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ABSTRACT 

Shore level displacement in Fennoscandia is mainly due to two interactive 
vertical movements, glacio-isostatic uplift and eustatic sea level rise. A 
recent investigation of the lake-tilting phenomenon (Passe 1996a) has made 
it possible to discern the course of glacio-isostatic. As a consequence an 
iteration process for estimate glacio-isostatic uplift and eustatic rise using 
empirical data of the shore level displacement has been started. 

The model indicates that there are two mechanisms involved in glacio­
isostatic uplift, one slow and the other fast. The main uplift, still in progress, 
acts slowly. Arctan functions have proved to be suitable tools for describing 
slow glacio-isostatic uplift. The time of maximal uplift rate is isochronous, 
meaning that slow uplift occurred simultaneously in all Fennoscandia in an 
interactive movement. For slow uplift there is a relationship between the 
rate of decline and the crustal thickness. In areas with greater crustal 
thickness the rate of decline of the glacio-isostatic recovery is lower than in 
areas with thinner crust. The fast mechanism gave rise to a crustal 
subsidence which started about 12 500 BP. After about 10 300 BP, in the 
early Holocene, the subsidence was restored by a fast uplift. Normal 
distribution functions have been used for calculating the fast mechanism. 

The mantle material exhibits plastic behaviour. When the mantle encounters 
short-lived stresses the material behaves like an elastic solid but in response 
to long-term stresses it will flow. The slow mechanism can be linked to 
viscous flow and as a response to long-term stresses. The fast mechanism is 
probably the response to a short-lived stress. This stress could have been 
caused by renewed ice loading, due to a self-triggered redistribution of the 
ice load during deglaciation. 

Future development regarding glacio-isostatic uplift, eustasy and shore level 
displacement is predicted in Fennoscandia using the results from the 
modelling. Predictions are based on the assumption that crustal and eustatic 
developments will follow trends that exist today. 

Development of the Baltic have been outlined in this paper. 



SAMMANFATTNING 

Strandforskjutningen i omradet som taektes av den skandinaviska isen under 
den senaste istiden utgor en funktion av tva samverkande vertikala rorelser, 
glacial-isostatisk landhojning oeh eustatisk havsytehojning. Ett ungefarligt 
forlopp av landhojningen har erhallits genom sjostjalpningsmetoden (Passe 
1996a). Denna kunskap har gjort det mojligt att matematiskt modellera 
strandforskjutningsforloppet for att bestamma landhojningens oeh havsytans 
forandringar. Detta har gjorts med utgangspunkt fran strandforskjutnings­
data samt data over den nuvarande relativa landhojningen. 

Modelleringen har visat att landhojningen styrs av tva mekanismer, en 
langsam oeh en snabb rorelse. Rorelsen som styrs av den langsamma 
mekanismen ar pagaende oeh utgor den storsta delen av den glaeial­
isostatiska landhojningen. Den langsamma landhojningens forlopp har 
beraknats med hjalp av arctan-funktioner. Tidpunkten, da den langsamma 
landhojningen var som storst, infoll samtidigt inom hela omradet vilket visar 
att rorelsen sker i samverkan. Ett samband har pavisats mellan 
avklingningshastigheten oeh jordskorpans tjoeklek. I omraden med tjoek 
jordskorpa ar landhojningen langsammare an i omraden med tunn skorpa. 
Den snabba mekanismen avspeglas i en landsankning som borjade ea 12 500 
BP oeh sedan upphorde ea 10 300 BP. Vid denna tidpunkt ersattes 
landsankningen av en snabb landhojning som pagick under tidig Holoeen 
tid. Den snabba mekanismen har beraknats med hjalp av 
normalfordelningsfunktioner. 

Materialet i manteln visar ett plastiskt beteende. Nar manteln utsatts for 
kortvariga tryek reagerar materialet som en elastisk kropp, medan de flyter 
om· de utsatts for langvarig paverkan. Den langsamma mekanismen kan 
kopplas till viskos massforflyttning oeh som ett svar pa langvarig paverkan. 
Den snabba mekanismen ar troligen ett svar pa en kortvarig spanning. 
Denna kortvariga spanning har troligen orsakats av fomyad islast, som 
hypotetiskt tillkommit genom en sjalvskapad omfordelning av ismassoma 
under isavsmaltningen. 

Den framtida utveeklingen avseende landhojning, havsyteforandringar oeh 
strandforskjutning i Fennoskandia kan forutsagas genom modellen. Dessa 
forutsagelser bygger pa antagandet att jordskorpans rorelser och havsytans 
forandringar foljer de trender som existerar idag. 

Ostersjons utveekling har skisserats i arbetet. 
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SUMMARY 

The objective of the modelling is to find mathematical expressions which 
describe shore-level displacement in the area covered by the Scandinavian 
ice during the Weichselian glaciation. The intention is to predict future 
shore level development and to increase knowledge about the mechanisms 
of glacio-isostatic uplift. 

A mathematical model of shore level displacement in Fennoscandia was 
recently presented by the author in a SKB Technical Report (Passe 1996b ). 
One of the results presented in this model was that the rate of decline of 
glacio-isostatic recovery is related to crustal thickness. The aim of the 
present paper is to make further analysis of this relationship and to introduce 
the result in a revised model. The present paper can be regarded as a second 
edition of the publication from 1996b. 

Shore level displacement (S m) in Fennoscandia is mainly due to two 
interactive vertical movements, glacio-isostatic uplift (Um) and eustatic sea 
level rise (E m) and is estimated by S = U - E. It have been difficult to 
model shore level displacement due to the lack of empirical data concerning 
the glacio-isostatic uplift and also the lack of reliable data on eustatic rise. 
However, according to an investigation of the lake-tilting phenomenon 
(Passe 1996a) the course of glacio-isostatic uplift has been discerned. As a 
consequence an iteration process for estimate glacio-isostatic uplift and 
eustatic rise using empirical data of the shore level displacement has been 
started. Shore level displacement is known from 67 shore level curves in the 
area affected by Scandinavian ice during the Late Weichselian. 

The model indicates that there are two mechanisms involved in glacio­
isostatic uplift, one slow and the other fast. The main uplift is a slow 
declining movement.. This movement is still in progress in the whole area 
covered by ice during the Late Weichselian. The peripheral parts of this 
area, which today seem to be submerged, are thus still affected by a slow 
uplift. The reason for the submergence is ongoing eustatic rise. The present 
annual eustatic rise is estimated to be 1.2 mm/y. Arctan functions have 
proved to be suitable tools for describing the slow glacio-isostatic uplift. 
The slow uplift ( Us m) can be expressed as 

Us= 0.6366 X As (arctan (Ts I Bs) - arctan (( Ts - t) I Bs)) 

where As is half of the total uplift (m), T.~ (years) is the time for the maximal 
uplift rate, t (year) is the variable time and Bs is a declining factor. The time 
for maximal uplift is estimated to be 12 500 calendar years i.e. 11 300 
conventional radiocarbon years BP. This is a constant value meaning that 
slow uplift occurred simultaneously in all Fennoscandia in an interactive 
movement. It also implies that a great part of the uplift, especially in the last 
deglaciated areas, occurred before the areas were finally ice free. For slow 
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uplift there is a relationship between the rate of decline and the crustal 
thickness. In areas with greater crustal thickness the glacio-isostatic recovery 
is slower than in areas with a thinner crust. The following expression has 
been established for the relationship between the declining factor and the 
crustal thickness: 

Bs = 302 e o.061 * er 

where et is the crustal thickness in km. 

The fast mechanism gave rise to crustal subsidence which started about 12 
500 BP. After about 10 300 BP, in the early Holocene, the subsidence was 
restored by a fast uplift. Subsidence is apparent in shore level curves in a 
peripheral zone outside the Younger Dryas ice margin. Fast uplift is 
apparent in the same area but also in central Fennoscandia i.e. the areas 
which were rapidly deglaciated during Preboreal time. The fast mechanism 
has been calculated by normal distribution functions: 

U A (-0.5(((t-Tf)/Bf)x(t-Tf)/Bf))) 
1= JX e 

where U1 is the crustal change (m), At is the total subsidence/uplift (m), B1 is 
a declining factor (y"1), t is the variable time (year) and T1 is the time for 
maximal subsidence and the start of fast uplift, i.e. the middle of the 
function. The modelling indicates a uniform time for this event about 11 500 
cal years BP (10 300 y BP). 

