§ sciendo

Geologos 28, 3 (2022): 179-189 2 W
https:/ /doi.org/10.14746 /logos.2022.28.3.0001 AN

GEO

\

Calibrated geochemical ages of the
Baltic Artesian Basin groundwater

Vytautas Samalavicius*, Jurga Arustiené

Institute of Geosciences at Vilnius University, Ciurlionio Street 21 /27,03101 Vilnius, Lithuania
e-mail addresses: vytautas.samalavicius@chgf.vu.lt, jurga.arustiene@chgf.vu.lt
* corresponding author

Abstract

For the present study, geochemical ages were derived from radiocarbon and radiokrypton age calibration with ground-
water chemical contents (Na*, K*, Mg*, Ca*, CI-, SO,*, HCO,"). Geochemical ages may fill the dating gap (40-150 ka)
between the isotope techniques mentioned. A case study of groundwater in the Baltic Artesian Basin has involved
geochemical age calibration, data filtering (such as regional subdivision of the basin for more accurate results) and
geochemical dating of groundwater of unknown age. Various approaches to interpretations of geochemical age results
could be used. Bicarbonate and sulphate are sensitive to the hydrochemical environment and should be omitted from
geochemical age calculations. Modern fresh groundwater samples should also be excluded from calibration in order
to obtain more reliable trend lines. Calcium-sodium cation exchange occurs in deep aquifers and may be used for geo-

chemical age determination of fossil groundwater.
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1. Introduction

Dating of groundwater by the use of radioactive
isotope techniques has limitations due to a number
of factors. For example, a particular isotope can be
used only for a certain dating range; therefore, mul-
tiple isotopes are applied for obtaining groundwa-
ter age. Tritium and krypton-85 are used for an age
range <50 a, argon-39 covers 50-1,000 a, radiocarbon
(*C) 4-40 ka, chlorine-39 0.1-1 Ma and radiokryp-
ton (*'Kr) is applied for the 0.15-1.5 Ma range (Wins-
berg, 1956; IAEA, 2013; Atkinson et al., 2014; Mace et
al., 2017). Conventional helium and helium isotopic
dating techniques have been broadly used as con-
tinuous and linear dating methods (Ciezkowski et
al., 1992; Zuber et al., 1995, 1997; Kotowski and Na-
jman, 2015). However, in the latest research where
helium dating techniques were compared to kryp-

© 2022 Samalavicius V., Arustiené J.

ton-81 and modelled ages reveal that uncertainties
may be huge due to the geological settings of a par-
ticular site or basin (Mokrik et al., 2021). An obvious
problem occurs in dating gaps between various iso-
topic techniques; direct measurement of these gaps
is often impossible. Moreover, dating in a particu-
lar range is not necessarily accurate. Radiocarbon in
groundwater is often contaminated with carbonate
rock dissolution or organic carbon, resulting in old-
er and younger ages, respectively (IAEA, 2013).
Radiokrypton diffusion through aquitards may
also distort dating results (IAEA, 2013). Moreover,
recent studies have brought evidence that under-
ground radiokrypton generation may be significant
(Purtschert et al., 2021). Various methods were put
forward to resolve this problem, such as coupling
multiple dating techniques, numerical modelling, a
study of groundwater origin using its isotope geo-
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chemistry and noble gas content, groundwater mix-
ing models, anomaly research, etc. (Sturchio et al.,
2004, 2014; Bethke and Johnson, 2008; IAEA, 2013;
Torgersen and Stute, 2013; Gerber et al., 2017; Mat-
sumoto et al., 2018; Mokrik et al., 2021). In spite of
advances in analytical methods, the dating of old
fossil groundwater with radiokrypton may not be
sufficient for extremely old (>1.3 Ma) groundwater
(Gerber et al., 2017). These problems are especially
important for regional-scale hydrosphere evolution
and groundwater circulation studies. The lack of
necessary groundwater age data in shallow, inter-
mediate and deep aquifers could distort interpreta-
tions of results on the origin, source and processes
that occurred in forming isotope geochemistry con-
tents.

