Lithuanian Journal of Physics, Vol. 62, No. 1, pp. 21-43 (2022)
© Lietuvos moksly akademija, 2022

INTERPRETATION OF THE ANOMALOUS GROUNDWATER
CHEMISTRY AND #*U/**U ACTIVITY RATIO DISEQUILIBRIUM
IN THE NORTHERN PART OF THE BALTIC REGION

R. Mokrik and V. Samalavicius

Institute of Geosciences at Vilnius University, Ciurlionio 21/27, 03101 Vilnius, Lithuania
Email: robert.mokrik@gf.vu.lt; vytautas.samalavicius@chgf.vu.lt

Received 24 January 2021; revised 1 June 2021; accepted 21 September 2021

The anomalous isotope-hydrogeochemistry phenomena in the groundwater of Estonian Cambrian-Vendian
(Ediacaran) and Ordovician-Cambrian aquifer systems were formed in the Late-Middle Pleistocene. In the perigla-
cial environment, in northern and northwestern Estonia, these aquifer systems with fracture porose crystalline base-
ment are connected to hydraulically joint unit characterized by high radioactivity groundwater. A significant altera-
tion of groundwater occurred by series of isotope and chemistry facies fractionation. In this study, uranium isotopes
activity ratio (#*U/**U), “He content, isotope-hydrogeochemistry and adjusted *C ages are coupled for a new pros-
pect of the estimation of northern Baltic Basin groundwater evolution. Analyzing radiocarbon and *He groundwater
residence time results and uranium isotope activity ratio distribution suggests a prolonged periglacial environment
in which groundwater evolved. Stable isotope ratios of 60 and §°H correlation and hydrochemical composition
changes support the cryogenic origin of groundwater. Pleistocene glaciations cyclically affect groundwater in multi-
ple ways: permafrost isotope-geochemistry partitioning; periodically changing reversed flow directions of recharge
and discharge areas; oscillations of the sea, river system, and periglacial lakes level, surface and sub-permafrost water
mixing via taliks and fractured basement rocks. These processes lead to forming the sequence of isotope-hydrogeo-
chemistry types and specific zoning; in general, two separate groundwater fractions — brackish in the lower part and
freshened above. An extensive groundwater exploitation on the northern coast sites influenced a sharp dysfunction in
the groundwater body, destabilizing the natural equilibrium state formed in the Holocene and Pleistocene.

Keywords: Estonian Homocline, periglacial permafrost, cryogenic groundwater, isotope-geochemistry,
groundwater dating
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1. Introduction

Periglacial permafrost formation directly influ-
ences the chemical and isotopic composition of
groundwater or ground ice through cryogenesis,
evidenced in the large areas in Siberia and Canada.
Permafrost alteration of the isotope-geochemistry
signature helps reconstruct the past environment
and explain the chemical composition and evolu-
tion of paleogroundwater. Cryogenic fractiona-
tion of a stable §'®0 isotope in the ice-water sys-
tem strongly depends on the freezing velocity [ﬁl].
Under equilibrium conditions, the fractionation
constant for 60 is 2.8-3.0%o [@]. In nature,
freezing velocity determines whether fractiona-

tion occurs under kinetic or non-equilibrium
conditions [E, E]. A data set compiled from pre-
vious studies shows that §'O values of ground
ice in Siberia, Canada and Alaska vary from -17
to —28%o [ﬂ]. Fresh, brackish and saline ground-
water explored in the Canadian Shield (depth up
to 1300 m) were altered by freezing [E]. Due to
cryogenic salt rejection, concentrations of the dis-
solved solids increase with depth in permafrost
terrains. The stratification of groundwater chemi-
cal composition is a common indicator of cryo-
genesis: a gradual change of chemical facies from
a bicarbonate to chloride type is observed with in-
creasing depth due to changes in carbonate equi-
librium and mineral precipitation [9-15].
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The groundwater recharge/discharge forma-
tion during the Pleistocene glacial history is still
uncertain. Several hypotheses were built up be-
cause highly depleted 6**O values of groundwaters
have been found in the Cambrian-Vendian and
Ordovician-Cambrian aquifers systems on the Es-
tonian Homocline (EH). The first was related to
groundwater cryogenic metamorphization during
permafrost formation based on stable and radio-
active environmental isotope-geochemistry stud-
ies []. The first sampling campaign (14 bore-
holes) for radiocarbon (**C) and helium (*He) noble
gas studies was executed in northern and eastern
Estonia in 1974-1975 by the Lithuanian Geologi-
cal Institute to assess groundwater resources and
analyzed groundwater resources in the Radiocarbon
Laboratory of the Institute. The Estonian Geologi-
cal Survey made the second campaign from the 15
boreholes - in the Tallinn and Parnu intakes during
1981-1982. Analyses were executed by the Isotope
Laboratory of the Institute of Hydrogeology and
Engineering Geology (Moscow). The northern part
of Estonia Cm-V aquifer groundwater residence
time, according to radiocarbon dating, varies from
7 to 33 ka []. Significantly younger (from 7 to
10 ka) groundwater was observed at buried valleys
along the northern coast, where modern groundwa-
ter recharges. The groundwater age in the Voronka
(V,vr) and Gdov (V,gd) aquifers (a subdivision of
Cm-V formation) varies from the Gulf of Finland
coast up to Alatskivi on the western part of the Pei-
pus Lake — 17-27 and 23-33 ka, respectively [@].

Estonian researchers proposed a three end-mem-
ber mixing model to explain the origin of the Estoni-
an Cm-V and O-Cm groundwater as a consequence
of glacial meltwater, crystalline basement brackish
water mixing and modern groundwater recharge
[]. Another point of view suggests that the cry-
ogenesis could explain the isotope-geochemistry
anomaly because EH groundwater was strongly af-
tected by permafrost [@, @]. High #*U/>*U activity
ratio (AR) values support the groundwater perma-
frost origin [@].

The flow and mass transport modelling re-
vealed that the available groundwater resources at
the northern coast are limited. Due to the sea in-
trusion via the submarine part of buried valleys
and the crystalline basement, cryogenically altered
brackish groundwater inflow shows changing §'*0O
background values and rising total dissolved solids

(TDS) content up to 1.5 g/L [@]. Elevated Ra con-
centration throughout the coast occurred in reduc-
ing water with high concentrations of the competing
ions Ca, Mg, Ba and Sr, and occasionally dissolved
solids. The origin of the brackish water on the North
Estonian coast has been under debate until the pres-
ent. Reduced sulfate content and Ca-Na-Cl facies in
groundwater may be related to the infiltration of sa-
line water from the underlying crystalline basement
[@]. The latest investigation of the wellfield intake
of the Viimsi Peninsula revealed that groundwater
chemistry changes (chloride content increased) over
time in the Cm-V aquifer. The authors” opinion is
that potential seawater intrusion could occur in

the future [@].

