
95-06

Palaeohydrological implications in 
the Baltic area and its relation to the 
groundwater at Äspö, south-eastern 
Sweden – A literature study

Bill Wallin

Geokema AB, Lidingö, Sweden 

March 1995

TECHNICAL
REPORT

SVENSK KÄRNBRÄNSLEHANTERING AB
SWEDISH NUCLEAR FUEL AND WASTE MANAGEMENT CO

BOX 5864  S-102 40  STOCKHOLM  
TEL. 08-665 28 00   TELEX 13108 SKB  
TELEFAX 08-661 57 19



PALAEOHYDROLOGICAL 
IMPLICATIONS IN THE BALTIC AREA 
AND ITS RELATION TO THE 
GROUNDWATER AT ASPO, SOUTH
EASTERN SWEDEN -A LITERATURE 
STUDY 

Bill Wallin 

Geokema AB, Lidingo, Sweden 

March 1995 

This report concerns a study which was conducted for SKB. The conclusions 
and viewpoints presented in the report are those of the author(s) and do not 
necessarily coincide with those of the client. 

Information on SKB technical reports froml977-1978 (TR 121), 1979 
(TR 79-28), 1980 (TR 80-26), 1981 (TR 81-17), 1982 (TR 82-28), 1983 
(TR 83-77), 1984 (TR 85-01), 1985 (TR 85-20), 1986 (TR 86-31), 1987 
(TR 87-33), 1988 (TR 88-32), 1989 (TR 89-40), 1990 (TR 90-46), 1991 
(TR 91-64), 1992 (TR 92-46) and 1993 (TR 93-34) is available through SKB. 



PALAEOHYDROLOGICAL IMPLICATIONS 
IN THE BAL TIC AREA AND ITS 

RELATION TO THE GROUNDWATER AT 
ASPO, SOUTH-EASTERN SWEDEN - A 

LITERATURE STUDY 

Bill Wallin 

GEOKEMA AB, Lidingo, Sweden 

March, 1995 

Keywords: Palaeohydrology, saline groundwater, isotopes, Baltic Sea, glaciation, 
global isotope change 



ABSTRACT (ENGLISH) 

A literature study of different groundwaters in the circum Baltic region is 
presented in this work. The study is mainly focused on the isotopic 
signatures observed in different groundwaters in Sweden and Finland. 
Several saline groundwaters in the Baltic region at depth of 150 to 500m 
depth show stable (3D, 313C, 3180) and radiogenic (387Sr) isotope assembly 
which is suggestive of a marine origin. However, a discrepancy is 
sometimes observed between the stable as well as radiogenic isotopes of the 
intermediate groundwater, which suggest a mixture of fossil marine water 
and a post-glacial runoff of meltwater. In order to explain this phenomenon, 
the initial setting in 3180 may have been depleted due to large input of high 
latitude marine water or cold meltwaters. A solution to the contradiction 
between the strontium (387Sr) and stable isotope (3D, 313C, 3180) signatures 
of the groundwater and of the calcite fracture fillings at Aspo and other 
places is attained, if it is assumed that the strontium in Baltic Sea water has 
undergone a significant decrease in 387 Sr since the last glaciation. A 
scenario can be constructed to suggest that the Baltic Sea during the initial 
stage of the Litorina sea (8000 to 5000 Y B.P.) contained strontium with 
much larger 387Sr values. Another explanation for the positive 387Sr values 
may be due to water/rock interaction between the groundwater and the 
abundant fracture clay minerals, which are observed at Aspo. Typically most 
of the saline groundwaters occur both in Sweden and Finland below the 
highest marine shore line during the Holocene. Almost all inland 
groundwaters show a totally different pattern which is typically non marine, 
meteoric in origin. This study also summarises the stable isotope (3D, 313C, 
3180) geochemistry dependence of the important global and regional 
environmental changes which may have influenced of the palaeohydrology 
as well as groundwater formation and in the Baltic region and especially at 
Aspo. 
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ABSTRACT (SWEDISH) 

En litteraturstudie om olika grundvatten i Ostersjoomradet och deras 

paleohydrologi presenteras i foljande arbete. Studien har huvudsakligen 

fokuserats pa de isotopsignaturer som observerats i grundvatten i Sverige 

och Finland. Ett stort antal salta grundvatten pa den Baltiska skolden, pa ett 

djup av 150 och 500 m, uppvisar stabila (OD, o13C, 8180) och radiogena 

(887Sr) isotopsarnmansattningar, vilka antyder ett marint ursprung for dessa 

vatten. Emellertid, foreligger ofta en diskrepens mellan de stabila och 

radiogena isotopernas respektive "fingeravtryck" i vatten pa dessa djup, 

vilket skulle kunna forklaras av en blandning av "fossilt" marint vatten och 

glacial! smaltvatten. En forklaring till detta fenomen kan vara att den initiala 

8180 signaturen i grundvattnet har andrats dramatiskt pagrund av 

inblandningen av kallt smaltvatten. En losning till den diskrepens mellan 

strontium (o87Sr) och stabila isotoperna (OD, o13C, 8180) i grundvattnet och 

i kalcitfyllnaderna pa Aspo och andra platser, skulle vara att strontium i 

bstersjon har genomgatt en significant minskning i 887 Sr efter den sista 

glaciationen. Ett tankt scenario skulle kunna vara att Ostersjon under ett 

tidigare marint stadium, Litorina stadiet (8000 till 5000 Y B.P.), inneholl 

strontium med betydligt hogre 887 Sr varden an idag. En annan forklaring till 

de positiva 887 Sr vardena kan vara de utbytesprocesser mellan grundvattnet 

och lermineralen i sprickfyllnaderna i berggrunden som observerats pa 

Aspo. Typiskt nog, forekommer de fiesta salta grundvatten bade i Sverige 

och Finland under den hogsta marine kustlinjen under Holocene. Nastan alla 

grundvatten daremot ovanfor denna grans uppvisar totalt olika vatten som ar 

typiskt icke marina och meteoriska i sitt ursprung. Denna studie summerar 

aven de isotopgeokemiska forandringar som kan observeras pagrund av den 

globala och regionala forandringen i miljon. Dessa forandringar som ofta ar 

kopplade till klimatologiska cycler, sasom glaciation, kan ha haft stor 

betydelse for paleohydrologin och grundvattenbildningen i Ostersjoomradet 

och speciellt pa Aspo. 
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SUMMARY AND CONCLUSIONS 

This literature study is mainly focused on the isotopic signatures observed in 
different groundwaters in Sweden and Finland. Several saline groundwaters 

in the Baltic region at depth of 150 to 500m depth show stable (cSD, 813C, 

3180) and radiogenic (cS87Sr) isotope assembly which is suggestive of a 
marine origin. However, a discrepancy is sometimes observed between the 
stable as well as radiogenic isotopes of the intermediate groundwater, which 
suggest a mixture of fossil marine water and a post-glacial runoff of 

meltwater. In order to explain this phenomenon, the initial setting in 3180 

may have been depleted due to large input of high latitude marine water or 
cold meltwaters. A solution to the contradiction between the strontium 

(cS87Sr) and stable isotope (cSD, cS13C, 3180) signatures of the groundwater 
and of the calcite fracture fillings at Aspo and other places is attained, if it is 
assumed that the strontium in Baltic Sea water has undergone a significant 

decrease in 387 Sr since the last glaciation. A scenario can be constructed to 
suggest that the Baltic Sea during the initial stage of the Litorina sea (8000 

to 5000 Y B.P.) contained strontium with much larger cS87Sr values. Another 

explanation for the positive 387 Sr values may be due to water/rock 
interaction between the groundwater and the abundant fracture clay 
minerals, which are observed at Aspo. Typically most of the saline 
groundwaters occur both in Sweden and Finland below the highest marine 
shore line during the Holocene. Almost all inland groundwaters show a 
totally different pattern which is typically non marine, meteoric in origin. 

This study also summarises the stable isotope (cSD, cS13C, 3180) 

geochemistry dependence of the important global and regional 
environmental changes which may have influenced of the palaeohydrology 
as well as groundwater formation and in the Baltic region and especially at 
Aspo. 

Examinations in a large number of groundwater wells in Finland and 
Sweden suggest a multiple source for the saline waters in the circum-Baltic 
area. However, most the groundwaters found in the coastal areas below the 
highest marine transgressions during the Holocene, strongly suggest that 
saline water intrusions have been responsible for the groundwater formation 
at intermediate depth, between 150 and 500 m. The saline groundwaters 
have most likely been formed at different times at different sites due to the 

prograding isostatic movement during the post-glacial period. Early 
transgressions (8000 Y, B.P.) during the Litorina stage as well as later 
transgressions (3000 - 3500 Y, B.P.) during the Limnea stage seem to be 
important events in the groundwater formation. Moreover, this literature 
study has shown that there is an extensive ongoing recharge of meteoric 
water in most of the wells in the circum-Baltic area. Mixing processes 
between saline groundwaters and the ambient meteoric recharge produces 
waters of different salinities. 



IV 

Isotope signatures from the coastal areas reveal a pattern supporting the 
hypothesis that continental runoff of meltwaters have been in-mixed with 

the saline waters of the pre-Baltic stages. The discrepancies between, 8180 

and 887 Sr from several groundwaters support this idea. It therefore, seem to 
be extremely important to understand the interaction between the melt water 
runoff and mixing with the saline waters during the Y oldia and Litorina 
stages of the Baltic Sea, in order to interpret the origin of the saline coastal 

ground waters. 



