali biiti atliekama tokia tvarka:
1. nustatyti izotopinés ir cheminés sudéties ypatumus; 2. Klasifikuoti
filtruotus duomenis pagal anomalijy atsiradima plotiniuose, profiliniuose
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pjuviuose, pasiskirstyma susiejant su strukttiriniais BAB elementais. Tokiu
bidu isskirtos penkios anomalijy grupés.

Piety Estijos plotiniy anomalijuy grupé. Plotinis pasiskirstymas apima
pieting ir dalj rytinés Estijos Cm-V ir O-Cm poZeminius vandenis. Estijos
monoklinos vandeningi sluoksniai dengia kristalinj pamatg 400-600 m
gylyje. Pagrindinés ltiziy zonos, turinCios jtakos srauto salygoms, yra Parnu-
Tapa ir Vidurio Estijos. Pozeminio vandens mineralizacija yra 1-4 g/l
(Virska 18 g/l), deguonies-18 vertés svyruoja nuo —19 iki —12 %e.

Centrinés BAB srities plotiniy anomalijyu grupé. Devono
vandeninguosiuose sluoksniuose 400-800 m gylyje yra anomalaus stiroko
pozeminio vandens. Prie Sios anomalijos susidarymo gali buti priskirtos
pagrindinés laziy zonos: Latvijoje Liepoja—Ryga—Pskovas, Siaurés Lietuvoje
Telsiy ir Baltijos liiziy zonos. PoZeminio vandens cheminiam tipui jtakos turi
evaporito mineraly (gipso, karbonato mineraly) tirpimas. D¢l gilaus vandens
i8krovos $alia tektoniniy linijy padidéja natrio ir chlorido kiekis. Deguonies-
18 kiekis nuo —13 iki —11 %o, mineralizacija 1-11 gIL.

Piety Lietuvos lokaliy anomalijy grupé. Siy anomalijy yra aptinkama
prie tektoniniy 1Gziy ir dideliy upiy sléniy triaso, kreidos periodo
vandeninguose sluoksniuose 300-400 m gylyje. Kai kuriose jy vertikali
iSkrova pasiekia Zemés pavirsiy, kur susidaro mineralinis vanduo. Pozeminis
vanduo yra praturtintas Na ir Cl, deguonimi-18 (kinta nuo —11 iki —7 %o),
mineralizacija yra 1-15 g/l, bet gali buti didesné, jei vieta yra arti giluminés
iskrovos vietos. Siose vietose taip pat aptinkama helio anomalijy, kurios
rodo hidrogeologiskai aktyvius lGzius.

Vakary Lietuvos ir Kaliningrado priekrantés ir jiirinés dalies
anomalijy grupé. Sioje BAB dalyje pozeminio vandens anomalijy pasitaiko
Kaliningrado juros ir Lietuvos dalyje devono vandeninguose sluoksniuose.
Sig sritj kerta keli dideli laziai (Telsiai, Pregolis, Nemunas), todél stirymy
poveikis vidutinio ir gilaus gylio sgveikos lygyje yra didesnis. Vidutinio
gylio pozeminio vandens TDS yra iki 20-30 g¢/l, deguonies-18 nuo —10 iki —
7 %o. Helio kiekis, deguonis-18 ir chloridai (TDS) yra pagrindiniai
parametrai, rodantys anomalijg. Kitas svarbus veiksnys, iSskiriantis Sig
regioning anomalijg i$ kity, yra padidéjes geoterminis srautas.

Ryty Lietuvos anomalijy grupé. Si anomalijy grupé yra Moziirijos ir
Baltarusijos anteklizés slaite. Piety Lietuvos ir ASmenos luziai turi jtakos
gilaus ir vidutinio gylio pozeminio vandens saveikos anomalijoms. Kambro,
ordoviko ir vidurinio—zemutinio devono vandeninguosiuose sluoksniuose
yra stiroko arba siiraus pozeminio vandens, kurio TDS 1-10 (30) g/l.
PoZeminis vanduo géléja pietry¢iy kryptimi, kylant Mozirijos—Baltarusijos
anteklizés $laitu. Deguonies-18 kiekis kinta nuo —12 iki —10 %o; Ignalinos
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vietovéje verté —7,2 %o. Stroko pozeminio vandens plotas (1-10 g/l) yra
siauras, formuojantis juosta BAB pietrytinés dalies periferijoje.