2. Hydrogeological framework description of
the Estonian homocline

The northern part of the Baltic Artesian Basin (BAB)
fully covers the EH continental area and partially
the offshore of the Gulf of Finland. The depth of
the Cm-V aquifer along the coastline is 60-120 m
from the surface. In the central part of Estonia, the
depth increases to 250-300 m, and in the southern
part up to 630 m. Most of the Cm-V aquifer ground-
water belongs to the active exchange zone (shallow
and partly intermediate depth), except the south
region. The maximum thickness of the Cm-V aq-
uifer system in Estonia is 80-90 m at the eastern
part, diminishing to a few metres in the northwest
[@, @]. The Cm-V aquifer system overlays the Pre-
cambrian crystalline basement (granite and gneiss
rocks). Granites of the Rapakivi are the most signifi-
cant source of uranium-rich Precambrian basement
rocks. The amount of Precambrian material also var-
ies in moraine till at the coastal Klint lowland. These
granites, which outcrop on the bottom of the Gulf of
Finland and in southern Finland and Karelia, contain
3-10 ppm U, 10-50 ppm Th and 2.2-3.5% K [B4]. In
granites of northern Estonia, the maximum uranium
content reaches 928 ppm and thorium 3215 ppm [@] .
Uranium and thorium concentration ratio (U/Th) in
basement rocks varies from 3.5 to 5. The upper part
of the crystalline basement is a water-bearing perme-
able fracture porosity layer with a double porosity on
the weathered surface sediments. Therefore, it could
be considered as a lower part of the multilayered
Cm-V aquifer system. The Cm-V aquifer system is
presented by siltstones and sandstones and divided
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into Voronka (V_vr) and Gdov (V_gd) aquifers. Geo-
logical cross-sections of the Cm-V aquifer system
in the northeastern region are subdivided into two
aquifers by the Kotlin clay formation (Fig. m). Above
lies the Lontova aquitard, which effectively protects
territory from the leakage of O-Cm aquifer system
groundwater and modern meteoric water percola-
tion. In western Estonia, the Lontova aquitard fa-
cially changes to the water-bearing layer and forms
a united groundwater body with the O-Cm aqui-
fer system. The groundwater is perfectly protected

from the above with S-O aquitard and Pleistocene
tills. In the Upper Cambrian part of the O-Cm aq-
uifer system, phosphorite is known as Obolus-sand-
stone (shelly phosphorite) of the Kallavere, Tsitre,
Ulgase and Petseri Formations. The northernmost
phosphorite deposits area is most enriched in U
(~25-50 ppm) [@]. In the Lower Ordovician part
of the O-Cm aquifer system, organic-rich marine
metalliferous black shale, argillite rocks lie beneath
most northern Estonia and western archipelagos.
These rocks are characterized by high concentrations

Fig. 1. Estonia map subdivided into isotope-hydrochemical regions (red lines): northwestern,
northcentral, northeastern, southern and Tallinn site. Cross-sections: latitudinal A-B and lon-

gitudinal C-D.
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of U (average 120 ppm). Thorium concentrations are
analyzed in less than 100 drill cores, where the aver-
age varies between 13-17 ppm [@, @].

In this study, all isotope-geochemistry data of
groundwater is divided based on the region: Tal-
linn, northwestern, northcentral, northeastern and
southern parts (Fig. EI). This division is based on
the structural and hydrogeological setting — strati-
graphic layer occurrence, framework (overlay-
ing aquitard confining properties) and basement
structural features. Middle Estonia Fault separates
the southern part of Estonia. Most of the confining
layer is absent in northwestern Estonia, allowing hy-
draulic connection between the Cm-V and O-Cm
aquifer systems. The modern meteoric and Tallinn
Bay seawater percolation into the Cm-V aquifer dis-
torts isotope-geochemistry in the vicinity of buried
valleys [@?@g] The insertion of meteoric water into
the Cm-V aquifer enriches residual groundwater
with stable isotopes (6'*O and §°H), dilutes dissolved
solids content and alters a chemical type by binary
mixing [[19, p2-24,bq, By,

The highest ?*Ra concentrations in the Cm-V
aquifer system are near the coastal area [@]. A high
radium content in the Cm-V aquifers may be due
to its prolonged contact with the quite radioactive

crystalline rocks of the basement, the reducing con-
ditions of the aquifer (elevated radium solubility)
and the presence of smectite-illite clays, in which
a mechanism of absorption-desorption of radium
can take place [@].

3. Methods and materials

Database of the Department of Hydrogeology
and Engineering Geology of Vilnius University
(DHVU) is a synthesis of long-term collaboration
between laboratories and was developed since 1976
up to 2000 by the Lithuanian Geological Institute,
and continued until now at the Vilnius University
with the cooperation of Estonian Geological Survey,
Institute of Geology of the Taltech University and
from the published papers which include chemical
and isotopic data from BAB [, ].

All these samples were analyzed for major ions
and stable isotope 0'*O ratio expressed in the Vien-
na Standard Mean Oceanic Water (VSMOW) sys-
tem. Depletion or enrichment in stable isotopes is
based on the average annual value of §'*0 -10.4%o
in precipitation [#6-4§]. The summary of ana-
lyzed groundwater isotope-geochemistry data for
the subdivided areas is shown in Table 1.

Table 1. The generalized main chemical and isotopic composition parameters of North Estonia groundwater

samples.
Depth, | TDS, | CI, | SO, |HCO,, o 00, %o SI SI
m mg/L | mg/L | mg/L | mg/L VSMOW | calcite | halite
MIN 40 118 9 1 73 7.6 -22.4 -0.2 -8.9
Northwestern AVG 185 706 270 17 l64 8.1 ~19.2 0.2 -6.7
region MAX 543 3889 2169 39 256 8.6 -11.5 1.1 -4.3
STD - 1013 616 12 50 0.2 2.2 0.3 1.0
MIN 97 243 24 1 110 6.9 -22.0 -0.7 -8.0
Northcentral AVG 173 544 209 14 154 7.6 2209 0.1 6.5
region MAX 250 817 421 31 218 8.2 -19.5 0.4 -5.9
STD - 179 117 32 0.4 0.7 0.4 0.5
MIN 101 153 6 91 7.1 -21.5 -0.8 -8.9
Northeastern ~AVG 205 721 295 190 78 ~19.4 0.1 -6.0
region MAX 318 2025 1087 18 250 8.5 -12.0 0.6 -4.7
STD - 311 200 39 0.3 1.7 0.4 0.6
MIN 60 226 10 42 7.0 -22.7 -0.9 -8.3
) . AVG 132 583 213 12 176 7.8 -20.0 0.1 -6.6
Tallinn site
MAX 195 1260 629 56 366 8.6 -14.4 0.8 -55
STD - 265 163 15 57 0.4 2.7 0.4 0.7
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Saturation indices (SI) for calcite and hal-
ite were calculated using the Phreeqc software
database wateq4f. The following initial condi-
tions were set (in cases this data was not meas-
ured): temperature 10°C, pe 0 and density 1 g/mL.
A summary of CI, SO, HCO,", pH, TDS, 60,
saturation indices (SI) for calcite and halite is pre-
sented as maximum, average, minimum and stand-
ard deviation values in each region of north Esto-
nia (Table 1). A selective Table 2 of North Estonia
groundwater samples represents the main isotope-
geochemistry data.

For the Tallinn intake, contents of '*C were de-
termined by counting liquid scintillation, stable
isotopes 0'*0 and 6°H with mass spectrometers rel-
ative to VSMOW, §"°C with a mass spectrometer ac-
cording to the Pee Dee Belemnite (PDB) standard.