V 

CONTENTS 

ABSTRACT (ENGLISH) 
ABSTRACT (SWEDISH) 
SUMMARY AND CONCLUSIONS 

1 INTRODUCTION 

2 BACKGROUND 

3 GROUNDWATER WELLS IN SWEDEN AND FINLAND 

3.1 Groundwater wells in Sweden 
3.2 Groundwater wells in Finland 

4 REGIONAL PALEOHYDROLOGY AND GROUNDWATERS IN THE 

BALTIC REGION 

4.1 GROUNDWATERS IN SWEDEN 
4.1.1 Hollviken 
4.1.2 Klipperas 
4.1.3 Fjiillveden 
4.1.4 Gidea 
4.1.5 Finnsjon 
4.1.6 Stripa 
4.1.7 Aspo 
4.1.8 Laxemar 
4.2 GROUNDWATERS IN FINLAND 
4.2.1 Hastholmen 
4.2.2 Outokumpo and Kerimaki 
4.2.3 Parainen, Liminka and Lavia 
4.2.4 Romuvaara, Veitsivaara, Kivetty, Syyri and Olkiluoto 

5 STRONTIUM BEHAVIOUR IN SOME FINNISH AND SWEDISH 

GROUNDWATERS 

6 TEMPERATURE CHANGE AND STABLE ISOTOPE DISTRIBUTION 

IN ATMOSPHERE AND METEORIC WATER RECHARGE 

7 CALCITE FRACTURE FILLINGS AS INDICATORS OF PALEO-

HYDROLOGY OF THE DEEP WATER AT A.SPO/LAXEMAR, 

KLIPPEAAS AND FINNSJON IN SWEDEN 

7.1 AsPo AND LAXEMAR 
7.2 KLIPPERAS 
7.3 FINNSJON 
8 GLACIAL AND INTERGLACIAL EVENTS - BACKGROUND AND 

CONSEQUENCES FOR THE GLOBAL WATER CYCLE AND A.SPO 

GROUNDWATER ISOTOPE SIGNATURES 

8.1 CHANGES IN PC02, OXYGEN AND ALKALINITY IN TIIE ATMOSPHERE 

AND SEA WATER AND ITS INFLUENCE ON THE AsPO GROUNDWATER 

PAGE 

i 
ii 
iii 

1 
1 
1 
1 
5 
6 

6 
6 
6 
7 
7 
8 
8 
11 
15 
16 
17 
17 
20 
21 
23 

24 

30 

30 
33 
34 
36 

37 



Vl 

8.2 ISOTOPE (813C AND 8180) SHIFT OF Tiffi LOW AND HIGH LATITUDE 39 
SEAWATER AS WELL AS :MELT WATERS AND ITS INFLUENCE ON Tiffi 

AsPb GROUNDWATER 

8.3 MELTW ATER AND CONTINENTAL RUNOFF AND ITS INFLUENCE ON 41 
THE BALTIC SEA AND Tiffi .A.SPO GROUNDWATER 

9 THE LAST GLACIATIONS AND THEIR EXTENSION IN THE BALTIC 42 
REGION 

10 THE EVOLUTION OF THE BALTIC SEA AND RELATION TO THE 43 
PALEOHYDROLOGY OF THE GROUNDWATER IN THE CIRCUM 

BALTIC 

10.1 THE BALTIC ICE SEA 44 
10.2 THE Y OLDIA SEA 45 
10.3 THE ANCYLUS SEA 45 
10.4. THE LITORINA SEA 46 
10.5. THE LIMNEA STAGE 48 
11. CONCLUSIONS 49 
12. ACKNOWLEDGEMENTS 49 
13. REFERENCES 49 



1 

1 INTRODUCTION 

Palaeohydrology is a widely used term for the description of the hydrology 
in the past. During the last decade the international hydrological scientific 
community have focused their efforts on specific paleohydrological studies 
as well as the understanding of the processes behind groundwater formation. 
As we know, many of the processes which are involved in the groundwater 
formation can be understood by using the chemical and isotopic data of the 
different waters. The isotopes in combination with the dissolved 
components often produces a "fingerprint of the past" which can be used for 
future predictions of the groundwater situation for a certain repository. 
Hence, in order to predict the future changes of the ground water a good 
understanding of the palaeohydrology and the regional influence of the 
groundwater in the past is necessary. 

2 BACKGROUND 

3 

Isotopic and geochemical examinations of the groundwater at Aspo indicate 
that several waters have been involved in the groundwater formation. 
Different sources are distinguished, including meteoric water, fossil marine 
waters and glacial meltwater and continental runoff. The variation within the 
groundwater indicate at least two larger end-members; namely a shallow 
recharge water body and the deep water at Aspo and especially at Laxemar. 
This deep groundwater, which appears to be a very stagnant, may be very 
old and possibly originate from leached sedimentary halites or evaporates. 
Moreover, the discrepancy of the observed in stable isotopes as well as 
radiogenic isotopes of the intermediate groundwater suggest a mixture of 
fossil marine water and a post-glacial runoff of meltwater. In order to 
understand the future changes of this groundwater a detailed understanding 
of the groundwater situation at Aspo and its palaeohydrology is needed. 

The following work is a review and summary of the knowledge we have 
about different groundwaters in the circum Baltic region. It also summarises 
the isotope geochemistry dependence of the important global and regional 
environmental changes which may have influenced of the palaeohydrology 
as well as groundwater formation and in the Baltic region and especially at 
Aspo. 

GROUNDWATER 

FINLAND 

WELLS IN SWEDEN AND 

3.1 GROUNDWATER WELLS IN SWEDEN 

In Sweden several studies of shallow groundwater wells have been 
performed by SGU (Swedish Geological Survey) which are reported by 
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Knutson and Fagerlind, 1977; Lindewald, 1981; Lindewald, 1985; Enqvist 

et al., 1985; Johnson et al., 1985 and Gustavsson et al., 1988. 

Approximately 5200 wells have been sampled and analysed from all over 

the country and treated in different ways in a computer (Enqvist et al., 

1985). The country has been 

KLORID 

Berggrundvatten, 
observationer med halter 
> 300 mg/I 

50 100 km 

SGU 1977 •Ho 2s-o 

, 
• En observation 

e Flera observationer 

□ 
Omr3de som varit tackt av 
salt eller br8ckt vatten 

Figure 3-1. Distriburion of chloride rich wells below the highest marine 

shore line during Holocene in Sweden. After . 
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a) 50-100 mg Cl/1 
b) 100-300 mg Cl/1 

{f 

c) 300- I 000 mg Cl/1 d) > 1000 mg Cl/1 

Figure 3-2. Distriburion of chloride in Swedish wells. After Olofsson, 1994. 
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subdivided into six regions, within which the samples have been grouped 
according to the character of the aquifer, and have been treated in three 
categories, namely, Quaternary deposits, Precambrian rocks and younger 
sedimentary rocks. The statistics from these studies show that the chloride 

concentrations in the material varies between 0.3 and 12 900 mg/L that the 
usual values of Cl is between 8 and 40 mg/L. The median value is 17 mg/L 
and the mean value is 66 mg/L. The distribution of the chloride in Swedish 
wells are seen in Figure 3-1 and 3-2. Deep drillholes (>500 m) which are 
reported in this study have been performed in Sweden by varies mining 
companies, Vattenfall (Swedish Power Company) and SKB (Laaksoharju, 
1988; Smellie and Laaksoharju, 1992) (Figure 3-3). Other important 
contributions are made by Wikberg (1987), Olofsson (1994) and Knutson 
and Morfeldt (1993). 

Hol/viken 

marlc 
nns/on 

0 

• 
♦ 

Salt drlll«J well 

0..p borehole with a 
r•l•ed content of chloride 

0-p borehole with 
fre•h groundwater 

Area which has been 
covered with salt or 
brackish water after the 
lat.st glaciation period 

Aspo, A.vro and Laxemar 

Klipperas N 

200km t 

Figure 3-3. Map showing the sites of deep drilled boreholes performed by 

SBK within the program for the search of a final nuclear waste repository. 

The shaded area indicate the highest marine shore line during post-glacial 

time. Wells with Cl concentrations >300 mg/Lare marked by rings. 
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3.2 GROUNDWATER WELLS IN FINLAND 

In Finland both coastal (Nordstrom, 1986; Kankainen, 1986; Wickstrom and 

Lampen, 1986; Nordstrom, 1989; Lampen and Snellman, 1993) and inland 

groundwater wells (Lahermo and Kankainen, 1986; Lahermo and Lampen, 

1987; Lahermo et al., 1991; Mitrega and Lahermo, 1991; Makela and 

Ronka, 1994) have been examined. The groundwater wells have generally 

been treated as brackish or saline wells and divided in two categories; 

namely those with Cl concentrations between to 170 mg/L and 1000 mg/I 

those above 1000 mg/L (Figure 3-4). 

8 R A C K I 5 H A N O 5 A LI N E WELLS 

• - 170-1000 mg/l Cl 

e > 1000 mg II Cl 

Th• upper lun,t ot 
,,,,,..- postglocaol L1tonna 

Seo 

Figure 3-4. Brackish and saline wells drilled in the coastal areas of Finland 

and in Central Finland. The drillholes are divided in two groups; namely 

between 170 mg/Land 1000 mg/Land above 1000 mg/L. After Mitrega and 

Lahermo, 1991; Makela and Ronka, 1994. 
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4 REGIONAL PALAEOHYDROLOGY AND GROUND

WATERS IN THE BALTIC REGION 

4.1 GROUNDWATERS IN SWEDEN 

Saline groundwaters in Sweden are mainly found below the highest shore 

line of the Litorina stage of the Baltic Sea. Hence, most of the saline waters 
are interpreted to originate from marine water intrusion. In the coastal area 
highly saline waters strongly suggest that there is a marine origin for the 
aquifers residing at the intermediate depth of about 150 to 500 m depth, 
such as those at Aspo (Wallin, 1990; Tullborg and Wallin, 1991; Wallin, 
1992). In contrast, a few groundwaters are interpreted as being locally 
derived e.g. through leaching of fluid inclusions due to the water/rock 
interaction processes, such as those at Stripa (Nordstrom et al., 1989c). In 
addition, Smellie and Wikberg (1989) found that the groundwater at 
Finnsjon, in comparison to other groundwaters in Sweden, is mainly of a 

marine origin but has undergone changes due to water/rock interaction 
processes. 

4.1.1 Hollviken 

Deep boreholes have been drilled in the Precambrian crystalline basement as 
well as in Palaeozoic/Kenozoic sedimentary terrains. Most of the drilling 
activity have been performed during prospecting for minerals, oil and gas. 

The deepest borehole made is in Gravberg, central Sweden (DDP,) reaching 
6200 m. The most saline waters recorded in Sweden are reported from 
Cretaceous and Jurassic sedimentary rocks at Hollviken (Figure 3-4) in 
south-western Scania (Brotzen, 1944; Brotzen 1949; Lundblad, 1949). 
Extremely high chloride concentrations of more than 100 000 mg/L and a 
total salinity of up to 256 000 mg/L were measured at a depth of 1862 m. 
The rocks are dominated by Jurassic conglomerates, sandstones and shales 
from Kueper and Muschelkalk. Some of the sandy horizons have dolomitic 
(20 % MgCO3) layers including gypsum and salt. The relatively high Mg 
content may indicate a marine or phreatic origin for the carbonates and 
hence, closely related to the observed salt. Most likely these saline waters or 
rather brines (Stenhoff, 1944; Assarsson, 1948), can be explained by a 

leaching of the sediment salts due to the relatively high temperature input 
which is recorded in the area at these depth. The presence of these salt may 
also be explained by leaching of the evaporates which are trapped in the 
sedimentary basins south of Hollviken in the southern part of the Baltic area. 

4.1.2 Klipperas 

In the drill hole at Klipperas less than 150 km Southwest of Aspo (Figure 3-
4), above the highest marine shore level (Smellie et al., 1987a), display a 
totally different water from that at Aspo. The highest chloride concentration 
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of 60 mg/L is recorded at a depth of 800 m The 8180 signatures of the 
groundwater at deeper depth suggest an extensive meteoric water input in 
the basement rocks. Two groundwater types are distinguished; near surface 
waters and intermediate waters. The waters are overall of a reducing nature 
with slightly enhanced Na Cl, Br and F and reduced amounts of Ca and 
HCO3 (Smellie et al., 1987b). The geochemical modelling show that the 
groundwaters are a) nearly saturated with respect to calcite and carbonate 
minerals and b) both Fe2+ and Al3+ ions appear to be saturated with their 
hydroxides. 