3.2. Estijos monoklinos pozeminio vandens anomalija

Egzistuoja dvi pagrindinés hipotezés apie Estijos pozeminio vandens
izotopinés ir cheminés anomalijos susidarymg. Pirma hipotezé teigia, kad
anomalija susidaré dél ledyny tirpsmo vandens, Siuolaikiniy krituliy
infiltracinio ir mineralizuoto pozeminio vandens maiSymosi (Parn ir kt.,
2018; Raidla ir kt., 2009; Vaikmée ir kt., 2001). Antra hipotezé tvirtina, jog
pozeminis vanduo buvo paveiktas daugiamecio jSalo sukeltos kriogenezés
pleistoceno laikotarpiu (Mokrik, 1996, 1997, 2003; Mokrik ir Vaikmde,
1988). Siame tyrime buvo atlikta analizé, siekiant identifikuoti izotopinio
nuskurdinimo kilme.

Siaurinéje BAB dalyje, remiantis dabartinémis jiros dugno ir sausumos
jdubomis, rekonstruota konceptuali taliky schema. Pleistocene buvusi taliky
sistema galéjo veikti kaip mitybos krituliy ir pavir§iniu vandeniu lokalios
teritorijos daugiamecio jSalo apimtose zonose periglacialinémis sglygomis (3
pav.). Toks mechanizmas paveiké O-Cm ir Cm-V pozeminio vandens
izotoping ir chemine sudétj ir vandens tipy jvairove (Mokrik ir Samalavicius,
2022).

Mityba Mityba .
l EZeras l Mityba

arba upé

EzZeras

3 pav. Taliko zonos pjivio schema, pagal (Walvoord ir Kurylyk, 2016; Kurylyk ir
kt., 2014; Mokrik ir Samalavicius, 2022).

Taliky jtaka yra pagrjsta izotopiniais ir cheminiais duomenimis.
Deguonies-18 anomalija netoli Talino (Kopli ir Viimsi pusiasaliai) sutampa
su padidéjusiu urano izotopy Z*U/PBU aktyvumy nukrypimu nuo
pusiausvyros (Mokrik, 1997; Yezhova ir kt.,, 1996). D¢l uzsitesusio
daugiamecio jSalo poveikio poZzeminiam vandeniui Cm-V vandeningajame
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sluoksnyje ir kristaliniame pamate gerokai padidéjo 2**U kiekis (Yezhova ir
kt., 1996). Uzdarosiose sistemose 2**U/?*8U santykis yra > 1, o atvirose ~1
(Fujikawa ir kt., 2000). Daugiametis jsalas fiksuoja urano izotopus (néra
mobilios fazés, skysto vandens); todél 2**U negali pasiSalinti. Atitirpus jSalui
padidéja 24U iplovimas (Tokarev ir kt., 2006). Urano-234 ir helio-4
produkcijos didéjimas gali biiti susijes su uolieny suskeldéjimu dél slégio
sumazéjimo atsitraukus ledynui (Mejean ir kt., 2017). Helio atveju S§i
produkcija gali padidéti iki 30 000 karty (Mejean ir kt., 2017). Tokia
situacija galéjo padidinti urano izotopy santykj ir gerokai pailginti
apskaiCiuota helio amziy Cm-V vandeningojo sluoksnio poZeminiame
vandenyje.

Talino teritorijoje  Cm-V  vandeningojo sluoksnio pozeminiame
vandenyje urano izotopy santykis svyruoja nuo 3,6 iki 26. Tikétina, kad
holocene Eh Cm-V §iame poZeminiame vandenyje buvo —150 — —250 mV
(redukcinés salygos). Siy salygy inversija j oksiduojanéia aplinka daugiausia
atsiranda dél krituliy ir pavirSinio vandens mitybos Salia palaidoty sléniy ir
taliky (Mokrik ir Samalavi¢ius, 2022). Dél urano valentingumo jtakos jo
tirpumui absoliutiis urano kiekiai yra kur kas didesni, atitinkamai veikiantys
ir izotopinio santykio nukrypimg nuo 1. Estijos monoklinos pozeminiame
vandenyje aptinkama 24U anomalija sutampa su pagrindiniais talikais
Siaurés Estijos pakrantés lygumoje, Vakary Estijos Zemumoje, Alutagezés-
Peipaus eZero zemumoje. JSalusius O, Cm, V nuosédinius sluoksnius ir
kristalinio pamato virSuting dalj galima traktuoti kaip tuo laikotarpiu buvus;j
hidrauliskai susijusj vieng hidrostratigrafinj vieneta.