For Viimsi and Kopli peninsulas sites in the Tal-
linn intake and west Estonia islands groundwater,
uranium content, and uranium isotope AR mea-
surements were conducted at the Institute of Hy-
drogeology and Engineering Geology, Moscow
[]. The sampling volume was 200 L, from which
uranium was concentrated on activated carbon in
a special concentrator. The concentrator consists
of a polyethylene case, cover for avoiding distur-
bance on a collection unit, a paper filter, a sieve
for collection and a hose to release the collected
water. Later on, uranium oxide was collected
on a stainless steel foil via electrolytic precipita-
tion. The prepared sample was analyzed using
an a-spectrometer with a semiconducting detec-
tor, which enabled the determination of uranium
isotopes (**U and **U). Additionally, during

Table 2. The selective table of main isotope-geochemistry data of Estonia groundwater samples [45]

and DHVU.
Concentration units, mg/L
18,

Sample ‘ﬁiﬂ D?r)lth’ Zone | Index | pH 910 Cl- | SO} | HCO; | Na* | K+ | Mg* | Ca’* | TDS
Tallinn, Viimsi 477 90 Cm-V_ - 227 351 265 159 130 13 20 109 809
Tallinn,Kopli ~ 250 140 £ Cm-V 80 -21.6 521 344 165 210 11 32 121 1094

<
Tallinn,Kopli 14145 107 T CmV 82 -215 403 37 156 137 11 26 114 851

Tallinn 815 - E CmV 79 -215 10 - 159 17 7 8 22 230

Tallinn 613 - Cm-V 78 -215 629 366 152 208 10 41 162 1260
Karepavillage 2517 121 CmV 77 -215 140 02 210 92 8 12 41 504
Vinnivillage 2898 312 . Cm'V 82 -201 207 00 167 112 10 18 49 563
Ahtme mining 2656 288 & Cm-V 78 -184 738 20 91 372 12 25 50 1289
Nar"ii't];’es““ 2084 211 Z  Vagd 85 -184 1087 32 170 684 10 22 49 2025
Kolgavillage ~ 745 192 VCm 81 -120 6 33 110 7 - 4 22 153

Paldiski ~ Paldiski 140 CmV - -195 242 100 134 76 - 13 67 542
Laulsmaa 5oy 159 E cmV 80 -220 124 307 12 56 7 10 48 398

village g

Q

Kiiuvillage 1092 181 £ CmV 70 -214 33 102 171 93 10 27 107 754
Kehracity ~ 1096 230 2 CmV 7.8 -207 421 05 156 108 9 27 96 817
Loksacity 680 145 CmV 72 -205 24 73 152 15 6 8 29 243
Dirhamiport 2968 184 Cm-V 82 -221 161 360 116 80 8 11 61 473
Hiumaislnd, 50, 50 ocm 85 -115 9 38 73 5 1 4 2 18

Nomme g

. . _ '_E
Nissi com 1576 110 5 O-Cm 80 -184 106 29 189 77 8 14 29 426
mune, Turba =z
Korgessaare 13305 117 0-Cm 80 -206 78 259 159 59 7 10 28 323
Kuressaare** 10835 543 0-Cm 83 -176 2169 - 110 1040 24 68 477 3889
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the analysis, the following parameters were deter-
mined: ratios of stable isotopes **O, §°H and §"°C
and concentrations of radiocarbon, tritium and
uranium isotopes.

Uranium activity ratios of the Sosnovy Bor area
of Leningrad District and Northern Dvina river
delta site were published [@, E] with the me-
thodical reference [@]. The measurements of
the **U/**U activity ratio are made using mainly
a-spectrometer or mass spectrometry techniques.
Mass spectrometry (MS) used for uranium iso-
tope determination are thermal ionization MS, in-
ductively coupled plasma MS (ICP), ICP-MS with
a multiple-collector option, etc. [@, @]‘ The main
advantages of mass spectrometry are faster analy-
sis (minutes to few hours) and more accurate re-
sults, but the cost per sample is higher than alpha
decay counting. The other important factor to
consider is the bulk of the sample. Tens of milli-
litres are sufficient for mass spectrometry, while
a-spectrometer requires a sample size from 10 to
a few hundred litres. Specific preparation processes
are required before the analysis as well. However,
an a-spectrometer is still an abundant technique
for uranium isotope AR determination when long-
er counting times and less accuracy are acceptable.
In our study, we compare the results from older [,
@] to more recent [@, @] publications. In both
cases, the a-spectrometer technique is used for
analysis. The advances in sample preparation and
concentration enable measuring the same uranium
parameters with less sample size in recent research.
The precision of alpha counting spectrometry is
2-10% (20) [, @]. Accounting for systematic and
statistical errors may increase uncertainty up to 10-
15% [@, @]. This uncertainty is entirely acceptable
in our study because results differ in the order of
magnitude, and such errors do not change the fact
that a significant anomaly of high AR exists.

For analyzing the evolution of **U/?*U isotope
activity ratio in the studied aquifer systems, we
used coupled independent models based on the de-
termination in borehole water samples for AR and
adjusted radiocarbon and *He ages. The use of ura-
nium isotopes for the estimation of groundwater
residence time is complicated because of the un-
known initial activity ratio. North Estonian coast
and Peipus Lowland and groundwater residence
times were studied in 1975-1976 by radiocarbon
dating techniques with initial chemical preparation

and synthesis by benzene. At the same time, the he-
lium gas concentration of borehole samples were
analyzed using an INGEM-1 device at the Lithu-
anian Geological Institute [@].

4. Results and discussion

4.1. A new reality for talik system existence by
B1U/P8U activity ratio analysis

As mentioned previously, one of long-standing po-
sitions suggests that isotope-geochemistry anom-
aly formation on EH groundwater developed in
paleo permafrost conditions. It was confirmed by
the non-equilibrium fractionation model for sta-
ble environmental isotopes and chemistry [, ].
Besides, the high uranium isotope #*U/**U activity
ratio, in principle, confirms permafrost existence
[@]. The third proof of this hypothesis may be
due to the display of high values of helium-4 con-
centration in groundwater [@, @]. Because alpha
particles are “He isotope nuclei, the phenomenon
is related to U and Th geochemical anomalies.
High helium content sites in Estonian groundwa-
ter directly connect with the radioactive decay in
the Cm-V aquifer systems rocks. The a-recoil of
#¥U balances the uranium decay series by daughter
products: #*U and #*Ra to **Th and **U to *°Th.
The uranium decay is limited by secular equilibri-
um. Decay products and their parent isotopes rep-
resent a steady-state equilibrium, where the decay
constants define the maximum possible intermedi-
ate daughter activity [@]. »4U occurs due to the de-
cay series of 2**U via »**Th, therefore, the activity ra-
tio of uranium isotopes (AR = a?*U/a?**U) forms
a secular equilibrium in mineral and groundwater
close to one. However, the studies revealed that
uranium isotopes AR in groundwater also occur in
a disequilibrium state because the mineral surface
is in reality damaged or influenced by weathering
processes of rock [62, 58-6(]]. Surface water mostly
has AR ranging 1-2 [52 |p1]] and oceanic water 1.15
[@, @, ]. Deviations of the activity ratio from
the secular equilibrium in groundwater are usu-
ally above 1 (often up to 2-3 and in exclusive cases
>10). In general, there are two types of isotopic AR
abundance variations: 1) it arises due to the a-recoil
of the daughter **U isotope from the parent **U
and 2) by preferential leaching from weathered
rocks under oxidizing conditions in recharge
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sites by meteoric water. In the oxidizing environ-
ment, a hexavalent uranium form has higher solu-
bility, and groundwater can form enhanced AR if
the down-gradient flow has difficulties discharg-
ing. Therefore, such phenomena significantly de-
pend on the changes in thermodynamic condi-
tions on redox boundary in aquifers. At greater
depths, quadrivalent uranium species dominate,
24U leaching is depleted and uranium may precipi-
tate. Mainly **Th isotope recoil can produce **U
atoms [E]. The #*U isotopes are more mobile dur-
ing the weathering of host rocks and can be leached
into the water phase more efficiently than their par-
ent nuclide >*U. Change of oxidizing conditions to
reduced during the down-gradient flow of ground-
water from the redox front results in the secondary
precipitation of uranium into the aquifer matrix
and groundwater depletion of **U. Thus, AR in
the groundwater increases [@, ].