4.1.3 Fjallveden 

At Fjallveden in eastern Sweden south of Stockholm (Figure 3-4) 
groundwater analyses have been performed in 3 different boreholes FJ2, FJ4 
and FJ6 (Allard et al., 1983; Laurent, 1983b). All groundwaters examined 
show very low concentrations of chloride, with the highest value of 170 
mg/L in the FJ2 drillhole. It is interesting to note that this locality is situated 
below the highest limit of the postglacial Litorina Sea, similarly to Gidea. In 
clear contrast to the coastal waters in Finland and Aspo these waters seem to 
have another history. The 8180 signatures of the groundwater in all 
drillholes reveal a value of about-11 and -11.5 o/oo PDB, typical meteoric 

signatures for that area. In one of the drillholes, FJ2, the 8180 below 500 m 
depth decreases to -14 o/oo PDB, indicative of a totally different water than 
above this depth. The low 8180 signature suggest that this water may be 
residual meltwaters or any other meteoric water formed from a colder 
climate. If so, it is interesting to note that in this area as well as in Gidea, as 
a marked contrast to Aspo and the Finish coastal waters, there may have 
been formation of groundwaters by meteoric water or possibly postglacial 
meltwaters. 

4.1.4 Gidea 

Gidea is situated on the east coast of northern Sweden (Figure 3-4) half way 
between Kamlunge in the north and Svartoberget in the south. The 
groundwaters at Gidea, similarly to Fjallveden, have low concentrations of 
chloride, with the highest observed value of 310 mg/L (Laurent, 1983a). The 

8180 values of the groundwater vary between -12.5 and -13.8 o/oo PDB 
(Allard et al., 1983) for the water at depth down to 500 m. This is 
significantly lower than those observed at Fjallveden but coincide with the 
spread observed in the Aspo groundwaters above 500 m depth. The Gidea 
groundwaters is totally different from the groundwaters seen at Aspo. The 
most likely source for these water are meteoric waters and possibly a 
mixture of meteoric and post-glacial meltwaters. There is no signs of any 
saline waters residing at Gidea and hence, any marine transgression in the 
area seem not have played any important role for the waters above 500 m 
depth. 
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4.1.5 Finnsjon 

In contrast to Gidea and Fjallveden the groundwater at Finnsjon (Figure 3-4) 
is much more saline, reaching chloride concentrations of 5650 mg/L. Two 
groups of water are distinguished; one with high HCO3 concentrations and 
low Cl, Ca, Na and SO4 concentrations, and the other which is characterised 
as a Ca-, Na-, Cl- and SO4-rich water. These carbonate groundwaters may be 

explained by an extensive calcite dissolution/precipitation process 
(Geimhart, 1972; Deines and Langmuir, 1974; Dienes, 1980; Jones et al., 

1987). The aquifers are residing in a granodiorite and granite complex which 

is foliated and intersected with pegmatites (Ahlborn et al. 1986). 8180 (-

10.9 to -12.0 o/oo) and 8D (-83 to -90 o/oo) show very little variation and 
the water reveal homogeneous isotopic signatures (Hultberg et al., 1981). 

The 8180 values are typical of the annual mean value for the meteoric 
recharge in the area (Burgman et al., 1987; Calles and Westman, 1989). The 
saline water at Finnsjon may be interpreted to originate from a saline 
injection into the crystalline basement by any pre-Baltic water, since the 
location of the site is well below the highest limit of the postglacial Litorina 
Sea. Smellie and Wikberg (1989) suggest that the groundwater at Finnsjon, 
in comparison to other groundwaters in Sweden, mainly represent a water of 
a marine origin but modified by water/rock interaction processes. 

4.1.6 Stripa 

The chemical analyses of the groundwaters obtained from the Stripa granite 
(Figure 3-4) different waters are distinguished (Carlsson and Olsson, 1985; 
Moser et al., 1989; Nordstrom et al., 1989a; Nordstrom et al., 1989b; 
Andrews et al., 1989a). The surface groundwaters are characterised as Ca

HCO3 type representing dissolution of calcite under typical recharge 
conditions. The intermediate to deep groundwaters are characterised by a 
Na-Ca-Cl type groundwater reaching a maximum of about 700 mg/L 
(Nordstrom et al., 1989a). This is considerably higher Cl concentrations than 
those observed at Fjallveden and Gidea, but lower than the Finnsjon 
groundwaters. Further on, the Na-Ca-Cl type groundwaters at Stripa are at or 
more commonly above saturation with respect to calcite, being driven by 
high pH values (up to 10) and increased calcium concentrations. The 
distribution of Cl concentrations is not regular with depth and probably 
represents a highly variable flow path within the crystalline rock Andrews et 
al., 1989b). According to Nordstrom et al. (1989c) the source of the saline 
constituents in the deep groundwater is interpreted to be local, rock-derived 

salinity, e.g. leakage from fluid inclusions (Kaminemi, 1987; Nordstrom et 
al., 1989c). This is mainly based on the Br/Cl and I/Cl ratios in the water 
which are enriched relative to sea water. Although there is not as high Cl 
readings as at A.spa and Finnsjon a locally derived saline water seem not 
likely, using the stable isotope data as well. 

The plot of 8180 versus 8D (Figure 4-1) show that most of the waters 
follow the meteoric water line (Moser et al., 1989). The surface waters differ 
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considerably, indicating a depletion in 8D. Isotope records in the calcite 

fissure fillings show interaction between the groundwater and the granite 

body (Clayton, 1959; Clauer et al., 1989). The 8180 values varies between -9 

and -13 o/oo SMOW (Fritz at al., 1989), similar to the Aspo waters. 
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Figure 4-1. 6180 values plotted versus 8D for the groundwater at Stripa. 

After Moser et al., 1989. 

The 834S values of the dissolved sulphate in the Stripa groundwaters show a 

large variation between +27.92 and +2.16 0/00. The higher readings are 

according to Fontes et al. (1989) indicative of reduction of deep sulphates 

and the lower signatures may be a contribution of reduced sulphur due to 

oxidation of sulphides in the basement rocks (Rees et al., 1978; Claypool et 

al., 1980). These 634S values of the dissolved sulphate is considerably higher 

than those observed at Aspo, supporting a nonmarine origin for this sulphur. 

In conclusion the sulphate in the Stripa granite clearly reflects multiple 

sources. In shallow groundwaters atmospheric fallout and oxidation of 

reduced sulphur species provide most of the sulphate. In deep waters an 

-9 
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external source has to be assumed although its ongm is not clearly 

definable. The data obtained from the Stripa study support the interpretation 

that the chemistry of the deep groundwaters reflects mixing of at least two 

different waters and/or sources fro the salts (Fabryka-Martin et al., 1989; 

Loosli et al., 1989; Nordstrom et al., 1989). One end-member is local 

freshwater, indicated by the typical local meteoric signatures of 8180, the 

other according to Fontes et al., (1989) may be a brine. The lower 834S 

values is not incompatible with a sedimentary origin (Michelot et al., 1987) 

and are similar to what is known about Permian evaporates (Figure 6). This 

is similar to the 834S values observed at larger depth at Aspo, which are 

typical of Permian evaporates with values around +10 o/oo CDT. 

Like the 834S values at Aspo, secondary processes seem to be important in 

the Stripa waters and the isotope data show that bacterial enhanced redox 

processes play a major role in the control of the concentration of the heavy 

isotope contents of aqueous sulphate (Figure 4-2) in Stripa groundwaters 

(Rafter and Mitzutani, 1967). 
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4.1.7 Aspo 

A description of the Aspo groundwater is made here to get a reference to the 

other described groundwaters in the Baltic region. Groundwater as well as 

calcite fracture fillings have been analysed in detail at Aspo. None of the 

isotope signatures resemble those of modern Baltic sea water although the 

possibility of mixing between Baltic sea water and shallow ground waters 

cannot be excluded. 8D values ranges between -112 to -55 o/oo and 8180 

values range between -7 and -15 o/oo (Figure 4-3).The 813C of the 

bicarbonate range between -16 and -6 0/00, and decrease systematically with 

depth suggesting mixing of organic and inorganic carbon (Sackett and 

Moore, 1966; Pearsson, 1991; Wallin, 1993; Banwart et al., 1994; Wallin et 

al., 1995). The 8180 of the bicarbonate is uniform (+18 and +22 o/oo) and 

in equilibrium with the most of the ground water. 
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834S values of the dissolved sulphate varies between +9.8 to +21 o/oo 

(Figure 4-4). More than twenty samples ground water from 15 to 800 m 

deep have 887Sr values between +9.9 and +13.9 o/oo (Figure 4-5) in contrast 

with five samples of Baltic Sea water collected in the vicinity of Aspo with 

887Sr values between +0.2 and +0.4 0/00, only slightly larger than open 

ocean water (887 Sr = 0 oloo ). The 1.8-Ga host rock (Johansson, 1988) at 

Aspo is characterised by low Rb/Sr ratios, and a calculated mean 887 Sr of 

approximately +2.5 o/oo demonstrates a lack of isotopic equilibrium 

between the ground water and the host granite at the bulk rock scale 

although preferential mineral dissolution is possible. 
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versus depth at A.spa. After Wallin and Peterman, 1994. 

For example, biotite has extremely large 887 Sr values, but studies of saline 

ground water in the Canadian Shield indicate that preferential reaction with 
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plagioclase results in 887Sr that are typically smaller than the bulk-rock 
values (McNutt, 1987; Pearsson, 1987; Pekdeger and Balderer, 1987). 
Calcite fracture fillings add further complexity to the Sr-isotope budget. 
Calcite fillings from depth between 363 and 612 m have 887Sr values 
between +4.7 and +9.9 o/oo (Figure 4-5) whereas deeper samples (815 m) 
have smaller value of -3.0 to +0.6 o/oo coupled with an order of magnitude 
larger Sr concentrations. 
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seen from this plot the two different calcite precipitates did not formed 
directly from present day groundwater at A.spa. After Wallin and Peterman, 
1994. 

813C values in the calcite fissure fillings range between -25 and -3 o/oo and 
the 8180 values range between +15 to +35 o/oo (Figure 4-6). The large 
range in 813C values is indicative of multiple sources for the carbon, 
including atmospheric (Murata et al., 1969), organic (Keith and Weber, 
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1964; Pearsson and Hanshaw, 1970; Shulz and Calder, 1976; Irwin et al., 
1977) and methane derived carbon (Donnovan, 1969; Andrews and Wilson, 
1987; Edmonds et al., 1984; Edmonds et al., 1985). The 8180 signatures 
suggest mixing of meteoric and marine waters (Hanor, 1978; Hoefs, 1987), 
but most of the calcites are precipitated from waters with 8180 values 
similar to those of present-day ground water. 
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Figure 4-6. 8180 in calcite generations plotted versus depth at A.spa. After 
Wallin and Peterman, 1994. 