Geochemical age calculation could obtain an
unknown sample residence time, expand the ex-
isting data set of ages, or support a previously es-
tablished age. Chemical characteristics deduced as
age were studied mainly in the same flow system,
for example, in aquifers (Edmunds and Smedley,
2000; Edmunds et al., 2003)). Reactive and nonreac-
tive categories of hydrochemical substances could
be distinguished (Edmunds and Smedley, 2000).
Reactive parameters include cations (Na*, K*, Mg*,
Ca*), 8"C; nonreactive - halides (Cl-, Br~, I") chlo-
rine-36 and noble gases (Edmunds and Smedley,
2000). Groundwater quality parameters (Na*, NO,,
PO, HCO,, F, etc.) were analysed according
to tritium age in New Zealand (Morgenstern and
Daughney, 2012). Trace element (Li, Mo, Rb, Mn,
Cs) calibration with groundwater age was suggest-
ed as an alternative for major ionic contents that
reach the solubility limit (Edmunds and Smedley,
2000; Edmunds et al., 2003).

The Baltic Artesian Basin (BAB) is a good exam-
ple of two problems in groundwater age determina-
tion that have been outlined previously: the dating
gap (*C-*'Kr) and stagnant brines (age >*Kr). Stud-
ies of groundwater age in this region have involved
tritium monitoring of modern groundwater in the
Quaternary aquifer system. A gradient method
was developed to resolve the lack of initial tritium
age and a numerical modelling application for es-
timating hydraulic age and comparison to tritium
age (étuopis et al., 2012; Mokrik et al., 2014; Sama-
lavi¢ius and Mokrik, 2016). Radiocarbon dating of
anomalous Pleistocene time groundwater in north-
ern Estonia was executed to understand its origin
and effect of seawater intrusion during exploitation
and modern groundwater leakage through buried
valleys (Banys et al., 1979; Raidla et al., 2012; Parn
et al., 2018, 2019). A case study of Lithuania’s min-
eral groundwater located in BirStonas, where brine
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Fig. 1. Map with dated groundwater sites. Green dia-
monds - radiokrypton-dated groundwater, purple
diamonds - radiocarbon. Pink squares represent ge-
ochemically dated groundwater.

water recharges into the freshwater aquifer area, in-
volved radiocarbon dating (Zuzevicius et al., 2007).
Radiocarbon age data were obtained for the new
Visaginas Nuclear Power Plant construction site
for better groundwater circulation characterisation
(Mazeika et al., 2013). Middle-Upper Devonian ag-
uifer system groundwater in Lithuania was dated
with radiocarbon to evaluate the dolomitisation ef-
fect on ™C values, to correct age by the Fontes-Gar-
nier matrix exchange model and dilution factors
derived from tritium and carbon-13 data (Mokrik et
al., 2009). Valuable krypton-81 data were obtained
from seven intermediate to deep wells in the BAB
(Gerber et al., 2017; Vaikmaée et al., 2020). Ground-
water age was calculated for these, with the excep-
tion of two samples which were above the detec-
tion limit (Genciai and Riga) and older than 1,300
ka. The age of the Riga site was corrected using a
brine-glacial-modern groundwater mixing mod-
el, estimating a residence time of >1,279 ka. Data
from publications which include radiocarbon or ra-
diokrypton age records of the BAB were taken to
develop a data set that has been used for the pres-
ent study (Apendix 1; Fig. 1). The main objectives of
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the present note are to use groundwater age data to
connect and fill a gap between C and *Kr dating
ranges (40-150 ka) and extrapolate radiokrypton
age above the detection limit of >1,300 ka. A major
dissolved ion content was used to calibrate *C and
81Kr ages. Trendline equations obtained were then
applied to calculate groundwater age derived from
chemical composition - geochemical age.