Siuolaikinio infiltracinés kilmés pozeminio vandens iskrova sléniuose
sumazina urano izotopy santykj (artéja prie pusiausvirinio 1). Panasy efekta
turi jarinio vandens intruzija.
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4 pav. Chloridy ir deguonies-18 diagrama. BAB poZeminis vanduo: LT — Lietuvoje,
LV - Latvijoje, EST - Estijoje (S-D, Cm-V ir O-Cm vandeninguosiuose
sluoksniuose), RU —Kaliningrado sritis. Krastiniai nariai — KN. Mélyna linija — jtros
vandens skiedimo trendas. Rudos briksninés rodyklés — kriogeninis trendas,
raudonos ir zalios rodyklés — seklaus ir vidutinio gylio pozeminio vandens sgveika
atitinkamai Lietuvoje ir Latvijoje.

Vandens uzSalimo (j$alo formavimosi) metu pagrindiniai procesali,
veikiantys izotopinés ir cheminés sudéties kitimg, yra druskos (stirymo)
atmetimas (Starinsky ir Katz, 2003; Tsironi ir kt., 2020) ir izotopinis Reilio
(Rayleigh) distiliavimas (Gragnani ir kt., 1998; Lehmann ir Siegenthaler,
1991; Souchez ir kt., 1987). Dél didéjandio pagrindiniy jony kiekio
pozeminiame vandenyje atsiranda mineraly persotinimas, dé¢l to gali jvykti jy
iSkritimas (Jessen ir kt., 2014; Kononova, 1979; Mcewen ir Marsily, 1991).
Vykstant Siems procesams likutinis vanduo yra praturtinamas cheminiais
elementais ir vyksta deguonies-18 ir deuterio izotopy frakcionavimas link
nuskurdinimo (labiau neigiamy reik§miy). Stipriai izotopiskai nuskurdinto ir
padidéjusios mineralizacijos vandens genez¢ negali biiti paaiskinta prie§ tai
atlikty tyrimy metu iSvestais kraStiniais nariais. Papildomas — kriogeninis
kraStinis narys paaiskina Sios anomalijos kilme, remiantis Reilio distiliavimo
ir drusky atmetimo procesais uzsalimo metu (4 pav.).

Na/Cl ir Br/Cl santykiy diagrama atskleidé uz8alimo jtaka ESstijos
pozeminio vandens cheminei sudéciai (5 pav.). Diagrama papildyta
pozeminio vandens duomenimis i§ Aspd ir Palmottu vietoviy
Skandinavijoje. Yra jrodyta, kad Sis vanduo buvo suformuotas kriogenezés
(Zhang ir Frape, 2003). Palyginimui pateikti du trendai, juros vandens
sudéties kitimas garavimo ir uzSalimo procesy metu (5 pav.). Estijos
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anomalaus pozeminio vandens pradiné (ikikriogeniné) sudétis nebitinai
buvo artima jiros vandeniui, todé¢l trendai gali skirtis. Stirymo atmetimas turi
daugialypj poveikj pozeminio vandens cheminei sudéciai: didéja istirpusiy
medziagy kiekis (selektyviai skirtingiems jonams), persotinimas iStirpusiais
jonais gali sukelti mineraly idkritima. Sie procesai turi jtakos Na/Cl ir Br/Cl
santykiams, pasireiSkiantiems specifiniu pozeminio vandens pasiskirstymu
(tai matyti diagramoje (5 pav.)).

Tirty Cm-V ir O-Cm vandeningyjy sluoksniy pozeminio vandens raidos
tendencijos yra visiSkai skirtingos, o tai rodo skirtingus formavimosi
scenarijus ir aplinkas bei pirminio vandens sudétj. O-Cm poZeminio vandens
pirminé¢ kompozicija buvo su dominuojanciu Ca katijonu, kuris iskrito
tirpale, jj persotinus. Todél vanduo tapo gélas, Na-HCOz3-Cl tipo ir padidéjo
jo pH (Mokrik ir Samalavi¢ius, 2022). Kriogening jo kilm¢ galima
netiesiogiai paremti Aspd ir Palmottu analogais. Pradinis vanduo Cm-V
sluoksnyje buvo miSinys jirinio, krituliy infiltracinio ir buvusio in situ
sluoksnyje, kuriame dominavo Na katijonas. Tokio vandens uZzSalimo
trendas yra artimas jarinio vandens (Mokrik ir Samalavicius, 2022).
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5 pav. BAB pozeminio vandens natrio, chlorido ir bromido santykiy diagrama
(Mokrik ir Samalavicius, 2022) bei teorinis jiros vandens uzsalimo (Herut ir kt.,
1990) ir jiiros vandens garavimo (McCaffrey ir kt., 1987) trendai. Aspd ir Palmottu
pozeminio vandens duomenys pateikiami kaip nuoroda j kriogeninius pokycius
Fenoskandijos skyde (Zhang ir Frape, 2003).
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Apskaiciuoti Estijos anomalijos vandens prisotinimo mineralais
rodikliai (SI) leidzia jvertinti vandens kilme ir formavimosi ypatumus i$
termodinaminés sistemos mineralas—vanduo perspektyvos. Apskaiéiuotos
kalcito Sl buvo iSlygintos taikant slankiyjy vidurkiy metodg pagal 580
verciy eiliSkumg. Slankieji vidurkiai apskaiciuoti i§ visos duomeny sekos
naudojant du intervaly kriterijus, siekiant nustatyti apibendrintg ir tikslesng
tendencijas. Gauti rezultatai atskleidé, jog kalcito SI padidéjimas koreliuoja
su 8%O iseikvojimu nuo 22 iki —19 %.. Didéjant prisotinimui
kalcitumaksimumas pasiekiamas, kai 6*30 vertés yra labiausiai nuskurdintos.