The stable isotope data from the calcite fissure fillings and the dissolved 
species suggest three different water layer at A.spa: (1) a shallow ground 
water (0-150 m) characterised by a mixture of meteoric water and minor 
proportions of Baltic Sea water, (2) an intermediate ground water (150 - 500 
m) characterised by a mixture of marine and meteoric isotope signatures, 
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and (3) a deep ground water body (>500m) which is highly saline with 

nonmarine signatures of the dissolved species. According to the seasonal 

variation of the isotopic signature ( D and 8180) of the rain water the 

recharge of this water lens takes place during the autumn and the winter. In 

the intermediate water body, a substantial decrease in the 834S values of the 

dissolved sulphate (Figure 4-5) indicates the addition of a component of a 

non-marine sulphur that could derive from the oxidation of sulphide 

minerals such as pyrite (Krause, 1980). Therefore, the sulphur and oxygen 

isotope data combined for that water suggest that the intermediate 

groundwater originates from an early injection of a highly oxygenated Baltic 

seawater after the latest ice recession in the area. The deep ground water 

body has a stable isotope assembly with overall typically nonmarine 

signatures which coincidentally correspond to o34S signatures found in 

Permian evaporates (Sakai, 1972), and hence may therefore possibly be 

sedimentary in origin (Bolser, 1966; Hoefs, 1987; Longinelli, 1989). 

However, the spread in 834S values of the dissolved sulphate in 

combination with the sulphide sulphur signatures (Wallin, 1992) suggest 

that considerable bacterial sulphate reduction (Bagander, 1977; 1980) takes 

place in the upper part of this water body. 

4.1.8 Laxemar 

Highly saline waters are also reported from drill holes in the coastal areas in 

southeastem Sweden at Aspo and Laxemar which are performed by SKB. At 

depth of about 800 m the chloride concentrations increases dramatically 

from 6000 mg/L to 60 000 mg/Lat a depth of 1400 m. This is surpassingly 

high readings for groundwaters in the crystalline basement, represented by 

granites and granodiorites of Smaland type (Johansson, 1988) and no other 

waters in the crystalline basement (Stanfors, 1988; Strahle, 1989) have 

reached these high chloride concentrations (Gascoyne et al., 1987; Vovk, 

1987). The stable isotope data from the groundwater at Laxemar support two 

major groundwater types. The shallow groundwater (8180 = -12.1 to -9.9 

o/oo; 82H = -85.2 to -73 0/00) project close to the Global Meteoric Water 

Line (GMWL) whereas, the deep groundwater (8180 = -10.4 to -8.9 o/oo; 

82H = -60.2 _to -44.9 o/oo) show significant deviation from the GMWL 

(Laaksuharjo, 1994). This is in accordance with the deep Canadian brines 

(Frape and Fritz, 1987) which show similar characteristics. The deep water, 

below approximately 1000 m depth, at Laxemar show a homogeneous 8180 

value of about -9 0/00, different from the shallow waters, indicating a more 

stable water body. The change in the 8180 signature of the water coincide 

with the change in chloride concentration, with a depletion in 8180 with 

increased chloride concentration. The 834S values of the dissolved SO4 at 

Laxemar show a wide range between +9.9 to +21 o/oo CDT. The deep 

groundwater below display a very uniform signature of 834S of about + 10 

0/00, supporting the idea of having a sedimentary source, presumably 

leached evaporates as a source for that sulphur (Wallin, 1990; Wallin, 

1992). 
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4.2 GROUNDWATERS IN FINLAND 

Brackish to saline groundwaters, in the range of 1000 to 15 000 mg/L total 
dissolved solids, commonly occur in coastal areas of Finland (Figure 3-3) 
beginning at depth of 50 - 150 m from the surface (Nordstrom, 1989). Many 
of these waters are interpreted to originate from seawater transgression into 
the Baltic during the Litorina period of 7700 to 2500 years B. P. based on 
the geographic distribution. The major part of the saline water wells are 
located in the area below the highest limit of the postglacial Litorina Sea 
(Figure 3-3) . Moreover, the groundwater from the central Finland is 
dominating by brackish waters. Hence, similarly to what is observed in 
Sweden as well, the saline wells are typically found in the coastal regions. 
Chemical analyses from various wells along the coast indicate that 
numerous upper shallow ( < 100 m) and some intermediate groundwaters 
( 100 to 300 m) show a similar chemistry to what should be expected from a 
marine water. At Hastholem e.g., north-east of Helsinki, (Figure 4-7) a 
shallow freshwater lens of Ca-HCO3 type water sits above saline 
groundwater containing about 5000 mg/L of chloride (Kankainen, 1986; 
Nordstrom, 1989). 
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4.2.1 Hastholmen 

In the coastal well at Hastholmen (Figure 4-7) in Finland the chemical 
composition of the saline water which is residing below the freshwater lens, 
is chemically relatively uniform (Nordstrom, 1989d; Snellman and Helenius, 

1992). The 0180 signatures of this water is also very uniform around -8 0/00. 

These values are significantly higher readings than what is observed at Aspo 

(-11 to -13 0/00). In addition the higher 0180 values at Hastholmen coincide 
very well with the values of the Baltic sea water of today. For example at 
Aspo the Baltic sea water signatures are about -7 o/oo (Wallin, 1989; 
Tullborg and Wallin, 1991) and in the southern part of Baltic as high as -6 

0/00. Hence, since the 0180 isotope analyses of the saline groundwater at 
Hastholmen display such a uniform quality, the larger part of that water 
must have derived from one source only (Kankainen, 1986). Estimates made 
by Kankainen ( 1986) suggest that if this saline water originated from the 

marine water of the Litorina Sea, then the residence time for this water is 
equivalent with a possible infiltration, which roughly refers to about 7000 

years. This is also based on the calculations made by Winn et al ( 1988) 
which show that the initial stage of the Litorina transgression took place at 
about 7000 to 8000 years ago in the southern Baltic area. During the 
Holocene the history of the Baltic sea has had only one marine stage, that of 
Litorina Sea, which Hastholmen saline groundwater can be attributed. This 
must be due to the northerly position of Hastholmen. 

4.2.2 Outokumpu and Kerimaki 

In contrast to the coastal groundwater of Hastholmen, the saline 
groundwater observed in the Outokumpu (Figure 4-7) have much higher 

0180 signatures between -13 and 14 0/00. These higher 0180 values are also 
commonly observed at Kerimaki (Figure 4-7) in the eastern central Finland. 

Interestingly the 0180 signatures at both sites display a very uniform pattern 
from the surface to the deeper depth at about 1000 m at Outokumpu and 700 
m at Kerimaki (Nurmi et al., 1988). These lower values are also seen at 
Aspo although more uniform at lower depth, approximately 500 m and 
below. The surface waters at Aspo are more enriched in the 180 isotope than 

what is seen here. This must be explained by the coastal situation for Aspo 
in comparison to the inland, continental position of Outokumpu and 
Kerimaki. Moreover it seem very unlikely that there has been any marine 
waters residing in these central areas of Finland during the last glaciation. 
The dramatic increase in the high salinities marked by the sharp transition 
which are observed at Outokumpu below 600 m (Figure 4-8, 4-9), must 
hence be attributed to other processes than intruding marine waters (Fyfe, 
1987). The brackish and saline groundwaters below the fresh water layer at 
Outokumpu do not actively participate in the present-day surface water 
circulation but they may bear fingerprints of an earlier interaction between 
the deep saline water (or brines, Kholodov, 1973; Gascoyne et al., 1987; 
Nordstrom et al., 1987), fresh water and bedrock (Nurmi, et al., 1988). It is 
important to note that the that sharp zones of transition, such as those 
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detected between the fresh and saline water, may exist between successive 
saline water (e.g. Outokumpu). This is clearly demonstrated in the Kola 
superdeep drillhole, where several brine layers with different geochemistry 
and salinity have been detected (Borevsky et al., 1984; Kremenetsky and 

Ovchinnikov, 1986). These sharp transition zones are clearly developed at 
both Aspo and in the deep drillhole at Laxemer. At about 500m depth this 
transition in salinity occur at Aspo, reaching chloride concentrations of 

about 13000 mg/L. In Laxemar a very sharp transition zone is developed at 
about 1000 m. The upper 1000 m is characterised by a low saline ( < 600 

mg/L Cl) and below this depth there is highly saline groundwater reaching a 

chloride concentration of 46000 mg/L. 
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The 8180 signatures of the deep water at Laxemar display a relatively 

homogeneous pattern ranging between -9 to -10 0/00, slightly higher than 

the 8180 values at Outokumpu and Kerimaki. The stable isotope data from 

the groundwater at Laxemar support two major groundwater types. The 

shallow groundwater (8180 = -12.1 to -9.9 o/oo; 82H = -85.2 to -73 0/00) 

project close to the Global Meteoric Water Line (GMWL) whereas, the 

deep groundwater (8180 = -10.4 to -8.9 o/oo; 82H = -60.2 to -44.9 oloo) shoe 

significant deviation from the GMWL (Laaksuharjo, 1994). This is in 

accordance with the deep Canadian brines (Frape and Fritz, 1987) which 

show similar characteristics. The characteristics of the dissolved 

components of the groundwater at Outokumpu (Figure 4-8) support a brine 

type of water similar to that described on the Canadian Shield (Frape and 

Fritz, 1982; Fritz and Frape, 1982; Frape at al., 1984). This is especially 

exemplified when plotting the Ca-Na-Mg fraction distribution in a piper plot 

(Figure 14). The brine type of water typically show an increase in Ca with a 

significantly decrease in the Na concentration. Moreover, the increase in 

temperature versus depth reveal that the geothermal gradient is developed 

and there is no direct signs of any advective situation (Figure 4-9). The deep 

saline waters observed at Outokumpu and other inland wells have elemental 

ratios which for the major part deviate from marine waters (Blomqvist, 

1990). Accordingly, the concentrations exceed by far the values in the ocean 

waters (Blomqvist et al., 1989). There is a close relation between the 

groundwater appearance and the basement geology, hence these water may 

partly have originated due to water/rock interaction. 
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Figure 4-10. Ca-Mg-Na diagram showing the trends in the groundwater 

from different sites in Finland. After Nurmi, et al., 1988. 

S04 L.."""T'-.Q..-r---T-""T'"'llli~mfllllh-•*lt£:=- Cl 

Seawater t 
Canadian Shield brines 

Figure 4-11. HC03-Cl-S04 diagram showing the trends in the groundwater 

from different sites in Finland. After Nurmi, et al., 1988. 

4.2.3 Parainen, Liminka and Lavia 

In both Parainen and Liminka (Figure 4-7) which are located in the coastal 

areas show a deep freshwater with chloride concentrations below 1000 mg/L 

at depth of 400 m. This is explained by different hydrogeogological 

conditions and as a result of effective infiltration of fresh water along 

subvertical fracture zones. Both these two sites are located below the highest 

limit of the postglacial Litorina Sea. In contrast the Lavia hole (Figure 4-7) 
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which is drilled in a granite pluton adjacent to regional shear zones have a 

groundwater flow into the basement at low depth and a large freshwater 

aquifer which is at least 950 m thick (Wickstrom and Lampen, 1986) 

Studies in the Kola hole show that freshwater circulation reaches down to 

800 m (Borevsky et al., 1984). Hence, it is not unlikely to have a large 

freshwater layer such as the one developed at Laxemar in Sweden. The 

chemistry of the groundwater at Parainen and Liminka is characterised by an 

increase in Na concentrations along with a decrease in Ca (Figure 4-8) 

typical of the coastal aquifer patterns, totally different from the Outokumpu 

waters. 