A formula for expressing eustatic rise is also presented in this paper. The 
main course of eustatic rise may be expressed as: 

E = 0.6366 x 50 x (arctan (9 350/1375) - arctan ((9 350 - t)/1375)) 

The mantle material exhibits plastic behaviour. When the mantle encounters 
short-lived stresses the material behaves like an elastic solid but ih response 
to long-term stresses it will flow. The slow mechanism can be linked to 
viscous flow and as a response to long-term stresses. The fast mechanism is 
probably the response to a short-lived stress. A great part of the slow uplift, 
especially in central Fennoscandia, occurred before this area finally became 
free of ice. Because uplift occurred at different velocities below the ice 
sheet, recovery in some areas was "delayed". This delay changed the 
topographical condition below the ice sheet, and is assumed to have caused 
"glacial-tilting", analogous to the lake-tilting phenomenon. This process is 
supposed to have triggered redistribution of the ice load during deglaciation 
which caused an isostatic subsidence, which in turn further amplified the 
process. The low deglaciation rate during the climatic deterioration at about 
11 000 BP amplified the process by a more prolonged period of isostatic 
delay. 

The positions of maximal uplift for slow uplift and fast uplift respectively 
are situated in different places. This condition supports the assumption that 
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the causes for the slow and fast mechanisms are different. The two 
mechanisms gave rise to tilting in different directions. 

Future development regarding glacio-isostatic uplift, eustasy and shore level 
displacement can be predicted in Fennoscandia using the results from the 
modelling. Some shore level curves from sites in Sweden are shown as 
examples of these predictions, Figure 5-2. The predictions are based on the 
assumption that crustal and eustatic movements follow trends that exist 
today. 

Shore level curves from the coasts around the Baltic are affected by raised 
water levels during two lake stages, the Baltic Ice Lake and the Ancylus 
Lake. Development of the Baltic has been outlined in chapter 6 and is 
summarised in Figure 6-5. 
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1 METHOD OF THE MODELLING 

1.1 OBJECTIVE 

The objective of the modelling is to find mathematical expressions which 
describe shore-level displacement in the area covered by Scandinavian ice 
during the Weichselian glaciation. This model is to help predict future shore 
level development and to increase knowledge about the mechanisms of 
glacio-isostatic uplift. 

A mathematical model of shore level displacement in Fennoscandia was 
recently presented by the author in a SKB Technical Report (Passe 1996b). 
One of the results of the modelling was that the rate of decline of glacio­
isostatic recovery is obviously related to crustal thickness. The aim of the 
present paper is to make further analysis of this relationship and to introduce 
the result in a revised model. The present paper can be regarded as a second 
shorter edition of the publication from 1996. Some text has been duplicated 
in order to make the presentation readable. 

1.2 METHOD 

Shore level displacement (S m) in Fennoscandia is mainly due to two 
interactive vertical movements, glacio-isostatic uplift (U m) and global 
eustatic sea level rise (E m), Figure 1-1. Shore level displacement is 
estimated by 

S= U-E 1-1 

If the eustatic rise of the sea level rise was known it would be possible to 
calculate the glacio-isostatic uplift, as empirical data exist for S, by access to 
shore-level curves. Fairbanks (1989) has published a eustatic curve which is 
generally accepted and commonly used in shore-level modelling. As will be 
demonstrated later (Chapter 2.4) the reliability of this curve is insufficient 
and therfore cannot be used for accurate shore-level calculations. 

Physical models of glacio-isostatic recovery have been presented during the 
last years e.g. by Mcconnel (1968), Cathles (1975), Peltier (1976, 1988, 
1991), Clark et al. (1978), Nakada & Lambeck (1987, 1989), Fjeldskaar & 
Cathles (1991), Lambeck (1991) and Nakiboglu & Lambeck (1991). The 
formulas for the course of glacio-isostatic uplift, used in these models, are 
derived according to rheological parameters. However there are quite 
different opinions regarding the rheological parameters among these authors. 
Passe (1996a) has made investigations of glacio-isostatic uplift based on the 
lake-tilting method. The point with empirical lake-tilting investigations is 
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that the course of glacio-isostatic uplift can be expressed in mathematical 
terms without using rheological assumptions. 

Empirical data on glacio-isostatic uplift received from lake-tilting 
investigations (Passe 1996a) provided the starting point for the present 
modelling. Lake-tilting data show the difference in the course of the crustal 
uplift between two points, Figure 1-2. By magnifying the function, which 
describes the lake-tilting, it has been possible to start an iteration process 
which has given mathematical expression for factors involved both within 
the isostatic movements and the eustatic rise. 

Information concerning present relative uplift (mm/y), recorded by precision 
levellings and tide gauge data ( e.g. Ekman 1996), has been used in the 
modelling. Present absolute uplift (mmly) was estimated in the modelling. 
These values were used for calculating present eustatic rise by taking the 
difference between present absolute uplift and present relative uplift at 
different sites. The answer should be equal at each site. This is utilised in the 
iteration process . 

.-----------------------.- 250 
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Figure 1-1. Eustasy (E) and crustal uplift (U) determine shore level 
displacement ( S) , by S = U - E. 
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Most shore-level curves refer to conventional 14C-dates. However, for 
calculating the glacio-isostatic uplift it is necessary to use calendar years. A 
formula for converting conventional 14C-dates to calendar years (Passe 
1996b) is given in Chapter 2.2. 

The main input data in the modelling, besides the lake-tilting information, 
are shore level curves from the area covered by Scandinavian ice during the 
Late Weichselian. These curves are compared to calculated curves derived 
in the model. In the first edition 63 shore level curves were used in the 
analysis and were each shown with a graph comprising the original curve 
and the theoretical curve plus original data. In the present edition only a 
selection of these curves are shown. Four new shore level curves have been 
added to the material. The curves used in the model are designated with site 
numbers and the geographical positions of the sites are presented in Figure 
3-1. The references of the shore level curves are reported in Table 3-1. 

Lake Fegen Depth m 

1--------.----+------+-------+-----+-...... ---,---+-12 
14000 12000 10000 8000 6000 4000 2000 0 

cal y BP 

Figure 1-2. Radiocarbon dates for ancient lake levels in lake Fegen (Passe 
1990a, 1996a). The two lowermost points, denoted by triangles, are derived 
from the gradient of shorelines formed during formation of the Goteborg 
moraine and the Berghem moraine. The curve shows difference in land 
uplift between the outlet and the southern part of the lake expressed by an 
arctan function. 
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The declining course of the uplift can only be univocal solved using shore 
level information that extends over a long time span. There are several shore 
level curves that range just over one or two thousand years. They may be 
very detailed but due to the short extension of these curves the calculations 
of uplift would be unreliable using these. Shore level curves comprising 
long time intervals may be constructed by approximate datings but may in 
spite of this give better qualifications for uplift calculations than shorter 
more detailed curves. 

It is impossible to present the model in a logical order as every parameter 
has been determined gradually and dependent of all the other parameters in a 
multivariable system. What can prove the validity of the model is the 
congruity between empirical shore level curves and theoretically deduced 
curves. 
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2 FORMULAS USED IN THE MODELLING 

2.1 GENERAL 

Iterative calculations provide a base for the modelling. Access to 
mathematical expressions which can be used for calculating the 
development through time are required. This chapter displays the integral 
parts in the modelling and the formulas used for each part. The formulas are 
summarised in Chapter 3.3. 