Lyginant pozeminio vandens mineralizacija ir prisotinimg halitu BAB
kontekste, Estijos anomalijos vanduo ryskiai iSsiskiria. Esant vienodoms
mineralizacijos vertéms Estijos anomalijos vanduo yra labiau prisotintas
(1 vienetas SI) halito nei Lietuvos ir Latvijos pozeminis vanduo. Tai
paaiSkinama kriogenezés sukeltu sirymo atmetimu dél kurio iSauga Na* ir
CI- koncentracijos pozeminiame vandenyje. Halito tirpumas yra kur kas
didesnis nei karbonatiniy mineraly ar gipso, atitinkamai natris ir chloridai,
skirtingai nei kalcis ar magnis, neiSkrinta tirpale. Dél to anomalus Estijos
vanduo gali turéti didesnes prisotinimo halitu vertes. Prisotinimas mineralais
yra nulemtas stirymo atmetimo proceso, tiek kalcito, tiek halito atvejais.

Inertiniy dujy Ar, Kr, Xe kiekiai ir jy santykiai gali biiti naudojami
kriogeninio vandens kilmei identifikuoti atskiriant ledyno tirpsmo ir in situ
uz8alimg (Utting ir kt., 2016). Inertiniy dujy ekscesas buvo pastebétas
ankstesniuose tyrimuose ir aiSkinamas atmosferos oro, pagauto ledyno
formavimosi metu, sukeltu papildomu iStirpimu. Toks tirpsmo vanduo
maitino vandeninguosius sluoksnius, kur yra anomalija (Weilbach, 2014).
Taciau Kanados tyréjai nustaté, kad toks vanduo turéty turéti inertiniy dujy
reikSmes ir ekscesa, artimg atmosferinei sudéciai (Utting ir kt., 2016).
PrieSingai, uzSalusio poZeminio vandens inertiniy dujy kiekis turi bati
artimesnis vandeniui pusiausvyroje su atmosferos oru, esant standartinéms
termodinaminéms salygoms (Utting ir kt., 2016). Siekiant nustatyti Estijos
pozeminio vandens anomalijos kilmg, i§ turimy inertiniy dujy duomeny
rinkinio apskaiCiuoti santykiai 6(Ar/Xe) ir 6(Kr/Xe). Remiantis gautais
rezultatais Estijos pozeminis vanduo (80 < —15 %o) susidaré uzSalus
pozeminiam vandeniui; dauguma méginiy yra aréiau jSalo krastinio nario
(mélynos rodyklés) (6 pav.) (Samalavi¢ius ir Mokrik, 2021). Argono,
kriptono ir ksenono kiekio ir eksceso nepakanka, kad jie buty susiformave 18
ledyno, firno ar sniego tirpsmo. Taciau inertiniy dujy ekscesas egzistuoja
Estijos anomalijoje ir gali bati paaiSkinamas dujy atmetimu uz$alimo metu.
Keliose vietose (Nova, Harju-Risti) galima ledyno tirpsmo vandens mityba,
bet tai yra iSimtys.
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6 pav. Delta kriptono / ksenono ir deguonies-18 diagrama. Duomenys skirstomi j
Lietuvos—Latvijos ir Estijos regionus didesniame ir maZesniame nei 200 m gylyje.
Meélyna linija zymi ledyno tirpsmo vandens krastinj narj, o raudona — daugiamecio
i8alo krastinj narj.