The ‘a-recoil - weathering’ model requires
an additional consideration of mixing processes
(mainly on the local sites for down-flow by leak-
age through aquitards) and the development of
the Rayleigh progressive partitioning model for
the permafrost condition. It is possible that in per-
mafrost conditions the **U (as a heavier by atomic
weight uranium isotope) could preferentially pre-
cipitate with carbonates during the reduction of
U(VI) to U(IV) into an aquifer. In the partitioned
residual groundwater, the accumulation of ***U iso-
tope occurs. The experimental studies of uranium
isotopic fractionation in the formation of ice crys-
tals at the partial freezing of trapped fluid were car-
ried out in the Federal Center for Integrated Arctic
Research, Russian Academy of Sciences [@].

The studies show that the forming ice is depleted
by #*U, and the residual part of water is enriched
by radiogenic uranium atoms. A parent nuclide
*3U and a daughter product **U, connected by
a single decay chain, in the solid phase formation
behave differently, which confirms the existence of
uranium in water in two forms: dissolved uranium
in a form of individual compounds and uranium,
which is in a mineral particle separated by the re-
coil nucleus **Th from the rock at entering the wa-
ter. Thus, 2*U/**U AR values in forming ice and
residual water differ. The volume of unfrozen sub-
permafrost residual water becomes enriched with
the isotope **U by saturation on the dispersed solid
particles and in total uranium relative to the values

of the original sample. The forming ice, in turn, is
depleted in radiogenic #**U atoms and total ura-
nium. As shown by the freezing tests for borehole
groundwater AR, the initial value of 5.89+0.02 was
depleted for ice to 4.29+0.08 and enhanced for re-
sidual water to 5.99+0.02 [@]. In a regional con-
ceptual model, most of the melted groundwater
could be discharged during the permafrost thawing
compared to a deep groundwater stagnant flow re-
gime. A similar fractionation mechanism in paleo
permafrost groundwater developed in the Estonian
Cm-V and O-Cm aquifer systems for groundwater
stable oxygen and deuterium isotopes.

In principle, an analogical chemical and isotopic
distillation model for primordial uranium isotopes
reduction proved in sandstone-hosted U ores, and
the laboratory experiments suggest that >**U is re-
moved from the solution preferentially compared
to #°U during the partial reduction of U(VI) to
U(IV) into minerals such as uraninite [@].

The uranium content in groundwater may vary
from 10-6 to 1 ppm [@]. Usually, a higher urani-
um content corresponds to lower AR values. Due
to the valence of uranium species in the oxidizing
environments, U content is 1 ppb, and in the re-
ducing ones it is 0.06 ppb [@, , @]. In Sweden,
at Stripa site natural uranium in the crystalline
basement shallow groundwater is strongly oxi-
dized, and waters have U contents of up to 90 ppb.
In a deeper zone, the U content decreases below
1 ppb because of changing redox conditions into
reducing. The intermediate-deep groundwater type
is Na-Ca-Cl with saturated calcium content, de-
pleted bicarbonates and high pH. Stable §**O and
0°H values are depleted compared to modern shal-
low groundwater. The uranium isotopes AR value
in the deep groundwater increases up to 7-10, re-
lated to long residence times (25-30 ka) estimated
by radiocarbon dating @]. However, AR change is
strongly influenced by the U distribution within
fractures, the extent of the rock-water interface,
and the amount of #*U in the solution. Dissolved
radiogenic “He in the groundwaters increases with
their depth of origin and depends on the U content
of the granite and its fracture porosity [@].

The groundwater in Kopli and Viimsi Peninsulas
during the periglacial infiltration of paleo-meteoric
water, in oxidizing conditions, may have produced
AR up to 25-40. As a result, the uranium content
formed in the range 0.05-0.25 ppb. Such an amount
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of #*U is closer to the values found in the reducing
groundwater environment. It indicates that high AR
values are related to a long groundwater residence
time due to the **Th-recoil release of 2**U. In perma-
frost, a significant part of a-recoils **U was sealed
beneath underground ice and after the thawing of
the permafrost layer caused an excessive **U con-
tent in the aquifer system. After the Ice Sheet retreat,
the groundwater in the studied aquifer system was
predominant in the reducing conditions. Modern-
meteoric water recharge was absent, except in places
near the slopes of the buried valley on the northern
coast of the Gulf of Finland. Due to periodic climate
changes during the Pleistocene, the secondary quad-
rivalent uranium precipitation could occur multi-
ple times are changed the redox barriers at glacial-
interglacial boundaries. In the northwestern part
of Estonia, the same oxidizing process could occur
through a deep-set talik system, which continues
to the south. Since the end of cryogenic processes,
the formation of uranium isotope AR anomaly in
the entirely reducing condition began.

The isotopic §'*O content of groundwater shows
that continuous permafrost existed on the BAB ter-
ritory with a local open talik net during the Late
Pleistocene. The conceptual talik location scheme

was reconstructed in a northern part of the BAB,
which does not disturb a general opinion about
the isotope-geochemistry features (Fig. ). The ta-
lik system framework was grounded on the sea-
bed and onshore lowlands, where significant ero-
sion occurred. The bathymetry revealed the main
lineament zones and eroded sites: Gulf of Finland,
North-Central Baltic Proper, Gulf of Riga, Liivi
Lowland and Alutaguse-Peipus Lake Lowland.
Southwards of Peipus Lake, to Russian territory,
talik is connected with the Pskov buried valley low-
land. The general branches of the talik system could
induce lateral flow under sub-permafrost aquifers
and vertical discharge zones. The groundwater flow
from the sub-permafrosted zone upwards is limited
by regional Kotlin and Lontova aquitards and per-
mafrost terrains slabs, which may locally occur in
discontinuous permafrost sites.

The proposed talik system theory may ex-
plain various isotopic-geochemistry and chemical
types distributed in groundwater of the O-Cm and
Cm-V aquifer systems. Aquifer recharge with pre-
cipitation and surface water can occur from lakes
and rivers near the talik location. Flow paths may
as well connect in uplands through supra- and in-
tra-permafrost units (Figs @, E).

Fig. 2. Talik zones reconstruction scheme for the Pleistocene time on
the northern part of BAB. Numbers of taliks on the scheme: 1) Gulf of Fin-
land Talik, 2) North-Central Baltic Proper Talik, 3) Liivi Bay Northern Talik,
4) Liivi Bay Southern Talik, 5) Alutaguse-Peipus Talik. Blue lines represent
a stable isotope ratio 6O (%o) in the O-Cm-V-B unit groundwater. Green
arrows represent lateral flow in sub-permafrost aquifers.
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Fig. 3. Principal cross-section schemes of Talik zones from after [72, 73].