4.2.4 Romuvaara, Veitsivaara, Kivetty, Syyri and Olkiluoto 

The detailed investigation made by Lampen and Snellman (1993) through 

TVO of selected sites for safe final disposal of nuclear wastes, provide a lot 

of data from 5 different sites namely Romuvaara, Veitsivaara, Kivetty, Syyri 

and Olkiluoto. Roumavaara, Veitsivaara and Kivetty is situated in central 

and eastern Finland (Figure 4-7) above the highest limit of the postglacial 

Litorina Sea and Syyry and Olkiluoto are situated in the western Finland 

(Figure 4-7) below the highest limit of the postglacial Litorina Sea. The 

inland groundwaters from Roumavaara, Veitsivaara and Kivetty may be 

characterised as Ca-Na-HCO3 waters (Figure 4-11). The geology in the 

Roumavaara, Veitsivaara and Kivetty districts are dominated by gneisses 

and tonalitic rocks of Archean age, although at Kivetty some mafic rocks are 

seen, mainly as gabbros. In contrast the groundwaters at Syyry and Olkiluoto 

is characterised by a Ca-Na-Cl waters (Figure 4-10), which is typical of 

what is observed at other sites in Finland in areas which are located below 

the highest limit of the postglacial Litorina Sea. The geology at these sites is 

not much different from the inland sites, Roumavaara, Veitsivaara and 

Kivetty, which suggests that there has been no or little water/rock interaction 

for the coastal groundwaters. 

In summery we can conclude that two significant groups of groundwaters 

are observed in the crystalline basement in Finland, similarly to what is seen 

in Sweden. The first group is typical of a Ca-Na-HCO3 rich waters (Figure 

4-10, 4-11) which is located above the highest limit of the postglacial 

Litorina Sea and the other group of Ca-Na-CL rich water (Figure 4-10) 

which is found in the coastal areas adjacent to the PaleoBaltic border. In 

addition, the inland deep waters of Finland is, similarly to the Swedish 

waters residing in the crystalline basement enriched in Br/Cl ratio in relation 

to the marine signature (Figure 4-12). Moreover, most of the deep 

groundwaters from the sites situated above the highest limit of the 

postglacial Litorina Sea show a major as well as minor element composition 

which is typical of the basement rock types (Figure 4-13) (Hyyppa, 1984; 

Hyyppa, 1986; Nurmi et al, 1988). This strongly support that the 

ground waters found in the coastal areas of the Baltic region in the crystalline 

basement may represent relict marine waters which have entered the ground 

during the post-glacial marine stages, presumably from the Litorina sea. The 
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low saline surface waters at Romuvaara, Veitsivaara, Kivetty, Syyri and 

Olkiluoto show a variation in Cl concentration depending on inland or near 

coastal location (Figure 4-14). All other deep saline inland deep waters seem 

to be originate from water/rock interaction processes or leaching of 

sediments or deposits by an extensive meteoric influx during long time 

periods, similar to the groundwaters in the Canadian Shield (Frape et al., 

1984; Frape and Fritz, 1987; Fritz et al., 1987). 
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5 STRONTIUM BEHAVIOUR IN SOME FINNISH AND 

SWEDISH GROUNDWATERS 

Strontium isotopes in the Finnish groundwaters show relatively high 
87 Sr/86Sr numbers similar to those observed at Aspo and Lax.emar. In the 

coastal groundwaters at Parainen and Liminka which are situated below the 

highest limit of the postglacial Litorina Sea the 87Sr/86Sr values varies 

between 0.716618 and 0.71881 (887Sr = +9.9 and +13.5 0/00). These values 

coincide very well with the groundwater measurements at Aspo in KAS02, 

KAS03, KAS06, KAS07, KAS08, KAS09 KAS12 and KAS13. The 

dissolved solids together with stable isotope evidence from the intermediate 

(100 to 500m) groundwater at Aspo suggest a possible marine origin for that 

water. In contrast, the strontium isotope signature show a more terrogene 

component, totally different from a marine component, suggesting that the 

higher 887 Sr signatures indicate a large input of strontium due to the 

continental runoff in connection with the postglacial ice recession. If this is 

true then the Litorina sea may have been enriched in strontium 87 Sr from the 

meltwater run-off. Hence, since the same pattern arises both in Finland and 

Sweden for some of the coastal aquifers then refers to a Litorina intrusion of 

saline waters with elevated 887 Sr signatures. Another explanation for the 

elevated 887 Sr values may also be a result of a preferential interaction with 

plagioclase feldspar, a process to explain unradiogenic Sr in deep waters in 

the Canadian Shield (Frape and Fritz, 1986). The Kerimaki (Figure 4-7) 

which is located, in the ester central Finland have much less values than 

those observed in the coastal areas of Sweden and Finland. Possibly these 

numbers refer to the mean values which are expected from the recharge 

meteoric water in the area. 
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In Outokumpu, the 87 Sr/86Sr signatures of the deep groundwater is much 

more positive than those reported in Finland as well as Sweden along the 

Baltic sea margin. A feaseble explanation for this is that these waters, which 

presumably are very old, has undergone an extensive water/rock interaction. 

Most likely interaction between fissure clay minerals and the groundwater 

has developed these high 87 Sr/86Sr signatures. 

6 TEMPERATURE CHANGE AND STABLE ISOTOPE 

DISTRIBUTION IN ATMOSPHERE AND METEORIC 

WATER RECHARGE 

Due to climatic changes the temperature vanat10n is recorded as a 

fingerprint in the isotope ratios (Taylor, 1974; Wallin, 1982). This is 

especially demonstrated in the 0180 signature in the meteoric water. There is 

a clear correlation between the isotope variation in the water and the latitude 

of formation. 0180 measurements in ice cores (Figure 6-1) from Byrd 

Station in Antarctica and Camp Century on Greenland show extremely low 

signatures of about -40 o/oo (SM0W). 
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Figure 6-1. Variation ofo18O in ice cores from Byrd Station, Antarctica and 

Camp Century, Greenland. The more negative 't/80 values in this figure are 

from about 50000 to 12000 years B. P. in both cores reflect colder climate 

conditions during the last ice age. Modified after Faure, 1977. 
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This depletion in 0180 signatures is also observed in northern Atlantic 

surface water with increased latitude. In addition, this depletion in 8180 

signatures is followed by a depletion in salinity in the North Atlantic Ocean 

(Figure 6-2). The most likely explanation for this is the high input of ice 

meltwater and heavy negative 8180 signatures in the higher latitudes. The 

depletion in 8180 signatures due to the temperature and latitude effect is 

clearly observed in the groundwaters in Scandinavia (Figure 6-3). 

+5 

0 

-5 
0 
~ 
0 

O -10 
00 .... 

-15 

-20 

Off Norway ---➔I 
/ • • 

Greenland, 
/ Off Maine 

E. coast•. 

• Off Greenland 

Aspo 

-25 "-----~--__. ___ .....,. _________ __. 

0 10 20 30 40 50 

Salinity, 0/oo 

Figure 6-2. Relationship between 8180 and salinity surface water from the 

North Atlantic Ocean. After Faure, 1977. 
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Figure 6-3. Isoline pattern based on the average 3180 values in the 

rainwater precipitation between 1975 and 1980 in Sweden. After Burgman 

et al., 1983. 
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In a smaller scale the seasonal temperature vanat10n has shown to be 

important to understand fluctuation of the stable isotope signature of 8D and 

8180. During a 15 year time period the annual temperature of the surface 

groundwater was recorded at one station (Figure 6-4) showing an average 

annual variation of about 6°C. The temperature variation in the atmosphere 

is also recorded in the 8D and 8180 ratios of precipitate rain fall. This is 

nicely exemplified from the Smedby meteoric station (Figure 6-5) not far 

from Aspo, where the 8180 varied between -8 and -13 0/00. As another 

example the annual variation in 8D at Kivetty in Finland is shown in Figure 

6-6. 
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Figure 6-4. Annual fluctuation of the surface groundwater temperature in a 

well in central Sweden during a period of 15 years. After Johnsson et al., 

1985. 
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Figure 6-5. Annual variation in 3180 in the rainwater precipitation at 

Smedby southeastern Sweden, close to A.spa. After Burgman et al., 1983. 
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In order to compare different the groundwaters from the stable isotope point 

of view the conventional plot of 8D versus 8180 helps a lot. Normally the 

average isotopic signatures from the precipitates follow the so called Global 

Meteoric Water Line (GMWL) which is seen in Figure 6-7. However, there 

are differences in the ratios between the two stable isotopes which indicate 

smaller climatic changes as well as ion exchanges processes due to 

water/rock interaction (Figure 6-7, 6-8). Seawater may be depleted in 8180 

in comparison to 8D as seen in both Swedish and Finish waters, caused by 

evaporation and mixing processes. 
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Figure 6-6. Annual variation in 8D in the rainwater precipitation at Kivetty 

in Finland during a two year period. After Lampen and Snellman, 1993. 
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Finland. After Lampen and Snellman, 1993. 
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7 CALCITE FRACTURE FILLINGS AS INDICATORS OF 

PALAEOHYDROLOGY OF THE DEEP WATER AT 

A.SPO/LAXEMAR, KLIPPERA.S AND FINSJON IN 

SWEDEN 

7.1 ASPO AND LAXEMAR 

Isotopic compositions of carbon (o13C), oxygen (0180) and strontium 

(o87Sr) in calcite fracture fillings are being used to reconstruct the 

palaeohydrology and source and evolution of the groundwater. These 

calcites precipitated from groundwater in the fractured crystalline rocks at 

some time in the past, and o13C, 0180 and o87Sr values of the calcites reflect 

those of the source waters. Detailed sampling and analyses of the calcite 

indicate that they formed from waters that were compositionally distinct 

from the present day groundwaters (Tullborg, 1989). In contrast with 

systematic, depth related compositional and isotopic variations in the 

modem groundwater, none of the isotopic systems in the calcites display 

well defined depth dependent trends. However, at depth in excess of 900 

meters, 887Sr (-5.6 to +8.4 0/00) (Figure 7-1) correlates positively with 

8180 (+8.8 to +20.5 0/00) (Figure 7-1, 7-2) and negatively with and 813C (-

0.8 to -7.5 0/00) (Figure 7-1, 7-3); 887Sr varies inversely with Sr 

concentrations (46.8 to 455.6 ppm). The 0180 values (+8.8 to +20.5 0/00) 

suggest that most of the calcites have not formed from the present-day 

groundwater although some of the larger 8180 values could reflect 

equilibrium with groundwater under current in-situ temperature (O'Neil et 

al., 1969; Taylor, 1974; Arn6rsson and Gunnlaugson, 1985). 
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Figure 7-1. 8180 and 813C plotted versus 887Sr in calcite fracture fillings 

from KLX02 drillhole. Wallin and Peterman, in prep. 
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Similarly, the low 8180 values (+8.8 to 9.8 0/00) (Figure 7-2) could have 

formed from groundwaters but at temperatures 30° to 40° higher than 

ambient (approximately 18°C). There is no correlation of the observed 8180 

values for the calcites with the geothermal gradient. Hence, if the spread in 

8180 values for the calcites were the result of increased temperature, the 

temperature distribution within the source water was probably strongly 

advective. 887Sr values of the calcites (-5.6 to +9.8 0/00) do not overlap with 

those of the present-day groundwaters ( +9. 9 to + 13. 9 o/ oo). 