3.3. Gilaus ir vidutinio gylio regioniniy srauty sistemy sgveika

Pozeminio vandens datavimo rezultatai giliame (> 1000 m)
pozeminiame vandenyje atskleidé reik§mingg skirtumg tarp radioizotopinio
datavimo metody ir modeliavimo (7 pav.). Kriptono-81 metodu gautas
pozeminio vandens amzius yra > 2 kartus senesnis nei gautas remiantis helio
ir modeliavimo rezultatais. Siose vietose (Klaipédoje, Rygoje) vandeningieji
sluoksniai yra apriboti regioninio masto regionine vandenspara arba
vandensparomis. Mazas helio kiekis amziaus skai¢iavimuose lemia
mazesnes vertes (Jaunesnj amziy). Taip gali atsitikti dél helio akumuliacijos
po vandensparomis ir heterogenisko pasiskirstymo vandeninguose
sluoksniuose (Mokrik ir kt., 2021, 2022). MODPATH modeliavimo metu
gauti vandens amziaus rezultatai yra mazesni nei kriptono-81, bet didesni nei
helio-4. Skaitmeninio modelio vandeningieji sluoksniai yra tolydds, lGziai ir
panaSios geologinés struktiiros, kurios riboty lateraly vandens srauta, néra
iskaitmeninamos. D¢l to vandens amziaus vertés yra mazesnés nei Kriptono-
81 (Mokrik ir kt., 2021, 2022).

Vidutinio gylio pozeminiame vandenyje helio-4 ir MODPATH laikali
yra skirtingi (7 pav.). Lietuvos vidutinio gylio sluoksniy izoliuotumas

141



vandensparomis lemia padidéjusj helio kaupimasi pozeminiame vandenyje.
Rytinéje Saldaus—Rygos—Pskovo liizio zonos dalyje (Latvija) ir pietryCiy
Estijos aukStumose situacija yra prieSinga — i$ vidutinio gylio vandeningyjy
sluoksniy (Haddemeeste ir Vérska) helis pasisalina greiciau.
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7 pav. Vidutinio gylio ir gilaus BAB pozeminio vandens amzius pagal helio-4,
kriptono-81 ir MODPATH simuliacjos metodus.

Helio migracija per vandens laZius nulemia specifinj vertikaly
pasiskirstymg vandeninguosiuose sluoksniuose lokaliai arba regione. Vienas
i§ budy jvertinti tokj pasiskirstymg profilyje arba pjuvyje yra agreguotas
helio-4 amzius — bendras viso vandeningyjy sluoksniy helio kiekis vienoje
teritorijoje (Mokrik ir kt., 2021, 2022). Agreguoto helio kiekis (visy
vandeningyjy sluoksniy veréiy suma) turéty bati lygi jo produkcijai
kristaliniame pamate ir paciuose sluoksniuose. Agreguoto helio kiekj
perskaiiavus ] amZiy gaunama verté, lygi visy sluoksniy amziy sumai. Toks
metodas buvo taikytas dviejose lokacijose — Klaipédoje ir Vérska.

Agreguotas helio amzius Klaipédos taSke yra 1484 takst. m. Agreguota
amziaus verté gali patikslinti giliausio vandeningojo sluoksnio vandens
amziy Siuo atveju, O-Cm. Jprastu helio-4 metodu nustatytas amzius yra 662
tukst. m. Auks¢iau esan¢iame D-.; vandeningajame sluoksnyje kriptonu-81
datuotas vanduo yra 1,2 min. m. Agreguotas helio amzius i$sprendzia gylio
inversija Sioje vietoje (Mokrik ir kt., 2022). Virska atvejis taip pat
atskleidzia amziaus inversija su gyliu (Mokrik ir kt., 2022). Giliau
slugsanc¢iame V2gd vandenyje helio yra 40 karty maziau nei dengianc¢iame
Vovr. Agreguoto helio amzius Virska taske yra 204 takst. jprasto — 2 tuakst.
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m. Vavr sluoksnio vandens jprasto helio-4 datvimo rezultatas — 86 tukst. m.
Agreguoto helio metodas ir ¢ia gali iSspresti inversijg. Biitina pazméti, kad
agreguotas helio amzius turi trikumy: néra atsizvelgiama i lateralig vandens
ir helio migracijg. Taigi metodas turi biiti taikomas atsizvelgiant |
vandenspary pralaiduma, 1Gziy aktualuma. Siekiant jvertinti paklaidas, helio
produkcija turéty bati lygi akumuliuoto helio kiekiui visuose sluoksniuose
(Mokrik ir kt., 2022).