2. Hydrogeology and geology of the
Baltic Artesian Basin

The BAB is a sedimentary basin with multiple aqui-
fers and aquitards located in the area of Lithuania,
Latvia, Estonia, north-east Poland, the north-west
range of Belarus, Russia (Pskov and Kaliningrad

regions) and a significant part of the Baltic Sea (Fig.
2). The sedimentary cover overlies a crystalline
basement. The total area of the BAB is 426,000 km?
(Delina et al., 2012). The depth of the sedimenta-
ry basin varies from a few dozen metres to ~5 km
in the southern part of the basin (Mokrik, 2003).
Water-bearing aquifers are of different ages and
include: Cambrian-Vendian Cm-V (partly sub-
divided into V,gd [Gdov], V,vr [Voronka]), Or-
dovician-Cambrian O-Cm, Devoman D,., D, D,
Permian-Devonian P,-D,, Triassic T,, ]ura551c I ]
Cretaceous K,cm-K, K,and a multi—layered Quater-
nary aquifer system. Major regional aquitards con-
fine groundwater to three zones: active exchange
(depth <360 m), delayed (360-1,850 m) and stag-
nant (>1,850 m) (Mokrik, 2003).

Tectonic faults transecting the BAB act as high-
ways for groundwater migration between aquifers
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Fig. 2. Location of the Baltic Artesian Basin (BAB); dotted lines represent the depth (in metres) of the crystalline base-
ment below sea level. The Estonian Homocline is hatched in yellow, blue lines represent the piesometric level of
Quaternary groundwater. Longitudal cross section of the BAB. (after Juodkazis, 1980; Virbulis et al., 2013; Parn et

al.,, 2016; Samalavicius, 2022).
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as well as prevent (in case of vertical dislocation)
lateral groundwater flow; therefore, hydrogeolog-
ical subbasins can be derived (Delina et al., 2012).
For example, the Estonia Homocline could be
considered as a subbasin separate from the rest of
the BAB. Intermediate depth (300-800 m) aquifer
groundwater flows from the south are limited by
a fault zone in southern Estonia (Mokrik, 2003). In
Figure 2 it can be seen that the uplift of the crystal-
line basement transects the O, Cm and Vendian lev-
els. Groundwater isotope geochemistry in Estonia is
distinct from other localities within the BAB. Stable
isotope content is depleted (8O is found down to
-23%o), mainly due to cold climate-induced process-
es which occurred during the Pleistocene (Mokrik
and Vaikmade, 1988; Yezhova et al., 1996; Mokrik,
1997;; Vaikmade et al., 2001; Raidla et al., 2012, 2019b;
Babre et al., 2016; Sterckx et al., 2017, 2018; Pirn et
al., 2019; Mokrik and Samalavic¢ius, 2022; Samala-
vi¢ius and Mokrik, 2021; Samalavicius, 2022). The
groundwater in aquifers in Lithuania and Latvia is
above 60 —14%o (Delina et al., 2012).

Freshwater originates from precipitation, main-
ly recharging aquifers in the highlands of the BAB.
The southeastern boundary of the basin is the main
recharge areas for shallow freshwater. A few local
recharge areas have also been observed in the high-
lands of Lithuania and Latvia (piezometric head >
150 m) (Fig. 2). Groundwater flow in shallow ag-
uifers discharges into the Baltic Sea floor and ma-
jor river valleys. Stagnant groundwater flows from
the deepest parts of the BAB towards the periphery
(Mokrik, 2003).

The groundwater of the BAB has previously
been classified, systematised and published us-
ing the following parameters: alteration degree
(Na+Cl)/HCO,, Na/Cl ratio, hydrochemical type,
TDS and aquifer depth (Mokrik, 1996, 1997, 2003).
Precipitation acts as the main recharge source for
shallow groundwater. Carbonate mineral dissolu-
tion takes place in freshwater aquifers, where the
solubility limit causes TDS to be <1 g/L, and form-
ing Ca-Mg-HCO, type, with anomalous exception
of the Na-HCO, facies. Stagnant groundwater TDS
is up to 400 g/L (Mokrik, 2003). Accordingly, the
groundwater facies of deep and intermediate aqui-
fers usually are Ca-Na-Cl or Na-Cl (Mokrik, 1997,
2003). Sulphate-type groundwater is found in Lith-
uania’s karst region (Juodkazis and Mikalauskas,
1994;; Paukstys and Narbutas, 1996; Paukstys et al.,
1999; Juodkazis, 2003; Mokrik, 2003) and in Latvia
(Levins et al., 1998; Delina et al., 2012; Babre et al.,
2016) being mostly associated with sulphate miner-
al deposits. Despite the common background val-
ues of groundwater composition, multiple anom-

alies are observed as well (Samalavicius, 2022). In
the major aquifer systems, pore flow predominates.
However, some discharges occur near hydrauli-
cally active tectonic faults. These are places where
brackish groundwater anomalies occur in the BAB
(Samalavicius, 2022).