2.2 CALIBRATION OF 14C - VALUES 

A mathematical expression for converting conventional 14C-dates to 
calendar dates is derived in Passe (1996b). The formula used in the 
modelling for converting dates is written as: 

t = 59.6-206.9 X arctan ((4000- l.095tcon )/800) + 63.66 X arctan ((7200 -

- l.095tcon )/100)) + 95.5 X arctan ((750 - l.095tcon )/200) + l.095tcon 2-1 

where t is the calibrated date, while tcon, is the conventional radiocarbon date. 
When calendar years are used, this is pointed out by writing cal years BP, 
while conventional 14C -years are denoted as years BP. 

2.3 THE UPLIFT FORMULAS 

The first modelling showed that there are two mechanisms involved in 
glacio-isostatic uplift, one slow and the other fast. The main uplift, still in 
progress, acts slowly. The fast mechanism gave rise to a crustal subsidence 
during Allerod and Younger Dryas restored by fast uplift during early 
Holocene. The nature of the two mechanisms will be further discussed in 
Chapter 3.2. 

2.3.1 The slow mechanism 

According to Andrews (1970) glacio-isostatic movement starts slowly, 
reaches a maximal rate and after that follows a declining course. Different 
S-shaped functions have been tested for describing glacio-isostatic uplift 
from lake-tilting information (Passe 1996a) and shore level data (Passe 
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1996b ). Arctan functions turned out to be the most suitable way of 
describing glacio-isostatic uplift following the slow mechanism. 

The arctan functions can be divided into two symmetrical parts, one is 
inclining and the other is declining. To say that the initial inclining phase of 
uplift is symmetrical to the declining phase is an overstatement as there is 
too little information accessible for testing the inclining phase. The lack of 
data is due to the fact that the main part of uplift, during the inclining phase, 
occurred beneath a cover of ice. Only the declining phase of the function can 
be tested for its validity of describing glacio-isostatic uplift. Land uplift 
following unloading of ice (Us in m) can then be described with the function 

simplified as 

Us= 0.6366 X As (arctan (Ts I Bs) - arctan (( Ts - t) I Bs)) 2-3 

where As is half of the total uplift (m), Ts (years) is the time for the maximal 
uplift rate, i.e. the middle of the function, t (year) is the variable time and Bs 
(f1) is a declining factor. In the calculations Ts and tare counted in calendar 
years according to formula 2-1. However, within all graphs the dates are 
reported in conventional 14C- years as these dates are more familiar to most 
geologists. 

The parameters As and Bs are related to the position while Ts seems to be 
regionally constant and is estimated to 12 500 calendar years BP i.e. 11 300 
years BP counted in the conventional radiocarbon chronology. The formula 
for the slow uplift can thus be written as 

Us= 0.6366 X As (arctan (12 500 I Bs) - arctan (( 12 500 - t) I Bs)) 2-4 

In the southern parts of Scandinavia glacio-isostatic recovery can be 
calculated using a formula comprising only the slow mechanism. Graphs of 
two different uplift curves following the slow mechanism are shown in 
Figure 2-1. 

2.3.2 The fast mechanism 

Shore level curves from Norway and from the northern parts of the Swedish 
west coast, i.e. areas outside but close to the Younger Dryas ice border, 
show crustal subsidence during Allerod and Younger Dryas ( about 12 000-
10 300 years BP). Shore level curves which prove this subsidence are 
marked by an asterisk in Table 3-2. After about 10 300 BP, in early 
Holocene, the subsidence was restored by a fast uplift, lasting about 1000 -
2000 years. The fast uplift during early Holocene is significant in central 
Fennoscandia and recorded in most shore level curves from this area. 
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Figure 2-1. Graphs of slow glacio-isostatic uplift calculated by different 
values of As and Bs. The uppermost curve is calculated with As = 380 m and 
Bs = 6500 and the lowermost curve is calculated with As= 170 m and Bs = 
3800. 

In the first edition the fast mechanism was described by two reverse arctan 
functions, starting with a negative function for the subsidence followed by a 
positive function for the recovery. In the present model the fast mechanism 
is calculated by normal distribution functions. This revision involves a 
reinterpretation of the course of this mechanism compared to the 
interpretation discussed in the first edition. For shore level curves from the 
area outside the Younger Dryas ice border the changes between the two 
editions are small as the sum of two reverse arctan functions describe a 
course similar to one normal distribution function. However, for the area 
inside the Younger Dryas ice border there is a significant difference between 
the two models regarding the fast mechanism. The calculations of the 
theoretical shore level curves give quite similar results but there is a 
fundamental difference in the mechanism. In the first edition it was assumed 
that subsidence did not affect the area inside the Younger Dryas ice border. 
This assumption lacks proof as shore level curves from this area do not 
derive from the actual period. In the present model it is assumed that central 
Fennoscandia, in the area inside the Younger Dryas ice border, was affected 
by subsidence in analogy to the condition established outside the ice border. 
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A general formula for the fast mechanism is: 

U -AX (-0.5(((t-Tf)IBJ)x(t-Tf)IBJ))) 
1- f e 2-5 

where U1 is the crustal change (m), A1 is the total subsidence/uplift (m), B1 is 
a declining factor (y"1), t is the variable time (year) and T1 is the time for the 
maximal subsidence and the start of the fast uplift, i.e. the middle of the 
function. The modelling indicates a uniform time for this event about 11 500 
cal years BP (10 300 y BP). A general formula for the fast mechanism can 
then be written as: 

U A (-0.5(((t-11500)/Bf)x(t-11500)/Bf))) 
1= JX e 2-6 

The course of the crustal movements, caused by the fast mechanisms, are 
shown graphically in Figures 2-2. The total glacio-isostatic uplift can be 
calculated by combining the effects of the slow and fast movements, Figure 
2-3, according to: 

U = 0.6366 X As (arctan (12 500 / Bs) - arctan (( 12 500 - t) I Bs)) + 

AX (-0.5 ((( t-11500 )/Bf)x(t-11500 )/Bf))) + f e . 2-7 
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Figure 2-2. The course of the crustal movements, caused by the fast 
mechanisms, calculated with Ai = 50 m and Bi = 800 and Ai = 20 m and B1 
=500. 
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Figure 2-3. Graph of the combination of the crustal movements shown in 
Figures 2-1 and 2-2. 

2.4 THE EUSTASY 

The first publication ever of a well-documented shore-level curve is from 
Goteborg and was made by the Geological Survey of Sweden (Sandegren & 
Johansson 1931). This curve shows a transgression during the Holocene 
which was interpreted as land subsidence following the Late Glacial uplift. 
It was not until Daly (1934) introduced the theory of glacio-eustasy that this 
transgression was correctly interpreted as a rise of the global sea level. 
Glacio-eustasy is a climatically controlled movement caused by removal or 
addition of water under conditions of glaciation and deglaciation. 

Ever since Godwin et al. (1958), Fairbridge (1961), Jelgersma (1961) and 
Shepard (1963) presented eustatic curves of the global sea level rise there 
have been several subsequent curves which on the whole show the same 
trend but differ in detail. A eustatic curve from Barbados, published by 
Fairbanks (1989) based on radiocarbon dated corals, is the most generally 
accepted curve today. This curve goes back to 18 000 years BP and the 
global sea level was then measured to about - 120 m. 

Formula 1-1 can be used to test the validity of eustatic curves. If the 
empirical data from a shore level curve (S) is added to data from a eustatic 
curve (E) the course of the crustal movement (U) will be shown. In 

9 



Fennoscandia the configuration of such calculated uplift curve should a 
priori be congruent to a magnified empirical estimated lake-tilting curve. 
This test is done by adding the Fairbanks (1989) eustatic curve to a shore 
level curve from Sandsjobacka (Passe 1987). The uplift curve received by 
this addition is compared to a magnified empirical estimated lake-tilting 
curve, based on data from Lake Fegen (Passe 1996a), Figure 2-4. Lake 
Fegen is situated close to and at the same isobase as the Sandsjobacka area 
in southwestem Sweden. The configuration of the calculated curve does not 
correspond to magnified lake-tilting curve. The differences between the two 
curves are shown graphically in Figure 2-5. This graph indicates the size of 
discrepancy within the Fairbanks (1989) eustatic curve. 
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Figure 2-4. The black curve (A) is a magnified empirical estimated lake­
tilting curve, based on data from Lake Fegen (Passe 1996a). The grey curve 
is an uplift curve (B) calculated for testing the reliability of Fairbanks 
( 1989) eustatic curve. This uplift curve is derived by addition of the shore 
level curve (S) from Sandsjobacka (Passe 1987) and Fairbanks (1989) 
eustatic curve (E). In Fennoscandia the configuration of such calculated 
uplift curve should a priori be congruent to a magnified empirical estimated 
lake-tilting curve. The differences between the two curves are shown in 
Figure 2-5. 
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Figure 2-5. The differences between the two curves shown in Figure 2-4. 
The graph indicates the size of discrepancy within Fairbanks ( 1989) eustatic 
curve. 

