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In sediment cores from four small basins from 44 to 26 m above sea-level, the bound
aries between marine, brackish and lacustrine sediments are precisely identified
through their distinct diatom stratigraphy. In all basins the diatom successions
demonstrate a development from marine to lacustrine environments. The basins,
today being lakes or bogs, were isolated from the sea between 12.400 and 9.200
radiocarbon years 8.P., at the end of the Late Weichselian. The emergence was fast
during the Bolling and Allerød (12.000-11.000 yr BP), and slower during the
Younger Dryas (11.000-10.000 yr BP). The slow emergence was probably a main
reason for the formation of the morphological distinct Tounger Dryas shore-line.
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Introduction

Raised former beaches are frequent in Sunnmøre in Western Norway (Fig. 1).
One such prominent level is the Younger Dryas shore-line, correlated with
many cirque moraines (Reite 1967, Mangerud et al. 1979). However, it was
earlier not known whether the better morphological development of this line
was due to a transgression, a stillstand in relative sea-level changes, or faster
erosional depositional processes during the Younger Dryas. The main object
of our study was therefore to establish a relative sea-level curve based on stra
tigraphical investigations for the area, and thereby solve the problem.

During the last few years a Younger Dryas transgression has been demons
trated further south in Western Norway (Anundsen 1978, Anundsen &
Fjeldskaar, in press, Krzywinski & Stabell, in press, Thomsen, 1982) where a
Younger Dryas re-advance of the ice-sheet is known (Mangerud 1977, Sindre
1980). In Sunnmøre the front of the ice-sheet was situated much further

inland (Sollid & Sørbel 1979) and only cirque glaciers were formed along the
coast (Mangerud 1980). Sea-level curves from this area would therefore be of
major significance for understanding the geological and geophysical
processes governing rea-level changes along glaciated coasts. In this paper we
will mainly present the results of diatom studies from the Ålesund area. The
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Fig. 1. To left a key map of southem Norway. The Younger Dryas end moraines are marked
with heavy lines. To the right a map of the Ålesund area, land areas hatched. The Younger
Dryas isobases (16 and 28 m) are indicated according to Reite (1967).

lithostratigraphy, pollen-stratigraphy, radiocarbon datings and a more
extensive discussion of the sea-level curves and shore-lines will follow in

subsequent papers.

Methods
For establishing relative sea-level curves we used the classical method of
coring lakes at different altitudes (e.g. Hafsten 1960, Kjemperud 1981a) to
determine the sequence of marine and lacustrine beds, and to date these
changes. We used diatoms for interpretations of whether the sedimentary
environments were saline, brackish or fresh.

This study includes four basins situated below the marine limit, which by
means of terraces is determined to 45 m a.s.l. around Ålesund. Three localities

lie less than one kilometre apart on the island Sula, south of the town of
Ålesund. The fourth (Lerstadvatn) is situated on the same isobase (Reite
1967, Sollid & Kjenstad 1980), but 5 km further north (Fig. 1).

The chronostratigraphical classification follows Mangerud et al. (1974),
where the chronozones were defined in radiocarbon years. For the identifica
tion of the boundaries we have obtained approximately 20 radiocarbon dates
(Lie & Lømo 1981, Kristiansen pers. comm.) which will be published on a
later occasion.

Lithostratigraphy
The sediments in the four investigated basins are so similar that a lithostrati
graphical correlation can easily be made, and we will therefore give a
common description. The total sequence is subdivided into five informal
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Fig. 2. The lithostratigraphy of the investigated cores. The numbers below the locality names
are the core numbers. Note the smaller depth scale used for Saudedalsmyra compared to the
three other localities.

formations (Fig. 2), lettered from A to E from the base. Only in Saudedals
myra are all five formations present.

Formation A. Sandy silt. This formation consists mainly of grey silt, with
beds of silty sand and clayey silt. The loss on ignition is <2%, and macro
fossils have not been found. The formation is interpreted to be of glacio
marine origin, and older than 12.300 years B.P.

Formation B. Gyttja silt. Brownish grey to grey gyttja silt. The main differ
ence from formation A is the higher organic content and the brownish colour.
The formation is generally homogeneous, but at some sites well defmed red,
red-brown and green laminae occur in the upper (brackish) part. Fragments
of marine shells are common, except in the upper part. The sediments are
marine and, at the top, brackish.

Formation C. Silty gyttja. The main characteristic is its much higher
organic content than the underlying and directly overlying formations. The
colour varies between greyish, greenish and brownish, but brownish colours
dominate. Beds with abundant plant remains occur. The lower boundary is
normally a smooth transition, whereas the upper boundary is sharp. This
formation is entirely lacustrine, and its age Allerød and partly older.

Formation D. Diatomite-silt. This formation consists of a pale green to
yellowish-grey silt. It has a very high content of diatom frustules, thus the
nåme diatomite-silt. The Vedde Ash Bed with an age of 10.600 ± 60 years
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B.P. (Mangerud et al. in press.) is found near the midpoint of this formation in
three of the basins. The sediments are lacustrine, and ofYounger Dryas Age.

Formation E. Gyttja. This is a brown, fine detritus gyttja. It is lacustrine
and of Holocene age.