3. Methods

A data set of 45 groundwater samples was com-
piled out of previous peer-reviewed research in
Lithuania, Latvia and Estonia (Zuzevicius et al,,
2007; Mokrik et al., 2009; Raidla et al., 2012; Ger-
ber et al., 2017; Vaikmée et al., 2020). We have used
previously published data to make calculations of
geochemical ages. The Baltic Artesian Basin was se-
lected for our case study into the possibility of ob-
taining age values from raw chemical data. Criteria
for data entries were major ion content combined
with estimated age either with radiocarbon or ra-
diokrypton technique. An uncorrected radiocarbon
age was used in the present study so as to arrive at
a consistent data set from multiple sources. In most
cases, trace element data were insufficient; there-
fore, only major ion content was analysed.

All major ions (Na*, K*, Mg*, Ca*, CI;, SO,
HCO,") and TDS are expressed in mg/L plotted
against groundwater age (ka) in each sample. Trend
lines were fitted for each chemical parameter. A
similar approach was presented by Edmunds and
Smedley (2000) and Edmunds et al. (2003). Linear
equations appear to be suited best for logarithmic
data plots. An extrapolation of separate radiocarbon
and radiokrypton trends appeared ineffective for
geochemical age estimates in a “C-*'Kr dating gap
(Fig. 4). These trends did not intersect at any point.
A similar graph was created for the entire data set
of BAB groundwater, including both *C and ®Kr
in one series (Fig. 3). The trendline passed through
the C and *Kr dating gap, but showed rather low
R? values (<0.7). Due to anomalous groundwater
found in the Estonia homocline, it was separated
into a subbasin. Data were reanalysed and divid-
ed into two major regions: Lithuania-Latvia (LT-
LV) and Estonia (ES) (Fig. 3). The results revealed a
higher correlation for the separate trends and clear
separation of ES and LT-LV groundwater. As men-
tioned above, Estonia’s groundwater was formed
under cold-climate conditions and had 8"O values
in the range —23 to =12 %o. In contrast, Lithuania -
Latvia groundwater is more isotopically enriched,
with oxygen-18 varying —12 to —4%.. It was conclud-
ed that most of the nonreactive ions are best suited
for geochemical age determination; therefore, bicar-
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bonate and sulphate were eliminated from further =~ account of the high variation of radiocarbon age,
calculations. It was also suggested that low TDS  which distorts the results. Arbitrary criteria were
samples should be excluded from the analysis on  applied to filter data: sodium and chloride > 100

10000
Above 81-Kr dating range
o,
itd = y =0.0514x+26.388 )
81-Kr dating range e
B )

g

o 14-C and 81-Kr dating gap

o0

< 100

o o.B e
..... ° ° y A
° o ° *e ‘0' ® e -
° o | 14-Cdating range
°
10 g ° - . . °
e o ) L4
e I . y =0.0157x+3.3769 ® LTV
R?=0.9426 e &S
--------- Linear (LT-LV)
......... Linear (ES)
1
1 10 100 1000 10000 100000

Chloride, mg/L

Fig. 3. Chloride geochemical age trendlines calibrated with linked radiokrypton and radiocarbon in Lithuania-Latvia
and Estonia (without arbitrary criterium chloride > 100 mg/L).

10000
Above 81-Kr dating range
1000 '.
81-Kr dating range y =0.0103x+327.81
R? = 0.6868 o .
@ e
°

©

-« .