A eustatic curve is obtained as a result of the modelling in a similar way to 
that outlined above. By calculating the difference between hypothetical 
uplift curves and empirical shore level curves it has been possible, by 
iteration, to estimate a function for the eustasy. The main course of the 
eustatic rise may be expressed as: 

E = 0.6366 x 50 x (arctan (9 350/1375) - arctan ((9 350 - t)/1375)) 2-8 

This relation is shown in Figure 2-6. Figure 50 in formula 2-8 designates 
half of the total eustatic rise (in m). This figure shows that, since the glacial 
maximum, eustatic rise is 100 m according to formula 2-8. However, 
information concerning the eustasy has only been calculated back to 14 000 
y BP in the modelling. t in formula 2-8 is in calendar years. The figure 9 350 
in this formula means the time for the maximal rate of eustatic rise in 
calendar years (about 8 450 y BP). 

Function 2-8 for the eustasy only takes the main rise into consideration. In 
areas where the tidal effect is very low and raised shore levels exist, it is 
obvious that sea level not only rose continuously during Holocene but also 
changed in an oscillatory way (cf Passe 1983). The size and periodicity of 
these oscillations are not satisfactorily known but it is difficult to leave such 
information unnoticed in this context. A sinusoidal function may be added 
to the main eustatic formula in order to attain more detailed information 
regarding transgression and regression phases. The sinusoidal function is 
preliminary given a periodicity of about 475 years (Passe 1983) and an 
amplitude of 0.5 m. The cyclic function can be written as: 

11 



Fairbanks 
(1989) 

Calculated curve 

14000 12000 10000 8000 6000 4000 2000 

years BP 

0 

0 

-10 

-20 

-30 

-40 

-50 

-60 

-70 

-80 

-90 

-100 

-110 

ai 
> 
.!! 
111 
a, 
1/) 

== 0 
ai 
.c 
E 

Figure 2-6. A comparison between Fairbanks (1989) eustatic curve and the 
curve resulting from the calculations. 

C = 0.5 x sin ((t - 100) x 0.013)-0.48 2-9 

Figure 2-7 shows eustatic changes when function 2-9 is added to 2-8. 

Most curves, interpreted as eustatic curves, are derived from off shore 
information. According to Bloom (1967) sea floor is affected by the change 
of load caused by the increase of water during eustatic rise. Bloom (1967) 
named this phenomenon the hydro-isostatic effect. Eustatic curves compiled 
from submarine information, e.g. Fairbanks curve (1989), ought to be 
corrected for the hydro-isostatic effect. A eustatic curve, constructed by 
subtracting the shore level displacement from a "known" glacio-isostatic 
uplift, does not need this adjustment provided the shore level curve is 
compiled from an area situated above the present sea level. 

The eustatic curve, which is obtained from the modelling, is supposed to 
illustrate more clearly the trends in global eustasy than e.g. the curve 
presented by Fairbanks (1989). A comparison between Fairbank's curve and 
the calculated curve is described in Figure 2-6. 
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Figure 2-7. Eustatic rise calculated by a combination of formulas 2-8 and 
2-9. 

2.4.1 Water level changes in the Baltic 

Shore level curves from the Baltic basin are influenced not only by eustasy 
but also by water level changes during two lake stages, the Baltic Ice Lake 
and the Ancylus Lake. The differences between sea level and the lake levels 
within the Baltic basin were not used in the calcualtions of the shore level 
curves in the first edition as this information was received as a result of the 
modelling. fu the present second edition theoretically calculated differences 
between the sea level and the lake levels within the Baltic basin are used in 
the calculations. These differences are summarised in Figure 6-5. 
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3 RESULTS OF THE MODELLING 

3.1 SHORE LEVEL CURVES 

67 shore level curves from the area covered by Scandinavian ice during the 
Late Weichselian are used as input data in the modelling. These shore level 
curves are compared to theoretical curves deduced from the formulas 
presented in Chapter 2. Some examples of these comparisons are shown in 
Figures 3-2 to 3-7. In these figures original curves are drawn in grey and 
theoretical curves in black. Original data for constructing the curves are 
shown by black triangles in the graphs. Each curve used in the analysis is 
designated with a site number. Geographical positions of the sites are shown 
in Figure 3-1 and the references are presented in Table 3-1. Sites which are 
illustrated by shore level curves are marked with an asterisk in Table 3-1. 
Some shore level curves are complemented or extended by new data from 
nearby sites. Most of the theoretical curves are calculated without using the 
oscillation formula, 2-9. The uplift parameters, used for calculating the 
shore level curves, are reported in Table 3-2. 

In the first edition 63 shore level curves were used in the analysis and were 
each shown graphically in that presentation. Fout new shore level curves 
have been available after the publication of the first edition. These curves 
are inserted in this second edition and shown in Figure 3-2, 3-3 and 3-7. 

Table 3-1. Number, names and references of the sites used in the calculations. Sites 
which are illustrated by shore level curves are marked with an asterisk. 

Nr Sites References 

1 Varanger Donner 1980 
2 Andi:ija Vorren et al. 1988 
3 Tromsi:i Hald & Vorren 1983 
4 Lofoten Moller 1984, Vorren & Moe 1986 
5 Na.ray* Ramfjord 1982 
6 Verdalsora* Sveian & Olsen 1984 
7 Frosta* Kjernperud 1986 
8 Bjugn* Kjernperud 1986 
9 Hitra Kjernperud 1986 

10 Tjeldbergodden* Solem & Solem 1997 
11 Fri:ija Kjernperud 1986 
12 Leinoy* Svendsen & Mangerud 1990 
13 Fonnes Kaland 1984 
14 Sotra* Krzywinski & Stabell 1984, Kaland et al 1984 
15 Bomlo Kaland 1984 
16 Yrkje Anundsen 1985 
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Nr Sites References 

17 Hardanger* Helle et al. 1997 
18 Jaren Thomsen 1982, Bird & Klemsdal 1986 
19 Krageri:i* Stabell 1980 
20 Porsgrunn Stabell 1980 
21 Vestfold* Henningsmoen 1979 
22 Oslo Hafsten 1983 
23 bstfold* Danielsen 1970 
24 Ski* Sorensen 1979 
25 Vendsyssel Rickardt 1996 
26 Vedback* Christensen 1993 
27 Si:iborg So Mi:irner 1976 
28 St Bait & Fakse Bugt* Christensen 1993, Bennike & Jensen 1995 
29 Kroppefjall* Bji:irck & Digerfeldt 1991 
30 Hunneberg Bji:irck & Digerfeldt 1982 
31 Central Bohuslan* Miller & Robertsson 1988 
32 Ljungskile Persson 1973 
33 Risveden* Svedhage 1985 
34 Gi:iteborg Passe 1983 
35 Sandsji:ibacka* Passe 1987 
36 Fjaras Passe 1986 
37 Varberg* Passe 1990b, Berglund 1995 
38 Falkenberg Passe 1988 
39 Halmstad Caldenius et al. 1949, Caldenius et al. 1966, Berglund 1995 
40 Bjare* Mi:irner 1980b 
41 Barseback Digerfeldt 1975, Persson 1962, Ringberg 1989 
42 Blekinge* Bji:irck 1979, Liljegren 1982 
43 Oskarshamn * Svensson 1989 
44 Gotland Svensson 1989 
45 Rejmyra* Persson 1979 
46 Stockholm area* A.se 1970, Miller & Robertsson 1982, Brunnberg et al. 1985, 