A strongly depleted 6O content is observed in
the north Tallinn zone, where its values are down to
—22.5%o (Tables 1, 2). It is noteworthy that a deplet-
ed 60 isotopic composition in the Tallinn intake
(Kopli and Viimsi Peninsulas) sites is inherent with
high uranium isotope ratios and formed by perma-
frost conditions [@? @].

In the Cm-V aquifer system hydraulically con-
nected with the underlaying basement, processes
in a frozen underground state took place for
a long time. The prolonged existence of permafrost
in a frozen underground state probably caused
the accumulation of **U isotope in a solution like
a daughter product of the **U from the disturbed
crystal lattices of minerals []. As a result of per-
mafrost degradation, a quick filling of the aqui-
ter with surface waters and the entrance of accu-
mulated #*U from the crystal lattices of minerals
into an aqueous phase occur. It is possible that in
northwest Estonia, an additional superposed in-
flow with the groundwater having extremely high
AR values leaked from an alum-shale layer (O-Cm)
of the sub-permafrosted part. Obviously, the intru-
sion of the Last Glacial Maximum (LGM) ice sheet
meltwater into aquifers cannot result in a high
24U/*8U isotopic activity ratio. Some authors sug-
gested that the Pleistocene ice sheet meltwater in-
truded into an aquifer can exchange reduced envi-
ronment to oxidizing [@]

Aspo sites in Sweden present an excellent illus-
tration of a similar situation [@]. Authors discuss
that in reducing conditions, the quadrivalent **U is
leached in preference to **U, resulting in the rock
matrix obtaining a negative shift of uranium ac-
tivities ratios [[75]. This shift is the precondition
to the high solubility of **U, situated in mineral
crystal lattices (produced by uranium and **Th
from fracture surfaces into solution), resulting in

groundwater with elevated AR. For the Lauren-
tide Ice Sheet retreat, the ice meltwater inflow rate
promotes the (AR) results in a secular equilibrium
state near 1 [@].

In the eastern part of the Gulf of Finland with-
in the Baltic-Ladoga lowland segment (area of
the Luga Bay, the Koporye Bay and Saint Peters-
burg), the substrate is mainly composed of the Up-
per Vendian-Lower Cambrian impermeable clays,
siltstones and sandstones. Valleys are V-shaped,
widths of 800-3000 m, depths down to 90-110 m
b.s.. cut in the pre-Quaternary bedrock 50-80 m.
Near the Koporye Bay coast site for Sosnovyi Bor
(Leningrad District, Russia) wellfield, the #*U/**U
ratio of Lontova clays is 0.85, in the weathered core
of basement rocks it is 0.75. The uranium isotope
ratio of the Cm-V aquifer paleogroundwater var-
ies from 0.48 to 0.65 (Table 3) [@]. The modern
meteoric recharge increases uranium ratio up to
1.1 due to oxidation conditions (buried valleys
and outcrops sites). Most likely, in the vicinity of
Koporye Bay (Cm-V outcrop), near the former
periglacial talik, an active infiltration recharge ex-
isted. Uranium-234 was intensively leached during
the Pleistocene time and removed from the aquifer
system by discharge flow to the surface water body.
Leaching occurred from low U-Th content host
rocks by recharge-discharge flow interaction either
sub-, supra-permafrost aquifer or surface waters.
Koporye Bay talik could have been connected as
a branch to the main talik of the Gulf of Finland
(Fig. ). On the contrary, the Cm-V aquifer system
is isolated only by the Kotlin aquitard in northern
Estonia because the Lontova Blue clay offshore is
absent. So, we may conclude that low **U/?*U ra-
tios in the Sosnovyi Bor are caused by long-term
active dissolving of uranium from the host rocks
where the uranium content is low.
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Table 3. Isotopes and chemistry of the Tallinn and Sosnovyi Bor intake for the Cm-V aquifer system. Modified

after [18, 19, 49, 50, 54].

Adjusted "*C and
03C, %o LAY/, . Depth
18, 0, 2 0 > > 14 )
Well No. | TDS, g/L | §"*0, %o | 6°H, %o PDB (AR) C,pmC | uranium decay mbsl
ages, 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 5.1 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 -21.3 -165 -16.2 26.0 7.1 22.5 90-140
Viimsi Peninsula
21 0.46 -21.5 -160 -15.0 4.0 16.7 14.8 45-115
27 0.84 -22.5 -170 -12.4 15.1 33.6 7.5 60-125
26 0.35 -12.0 -90 -12.6 2.7 54.7 3.6 80-122
25 0.53 -144 -105 -134 11.5 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
Sosnovyi Bor site
P9 1.5 -15.5 - - 1.1 - 55 -
P6 - -12.6 -86 - 0.63 - - 180
P14 2.4 -18.8 - - - - 9.0 160
114 2.7 -15.7 -108 - 0.48 - - 191
112 2.9 -13 -98 - 0.64 - 13.0 240
Northern Dvina river delta site
8mz 22.25 1224 9447 - 2.97 - 460* 120
La5 15.7 ' ' - 6.19 - 110* 200
Nol 8.9 -7.7%*%  _583%* - 6.72 - 80* 90
Mi 5.3 N E 7.16 1.7 33.0 150-201
Bl 9.14 -15.6 541 5.79 26.1 105
Lo 0.79 -11.2 594 37.03 54 80
W6 0.732 -13.8%* _-100** -9.6 2.86 25.3 4.0 80-90
3e 0.138 -12.3 2.26 34.18 2.1 20-25

Note: borehole 1A is located on the Aegna Island (Tallinn Bay offsore); Sosnovyi Bor site is located on the east-

ern coast of Koporye Bay (Leningrad District); * uranium (**U-***U) isotopic dating of age; ** the average

value of §'®0 and 6°H stable isotopes.

A very high #*U/**U ratio (<20) is fixed in
the groundwater near the Arkhangelskaya kimber-
lite pipe space at the M.V. Lomonosov deposit on
the White Sea coast. The Vendian rocks are charac-
terized by elevated or anomalous U, Th and K con-
tents concerning the background values. This halo
of non-equilibrium uranium is localized in the near-