ke 14-C and 81-Kr dating gap

<

)
° °% L .‘ ' o’ © »
R | R SR T .Q ...................
L @ V=-9E-06x+20.517 | 14-C dating range
10 : ° PY R? = 2E-06 s T
e o °
* o e 81K
e 14C
~~~~~~~~ Linear (81-Kr)
N T T Linear (14-C)
1 10 100 1000 10000 100000

Chloride, mg/L

Fig. 4. Separate radiokrypton- and radiocarbon-calibrated chloride geochemical age trendlines (without arbitrary crit-
erium chloride > 100 mg/L).



184

Vytautas Samalavicius, Jurga Arustiené

mg/L in LT-LV; calcium > 200 mg/L in LT-LV and
>50 mg/L in ES; TDS > 1,000 mg/L in LT-LV and >
500 mg/L in ES. The arbitrary criteria are based on
the flow regime classification of the BAB. Average
freshwater chemical composition is well known in
this basin (Juodkazis and Mikalauskas, 1994). Ionic
content that is significantly above the average maxi-
mum values is considered to represent outliers. The
arbitrary criteria are very close to the average max-
imum values. A deep brine and active exchange
shallow groundwater flow interact and mix in the
delayed zone (Mokrik, 2003). In these parts, hydro-
chemical anomalies where brackish groundwater is
formed from binary mixing might occur (Samala-
vicius, 2022). Newly filtered data were analysed-
trendlines, equations and R*? were obtained (Tables
1,2).

An additional set (17 samples) of neither radi-
ocarbon- nor radiokrypton-dated groundwater
chemistry were collected from the data base (Ap-
pendix) (Vaikmde et al., 2020). The samples were se-
lected to represent shallow, intermediate and deep
groundwater of the BAB. These units are the depth
intervals of active exchange, delayed and stagnant
groundwater. Equations obtained from “C and #Kr
connecting trendlines were applied to estimate the
geochemical age of unknown samples for Estonia
and Lithuania-Latvia (Tables 1, 2). Two average ge-
ochemical age values for each site were calculated:
from all major ions (Average 1), from filtered data
with criteria defined as mentioned above - average
2 (Fig. 5, 6). Negative age values of groundwater
results from mathematical equations obtained in
the present study. In case the geochemical param-
eter value is too low (close to the dating gap’s low-
er limit), the age equation results in negative age.
Groundwater cannot be negative aged; therefore,
such results are excluded from average calculations.

4. Results and discussion

Estonian samples for which geochemical ages were
determined fall into a *C and *Kr dating gap or
slightly overlap the radiocarbon range (Table 1; Fig.
5). Correlation of trendlines, R*is above 0.7 for all
ions. These samples are from the southern part of
the Estonia Homocline from a depth of >200 me-
tres. A comparison of average values (Average 1
and 2) reveals that unfiltered data (Average 1) tend
to result in younger geochemical ages obtained and
vice versa (Fig. 5). Geochemical age calculated using
different major ion contents differs up to two times.
Radiocarbon-dated freshwater should be eliminat-
ed from geochemical age calculation. The increase

of brackish groundwater Na, Ca, Cl, and Mg con-
centration is due to brine leakage through aquifers
or other hydraulic connections such as faults. A
portion of old brine leads to increased salinity and
residence time accordingly. Groundwater age in the
delayed zone should generally be in the dating gap
because of the binary mixing of the two end mem-
bers. Therefore, “C and #Kr calibration with dis-
solved ions should be applied to selectively picked
radiocarbon-dated groundwater, which is affected
by the brine discharge into shallow freshwater.

A peculiar case has been observed at the Vir-
ska site, where the average geochemical age was
determined in O-Cm (97 ka) and Cmln (77 ka) lev-
els and radiokrypton age (548 ka) in Cm-V aquifer
groundwater. There seems to be a hydrochemical
inversion: groundwater from the Cmln level is
slightly less saline and therefore geochemically
younger than the overlying O-Cm. This layer acts
as an aquitard between the O-Cm and Cm-V levels;
thus, groundwater should be less mobile and older.
The geochemical age estimate, in this case, could be