Risberg 1991 
47 Eskilstuna Robertsson 1991 
48 Gastrikland Asklund 1935 
49 Halsingland G. Lundqvist 1962 
50 A.ngermanland* Cato 1992 
51 S. Vasterbotten Renberg & Segerstri:im 1981 
52 Rovaniemi* Saarnisto 1981 
53 Lauhanwuori* Salomaa 1982, Salomaa & Matiskainen 1983 
54 Satakunta Eronen 1983 
55 Olkiluoto* Eronen et al 1995 
56 Aland* Gliickert 1978 
57 Turku Gliickert 1976, Salonen et al. 1984 
58 Karjalohka Gliickert & Ristaniemi 1982 
59 Tammisaari-Pernii:i* Eronen et al 1995 
60 Lohja Gliickert & Ristaniemi 1982 
61 Espo* Hyvarinen 1980, 1984, Gliickert & Ristaniemi 1982, Eronen 

& Haila 1982 
62 Porvoo* Eronen 1983 
63 Hangassuo Eronen 1976 
64 Tallin Kessel & Raukas 1979 
65 Southern Lithuania* Kabailiene 1997 
66 Western Baltic* Winn et al 1986, Klug 1980 
67 Dalnie Zelentsy* . Snyder et al. 1996 
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Figure 3-1. Position of shore level curves used in the modelling. Numbers 
refer to Table 3-1, where names of the sites and references are listed. 
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Figure 3-2. Shore level displacement at Naroy (Ramjjord 1982), Verdalsora (Sveian & 
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Figure 3-4. Shore level displacement at Vedbiick (Christensen 1993), Storebiilt + Fakse 
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Figure 3-5. Shore level displacement at Varberg (Passe 1983, Berglund 1995), Bjiire 
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3.2 GLACIO-ISOSTATIC UPLIFT 

3.2.1 General 

Lake-tilting investigations (Passe 1996a) show that slow glacio-isostatic 
uplift still is in progress with a declining course in the southern parts of 
Sweden. The shore level modelling shows that slow uplift is in progress in 
the whole area covered by ice during the Late Weichselian. The peripheral 
parts of this areas, which today seem to be submerged, are thus still affected 
by a slow uplift. The reason for the submergence is ongoing eustatic rise. 

The uplift parameters used for calculating the theoretical shore level curves, 
are shown in Table 3-2. The values of As, Bs and A1 are also presented in 
isoline maps, Figures 3-8, 3-11 and 3-13. These maps can be used for 
determining the specific parameters necessary for calculating shore level 
displacement at any optional site. 

Table 3-2. The uplift parameters used for calculating theoretical shore 
level curves. Sites, which give information of both subsidence and uplift 
related to the fast mechanism, are marked with an asterisk. 

Site As Ts Bs A, T, a, 
m calyear year·1 m calyear year"1 

1 Varanger 160 12500 5000 55 11500 1100 
2 Andoja 88 12500 3600 20 11500 1200 
3 Tromso* 130 12500 3800 20 11500 800 
4 Lofoten 110 12500 3600 20 11500 1000 
5 Naroy* 255 12500 3800 60 11500 1000 
6 Verdalsora 305 12500 4400 67 11500 800 
7 Frosta* 290 12500 4400 56 11500 1000 
8 Bjugn* 223 12500 3800 40 11500 800 
9 Hitra* 195 12500 3800 30 11300 600 

1 O Tjeldbergodden* 188 12500 3800 35 11500 900 
11 Froja* 163 12500 3800 22 11000 650 
12 Leinoy* 100 12500 3500 17 11500 800 
13 Fonnes 125 12500 3700 30 11500 1000 
14 Sotra* 120 12500 3800 37 11500 900 
15 Bomlo* 120 12500 3800 30 11500 1000 
16 Yrkje* 124 12500 4000 36 11500 800 
17 Hardanger* 200 12500 4000 75 11500 900 
18 Jaren* 95 12500 3400 36 11500 800 
19 Kragero 295 12500 2400 40 11500 900 
20 Porsgrunn 325 12500 2400 50 11500 800 
21 Vestfold 360 12500 2400 15 11500 700 
22 Oslo 435 12500 2700 60 11500 700 
23 Ostfold 390 12500 2400 50 11500 700 
24Ski 425 12500 2650 45 11500 700 
25 Jylland 117 12500 3400 15 11500 600 
26 Vedback 107 12500 2500 
27 Soborg So 98 12500 2500 
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Site As Ts Bs A, T, B, 
m calyear year·1 m cal year year"1 

28 St Bait 62 12500 2500 
29 Kroppefjall* 282 12500 3700 19 11350 250 
30 Hunneberg* 242 12500 4300 29 11900 600 
31 C Bohuslan 245 12500 3500 20 11500 400 
32 Ljungskile 217 12500 3900 10 11500 350 
33 Risveden* 205 12500 3650 25 11900 600 
34 Goteborg 170 12500 3700 10 11500 350 
35 Sandsjobacka* 161 12500 3650 9 11500 350 
36 Fjaras 155 12500 3700 8 11500 350 
37 Varberg 137 12500 3700 7 11500 350 
38 Falkenberg 125 12500 3700 6 11500 350 
39 Halmstad 118 12500 3300 6 11500 350 
40 Bjare Peninsula 108 12500 330.0 
41 Barseback 95 12500 2500 
42 Blekinge 125 12500 2500 
43 Oskarshamn 177 12500 3200 
44 Gotland 170 12500 3200 
45 Rejmyra 220 12500 6500 75 11500 800 
46 Stockholm area 233 12500 7200 82 11500 1050 
47 Eskilstuna 250 12500 7000 90 11500 900 
48 Gastrikland 333 12500 7200 95 11500 1000 
49 Halsingland 395 12500 7000 120 11500 1400 
50 Angermanland 430 12500 6500 130 11500 1900 
51 S Vasterbotten 430 12500 6700 135 11500 1900 
52 Rovaniemi 378 12500 6500 115 11500 1100 
53 Lauhanwuori 330 12500 9200 140 11500 1300 
54 Satakunta 287 12500 9200 110 11500 1200 
55 Olkiluoto 265 12500 8600 90 11500 900 
56 Aland 285 12500 7000 85 11500 750 
57 Turku 235 12500 7500 80 11500 950 
58 Karjalohka 215 12500 7500 70 11500 850 
59 Tammisaari 195 12500 7200 58 11500 1000 
60 Lohja 190 12500 7200 65 11500 900 
61 Espo 180 12500 7200 60 11500 900 
62 Porvoo 163 12500 6500 57 115o'0 1000 
63 Hangassuo 160 12500 6500 60 11500 900 
64 Tallin 165 12500 4500 15 11500 700 
65 S Lithuania 105 12500 2500 
66 W Baltic 41 12500 2200 
67 Dalnie Zelentsy 133 12500 4000 35 11500 1200 

3.2.2 The slow mechanism 

The time for maximal uplift rate (Ts) is estimated to a constant age of 12 500 
calendar years i.e. 11 300 years BP. Ts is thus isochronous meaning that 
slow uplift occurred simultaneously in all Fennoscandia in an interactive 
movement. It also implies that a great part of the uplift, especially in the last 
deglaciated areas, occurred before the sites finally became free of ice. 
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The isoline map showing As (m) values, which represent half of the total 
values for slow uplift, is based only on the information received from the 67 
shore level curves. Figure 3-8. The configuration of the two highest isolines 
( 450 and 500 m) are drawn as symmetrical extrapolations as data is lacking 
from this area. 

Figure 3-8. As (m) values, i.e. half of the total values for the slow uplift 
mechanism. 