pipe space and revealed in Vendian aquifer system
rocks consisting of siltstone and sandstone and rocks
of the epiclastic unit in the pipe at the contact with
host rocks [ﬁ]. The authors explained the deviation
of the isotopic equilibrium of uranium by the dynam-
ics and long-term circulation of underground water
along the tectonic fractures bounding the pipes.
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The distribution of radioactive isotopes in the
Vendian aquifer system is well studied in the North-
ern Dvina River delta (NDB) at the Arkhangelsk-
Severodvinsk-Novodvinsk site [@] . The study area
is presented by non-continuous permafrost, which
is confined by peat soils up to 15 m. The average an-
nual temperature in this territory is -0.5 - -1.0°C.
Here the Vendian aquifer system and intermediate
deep old brackish groundwater of Vendian Mezen
aquifer inversely discharge to the above layered
fresh Vendian Padun aquifer, which is recharging
by modern meteoric precipitation. The maximum
(AR) values of Vendian aquifers groundwater in
deeper, reducing zone are 4.8-7.2 and the adjusted
"C age range is 17-33 ka. Brackish groundwa-
ter is more depleted with §"°C and 6O contents
-15.5 to -16.6%0 and —14.4%o, respectively, TDS
values between 4.3 to 9 g/L. In the oxidizing re-
charge zone freshwater, §"°C and 6O contents
are —11.7%o0 and -13.8%o, respectively. The fresh
groundwater residence time is estimated from 0.3
to 16.4 ka. The medium AR (1.3-5.9, average 3.0)
is characteristic of this water. Near the redox barri-
er, old saltwater has ages ranging from 17 to 33 ka
with TDS from 4 to 13 g/L and high AR (4.8-7.2,
average 5.9). Below the redox barrier, in reduced
lenses at the buried paleo-valley bottom, the el-
evated concentrations of uranium are preserved.
The precipitated U(IV) uranium concentration in
rocks reaches 20 ppm, and AR in rocks decreases
to 0.5-0.9. But, complete precipitation does not
occur because recoil continues, and both uranium
isotopes enter the water. In these areas, the most
dangerous aspect is the flow of groundwater from
the underlying horizons, since during the opera-
tion of water supply wells it can lead to the creation
of local zones of oxidizing conditions in the perfo-
rated boreholes screen zone and the transition of
uranium into a solution [@].

Cyclical glaciations and marine transgressions
strongly influenced the geochemical evolution of
groundwater systems of the Arkhangelsk region. In
the lower part of the Vendian Mezen aquifer, brines
are found at >1 km depth. Near the modern sea
coast, shallow groundwater is enriched by heavy
stable isotopes, average values §'*0 = -7.7%o and
8H = -98.9%o [5(].

We made the correction of the C ages of
the groundwater at the Tallinn intake using Eq. (1),
based on the background value of §°C = -15.0%o

PDB used in [@], where §°C and "*C are in per mil
and pmC in the groundwater sample, respectively:

t =8267 x In (-6.7 x §"*C/MC). (1)

At the Tallinn intake, the Cm-V aquifer system
groundwater 2*U/**U AR varies from 3.6 up to 26
at the 50-140 m depth range (Table 3). The increase
of uranium AR slightly corresponds to TDS eleva-
tion from 0.35 up to 0.95 g/L. In Holocene, strongly
reducing conditions prevail in the Cm-V aquifer,
with oxidation-reduction potential Eh varying
from -150 to —-250 mV. Redox environment transi-
tion to oxidizing mainly appears near buried val-
leys and Eh values vary from -50 to +100 mV [@].

Enhanced accumulation of a more soluble ura-
nium-234 isotope and high **U/***U AR formation
could begin in the periglacial period before LGM.
The drop in the sea level opened a highly elevated
cliff in the Estonian western and northern parts.
Steep (150 m amplitude elevation) landscape could
be formed toward the eroded seabed of the North-
Central Baltic Proper and the Gulf of Finland val-
leys. Connected lake and river systems established
a new recharge/discharge boundary for periglacial
groundwater flow. A redox front separated above
(near-surface) layered oxidized zone in the north-
west to north-east part from the deeper aquifer
part with reducing conditions in the south-eastern
direction. In deeper parts (300-500 m), oxidation
environment might be possible only by mixing su-
pra- and sub-permafrost aquifers groundwater in
open Liivi Bay (Gulf of Riga) and Alutaguse-Peipus
talik systems. It probably caused a prolonged (10-
20 ka) enhanced accumulation of the #**U atoms in
the sub-permafrosted aquifer due to a-recoil from
parent 28U aquifer rocks in leaching or damaged
crystal lattices of U-Th rich minerals. Later on,
groundwater with high (AR) values was moved to-
ward the discharge sites with a reduced decay re-
gime. A natural process on the periglacial reduced
Eh conditions occurred for a long time leading
to the dis-equilibrium of #*U/?*U (AR > 1) in
the groundwater of the O-Cm and Cm-V aquifers
(Figs @, E).

For example, the maximal AR values 40-56
are observed on the Saaremaa Island and Viimsi
Peninsula []. The latest publications indicate
that in southern Finland, the Middle Weichse-
lian glaciation and the interstadial did not occur
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Fig. 4. Residence time and #*U/**U activity ratio diagram. 1. Tallinn intake. 2. Sos-
novyi Bor intake. 3. Northern Dvina site.
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Fig. 5. TDS and **U/**U activity ratio diagram in Tallinn intake.

[@]. The Late Weichselian glaciation Marine iso- period, featuring tundra climate with permafrost.
tope stages (MIS2, 29-11 ka ago) were preceded A new Middle Weichselian paleoenvironmental
by a nearly 90 ka long, poorly known non-glacial scenario had much longer periglacial conditions
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before LGM in Finland, indicating that permafrost
could have easily penetrated >450 metres depth
b.s.l. [@]. Therefore, the single LGM glaciation
evidence during the Weichselian time in the EH is
substantial [@].

Helium ages reveal that south Estonia ground-
water may originate in the Middle Weichselian
periglacial time. The evaluation of the southern
part of Alutaguse-Peipus Talik, Varska site, for
O-Cm (depth 463 m) and Cm-V (545 m) aqui-
fer system groundwater radiogenic ‘He ages are
81 and 86 ka (MIS5 a-b substages), respectively.
Groundwater at the Haademeeste site close to
the Liivi Bay Northern talik (depth 610 m) *He
age is 150 ka corresponding to the Middle Pleis-
tocene Saalian Glaciation by MIS6 []. In east-
ern Estonia, the middle part of Alutaguse-Peipus
Talik (Alatskivi borehole) "C adjusted age is
younger (26.8 ka) compared to the Tapa well on
the Pandivere Highland northern (33.1 ka) [].
In the depth of 280 m Alatskivi groundwater, TDS
is 1.5 g/L, while Tapa is 0.5 g/L in 242 m depth.
Such difference could be caused by talik condi-
tions, which promote the inversion. These ages
support prolonged periglacial permafrost condi-
tions on the EH (Last Glacial and Saalian times).

A good relationship between the **U and ‘He
contents was explicitly demonstrated for Canada’s
periglacial conditions [@]. Freshwater is devoid
of radiogenic “He, shows AR close to equilibrium
(1), saline older groundwater contains higher *He
content and increased AR up to 6 [@]. The au-
thors suggested that opening new fractures in
periglacial sites provided additional surfaces for
host rocks, increasing **U and *He migration and
escaping the water [é]. A similar process may oc-
cur on EH - high AR and *He contents anoma-
lies are associated on the West Estonian Lowland,
North Estonia coastal plain and Alutaguse-Peipus
Lake Lowland. These areas are frames to the big-
gest taliks. The reality of open talik systems, which
functioned as a redox barrier for radioactive ele-
ments transformation during the LGM, is evident.
In a periglacial environment, the sub-permafrost
O-Cm and Cm-V aquifer systems, and basement
fractures zone were connected to a single hy-
draulically joint unit, where the groundwater was
altered by series of isotope-geochemistry frac-
tionation into a rare hydrogeologic body. The re-
lationship of the #*U and *He excess in the aquifer

explains the existing redox boundary from the ex-
ternal sources of talik system between supra- and
sub-permafrost units.