The order of magnitude difference in Sr concentrations of the calcites 

suggests large compositional variations in the source waters; samples with 

negative 887Sr values would have precipitated from waters with the largest 

dissolved load (Wallin and Peterman, 1994). 
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Such waters could derive their dissolved ions in part from water-rock 
reactions (Edmonds et al., 1987; Paces, 1987). In such a scenario, the small 
887 Sr values of some calcites could reflect preferential interaction with 
plagioclase feldspar, a process suggested to explain unradiogenic Sr in deep 
saline waters of the Canadian Shield (McNutt, 1987; McNutt et al., 1987; 
McNutt et al., 1990). Plagioclase from a sample of typical granodiorite at 
Aspo has a 887Sr of -6.4 0/00.The relatively large 813C values (-0.8 to -7.5 
o/oo) for the deep the calcite fracture fillings reflect a nonbiogenic origin, 
presumably a deep-seated carbon source (Donnovan, 1969; Andrews and 
Wilson, 1987; Edmonds et al., 1984; Edmonds et al., 1985). The 
homogeneity of the 813C values suggests one dominating carbon source 
(Hathaway and Degens, 1969). An oxidation of a carbon species, such as 
methane, could explain the 813C signatures observed in the calcites 
(Giggenbach, 1980; Wallin, 1980; Welhan et al., 1987; Wallin, 1993; 
Wallin et al., 1995). This is supported by the 813C values of -40 o/oo 
observed for dissolved methane. 
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7 .2 KLIPPERAS 

Only a minor part of the calcite fissure fillings in the conductive fracture 

zones at Klipperas is suggested to be in chemical equilibrium (Sharma and 

Clayton, 1965) with the groundwater. 313C and 3180 analyses of calcites 

from selected conductive zones support this interpretation (Tullborg, 1986). 

The wide spread 3180 isotope signatures (-4.0 to -26 o/oo PDB) show that 

the majority of the assembly is not in equilibrium with the present day 

groundwater (Figure 7-4). The 313C values show a range between -2.0 and -

17 o/oo suggestive of an atmospheric origin for the carbon, although some 

of the lower values may be indicative of organic carbon input (Tullborg, 

1986). This is similar to the Aspo calcites although most of the calcite 

precipitates there seem to be in equilibrium with the present day 

groundwater. In addition, at Aspo some of the calcites often reveal very low 

313C signatures (-15 to -40 0/00) suggestive of a organic source. No direct 

geothermal gradient can be distinguished from the 8180 in the K.lipperas. 

According to Possnert and Tullborg (1989) there is a downward percolation 

of 14C loaded HCO3-water in the bedrock. However, the 14C content in the 

groundwater decreases rapidly due to dissolution calcites causing a 

contribution of "dead" carbon in the near surf ace leaching zone between 

calcite dissolution/precipitation. This phenomenon differs in different deep 

groundwaters in Sweden (Pettersson et al., 1989; Pettersson and Allard, 

1991). This explains the very high value of 72.5 pmC at a depth of 125 m 

and the very low value at 321 m depth of 9.9 pmC. 
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Figure 7-4. 3180 plotted versus 313C for calcite fracture fillings from basite 

( o) and granite (x) at Klipperas. Stripe area indicate the interval of calcite 

precipitates from present day groundwater. After Tullborg, 1986. 



34 

7.3 FINNSJON 

Stable ci13C and ci18O isotope analyses from open and sealed calcite fracture 
fillings from Finnsjon show a wide range in spread (Tullborg and Larsson, 

1982). ci18O values in for both open as well as closed fissure fillings 
decreases with depth (Figure 7-5, 7-6). The degree of redistribution of the 

isotope signatures are decreasing with depth indicating a preservation of the 

lower ci18O signatures at depth (Figure 7-5). The study at Finnsjon show that 

the spread in ci18O for calcites in the same depth interval as well as the same 
fissure, indicate that the sealed fissure fillings contain several calcite 
generations (Figure 7-5). This is similar to the observations made in the 

calcite fissure fillings at Aspo (Tullborg and Wallin, 1991). Moreover the 

ci18O for calcites from the open fissures show a negative correlation with 
depth which may indicate a temperature increase with depth, possibly a 
geothermal gradient (Figure 7-7, 7-8). This has not been recorded at Aspo 
where the redistribution of the isotopic signatures seem to be more frequent. 
Even at lower depth such as below 1000 m at Laxemar the geothermal 
gradient is not developed, since the temperature distribution within the 

source water was probably strongly advective. 
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Figure 7-5. ci18O values plotted versus depth for sealed calcite fissure 
fillings at Finnsjon. After Tullborg and Larsson, 1982. 
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8 GLACIAL AND INTERGLACIAL EVENTS 

BACKGROUND AND CONSEQUENCES FOR THE 

GLOBAL WATER CYCLE AND ASPO GROUND

WATER ISOTOPE SIGNATURES 

The change in the intensity of solar radiation is the driving force for the 

long-term climatic cycles on Earth and correlate with the variation of the 

Earth's orbit in our solar system. The so called Milankovitch variables have 
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a clear origin in the Sun-Earth constellation but still not fully understood 

mechanisms by which they affect the Earth's climate (Milankovitch, 1941). 

Many orbital hypotheses of climatic changes predict that the obliquity of the 

earth's axis (with a period of about 41,000 years) and the precision of the 

equinoxes (period of about 21,000 years) are the underlying controlling 

variables that influence climate through their impact on planetary insolation 

(Hays et al., 1976; Boulton and Payne, 1992). Paleoclimatological studies on 

foraminifera from deep sea sediments (Emiliano and Shackleton, 197 4) and 

Greenland ice cores (Johnson et al., 1972) including 8180 analyses clearly 

demonstrate the cyclicity of these climatic parameters. Systematic 

measurements of 8180 and D have been used to study climatic changes, ice 

accumulation rates and climatic variations in the past 100 000 years. The 

fluctuations in the Pleistocene ice sheet has clearly demonstrated that the 

obliquity of the earth's axis has at least three different defined cycles which 

influence on the climatic changes (Hays et al., 1976; Boulton and Payne, 

1992). Both seawater, atmosphere and consequently the groundwater 

chemistry is affected by these during a glacial and interglacial period. The 

changes are seen in a global perspective although local changes may be seen 

in the groundwater formation. The major parameters which vary directly 

with the climatic changes are ocean circulation, primary productivity, 

sedimentation rates, phosphate precipitation, carbonate precipitation, 

alkalinity, 0 2 and lastly PCO2 in the ocean, ice and atmosphere. Many of 

these changes can be traced in the groundwater formation during the glacial 

and interglacial events. 

8.1 CHANGES IN P CO2, OXYGEN AND ALKALINITY IN THE 

ATMOSPHERE AND SEAWATER AND ITS INFLUENCE ON THE A.SP0 

GROUNDWATER 

There is a dramatic increase in the CO2 partial pressure in the atmosphere 

and ocean surface water during a glaciation (see Table 8-1). This change 

may be caused by the exchange between the ocean and the biomass or "low" 

( 12C) carbon in the shelf sediments. This may be also be due to removal of 

organic matter deposited along the margins of the sea as they are flooded by 

water released from melting glaciers (Faure, 1986). This gives an increase in 
12C compared to 813C in the carbon cycle. Such changes in the 813C isotope 

signature has been observed at Aspo in a shallow calcite fracture fillings. A 

very large range in 813C values from -5 to about -15 o/oo accompanied by 

the change in 8180 in these calcite precipitates is recorded (Wallin, 1993) 

indicating an atmospheric dominating CO2 source which is changed to an 

organic dominating carbon source, presumably due to post-glacial increased 

vegetation. In the marine waters, especially in the oceans, this phenomenon 

may also be coupled to an increase in the thermohaline "overturning" -effect. 

If so, the PCO2 in the ocean surface water will increase in comparison to 

PCO2 and alkalinity. 
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TABLES-1. Begining of Glaciation End of Interglacial 
glaciation glaciation 

PC02 
in atmosphere decrease low increase high 

PC02 in ocean 
deepwater decrease low increase high 

813C in the C02 
in the atmosphere increase high decrease low 

8180 in the ocean increase high decrease low 

8180 of the ice decrease low increase high 

8D in the ocean decrease low increase high 

Methane in the 
Atmosphere decrease low increase high 

Alkalinity 
in seawater decrease low increase high 

P04 in surface 
seawater decrease low increase high 

P04 in ocean 
deep water increase high decrease low 

02 in seawater decrease low increase high 

Thermohaline 
overturning decrease low increase high 

Oceanic 
circulation decrease low increase high 

High latitude 
productivity increase high decrease low 

Low latitude 
productivity increase high decrease low 

Sedimentation 
rate increase high decrease low 

Carbonate sedi-
mentation rate decrease low increase high 

Phosphate 
precipitation increase high decrease low 
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Table 8-1. Global changes in PCO2, PO2 in atmosphere and seawater and 
PO4, alkalinity, productivity, sedimentation rate, carbonate sedimentation, 
thermohaline overturning and ocean circulation in seawater. Data 
combined in this table are taken from; Andrews, 1987a; Andrews, 1987b; 
Backman and Shackleton, 1984/85; Berggen, 1968; Birch et al., 1982; 
Bostrom, 1970; Broecker, 1984; Burgman 1983; Burgman 1987; Burnett et 
al., 1982; Chappellez et al., 1990; Cook and McElhinney, 1979; Craig, 
1953; Craig, 1965; Dansgaard, 1964; Emiliano and Shackleton, 1974; 
Hamza and Broecker, 1974; Hays et al., 1976; Imbrie and Imbrie, 1980; 
Irwin et al., 1977; Jancke et al., 1983; Malmgren, 1976; McKelvey et al., 
1953; Mullins and Rasch, 1985; Pisias and Moore, 1980; Riggs, 1970; Roe 
and Burnett, 1985; Ruddiman and McIntyre, 1979; Ruddiman et al., 1986; 
Sarmiente and Toggweiler, 1984; Siegenthaler and Went, 1984; Wallin, 
1982. 

Further on, this will lead to a nutrient increase in the high latitude waters at 
the end of the glaciations. Since Aspo is situated on the higher latitudes this 
nutrient rich waters may very well affect some of the marine stages of the 
Baltic Sea which are observed during the post-glacial period. This is also 
confirmed by dated fossils which indicate a high organic activity in the near 
vicinity of the ice front in northern Sweden (Morner, 1994). The high 
production of elastic material as clay, sand and moraine hence increases the 
"continental" signature of the sediments and the chemistry of the meltwater. 