25 



The configuration of the isolines of present apparent uplift, Figure 4-1 and 
4-2, shows a maximum in the Skelleftea area. This maximum is 
conventionally used for estimating the "centre of the glacio-isostatic uplift" 
or "the ice divide of the latest glaciation". This interpretation is based on the 
assumption of a constant declining factor. However, one of the main 
conclusions, presented in this paper, is that there are regional differences in 
the rate of the decline. Figure 3-8 infers that "the centre of the glacio­
isostatic uplift" and therefore also "the ice divide of the last glaciation" was 
situated along an axis from Trysil in Norway to Arvidsjaur in northern 
Sweden. 

The accuracy of the estimate of declining factor Bs varies as reliable estimate 
only can be derived from shore level curves comprising long time periods. 
The accuracy of determination is estimated to be ± 10 % for long shore level 
curves, while the range may be ± 20 % for the shorter curves. High values of 
Bs produce flat uplift curves, while low values give steeper curves where 
most of the recovery occurred close to Ts. The remaining uplift is thus 
greater in areas with high values of Bs, which also means that the present 
rise is still relatively fast in these areas. In the first edition of this study the 
estimate of Bs gave rise to values which were clustered around 6 "mean 
values". When these values were plotted in a map a relationship between the 
declining factor and the crustal thickness was discernible. This relationship 
has been examined and utilised in this second edition. 

3.2.3 Crustal thickness 

The crustal thickness, the Moho depth, is generally detected by deep seismic 
sounding. Maps of crustal thickness have been presented by Meissner et al. 
(1987), Ziegler (1990), Giese & Buness (1992) and Kinck et al. (1993). 
The maps from Giese & Buness (1992) and Kinck et al. (1993) are shown in 
Figures 3-9 and 3-10. A comparison between these maps shows that there 
are relatively large differences in interpretations of crustal thickness. This 
complicates the aim of this paper of finding a relationship between the 
declining factor and the crustal thickness. The map from Kinck et al. (1993) 
has been favoured in this investigation, mainly because it embraces all 
Fennoscandia. 

Examination of the relationship between the crustal thickness and the 
declining factor Bs started by plotting the original values of Bs (Passe 1996b) 
versus the crustal depth received from Kinck et al. (1993). The values of Bs 
in the clusters were then either increased or decreased, based on information 
about crustal depths, if these changes fitted the shore level information. 
From this revision an exponential expression was established for the 
relationship between the declining factor and the crustal thickness: 

Bs = 302 e o.061 * et 3-1 

where et is the· crustal thickness in km. The isoline map of Bs, shown in 
Figure 3-11, was drawn by combining the results of the shore level 
modelling and the configuration of the isolines of the crustal thickness 
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interpreted from seismic soundings by Kinck et al. (1993) and Giese & 
Buness (1992). Bs can thus be determined at any optional site from this map. 
The values of Bs, corresponding to different crustal thickness, are reported in 
Table 3-3. 

The difference between calculated crustal thickness and geophysical 
estimate by either Kinck et al. (1993) or Giese & Buness (1992) is less than 
2 km or corresponds completely for 57 of the 67 sites. The good 
correspondence for most of the sites indicates the relationship between the 
declining factor and the crustal thickness. The conformance between the 
crustal thickness estimated by seismic soundings and "shore level estimate" 
is shown in Figure 3-12. At ten sites, however, the estimate from the two 
methods differ considerably. These sites belong to specific areas. In the 
south-western part of Norway and at Jyllan~ the difference is between 3 and 
6 km, and in the Lofoten area, at Oskarshamn - Gotland and at Lithuania the 
difference is 10 km. There are three possible explanations for the difference 
in results from the remaining 10 sites: The shore level data are uncertain or 
misinterpreted; the seismic interpretations are uncertain or misinterpreted; 
there is yet another factor to consider when determing the rate of decline in 
some areas. The first explanation is a probable reason for the differences in 
the Lofoten area, at Jylland and at Lithuania. 

Table 3-3. Values of Bs corresponding to different crustal thickness. 

Crustal Bs Crustal Bs 
thickness km thickness km 

29 2100 43 5400 
30 2200 44 5800 
31 2400 45 6200· 
32 2500 46 6600 
33 2700 47 7000 
34 3000 48 7500 
35 3200 49 8000 
36 3400 50 8600 
37 3600 51 9200 
38 3800 52 9800 
39 4100 53 10500 
40 4400 54 11200 
41 4700 55 12000 
42 5000 56 12900 
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Figure 3-9. The depth to Moho in km according to Giese & Buness (1992). 
The map is redrawn. 
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Figure 3-10. The depth to Moho in km from Kinck et al. ( 1993). 
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Figure 3-11. The depth to Moho in km according to the present model. The 
values of Bs, corresponding to different crustal thickness, are given in Table 
3-3. 

30 



55 

50 

Oskarshamn 

45 □ 

Lithuania □ 
40 

E 
.:.:: 
1/) 
1/) 35 G> 
C 

.:.:: u 
~ 
s 30 
1/) 
::, LJ Lofoten .. u 

25 

20 

15 

10 
0 2000 4000 6000 8000 10000 

Bs 

Figure 3-12. A comparison between crustal thickness, calculated in the 
model, and by seismic estimate by either Kinck et al. (1993) or Giese & 
Buness (1992). The crustal thickness estimated in the model is shown by the 
curve, which is calculated by formula 3-1. Those seismic estimate which 
show satisfactory congruence are designated by triangles. The squares 
designate values which differ. The plot comprises 67 values but some of 
these coalesce. The good correspondence for most of the sites indicates a 
relationship between the declining factor and the crustal thickness. 
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3.2.4 The fast mechanism 

Shore level curves, from the area outside the Younger Dryas ice marginal 
zone at the Norwegian west coast, show a Late Weichselian transgression. 
The transgression is named the Younger Dryas Transgression and is a result 
of glacio-isostatic subsidence (Anundsen 1985). A fast subsidence can also 
be deduced from shore level curves from the northern part of the Swedish 
west coast. In early Holocene, subsidence was restored by a fast uplift, 
lasting about 1000 - 2000 years. This fast uplift is deduced from all shore 
level curves from the central parts of Fennoscandia, while sites in southern 
Sweden and Denmark were not visibly affected by the fast mechanism. The 
17 shore level curves, which indicate fast subsidence followed by fast uplift, 
are marked by an asterisk in Table 3-2. 

Normal distribution functions are used for calculating the fast mechanism. 
There are some weak indications in the shore level data regarding the fast 
mechanism, that subsidence occurred more slowly than recovery. However, 
the normal distribution function is considered to be a sufficient tool for 
describing the fast mechanism. 

The estimated parameters of the fast mechanism are reported in Table 3-2. 
High values of AJ correspond to high values of BJ- A more careful analysis 
would possibly give a closer relationship for these parameters. The isolines 
for the AJ factor, Figure 3-13, show a maximum in that area where the 
declining rate for the slow mechanism (Bs) is at its lowest, i.e. in the area 
around the Gulf of Bothnia. 

The modelling indicates a uniform date of about 11 500 cal years BP ( 10 
300 BP) for TJ, but there are some exceptions which can be seen in Table 3-
2. The fast mechanism is visible in shore level curves from sites about 100 
km outside the 10 300 BP ice margin. The crustal movement at these sites 
thus followed a movement created by loading/unloading at least 100 km 
away. 

As mentioned above, Anundsen (1985) proposed, that the Younger Dryas 
Transgression was a result of glacio-isostatic subsidence caused by the 
Younger Dryas readvance, which in tum was caused by the climatic 
deterioration that started about 11 000 BP. This explanation at first seems 
the most probable interpretation, but several shore level curves show that 
subsidence started much earlier. The "oldest" curves indicate that it began 
about 12 500 BP. That means that neither climatic deterioration nor the 
Younger Dryas readvance are events which triggered the subsidence. On the 
contrary it is possible that the subsidence triggered the Younger Dryas 
readvance. 