A reverse direction AR trendline appears at
the sites with fully or partially cut aquitards near
the coast (paleo valleys). Intense depletion of AR
occurs due to meteoric precipitation at the onshore
parts and the saline water intrusion from the sea-
side. These processes are confirmed by §"*0O and
TDS in groundwater (Fig. E and Table 3). The TDS
versus 2*U/*?*U activity ratios analysis shows that
a high uranium isotope activity ratio belongs
to the groundwater of the Ca-Na-CI-HCO, and
Na-Ca-CI-HCO, types. Between AR values 10-26,
the groundwater salinity increases up to 0.43-0.84
and more g/L. The Na/Cl ions ratio for these chem-
istry types is very low (0.45-0.6) and shows a high
groundwater metamorphism degree which evi-
dences long residence times.

The influence of meteoric groundwater on
groundwater near buried valleys using a stable
isotope 'O ratio was proven in multiple studies
[@, @, @, @, @, @]. Modern groundwater tends
to enrich the oxygen ratio isotopic values towards
the average annual precipitation (-11.4 per mil).
Pleistocene time groundwater is usually deplet-
ed (down to -23 per mil). The relation between
uranium AR and oxygen-18 shows that modern
groundwater is closer to the AR equilibrium, while
Pleistocene age groundwater AR is significantly
higher. In cases of modern and paleogroundwa-
ter mixing, the depletion of uranium AR values
occurs. It could be described using end-members
of this study from Viimsi and Kopli Peninsula.
The borehole No. 26 AR 2.7 and §"*O 12%o repre-
sent groundwater with a higher portion of mod-
ern-meteoric water. In borehole No. 20, AR = 26
and 6”0 21.3 %o indicate paleogroundwater. In
places where strongly by stable isotopes depleted
groundwater is observed, almost none of the me-
teoric water influence occur.

In the sites where the groundwater from the re-
ducing zone is mixing from perched modern wa-
ters via buried valleys, the AR values are intensively
lowered (Fig. H). Evolution of the initial periglacial
groundwater on northern Estonia developed by
influence of LGM and Baltic Ice Lake meltwater,
modern meteoric recharge and Baltic Sea intru-
sion. That is proved according to the depletion of
AR values and also by "C data.
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Fig. 6. 2*U/**U activity ratio vs "*C and 6'*O content diagrams.
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LGM groundwater background parameters of
the Tallinn intake are 60 -22.5%o, 6"°C —16%o0
and TDS 0.35-04 g/L. The highest observed AR
(26) in boreholes are distant from paleo valleys.
Groundwater extraction caused background values
to change, toward freshening, a drop of AR (down
to 3.0), enrichment of §'*0%o and §*C%o0 content
to -12.0%o0 and -12.4%o, respectively. Increased
"C content is observed in these samples (up to
54.7 pmC) (Fig. E). The sea intrusion results in el-
evated TDS up to 0.95 g/L groundwater, §"*O may
increase up to —19.4%o, 6"*C to -15%o and "“C to
16.8-33.6 pmC. Sea intrusion influence is observed
in boreholes No. 14 and 22 at Kopli Peninsula and
No. 27 at Viimsi Peninsula (Fig. E, Table 3). Change
in the chemical composition of this groundwater
indicates a significant increase in TDS and SO,/Cl
ratio during 1977-1988 [[L7].

4.2. The cryogenic groundwater identification based
on stable isotope-geochemistry

In a periglacial environment, groundwater flow
and isotope-geochemistry zonation was strongly

Deuterium (%o VSMOW)

affected by cryogenesis in the O-Cm, Cm-V aqui-
fers and basement fractures. Therefore, a hydrau-
lically connected Lower Ordovician-Cambrian-
Vendian-Basement groundwater (O-Cm-V-B)
should be analyzed as a single unit. Generalized
data provide the evidence that permafrost may
strongly influence the groundwater composi-
tion (Table 1). Most samples show elevated pH
values up to 8.6 (average 7.6-8.1). An increase
in calcium, magnesium and bicarbonate content
makes the water oversaturated with carbonate
minerals (calcite and dolomite), resulting in their
precipitation. The decrease of these ions follows
the precipitation: north Estonia alkalinity content
is down to 42 mg/L averaging between 154 and
190 mg/L (Table 1), similar to permafrost terrains
in Yakutia, Russia [H, @, ]. The chloride con-
tent in the Cm-V aquifer groundwater average
values is 209-295 mg/L, which may result from
brine rejection in the relic residual water fraction.
As mentioned before, seawater intrusion may also
be the case during the interglacial time maritime
conditions and present when seawater was mixed
with in situ O-Cm-V-B unit groundwater.

Oxygen-18 (%0 VSMOW)

Fig. 7. Craig diagram of Estonia groundwater. A dashed line is the permafrost line in Tallinn and a red line
is non-equilibrium snow meltwater or surface water percolation trend in the Parnu site, close to the former

southwestern Estonia talik system.
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Two deviations from the GMVL are observed
on the Craig diagram (Fig. ﬁ) permafrost and snow
meltwater. The northern part of Estonia Cm-V
groundwater chemical facies varies mainly between
Ca-Na-Cl, Ca-Na-CI-HCO,, and Na-Ca-HCO,-Cl.
Facies differences could be explained by hydro-
chemical stratification, which occurs during the cry-
ogenic concentration. Assuming that the perma-
frost formation is a gradual and slow process, brine
rejection and mineral precipitation should result in
various groundwater types [f, , @]. Groundwater
in the upper part of the aquifer is fresh, Na-HCO,-
Cl type; deeper, the residual portion is mainly so-
dium chloride facies. Cryogenic groundwater from
the Tallinn intake is Ca-Mg-Cl, Ca-Na-Cl, and Ca-
Cl type. Exclusive Ca-Na-ClI type groundwater is
found in the deepest BAB aquifers (>1.5 km depth)
under stagnant conditions (Lithuania, Kaliningrad
and Poland); therefore, it is highly unlikely that it
could be the source of dissolved solids for the Cm-V
aquifer system in northern Estonia. The northward
migration of these deep brines is stopped by the up-
lifted horst barrier as the low permeability lineament
zone of the Liepaja—Riga-Pskov. The northwestern
part unit is subdivided into two bodies, the Cm-V
and O-Cm aquifer systems, where Na-Ca-CI-HCO,

and Na-HCO,-Cl facies are observed, respectively
(Fig. E). Different chemical types may evolve due
to the cryogenic hydrochemical stratification men-
tioned before. In the (O-Cm-V-B) body, the over-
laying O-Cm water was likely exposed to more
cryogenesis cycles, resulting in multiple carbonate
precipitation occasions and depletion of calcium and
bicarbonate. The lower part (Cm-V) is also more de-
pleted 6"*0 (down to —22.5%o), compared to O-Cm
(~-19%o), but more concentrated in TDS. The Ray-
leigh distillation trendline could easily explain this
distribution towards depletion in the cases of re-
sidual water fraction F > 0.5 [E]. The same isotopic
depletion scenario is applicable in other northern
Estonia (O-Cm-V-B) groundwater as well. North-
ward from 1 g/L TDS boundary in the central part
of Estonia, chemical and isotopic inversion occurs:
0'*0 is depleted by 3%o, while chloride content rises
to 3 and more g/L. Southwards from the freshwater
boundary (1 g/L), 6"®O values are enriched by 6%o,
CI" content increases to 10-12 g/L (Fig. ).