8.2 ISOTOPE (D13C AND 8180) SHIFT OF THE LOW AND HIGH 

LATITUDE SEA WATER AS WELL AS MELT WATERS AND ITS 

INFLUENCE ON THE ASPO GROUNDWATER 

During a glaciation the o13C variation in the deep ocean is very little. 
However, the differences between warm surface water, deep ocean water 
and high latitude cold waters during a glaciation is much larger (Broecker, 
1984). According to Siegenthaler and Wenk (1984) the carbon isotope 
signature changes in C02 is due to the change in ocean circulation. Further 
on, a decrease in PC02 in the atmosphere and low PC02 in the deep ocean 
water is a consequence of the oceanic circulation e.g. the change in the 
thermohaline "overturning"-effect (Sarmiente and Toggweiler, 1984). This 

phenomenon may partly be one of the observations in the wide range in 813C 
which is observed in some carbonates in a shallow calcite fracture filling 
mentioned above. 

In the North Atlantic 8180 -values of the arctic seawater show a decrease in 
8180 with a decrease in salinity (Tongiorgi, 1965). This decrease in the 
isotopic signature is also attributed to the high latitude and consequently 
colder climate. Values of around -10 to -15 o/oo is not unusual in arctic 
marine waters outside Greenland (Figure 6-2). At Aspo similar low 
temperature and low salinity marine environments may have developed in 
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the Baltic region during the last glacial or postglacial period. If so, a marine 

water with such a characteristic features, may give rise to low 0180 
signatures and a saline water similar to that now found at Aspo. A mixture 
of marine and meteoric water could have taken place contemporaneous to 

the groundwater formation, giving rise to the wide scatter in 0180 of the 
calcite fissure fillings at Aspo. Thus, this mixing could have been very rapid 
and the saline water injected the basement rocks was most likely due to the 
isostatic movements of the Baltic Shield after in the postglacial period. 

There is a considerable increase in chloride concentration with depth to a 
maximum reading of 12300 mg/1 at 1000m in KAS03 (Laaksoharju and 
Nilsson, 1989; Nilsson, 1989). This situation with high salinity waters 
strongly support a possible input of a marine component for that higher 0180 
values observed in the calcite fissure fillings at Aspo. However, it must be 
kept in mind that this is only true if the groundwater present is in 

equilibrium with at least some of the calcite fissures. In the Figure 4-8, 0180 
values observed in the water at Aspo are plotted versus depth, a uniform 
picture of 0180 values between -15 and -11 o/oo with a calculated average of 
-12.4 o/oo is found. A calcite in equilibrium with such a water and with the 

temperatures observed at Aspo would give a 0180 value for the calcite 
fissure filling of+ 18 0/00, which is very close to the average value for the 
0180 values observed (Tullborg and Wallin, 1990; Banwart et al., 1993; 
Banwart et al., 1994). This means that at least some of the calcite fissure 
fillings observed at Aspo is in equilibrium with the groundwater. The slight 
indication of a marine component indicated by the higher 0180 values of the 
calcite fissure fillings in the upper part of the borehole support such 
situation. A subsequent input of meteoric water from above is also 
supported by the 8180 values in the different generations of precipitates 
found. This would also explain the meteoric signature (average of -12.4 
o/oo) at all depth of the water at Aspo. 

Large scale production of saline brines due to seawater freezing in 
connection with the last glacial period is reported from the Canadian Shield 
(Fritz and Frape, 1982; Herut et al., 1990). The 8180 isotope fractionation 
factor for ice in equilibrium with water is only 1.002, which means that the 
0180 value of sea ice is about +2 o/oo relative to the sea water from which it 
is formed. Therefore, the formation of sea ice leaves the 0180 value of the 
water essentially unchanged, but causes a significant increase in its salinity. 
As a result, the density increases of such water increases causing it to sink 
(Bein and Arad, 1992). However the observed water at Aspo is much more 
negative in 0180 than would be expected from a normal seawater freezing. 
In order to explain such a phenomenon, we need to consider the variation in 
0180 of high latitude ocean water or cold diluted seawater of high latitudes 
(Dansgaard, 1964; Dansgaard et al., 1969; Taylor, 1974). It is clearly seen 
that the 8180 becomes more and more negative with a decrease in salinity. 
This effect may be due to a successively depletion in 0180 in comparison to 
160 in the residual seawater due to the effect of freezing and mixing with 
meteoric water. The Baltic sea precursors in connection with the latest 
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glacial period may accordingly been very negative in 8180 similar to what 
we observe in the north Atlantic today. 

8.3 MELTWATER AND CONTINENTAL RUNOFF AND ITS INFLUENCE 

ON THE BALTIC SEA AND THE ASPO GROUNDWATER 

This continental runoff may be an explanation of the positive 887 Sr 
signatures of the intermediate to deep waters at Aspo today. The low 8180 
values of the water support a cold water supply. However, the calcite 
fracture show a wide scatter in 8180, suggesting a precipitation from both 
meteoric and saline (marine) waters. The first meltwater to be formed has 
the most negative value. A solution to the contradiction between the 
strontium and stable isotope (813C and 8180) signatures of the ground water 
and some of the calcite fracture fillings is attained if it is assumed that the 
strontium in Baltic Sea water has undergone a significant decrease in 887 Sr 
since the last glaciation. The intermediate ground water at Aspo is suggested 
to be as old as 3500 years on the basis of the development of the sea-level 
and of radiocarbon analyses. A scenario can be constructed to suggest that 
the Baltic Sea 3500 years ago contained strontium with much larger 887 Sr 
values. Strontium in the modern Baltic is derived from Precambrian terranes 
on the north and Phanerozoic sedimentary terranes on the south, and perhaps 
some influx of sea water strontium from the North Sea. Runoff from the 
Precambrian terranes has a mean 887Sr of about +29%o whereas runoff from 
the south (Lofvendahl et al., 1990; Andersson et al., 1992) has a value of 
about + 1.2. Because of much higher strontium contents of rivers draining 
the Phanerozoic terrane, this runoff contributes about 88 percent of the total 
strontium budget to the Baltic. 

As the ice sheet retreated northward during the last glaciation, glacial rock 
debris, including much fine-grained material such as rock flour, would have 
been exposed to weathering, erosion, and transport into the Baltic Basin. 
The fine-grained material would have large 887 Sr values like the modern 
runoff from the Precambrian terrane. Accordingly, the hypothesis proposed 
by Wallin and Peterman ( 1994) that increased influx of Precambrian 
strontium overwhelmed the runoff from the Phanerozoic terrane to the south 
to the extent that the 887 Sr value for the Baltic was increased to at least the 
levels of Aspo ground water. This process may have continued during the 
isolated stages of the Baltic where no communication took place with the 
marine water in the west. Using the mean runoff 887Sr values of Lovendahl 
et al. ( 1990) an increase of the contribution strontium through run off from 
the north to 42 percent (compared with a present-day estimate of 12 percent) 
could have increased the 887 Sr value of the Baltic to + 13%0 . 

The discrepancy of the observed 8180 values as well as the 887Sr values may 
therefore solely be due to the accumulation of post-glacial runoff waters 
which are extremely negative in 8180 as well. In addition, the sulphate 834S 
values (about + 14 to + 15%0 ) which are observed at intermediate depth at 



42 

Aspo are significantly lower that those of modem marine water sulphates. 
This is interpreted as being a contribution of reduced sulphur due to 
water/rock interaction of the marine or brackish waters in the area. It may, in 
concert with the model to explain the large f,87 Sr values by runoff waters 
from the shield, be due to extensive load of reduced sulphur from the melt 
water in the recession stage of the ice cover. 

On the other hand, during a glaciation the high latitude productivity is 
increased. This will undoubtedly lead to a contribution to the increase in 
sedimentation rate observed during the glaciation. One may also expect 
anoxic conditions in those areas which generally are depleted in oxygen, 
such as the oxygen minimum zones. The phosphate concentration in the 
deep ocean water is increased leading to abundant authigenic phosphate 
formation. This have been observed in some of the central Baltic sediments 
suggesting a rapidly increase in the organic productivity. However, the 
organic content of the Aspo groundwater is mainly dominating by fulvic 
acids which are 14C-dated to about 3500 years, indicative of a later input of 
organic matter. 

All these parameters such as sedimentation rate, sediment type and organic 
productivity will of coarse affect the type of water and its trace metal 
content which is residing in the vicinity of the ice front. Hence, from this 
evidence the phosphates are very interesting candidates to examine with 
respect to e.g. REE and transitional element content, as environmental 
indicators. 

9 THE LAST GLACIATIONS AND THEIR EXTENSION 

IN THE BALTIC REGION 

The early geological studies by Pencks and Bruckners from the Alps during 
the beginning of this century has shown that least four major glaciations are 
recorded during the Pleistocene in Europe (Kominz and Pisias, 1979). Later 
works in the northern Europe and Scandinavia reveal that at least three of 
these glaciations took place during the latest 500.000 years. At about 
400.000 to 500. 000 years ago the so called Elster (Mindel glaciation in the 
Alps, Zeuner, 1945) glaciation is documented from northern Europe and 
Scandinavia.. Later on the Saale glaciation (Riss glaciation in the Alps, 
Zeuner, 1945) followed, which most likely had its maximum at about 
200.000 years ago. After that glaciation started the last interglacial period, 
in the Baltic region, which is equivalent to the Sengomon interglacial in the 
North America (Judge, 1973). This was followed by the last glaciation 
(Lagerback, 1988), known as the Weichsel (Wurm glaciation in the Alps, 
Zeuner, 1945), which started at about 100.000 years ago (Labeyrie et al., 
1987; Mangerud, 1991). Glacial deposits in the middle and eastern Europe 
indicate that the second last glaciation, the Saale glaciation, was much larger 
than the last, Weichel glaciation, although it did not lasted as long as the last 
one. A reconstruction of the extension of the Saale glaciation (Figure 
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34)show that the ice reached the British Isles including the North Sea and 

the most part of the northern and eastern Europe (Ljungner, 1943; Ljungner, 

1945; Lundqvist, 1958a; Lundqvist 1958b; Lehman et al., 1991; Mamer, 

1971; Mamer, 1976; Linden, 1984; Liedberg-Jonsson, 1988). The Alps were 

covered by ice and several geological deposits indicate that several isolated 

glaciers resided on the continent. 

10 THE EVOLUTION OF THE BALTIC SEA AND 

RELATION TO THE GROUNDWATER FORMATION 

IN THE CIRCUM BALTIC 

The evolution of the Baltic Sea during the postglacial period is characterised 

by a series of events of freshwater and saline stages (Figure 10-1 ). When the 

ice started to move back from its maximum the first stage of the Baltic Sea 

is known as the Baltic Ice Lake. It started to form at about 14000 years ago 

when during the Older Dryas period (Mamer, 1969). The first water to be 

formed after the ice recession was the Baltic Ice Lake which is characterised 

as a freshwater lake, then followed the Y oldia Sea, which is mainly marine 

water (Lindstrom 1898; Linden, 1984). Another fresh water stage, the 

Ancylus Lake, followed and finally the second marine stages of Litorina and 

Limnea took over. 