A great part of the slow uplift, especially in central Fennoscandia, occurred 
before this area finally became free of ice. Because recovery occurred with 
different velocities the land below the ice sheet was uplifted nonuniformally. 
In the area around the Gulf of Bothnia the declining rate is relatively much 
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Figure 3-13. The values of A1 , i.e. the total subsidence/uplift in m for the 
fast mechanism. 

lower than in other areas, and recovery in this area was thus delayed. Figure 
3-14 shows the difference in slow uplift between Trysil in Norway, 
representing the centre of ice the dome, and at Lauhanwuori representing the 
"centre of the subsidence" related to the fast mechanism. The "delay" 
between these two areas amounts to 270 m for the interval 18 000 - 10 300 
BP. If this corresponds to an actual course of events the delay changed the 
topographical condition below the ice sheet which may have produced 
"glacial-tilting" analogous to the lake-tilting phenomenon. The glacier ice 
may then have transgressed the "delayed" areas due to the nonuniform 
uplift. This hypothesis implies a self-triggered redistribution of the ice load 
during deglaciation. A glacial transgression may have caused local 
thickening of the ice sheet, which was compensated by isostatic subsidence, 
which in tum amplified the process. Climatic deterioration at about 11 000 
BP may have further amplified the process with a low deglaciation rate 
during the cold phase, thus prolonging the period for isostatic delay. 
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Figure 3-14. Slow uplift at the centre of ice the dome at Trysil in Norway 
and at Lauhanwuori at the "centre of the subsidence" related to the fast 
mechanism. The "delay" between these two areas amounts to 270 mfor the 
inter:val 18 000 - 10 300 BP. 

3.2.5 Discussion 

Geologists generally describe mantle material as exhibiting plastic 
behaviour; it behaves like a solid under certain conditions and like a fluid 
under other conditions. When the material encounters short-lived stresses 
the material behaves like an elastic solid but in response to long-term 
stresses it will flow. Ekman & Makinen (1996) have proved, by repeated 
high-precision relative gravity measurements, that a viscous inflow of 
mantle is a necessary part of the ongoing uplift process. The present uplift is 
due to a slow mechanism which can be linked to viscous flow and is a 
response to long-term stresses. The fast mechanism is probably the response 
to a short-lived stress, which was caused by renewed ice loading, possibly 
due to the mechanism outlined above. The positions of maximal uplift, 
related to the slow mechanism and the fast mechanism, are situated at 
different places. This supports the assumption that these mechanisms are 
caused by different processes. 

During the initial part of crustal recovery the rate of viscous inflow was low 
even in areas which were already deglaciated. When the inflow to the centre 
of the depressed dome had reached a maximum, a maximal flow of the 
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mantle material to every spot in the depressed dome is assumed. This 
process gives a constant value of Ts. 

Arctan functions were chosen for calculating glacio-isostatic uplift in this 
model. The arctan function is a symmetrical function where the initial 
inclining phase of glacio-isostatic uplift is mirrored in the declining phase. 
This symmetry has most probably given a too simplified picture of the 
course of uplift during the initial phase when most of the area was still 
glaciated. A more likely result would probably be obtained for the initial 
phase if uplift was restrained in some way during this "loaded" phase. 
However, the arctan function seems to fit the empirical information for the 
declining "unloaded" phase. 

As the symmetry of the arctan function may probably have given a too 
simplified picture of uplift for the initial phase, the question arises how 
much the values of As have been affected by this shortcoming. As is half of 
the total uplift (m). If this figure is doubled this would mean the total uplift, 
but also a doubling of an eventual error. The values of the total uplift should 
thus be used with caution. 

The input data for calculating slow uplift is the crustal thickness and the As 
factor, i.e. half of the total uplift in m, which in tum is assumed to be 
directly proportional to the ice load. The mechanism of slow uplift can thus 
be regarded as a "simple" mechanical problem. 

Mamer (1980a) has presented a map, which has become the conventional 
picture of the total Fennoscandian uplift. This map is made by assuming 
glacio-isostatic uplift to start 12 900 BP. The total uplift is then estimated by 
simply extrapolating the 13 000 year shore lines ( !) to an assumed centre of 
uplift. 

Results show that glacio-isostatic uplift is composed of two mechanisms, a 
proposal earlier put forward by Walcott ( 1970) who interpreted the uplift 
with two exponential functions with relaxations times of 1000 and 50 000 
years. Walcoot's (1970) interpretation thus comprises one slow and one fast 
mechanism. Mamer (1977, 1980a) has also concluded a double nature of 
Fennoscandian uplift. However, the mechanisms concluded by Mamer 
(1977, 1980a) are essentially different from the mechanisms presented by 
the present author. Mamer (1977, 1980a) suggests that uplift since 8 000 BP 
is predominated by a linear "tectonic" mechanism, while the glacio-isostatic 
mechanism has been low since 8 000 BP and died out 2 000 - 3 000 years 
ago. 

Most of the uncertainties in the model concern the initial part of the glacio­
isostatic uplift. Reliability regarding the latest development is assumed to be 
satisfactory. This means that most of the discussed uncertainties do not 
affect the predictions made in Chapter 5. 
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3.3 SUMMARY OF FORMULAS 

Formula for converting dates: 

t = 59.6-206.9 X arctan ((4000- l.095tcon )/800) + 63.66 X arctan ((7200 -

- l.095tcon )/100)) + 95.5 X arctan ((750 - l.095tcon )/200) + l.095tcon 2-1 

where t is the calibrated date, while fcon is the conventional radiocarbon date. 

Formula for glacio-isostatic uplift (Um): 

U = 0.6366 X As (arctan (12 500 / Bs) - arctan (( 12 500 - t) I Bs)) + 

A ( -0.5 ((( t -11 500 )I Bf)x(t-11 500 )I Bf))) 
+ 1Xe 2-7 

where As is half of the total uplift (m) for the slow mechanism, A1 is the total 
subsidence/uplift (m) for the fast mechanism, Bs (i1) is the declining factor 
for the slow mechanism, B1 is the declining factor (y-1) for the fast 
mechanism, and t (year) is the variable time counted in calendar years 
according to the formula 3-1. 

Formula for the main course of eustatic rise (Em): 

E = 0.6366 x 50 x (arctan (9 350/1375) - arctan ((9 350 - t)/1375)) 2-8 

Formula for cyclic eustatic changes: 

C = 0.5 x sin ((t- 100) x 0.013)-0.48 2-9 

Formula for the relationship between the declining factor and crustal 
thickness: 

Bs = 302 e 0.067 * et 3-1 

where et is crustal thickness in km. 
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4 THE RECENT UPLIFT 

Rrecent relative uplift is recorded by precision levellings and tide gauge 
data. In Finland records are presented by Kaariainen (1963, 1966) and 
Suutarinen (1983), in Sweden by RAK (1971, 1974), in Denmark by 
Simonsen (1969) and Andersen et al. (1974), in Norway by Bakkelid 
(1979). Ekman (1996) has compiled information of the present rate of 
crustal movements in Fennoscandia mainly from these sources, Figures 4-1, 
but also in a special map with emphasis on the tide gauge measurements, 
Figure 4-2. 

Figure 4-1. Recent relative uplift, vr (mm/ y), recorded by precision 

levellings and tide gauge data. The map is redrawn from Ekman ( 1996). 
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Recent relative uplift recorded by tide gauge data includes eustatic changes. 
A eustatic rise in the order of 1 mm/ year has been reported, among others 
by Lizitzen (1974), Morner (1977, 1980a) and Ekman (1986). Compilations 
by Emery & Aubrey (1991) and Nakiboglu & Lambeck (1991) indicate a 
present eustatic rise in the order of 1.2 mm/ year. The first edition (Passe 
1996b) of the modelling includes an analysis of present eustatic rise, which 
was estimated by subtracting the recent relative uplift (Ekman 1996) from 
the recent absolute uplift. Recent absolute uplift was calculated at each site 
used in the modelling. These calculations confirms earlier estimations of an 
ongoing eustatic rise of about 1.2 mm/y. 