The evolution of the cryogenic groundwater
could be well established on Na/Cl and Br/Cl ra-
tios diagram (Fig. E) [@, @, Q]. Groundwater of
the O-Cm aquifer in the Br/Cl range 0.002-0.004
is a Na-HCO,-Cl type, and the samples with the

Fig. 8. Piper diagram of 4O based on groundwater chemistry.
The line represents the seawater dilution line (SDL) and arrows show
cryogenesis induced shift toward Na-HCO, and Ca-Cl corners.
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Fig. 9. Na/Cl and Br/Cl diagram of the northern Baltic region. Seawater
evaporation [85] and predicted seawater freezing [84] trends are included
as an example of water chemical alteration. Aspo and Palmottu ground-
water is added to reflect the cryogenic effect in the Fennoscandian Shield
[83]. The groundwater of EH is divided into the Cm-V and O-Cm aquifers

(where bromide data was available).

ratio >0.004 are Na-HCO,. This groundwater §'*O
content varies between —19.0 and -18.5%o. Chemi-
cal type transformation is due to carbonate precipi-
tation, calcium, magnesium and partly bicarbonate
being removed from the solute. Ca-dominated initial
water (before freezing) could have resulted in Na-
HCO, diverse water facies and manifest in the O-Cm
treezing trend. The evolution of the O-Cm ground-
water composition coincides with the data from
Scandinavian Shield, Aspo and Palmottu sites [@].
The Cm-V aquifer groundwater seems to be
altered by increasing Br/Cl and a substantial de-
crease of Na/Cl ratios, following seawater freezing
and evaporation trends. Groundwater with Br/
Cl values over 0.004 is Ca-Na-Cl type 6"*O values
varying from -21.5 to -20.7%o. The evaporation
process, which occurred in the deep BAB ground-
water formation [@], is unlikely to be the case in
the Cm-V aquifer groundwater alteration because
it evolved during the Pleistocene when the climate
was cold, causing periglacial permafrost forma-
tion. The evaporation should have enriched §*O
values, while data shows the opposite. The pre-
dicted freezing trend of the Cm-V groundwater
could result from the wasted bicarbonate content

in calcite precipitation. The initial water, in this
case, should have been less Ca-dominated and
more saline, compared to the O-Cm. The rejection
of dissolved solids increases calcium, sodium and
chloride content in residual fluid, but due to lack
of bicarbonate, further mineral precipitation does
not occur; the solute concentration may develop
without disruptions. Such a process could lead to
the formation of CI-HCO,-Ca-Na chemical type
groundwater and explain the palaeo-freezing
trend of the Cm-V, O-Cm aquifer systems and in
the crystalline basement water through perma-
frost (Fig. E).

5. Conclusions

General three end-members (glacial meltwater, sea-
water and modern mixing model) cannot explain
the diverse origin of the northern part Baltic region
groundwater. The fourth, periglacial cryogenic
process, end-member, is introduced to evaluate its
role in the paleogroundwater origin. **U/?*U acti-
vity data calibration with radiocarbon and *He ages
proves that old paleogroundwater was formed due
to the talik system development in the permafrost
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environment. The isotope-geochemistry content of
the north Baltic region groundwater has been af-
fected by the permafrost during the Last Glacial
Maximum, Middle Weichselian and Saalian Gla-
ciation when taliks existed.

Paleogroundwater recharge could occur near
lakes and rivers underlined by talik, adjacent per-
mafrost-free covered uplands, or through supra-
and sub-permafrost connections. These circum-
stances, in general, altered the chemical and stable
isotope composition of groundwater. Permafrost
formation is followed by brackish rejection and
Rayleigh distillation in groundwater with second-
ary processes such as carbonate and sulfate mineral
saturation and precipitation leading to the change
of chemical facies. These processes are observed
in the present permafrost terrain ground ice and
groundwater, primarily increased pH, lower bicar-
bonate content, elevated sodium and chloride con-
centration. Anomalous isotope-hydrogeochemis-
try features of the O-Cm and Cm-V and basement
groundwater led to forming a joint hydrogeological
unit (O-Cm-V-B) which is presented by anoma-
lously high #*U/**U ratio values in the reducing
environment during long residence time by super-
position of the uranium decay products accumula-
tion and distribution features from that groundwa-
ter body host rocks.

The freezing of groundwater formed the residual
part below the underground ice with depleted sta-
ble isotopes and increased TDS. This groundwater
up till the present is being affected by meteoric wa-
ter and seawater locally via paleo valleys. A regional
review of the sedimentary cover groundwater and
salinization by Ca-Cl type water from the crystal-
line basement layer at the Tallinn wellfield proved
the cryogenic origin of groundwater based on Br/
Cl and Na/Cl trends revealing its distinct origin in
the context of the BAB groundwater framework.
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SIAURINES BALTIJOS REGIONO POZEMINIO VANDENS CHEMINES SUDETIES IR
24U/>8U IZOTOPUY SANTYKIO PUSIAUSVYROS ANOMALIJOS INTERPRETACIJA

R. Mokrik, V. Samalavic¢ius

Vilniaus universiteto Geomoksly institutas, Vilnius, Lietuva

Santrauka

Estijos kambro-vendo (ediakaro) (Cm-V) ir ordo-
viko-kambro (O-Cm) vandeninguose sluoksniuose yra
aptinkamas anomalios izotopinés ir cheminés sudéties
poZzeminis vanduo, susiformaves pleistoceno laikotar-
piu. Minéti vandeningi sluoksniai ir vir§utiné kristalinio
pamato dalis buvo hidrauli$kai susieti periglacialinéje
aplinkoje ir sudaré vieningg hidrogeologine sistemg. Po-
Zeminio vandens sudétis buvo reik§mingai pakeista vyks-
tant izotopiniam ir geocheminiam frakcionavimuisi dél
uz$alimo. Siame tyrime panaudotas urano izotopy santy-
kis (#**U/#8U), helio koncentracija, izotopiné ir cheminé
sudétis ir koreguotas *C amzius siekiant i§ naujo jvertinti
$iaurinés Baltijos baseino dalies poZeminio vandens evo-
liucija. Urano izotopy santykio ir mineralizacijos diagra-
ma leido naujai nustatyti krastiniy nariy (Baltijos jiros,
modernaus ir in situ sluoksnio vandens) jtakg Talino sri-
tyje esan¢io pozeminio vandens formavimuisi. Vandens

amziaus rezultaty ir urano santykiy analizé atskleidé, kad
pozeminis vanduo buvo ilgai veikiamas periglacialinés
aplinkos, todél jvyko jo sudéties poky¢iai. Stabiliyjy izo-
topy (6"0 ir D) ir hidrogeocheminiai parametrai indi-
kuoja kriogening vandens kilme.

Pagrindiniai veiksniai, léme poZeminio vandens ano-
malijy atsiradima pleistoceno laikotarpiu, yra daugiame-
¢io j$alo sukelta izotopinés ir cheminés sudéties kaita,
periodiska mitybos ir iskrovos zony inversija, jaros ir
periglacialiniy ezery lygio svyravimai, skirtingos kilmés
vandeny mai$ymasis talikuose ir kristaliname pamate.
Dél $iy procesy susidaro specifiné vandens cheminiy
tipy seka ir zoni$kumas, taip pat dvi atskiros pozeminio
vandens frakcijos — apatiné koncentruota ir virsutiné nu-
gélinta. PoZzeminio vandens eksploatacija destabilizavo
nattralig pusiausvyros biiseng, susidariusig holoceno ir
pleistoceno laikotarpiais.
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