strongly affected by processes that occurred during
the Pleistocene glaciations: cryogenic alteration and
glacial meltwater intrusion. The cryogenic process-
es influenced groundwater in Estonia to be isolated
from the rest of the BAB. The freshwater found in
this area (especially the Cm-V and O-Cm aquifers)
is depleted with 80O and is ten fold older, as based
on radiocarbon (20-30 ka), than the rest of the BAB
at the same depth (50-300 m). (Mokrik and Vaik-
maie, 1988; Yezhova et al., 1996, Mokrik, 1997; Vai-
kmaée et al., 2001; Raidla et al., 2012, 2019a; Babre et
al., 2016; Sterckx et al., 2017, 2018; Parn et al., 2019;
Mokrik et al., 2021; Samalavicius, 2022; Mokrik and
Samalavicius, 2022). This, of course, has an influence
on results of geochemical ages. Cryogenic brine re-
jection, which took place under cold-climate con-
ditions, may increase salinity in the groundwater
and; therefore, leads to errors in geochemical ages,
making it seemingly older. However, the same pro-
cess is likely to affect the brine member as well. In
such case, the trend is corrected according to binary
mixing which takes place in the Estonia Homocline.
The radiocarbon and radiokrypton ages are valid
for Estonian groundwater and can be used for geo-
chemical age determination as long as it separated
from the rest of the BAB.

Unknown groundwater geochemical ages for
Lithuania and Latvia cover samples that are in ra-
diocarbon to radiokrypton dating ranges, includ-
ing the gap between them (Fig. 6; Table 2). Linear
trendline fit was applied in these calculations, with
R? above or close to 0.9. It is necessary to mention
that correlation does not signify reliable results be-
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Table 1. Geochemical age (ka) calculated using chloride, calcium, potassium, magnesium, sodium and TDS for sites in

Estonia
Geochemical age, ka
Sam-  Well TDS
\geulng;)/ pling depth Cl Ca (r:r? >/5]? K Mg Na Nrfl >/130 TDS >500
& " point  (m) & & mg/L
2266/58  Tartu 280 47 37 51 31 44 51 58 31 55
4486/59 Turba 455 63 36 50 45 47 79 86 37 75
2084/62 Narva 211 82 44 57 49 53 99 105 42 91
3950/60 Viarska 500 77 66 79 92 68 86 93 41 88
13456/61 Viarska 470 98 90 102 144 87 100 106 46 103

Age equation 0.0514x

R square value 0.85 0.74 0.71

0.5621x  0.5446x
+26.388 +16.608 +30.961 -29.757 +20.157

7.8852x 1.4892x 0.1087x 0.1068x 0.0317x  0.0311x

+2451 +32316 +19.515 +27.653
0.87 0.85 0.86 0.84

0.92 0.78

cause of the uneven distribution of data on plots.
This problem could be potentially resolved by ap-
plying similar geochemical age calculations using
more isotopes for age determinations or hydrogeo-
logical modelling. More than two clusters could be
deduced based on such methodology and benefit
for finding better trendline fit (for example, nonlin-
ear distribution). The other approach would be to
collect more radiokrypton data. It would be strate-
gically relevant to gain dating results of 100-200 ka-
old groundwater to have a more even distribution
of age values in the radiokrypton dating range. Ge-
ochemical age estimates in the present study may
suggest the Likenai, Telsiai, Rokiskis and Palanga
sites (Fig. 6).

A comparison of average values shows contrast-
ing results in comparison to the Estonia subbasin
(Fig. 5). Cases where groundwater with lower salin-
ity values is excluded show younger groundwater
in Lithuania and Latvia; this proves that the BAB
should be subdivided into regions based on the

sedimentary cover and on structural features of the
crystalline basement.

Geochemical age varies ~two times depending
on different major ions. The *C and #Kr calibra-
tion trend equations are likely to be unfit for use in
radiocarbon dating range due to a lot of negative
geochemical age values in lower salinity (<7 g/L)
groundwater (Table 2). In contrast, samples from
the radiokrypton dating range show a consistent
geochemical age (i.e., Riga, Likénai-Aukstaitija,
Anyksciai, Palanga and Birstonas). The case of Riga
could be used to evaluate the geochemical age de-
termination technique. The radiokrypton-deduced