Helio Kkiekis vidutinio gylio ir giliame poZeminiame vandenyje svyruoja
nuo 1E® iki 1E* ccSTP/g. Helio koncentracija priklauso nuo gylio, giliau
helio vertés yra didesnés. Analogiskai helio kiekis koreliuoja su chlorido
kiekiu arba mineralizacija. Daugiausia helio aptinkama kambro
vandeninguosiuose sluoksniuose (Likénai, Klaipéda ir Ryga) > 1 km gylyje.
Sios vietos sutampa su pagrindiniais Rapakivi masyvais, Kuriuose
gaminamas didziausias helio kiekis (Juodkazis ir Tibar, 1989). Birstono
taSke buvo aptikta nedidelé poZeminio vandens amziaus inversija. Pagal
vandens amziaus priklausomybés nuo gylio lygtis teorinis pozeminio
vandens amzius turéty bati modernus. Tai parodo, kad lygtys ir
priklausomybés turi trikumy — gylio, amziaus arba helio kiekio anomalijos
nukrypsta nuo bendros tendencijos (8 pav., geltonas apskritimas ir rodyklé).

Analizuojant ir interpretuojant poZeminio vandens amziy, butina
atsizvelgti | chemines bei izotopines anomalijas ir regioninius poZeminio
vandens sudéties skirtumus. Pagrindiniy jony kiekis giliame pozeminiame
vandenyje did¢ja ilgéjant vidutinei buvimo pozemyje trukmei dél daugelio
veiksniy: pradinés vandens sudéties, vandens ir uolieny saveikos, garavimo,
gravitacinio grimzdimo, ultrafiltracijos ir kt. Gilaus ir vidutinio gylio
pozeminio vandens srautai, atskirti regioninémis vandensparomis, apriboja
vandeninguosius sluoksnius; todél svarbiausia helio migracija turéty buti
sicjama su hidrauliSkai aktyviais laziais ir jy zonomis. Vertikalios
dislokacijos gali sumazinti lateralinj tékmés greitj, dél to gaunami dideli
datavimo rezultaty skirtumai. Helio kiekio nukrypimai nuo bendros
tendencijos gali bati laikomi anomalijomis, kurios nebutinai bus aptinkamos
pagal kitus parametrus.
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8 pav. Vidutinio gylio ir gilaus pozeminio vandens amziaus ir gylio diagrama
(Mokrik ir kt., 2021). Nubraizytos tiesinés trendy linijos helio, radiokriptono ir
MODPATH datavimo rezultatams. Geltonas apskritimas ir rodyklé zymi Piety
Lietuvos anomalija (BirStono vieta). Raudonas apskritimas Zzymi Piety Estijos
anomalijas (Vérska ir Haddemeeste vietovés). Mélynas apskritimas zymi TelSiy
anomalijg.

3.4. Sekliyjy ir tarpinio gylio srauty sgveika

Sekliojo ir vidutinio gylio pozeminio vandens saveika vyksta visoje
BAB per vandensparas arba tektoninius lGzius. Piety Lietuvos poZeminio
vandens lokalios injekcinio tipo anomalijos pasireiskia vertikalia iSkrova
auk$tyn, kur seklivose vandeninguosiuose sluoksniuose formuojasi
mineralinis vanduo. Susidaro kupolo formos hidrogeologiniai vienetai,
kuriems budinga kaiti izotopiné ir cheminé sudétis ir helio anomalijos
vienete (Juodkazis ir kt., 1997; Juodkazis, 2003; Mokrik, 2003; Mazeika,
1999).

Dél hidrauliSkai aktyviy tektoniniy laziy helis gali migruoti, taip pat
kaip ir vanduo su jame iStirpusiomis medziagomis. Chlorido ir helio kiekis
kiekybiskai koreliuoja. Toks stebéjimas patvirtina gilesnio poZeminio
vandens stirymo iSleidimo ir maiSymosi su sekliu gélu vandeniu teorijg
(Zuzevicius ir kt., 2007; Gregorauskas ir kt., 2017; Mokrik, 2003; Juodkazis
ir kt., 1997; Mazeika, 1999). Galima i$vesti tris pagrindines pozeminio
vandens chemines facijas: natrio-kalcio-chlorido (kai kuriais atvejais
dominuojantis Ca katijonas), kalcio-magnio-bikarbonato gélo vandens
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galutinio nario natrio-bikarbonato. Dviejy skirtingy vandeny maiSymasis
suformuoja tarpinius tipus tarp staraus Na-Cl (M < 50 g/l) ir gélo vandens
Ca-Mg-HCOs (M < 1 gIL). Pagal helio-4 metoda ir MODPATH simuliacija
nustatytas stiraus vandens amzius BirStone yra 79 ir 120 tiikst. m. Taciau dél
aktyviy tektoniy liziy buvimo dalis helio gali pasisalinti ir iSkraipyti
datavimo rezultatus. Tokia problema galéty biiti metodiskai sprendziama
tiriant vandenj i$ to paties sluoksnio toliau nuo identifikuoty liziy. Taip pat
kriptono-81 datavimas duoty vertingos informacijos apie tokiy anomalijy
vandens amziy. Tokiy anomalijy tyrimus gali stipriai paveikti vandens
iSgavimas, nes dél nattraliy vandens lygiy sumazéjimo iSauga seklaus ir gélo
vandens mineralizacija (Gregorauskas ir kt., 2017).