BAlTIC ICE lAKf YOLDIA STAGE 

o ... , o::::·· 
o .. " ..... .. 0,4 ....... . 

o ......... . o ......... . 
CJ,c, CJ,c, 

Figure 10-1. The major Baltic stages during the Late Weichselian and early 

Holocene. After Eronen, 1983. 
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10.1 THE BALTIC ICE SEA 

The Baltic Ice Lake (Figure 10-la) was the first stage to be formed after the 

ice recession and started to develop about 13000 to 14000 years ago, in the 

Oldest Dryas during the Late Weichselian (Pleistocene) (Lundqvist, 1959; 

Lundqvist, 1981; Lundqvist, 1986; Svensson, 1991). The climate during this 

period is characterised as still being cold (Fromm, 1969; Karlen, 1973). 

Then followed the Bolling stage which approximately lasted during 1000 

years and is characterised as being warm in relation the Oldest Dryas 

(Gavelin and Hogbom, 1910; Bjorcksjo, 1949; Exon, 1972; Erlenkeuser, 

1985). In southern Sweden transgressions are observed during this time 

although there is no evidence of any marine marine conditions and water 

intrusions from the west (Svensson, 1989). However, Donner (1969), Bjorck 

(1979) and Bjorck and Digerfeldt (1984, 1986) proposed a westward strait 

between the Baltic and the North Sea during the latest part of Allerod has 

been proposed by A short cold stage during the Older Dryas at about 12 000 

years ago slightly changed the conditions for the ice recession. Authers 

(Kolstrup, 1982; Lemdahl, 1988; Liedberg and Jonsson, 1988) have 

proposed that the Older Dryas was dry rather than cold. Bjorck and Moller 

(1987), however, believe that the conditions during the Older Dryas was 

both dry and cold in Blekinge, Skane (Moller, 1959) and Southern Smaland 

( cf Svensson, 1989) not far from Aspo, especially during the winter. 

Another warm time period followed, known as the Allerod stage, which 

lasted during a 1000 year old period and ended at about 11000 years ago. 

During this stage the Baltic Ice Lake probably grow very fast and covered 

most of the Baltic Sea area south of a line between Stockholm in Sweden 

and Helsinki in Finland. Estimations suggest that the Lake reached depth 

exceeding 100 m in the northern border close to the ice front (Figure 10-1 a). 

After the Allerod time the Younger Dryas followed. Reconstruction of 

paleotemperatures for the Late Weichselian made by Iversen (1954, 1973) 

and Berglund ( 1966) show that the characteristic feature for this time is the 

cooling of the climate ( cf Svensson, 1989). A very rapid increase in 

temperature was then observed at about 10200 to 10100 years ago 

(Lemdahl, 1988) which is indicated by both fossil insects and fossil pollen 

from the region (Berglund, 1966; Bjorck, 1979, 1981; Pahlsson, 1977; 

Bjorck and Moller, 1987). This climatic changes is the end of the Younger 

Dryas and The Baltic Ice Lake (Lundqvist, 1965). The end of the Baltic Ice 

Lake is marked by the final drainage north of Mt Billingen. The lowering of 

the Baltic Ice Lake down to the sea-level was first mentioned by Munthe 

(1902) but has been discussed by many other since then. The most recent 

work in the Billingen area by Stromberg (1974; 1977; 1984 and 1986) has 

led to different views of the final drainage. In any case the final drainage is 

estimated to be 26 m in south and central Sweden, 26-28 m in Finland and al 

least 26 m in Blekinge (Bjorck, 1979, 1981) not far from Aspo. 

Most likely no signs from this Baltic Ice Lake are seen in the groundwater at 

Aspo today. Certainly the 8180 signatures of the meltwater was very low (-

13 to -18 0/00) in the meltwater from the ice. Moreover, the continental 
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drainage provided a freshwater supply with high 887Sr values, according to 
the hypothesis proposed by Wallin and Peterman ( 1994). 

10.2 THEYOLDIASEA 

According to De Geer (1940), saline water arrived in the Baltic region 
immediately after the drainage of the Baltic Ice Lake. On the other hand, 
Caldenius (1944), Nilsson (1968), Perhans (1981) and Stromberg (1986) all 

argued that the saline water ingression was delayed c. 200 - 250 varve years. 
Most likely there was a mixed fresh/saline water stage developed in the 
beginning of the Y oldia stage (Figure 10-1 b) (Sandegren, 1939) which 
followed after the Baltic Ice Lake (pers. comm. Merner 1994). The Yoldia 
stage, which was developed during the Preboreal time, is named after the 
marine bivalve (Portlandia arctica Y oldia arctica), shells of which are 

present in varved clay in the Stockholm region (Svensson, 1989). This post
glacial stage of the Baltic lasted less than 1000 years and ended at about 
9500 years ago. 

10.3 THE ANCYLUS SEA 

The Yoldia stage followed by the Ancylus Lake (Figure 10-lc) which was 
formed when the thresholds of the straits in south-central Sweden were 
raised above sea level by glacio-isostatic uplift (Munthe,1887, 1892, 1902, 
1910; Nilsson, 1959; Svensson, 1989). This caused the Ancylus Lake to rise 
south of the thresholds until new outlets were reached through the Danish 
Straits, where the uplift was less rapid. Beach ridges from the Ancylus stage 
show the transgressive nature of the stage as the ridge often overlies 
terrestrial or limnic organic deposits. Those sequences normally show 
transition from terrestrial deposits to limnic sediments (Lundqvist, 1928, 
1965; Konigson, 1968; Persson, 1978). Large logs of Pinus are often found 
well preserved and buried beneath the beach ridge or corresponding 
minerogenic deposits at Gotland (cf Svensson, 1989). Organic deposits 
buried during the Ancylus transgression, were studied by Lundqvist (1965) 
and dated the transgression to C. 8500 BP. On similar material the Litorina
transgression maximum in the southern Baltic was dated to c. 6500 BP and a 
second transgression approximately 500 years later. During this time Aspo 
was still below the water level. These transgression are most likely due to 
the irregular isostatic movements of the Baltic during the post-glacial 
period. When the shoreline moved back after the maximum transgression of 
the Ancylus Lake possibly some of the freshwater entered the basement 

rocks. If so, this water probably left a very low 8180 isotope signature of the 
water since most of the water mass build up during this stage was due to the 
continental runoff of the meltwater. Moreover, a positive strontium isotope 
signature of the water is expected for the same reason. According to Merner 
(pers. comm.) the Ancylus Lake may have been partly saline during a short 



46 

time period. This may refer to the transgression stage as well which is noted 

about 8500 years ago. 

Svensson ( 1989) describes the Mastogloia stage as a transitional stage 

between the Ancylus Lake and the Litorina Sea. After the Ancylus 

transgression , and after a short time later saline water penetrated through 

the Danish-Swedish strait. This event marks the beginning of this 

transitional stage, that was characterised by the common occurrence of 

Mastogloia, a diatom that indicates slightly brackish water (c.f. Svensson, 

1989). 

The model for groundwater formation at the intermediate depth at Aspo 

which is presented by Wallin and Peterman ( 1994) suggests that the 

PaleoBaltic sea water had elevated 887Sr values. We also know that several 

waters have been involved in the precipitation of calcite fissure fillings, 

other than present-day water at Aspo. The isotopes 8D, 8180, and 887Sr 

evidence of meteoric waters and/or glacial melt waters as well as fossil 

marine waters with depleted 818Q signatures and high Cl concentrations. 

This mixture observed in the Aspo groundwater may partly be due to the 

mixing stage described here as well as later transgression stages during the 

Litorina Sea. 

10.4 THE LITORINA SEA 

The transgressive nature of the PaleoBaltic Sea continued and during the 

Litorina stage (Figure 10-ld) which followed after the Ancylus Lake and 

Mastogloia Sea. The Litorina Sea, which is characterised as being the 

maximum saline stage during the post-glacial period, covered much more 

areas than the present Baltic sea (Arnitz et al., 1976; Freden, 1986) (Figure 

10-2, 10-3). Aspo was covered by the saline water and as can be seen in 

Figure 10-2 a large part of Uppland, Sodermanland as well as the eastern 

Smaland was covered by the Litorina Sea. A large part of the west coast of 

Finland was totally covered by the highest limit of the postglacial Litorina 

Sea. Isotope studies of Ammonia beccarii (dextral) and A. Beccarii 

(sinistral) in the southern Baltic sediments reveal details of changes in 

salinity from the brackish water in the initial stage of the Litorina 

transgression (7000 to 8000 years ago) to marine conditions (24 + 2 o/oo) 

during the salinity maximum which exceeds present day salinities by c. 4 

o/oo (Winn et al., 1988). During this transgression the isotopic composition 

of the total organic carbon indicates a gradual change in the nature of the 

sedimentary organic material from initially terrogenous provenance towards 

a higher marine contribution (Winn, 1988). This is analogues to the 

observations made of the change of 813C isotope signature observed at 

Tinstade Trask (Marner and Wallin, 1977) and in fracture filling calcites at 

Aspo (Wallin, 1993). 
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The transgressions observed during the Litorina stage is almost all related to 

eustatic movements of the Baltic shield. This support the idea of a 

"pumping" of Litorina sea water into the basement. 

" 

0 SO 100Khl 

Figure 10-2. Figure showing the highest marine shore line during the 

Holocene in Sweden. After Lundegard, Lundqvist and Lindstrom, 1978; 

Knutsson and Morfeldt, 1993. 
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10.5 THE LIMNEA STAGE 

The salinity increased after the last transgressive stages of the Litorina is 

dated to about 3000 -3500 B.P. by Liljegren (1982). This last substage of the 

Baltic is characterised by the snail Limnea ovata and named the Limnea 

stage (Lindstrom, 1886). It is interesting to note that this last transgressive 

stage coincide with the time when the Island of Aspo is rising above the 

water level due to the eustatic movements in the area. 
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11 CONCLUSIONS 

Examinations in a large number of groundwater wells in Finland and 

Sweden suggest a multiple source for the saline waters in the circum-Baltic 

area. However, most the groundwaters found in the coastal areas below the 

highest marine transgressions during the Holocene, strongly suggest that 

saline water intrusions have been responsible for the groundwater formation 

at intermediate depth, between 150 and 500 m. The saline groundwaters 

have most likely been formed at different times at different sites due to the 

prograding isostatic movement during the post-glacial period. Early 

transgressions (8000 Y, B.P.) during the Litorina stage as well as later 

transgressions (3000 - 3500 Y, B.P.) during the Limnea stage seem to be 

important events in the groundwater formation. Moreover, this literature 

study has shown that there is an extensive ongoing recharge of meteoric 

water in most of the wells in the circum-Baltic area. Mixing processes 

between saline groundwaters and the ambient meteoric recharge produces 

waters of different salinities. 

Isotope signatures from the coastal areas reveal a pattern supporting the 

hypothesis that continental runoff of meltwaters have been in-mixed with 

the saline waters of the pre-Baltic stages. The discrepancies between 8180, 

and 887 Sr from several ground waters support this idea. It therefore, seem to 

be extremely important to understand the interaction between the melt water 

runoff and mixing with the saline waters during the Y oldia and Litorina 

stages of the Baltic Sea, in order to interpret the origin of the saline coastal 

ground waters. 
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