~~ --+=~~~--i----1----- 55• 

25" 30· 

Figure 4-2. Recent relative uplift, vr (mm/ y), derived from records of tide 

gauge data. The map is redrawn from Ekman (1996). 
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The isobases of recent relative uplift, recorded by precision levellings (RAK 
1971, 197 4 ), obviously reflect the differential declining of the uplift. An 
example of this is the deviating course of the isobases in the northern part of 
Bohuslan county and the western part of Varmland county, Figure 4-3. The 
configuration of the isobases in this area is assumed to reflect the relatively 
lower decline rate in the western part of Bohuslan county, suggested in the 
modelling. This example shows that the model can be further improved by 
utilising detailed information recorded by precision levellings. 

Figure 4-3. Isobase map of recent relative uplift (mmly) in the northern part 
of Bohusliin county and the western part of Viirmland county redrawn from 
(RAK 1971, 1974). Recent relative uplift is recorded by precision levellings 
and tide gauge data. The configuration of the isobases is assumed to reflect 
the relatively lower decline rate in the western part of Bohusliin county, as 
suggested in the modelling. 
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5 THE FUTURE SHORE LEVEL 
DISPLACEMENT 

Future development regarding glacio-isostatic uplift, eustasy and shore level 
displacement can be predicted in Fennoscandia using the results from the 
modelling. The predictions are based on the assumption that crustal and 
eustatic movements follow the trend that exist today. Regarding glacio­
isostatic uplift this assumption can most probably be applied as long as no 
new glaciation starts. Regarding eustatic development it is possible that 
climatic alterations may change the present eustatic trend. Future glacio­
isostatic uplift is thus somewhat easier to predict then eustatic movement 
and connected shore-level displacement. Future time is designated as 
negative time in the predictions. Figure 5-1 shows a shore level prediction 
for Angermanland extending 100 000 years. This is a too long period for this 
type of prediction but the intension of this figure is to give a hint of how 
long glacio-isostatic effects remain after a glacial period. 

Predictions at six site in Sweden are shown in Figure 5-2. These predictions 
are presented in two ways, as curves showing only crustal uplift and· as 
shore-level displacement curves, which include the eustatic trend according 
to formula 2-9. The predictions extend 10 000 years. 
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Figure 5-1. Prediction of shore level displacement at Angermanland 
extending 100 000 years.· Future time is designated as negative time. 
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Figure 5-2. Predicted shore level displacement, black curve, and glacio-isostatic rise, grey 
curve, at Varberg, Barsebiick, Oskarshamn, Rejmyra, Osthammar and A..ngermanland. The 
uplift parameters used are in accordance to Table 3-2. The prediction at Osthammar is 
calculated with As= 285 and Bs= 7000. 
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6 THE BALTIC 

6.1 GENERAL 

Shore level curves from the coasts around the Baltic Sea are affected by 
raised water levels during the two lake stages, the Baltic Ice Lake and the 
Ancylus Lake. This means that parts of the Baltic shore level curves are not 
congruous to the marine shore level curves. The differences between the 
curves can be used for calculating the water level changes and also to 
deduce the actual thresholds during the different stages of the Baltic, Figure 
6-1. The research concerning the development of the Baltic Sea since the 
last deglaciation has resulted in an immense number of publications. A 
review of this topic has recently been presented by Bjorck (1995), which 
contains most of the relevant references regarding the development of the 
Baltic Sea. 

Figure 6-1. The position of the four different outlets that have determined 
the water level during the different stages of the Baltic basin since the last 
de glaciation. 
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6.2 THE BALTIC ICE SEA 

The shore level curves from Blekinge and Oskarshamn, Figure 3-5, are the 
only two curves that comprise the first stage of the Baltic. Comparisons 
between these curves and calculated curves of the corresponding marine 
shore level displacement, show that the water level within the Baltic basin, 
until 12 000 ± 100 BP, was in level with the sea. The shore level 
displacement in the southern part of the Oresund Strait, where a threshold 
exists at about -7 m, is shown in Figure 6-2. The shore level curve indicates 
that this threshold was isolated about 12 000 BP. A sea facies at the 
beginning of the development of the Baltic has been proposed by Nilsson 
(1968) who names this stage the Baltic Ice Sea. 

6.3 THE BALTIC ICE LAKE 

After the isolation 12 000 ± 100 BP the water level in the Baltic increased 
due to the uplift (the shore level displacement) of the threshold. The 
difference between the water level of the Baltic and the sea can be calculated 
by using the shore level curve from Oskarshamn, Figure 3-5. These values 
are plotted in Figure 6-3 and compared to the calculated rate of the shore 
level displacement at the threshold at Oresund. This figure shows that the 
water level rise at Oskarshamn most probably is related to the raised 
threshold at Oresund. The increase of the water level in the Baltic Ice Lake 
continued until approximately 10 400 ± 100 BP, when the opening of a 
threshold in the Billingen area caused a catastrophic drainage. Before that 
the water level in the Baltic had reached about 26 m above sea level 
according to Figure 6-3. This theoretical discussion of the development 
presuppose that the Darss Sill do not yet exist. This threshold is thus 
assumed to have been formed by erosion in a later stage. 

6.4 THE YOLDIA SEA 

After the drainage of the Baltic Ice Lake the shore level in the Baltic 
followed the marine water level about 800 - 1000 years. Due to the crustal 
uplift there was a fast gradual lowering of the connection between the Baltic 
and the sea. The Y oldia Sea thus became an inland sea during the latter part 
of this stage. This stage ended when the threshold at Degerfors was emerged 
about 9 600 ± 100 BP, Figure 6-2. 
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Figure 6-2- Calculated shore level curves at Oresund, Dana River and Svea River. The 
grey lines designates the levels of the thresholds. The threshold at Dana River (Darss Sill) 
is assumed to have been dammed by at least 10 m of quaternary deposits at 12 000 BP. 

6.5 THE ANCYLUS LAKE 

A very fast transgression, the Ancylus transgression, started in the Baltic 
when the threshold at Degerfors was isolated and the Baltic was drained by 
the Svea River. The rise of the water level within the Baltic followed the rise 
of the threshold at Degerfors, which was very fast during this period. The 
rise of the threshold at Degerfors is calculated with As = 295, Bs = 4400, At= 
45, and Bt = 1000. This rise is shown in Figure 6-4. The exact time of the 
isolation at Degerfors is unknown. In Figure 6-4 the transgression is 
assumed to have started 9 600 BP. When the water level, after a 
transgressive phase of about 300 years, had reached a level of about 15 ma 
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new outlet, the Dana River, was opened in the southern part of the Baltic. 
This alteration of the outlet occurred about 9 300 BP, a date which also 
represents the maximum of the Ancylus transgression. After this maximum 
the water level of the Baltic decreased in phase with the shore level 
displacement at the Darss Sill, Figure 6-2. This stage may be named the 
Ancylus regression. The threshold at Dana River was reached by the marine 
transgression at about 8 200 BP, Figure 6-2. This date defines the end of the 
Ancylus Lake. 

6.6 THE LITORINA SEA 

The sea intruded the Baltic through the Storebalt (the Great Belt) about 8200 
BP. The Baltic was once again on a level with the sea. About 1000 years 
later a connection to the sea also was opened through the Oresund strait. 
This stage of the Baltic is named the Litorina Sea. The initial phase of the 
Litorina Sea is commonly considered to be a separate stage, the Mastogloia 
Sea. This sub-stage is defined by brackish conditions, caused by the shallow 
connections between the sea and the Baltic during this time. The changes of 
the water level of the Baltic since the last deglaciation are summarised in 
Figure 6-5. 
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Figure 6-3. The water level rise in the Baltic Ice Lake. The water level rise 
recorded at Oskarshamn is shown with dots. This rise is related to the 
calculated rate of shore level displacement at the threshold at Oresund, 
black line. The transgression in the Baltic Ice Lake continued to about 10 
400 + 100 BP and reached a level of about 26 m before the drainage. 
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outlets at Svea River and Dana River. 
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Figure 6-5 Calculated changes of the water level of the Baltic. 
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