Aiski chlorido ir helio kiekio koreliacija yra Lietuvos poZeminiame
vandenyje sgveikaujant sekliam ir vidutinio gylio srautams, jskaitant Piety
Lietuvos anomalijas (Gregorauskas ir kt., 2017; Zuzevicius ir kt., 2007;
Mokrik, 2003; Mazeika, 1999; Juodkazis ir kt., 1997).

Anomalus helio triikumas aptinkamas Druskininky ir BirStono
aikstelése (9 pav., mélynas ratas). Sios anomalijos grei¢iausiai atsiranda dél
keliy priezas¢iy. Pozeminiame vandenyje, esanCiame netoli liizio, helio
kiekis gali reikSmingai sumazéti, palyginti su foninémis reikSmémis, dél
vertikalios migracijos j virsy. Taciau chloridas, kitaip nei helis, nereaguoja i
geologinés aplinkos pokyc¢ius ir negali pasiSalinti i$ tirpalo.

880 sodréjimo tendencija j iSkrovos zonas yra prieSinga Latvijos ir
Estijos anomalijoms dél izotopiSkai sunkesnio pozeminio vandens injekcijos
1 seklius vandeninguosius sluoksnius.
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9 pav. Seklaus ir vidutinio gylio poZzeminio vandens Lietuvoje chlorido ir helio
diagrama (Juodkazis ir kt., 1997; Mazeika, 1999; Mokrik, 2003; Zuzevicius ir kt.,
2007; Gregorauskas ir kt., 2017).

Sekliame Latvijos ir Siaurés Lietuvos pozeminiame vandenyje devono
sluoksniuose yra aptinkama plotiné izotopinés ir hidrocheminés sudéties
anomalija. Si anomalija pasireiskia chlorido kiekio padidéjimu ir 5'°0
sumaz¢jimu. Nuskurdinimas §'80 yra nuo 13,2 iki 11,5 %o, Ca-Mg-SOs
hidrocheminis tipas susijes su karbonatiniy ir sulfatiniy mineraliniy uolieny
tirpimu  devono vandeninguosiuose  sluoksniuose  (Mokrik, 2003).
Kurzemés—Zemaitijos auk$tumoje ir Vidurio Lietuvos Zemumoje susidaroa
anomalija, kur aptinkamos didesnés mineralizacijos reik§més, bet %0
vertés néra nuskurdintos (-11 iki —10 %o). Si anomalija ribojasi su
pereinamaja zona nuo seklaus iki vidutinio gylio tékmeés aplinkos. Siy srauty
saveikai didele jtaka daro Narvos vandenspara ir tektoniai luziai.

Izotopinis §ios anomalijos aspektas yra galbiit susijes su padidéjusia
sekliy vandens sluoksniy mityba ziemos sezono krituliais. ISskirtiné
anomalija yra TelSiy taske, kur 715 m gylyje aptinkamas 1,3 g/l
mineralizacijos, izotopiSkai nuskurdintas (830 nuo -13,2 iki —11,6 %o) Ca-
Mg-SO; tipo vanduo. Si anomalija taip pat pasireiskia mazu helio kiekiu
vandenyje. Tikétiniausias tokios anomalijos paaiSkinimas yra gélo
modernaus vandens prietaka i§ auk$¢iau sliigsanciy sluoksniy. Taciau ar $i
prietaka yra natiirali, ar vyksta dél grezinio konstrukcijos ypatumy, néra
aisku.
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ISVADOS