age is >1,300 ka (above detection limit), but a cor-
rection model made on brine-glacial-meteoric wa-
ter mixing reveals an age of >1,279 ka (Gerber et al.,
2017). Comparing this date with geochemical ages
obtained reveal closely similar results, especially
in the case of calcium, calcium>200 mg/L, sodium
and sodium >100 mg/L. This is an important ob-
servation because sodium-calcium ion exchange
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occurs in deep aquifers bearing fossil groundwater ~ cium exchange may be applied in other geochemi-
in the transition from Na-Cl to Ca-Cl groundwater  cal age investigations when more relevant data will
chemical type (Mokrik, 2003). The sodium and cal-  be collected from deep aquifers of the BAB.

Table 2. Geochemical age (ka) calculated using chloride, calcium, potassium, magnesium, sodium and TDS for sites in
Lithuania and Latvia.

Geochemical age, ka

Well

 Well DS
120'/1 Sa;‘f]’lllltng depth  Cl (if}%o Ca C;?EO K Mg Na Nri >/130 TDS  >1000
26fg /" Liepaja 581 32  -18 25 -41 45 49 25 31 29 -2
WO/ mneukalns 365 27 - 29 -7 u 29 23 -34 26 -2
50199/ Jurmala, o, 48 ) 74 1 86 78 29 -7 47 )
49 Vaivari
50210/ Jurmala, 55 j09 63 114 55 120 154 8 33 104 58
50 Vaivari
12350/ oy
20 Anyksciai 360 156 113 143 87 207 172 201 157 19 155
V) Palanga 52 195 1% 306 263 411 201 193 148 24 175
26‘%8/ Telsiai 715 4 48 2 -45 34 2% 1 57 8§  -44
1978/ Likénal 43y 39 1 107 48 88 58 48 7 6 13
56 Likeénai

495173 / BirStonas 300 452 428 711 702 176 649 369 337 453 428

12349/ Rokiskis,
54 Vaiva
21965/ Likeénai
55  Aukstaitija
50194/  Riga,
47  Gailezers

440 29 -22 103 43 113 60 27 =30 50 0
1011 1096 1113 1172 1200 647 1122 1089 1108 1095 1110

1027 1117 1135 1257 1292 689 1016 1207 1235 1141 1160

0.0157x 0.0167x 0.1519x 0.1644x 2.1022x 0.4186x 0.0336x 0.036x — 0.0096x 0.0102x

Age equation +3.3765 —49.029 —10.054 — 78.992 — 0.8041 — 82173 —1.7952  60.142 —4.3805 - 57.58

R square value 0.94 0.93 0.97 0.97 0.97 0.96 0.91 0.89 0.94 0.93
10000
Average 1 Average 2
1069 1116
1000

[v]
4
g,; 100
X
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Fig. 6. Average geochemical age calculated for sites in Lithuania and Latvia.
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5. Conclusions

Geochemical ages could be used for two main pur-
poses: firstly, to date groundwater that falls with-
in the conventional isotope “C and *Kr dating
gap and, secondly, to extrapolate ages above the
radiokrypton dating range. The initial methodical
preparation for geochemical calculation should ex-
clude modern freshwater data, because these can
significantly distort the results. Chemical parame-
ters such as sulphate or bicarbonate are not suited
for geochemical age determination because of sensi-
tivity to the geochemical environment, pH and Eh.
Geochemical ages determined in the Estonia Ho-
mocline area were found to vary from 31 to 144 ka,
which completely covers the “C-*Kr dating gap. In
the rest of the BAB, geochemical age varies between
1 and 702 ka in intermediate depth aquifers (down
to 1 km depth) and 647 to 1,292 ka in deep aquifers
(> 1 km). The parameters which fit the geochemi-
cal dating best are: chloride, potassium, magnesi-
um and sodium. The groundwater of age in the “C
and ¥Kr dating gap forms mainly from the binary
mixing of freshwater and brine. Therefore, these
parameters are best suited for geochemical dating
(saline groundwater type). Sodium and calcium
ion exchange occurring in aquifers bearing fossil
groundwater are suitable for dating old ground-
water, which cannot be dated with radiokrypton
(>1,300 ka). Both “C-*'Kr trends could be used for
this purpose. Additional radiokrypton-calibrated
groundwater chemistry values are necessary for a
more accurate trendline interpolation. More tracers
(tritium, CFC’s, argon-39, etc.) could be introduced
in a similar analysis to classify and date the ground-
water of the BAB in more dating ranges (and gaps
accordingly), thus expanding the age record.

Appendix is available in digital version of the
article: http:/ /www.geologos.com.pl/
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