Pozeminio vandens anomalijas BAB yra sudétinga klasifikuoti dél
izotopinés ir cheminés sudéties jvairoveés, jy erdvinio pasiskirstymo.
Moksliniu poziliriu daznai pasitaiko, kad galimas daugiau nei vienas
formavimosi scenarijus, todél §iuo metu néra aiskios, tvirtos isvados.
Nepaisant to, kai kurie kritiniai pastebéjimai, tezés ir pasilymai gali buti
pateikti ir jrodyti remiantis Siuo metu turimais duomenimis. Analizé
patvirtino daugybe anks€iau nurodyty anomalijy formavimosi désningumy,
taip pat jy kilme. Kitos poZzeminio vandens anomalijos yra perziiirétos ir
atnaujinamos naudojant originaly konceptualy modelj, kuriame pateikiami
visiskai skirtingi paaiskinimai, hipotezés ir jrodymai. Konceptualizuotos
BAB pozeminio vandens anomalijy erdvinio pasiskirstymo vietos buvo
pagristos tékmés formavimosi modeliy ir kilmés analize. Buvo jvertinti
pagrindiniai veiksniai, turéj¢ jtakos anomalijy susidarymui, pavyzdziui,
geologiné ir hidrogeologiné padétis bei paleoklimato ypatumai holoceno ir
pleistoceno laikotarpiu. Buvo atliktas lokaliy, linijiniy ir plotiniy anomalijy
sekliame, vidutinio gylio ir giliame pozeminiame vandenyje foninés
pozeminio vandens sudéties atskyrimas.

Naujas konceptualus Estijos monoklinos Cm-V ir O-Cm vandeningyjy
sluoksniy sistemy pozeminio vandens modelis rodo, kad daugiamecio jSalo
salygos ir taliky tinklas nulémé Sios anomalijos susidarymg. JSalo
formavimosi metu veiké stirymo atmetimas (kriogeninis cheminis
koncentravimas) ir Reilio (Rayleigh) distiliacija  (deguonies-18
nuskurdinimas).

Estijos poZeminio vandens prisotinimas kalcitu sutampa su &'80
mazéjimo tendencija ir patvirtina kriogeninj koncentravima.

Pagal Na/Cl ir Br/Cl santykius ir pleistoceno laiko vidutinius metinius
temperattiros svyravimus, pradiné, ikikriogeniné pozeminio vandens sudétis
turéty biti artima paleokrituliy, pirminio sluoksnio ir jiros vandens misiniui.
Urano izotopy santykis (?*U/?8U) ir helio kiekiai rodo, kad poZeminis
vanduo buvo uzsalgs. Taciau vanduo galéjo jsifiltruoti j sluoksnius taliko
aplinkoje.

Argono, kriptono ir ksenono dujy kiekio santykiai Estijos sekliame
anomaliniame pozeminiame vandenyje rodo, kad poZeminis vanduo
susiformavo dél uzsalimo in situ, o ne dél ledyno tirpsmo vandens prietakos.
Inertiniy dujy ekscesas Siuo atveju gali buti paaiskintas dujy atmetimu
uzSalimo metu.

BAB pozeminiame vandenyje gerai koreliuoja chlorido ir helio vertés.
Aukstumose esanciose mitybos zonose seklaus pozeminio vandens helio
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kiekis yra praskiedziamas krituliais. Helis intensyviai migruoja vidutinio
gylio ir seklaus poZzeminio vandens riboje, todél jo Kiekis mazéja. Tai matyti
vietose, esanciose $alia hidrogeologiSkai aktyviy tektoniniy laziy zony.

Gilaus ir vidutinio gylio pozeminio vandens srautai yra atskirti
regioninémis vandensparomis. Tai jrodo stacionarios filtracijos 3D
pozeminio vandens tékmés modelis ir radioizotopinio datavimo rezultatai.
Siy srauty sgveikos zonoje helio migracija ir pasiskirstymas nebiitinai gali
sutapti su poZzeminio vandens tékme. Svarbiausi veiksniai, lemiantys helio
kiekj pozeminiame vandenyje, yra regioninés vandensparos ir
hidrogeologiniai langai (tektoniniai laZziai).

Regioninés pozeminio vandens izotopinés ir cheminés sudéties
ypatybés, formavimosi aplinka ir procesai yra reikSmingi helio amziaus
pagrijstumui jvertinti. Keliy datavimo metody kombinavimas, apimantis
MODPATH modeliavimg ir kriptong-81, suteikia reikiamy duomeny apie
helio pasiskirstyma.

MODPATH simuliacija parodé, kad skaitmeniniame modelyje truksta
struktiriniy BAB elementy, o tai smarkiai iskraipo datavimo rezultatus,
palyginti su kriptono-81 rezultatais. Si problema turi bati iSspresta
koreguojant hidraulinius parametrus arba jtraukiant liziy geometrijg |
modelj. Pozeminio vandens masés transportavimo modeliavimas taip pat gali
padéti i$ naujo jvertinti poZeminio vandens amziy.
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