Diatom analyses
The sediment samples for diatom analyses were prepared after a simplified
version of the procedure described by Schrader (1973).

1) Each sample was boiled in 35% H 202 in a small beaker.
2) A part of the solution was poured into a centrifuge glass, distilled water

added and centrifuged for 2 min. at a speed of 1200 rev. per min. Water
with suspended clay was decanted.

3) Water was again added and the rest of point 2 repeated 4 times.
4) A few drops of the residue were spread on a cover-glass, evaporated and

embedded in Hyrax mounting medium.

The analyses were carried out using a Zeiss research microscope with the
objectives 100/1.30 and 63/1.4 with phase contrast. The calculation basis for
the relative frequencies was approximately 200 valves in each spectrum.
Fragilaria spp. were counted separately and are not included in this sum. The
results are presented in two types of diagrams. The construction of these
diagrams is based on Florin (1946). One diagram shows the succession of the
most dominant species. In the other diagram the taxa are grouped with
regard to their preference for the salt content of the water, according to the
halobion system of Kolbe (1927) modifiewd by Hustedt (1957). The polyha
lobous taxa prefer salinities higher than 30%0, the mesohalobous between 30
and 0.2°/00, and oligohalobous taxa can live in both brackish and fresh water.
The oligohalobous halophilous show an optimum in slightly saline water,
and the oligohalobous indifferent taxa prefer fresh water. The halophobous
group includes exclusively freshwater species which have an upper tolerance
boundary at 0.2%0 S. The diagrams include mainly the sediments around the
transition zone from marine to lacustrine sedimentary environments (Fig. 2).
Samples from other parts of the cores have been examined without
quantitative counting of the diatoms, to look for major changes in the salinity
of the environment. The marine, brackish, 'halophilous', and freshwater
diatom zones are based on the change in the diatom composition (Kjem
perud 1981b). More precisely they may be classified as paleo-environmental
zones.

The transition from polyhalobous/mesohalobous to oligohalobous
assemblages indicates the change in sedimentary environment from marine/
brackish to freshwater, often called the isolation contact, because at that time
the lake was isolated from the sea. The isolation contact represents in the sedi
ment sequence the time of emergence of the lake's threshold above high tide
(Ingmar 1973) (see discussion in Stabell 1982). In this area the present tidal
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range is about 2 m. The constructed curve of shore-level displacement (Fig.
12) represents the high tide, and the contemporary mean sea-level can be esti-
mated at about 1 m below

Investigated basins
Lerstadvatn, 44 m a.s.l.

end of Oksenøya about 7 km east of Ålesund
The basin is about 0.16 km 2, and it is subdivided

This site lies at the west

(UTM coordinates 610 295)
into two sub-basins by a rock sill. The deeper basin is the modern lake, while
the shallower basin is located below the bog near the western shore.

The analysed sediment core was taken from the bog surface and represents
the sediments between 718 cm and 546 cm below the bog surface (Fig. 2).
Eight samples between 650 cm to 627 cm in formations A and C were
analysed for diatoms (Figs. 3 and 4). The four lowest spectra define the
marine diatom zone. The dominating taxa are the polyhalobous types Rhab
donema minutum, Pinnularia quadratarea, Cocconeis scutellum, Dipbneis smithii

Fig. 3. Lerstadvatn 44 m a.s.l. Succession and distribution of the most dominant diatom taxa.
Basis for calculation of the taxa other than Fragilaria are D-F, where D is total number of
diatoms counted and F is number oi Fragilaria spp. counted. Diatom zones: M = marine, B =
brackish, H = 'halophilous' and F = freshwater. Capital letter after nåme of taxon denotes salin
ity group. PH = polyhalobous (marine), MH = mesohalobous (brackish), OHh = oligohalo
bous halophilous (brackish/fresh), OH = oligohalobous indifferent (mainly freshwater) and HF
= halophobous (freshwater). The horizontal lines in the 'loss on ignition' columns indicate the
level of ignited sample. Diatom sample no, is identical to depth.
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Fig. 4. Diatom diagram from Lerstadvatn with taxa grouped with regard to their preference for
the salt content of the water. See text to fig. 3.

and the mesohalobous Navicula digitoradiata. The occurrence of N. digitora
diata could indicate a periodic lowering of the salinity in the fiord, possibly
due to meltwater from the retreating ice-sheet.

At 635 cm there is a peak of the mesohalobous group to 75% occurrence,
mainly as a result of the flourishing of Navicula salinarum and Nitzschia hun
garica. This diatom assemblage defines the brackish diatom zone. The
spectrum above (633 cm) is almost totally dominated by oligohalobous indif
ferent taxa. Navicula pusilla is described as oligohalobous indifferent
(Simonsen 1962) but by Hendey (1964) observed as common in brackish
water. It has a very limited stratigraphical distribution just above the
isolation contact. The peak ofN. pusilla and a 6% occurrence oi Nitzschiafrus
tulum may define a slightly saline environment. However, due to the rich flou
rishing of typical freshwater species such as Cymbella ventricosa and Pinnularia
interrupta at the same level, we do not define this as a halophilous zone. The
isolation contact is defined between 635 and 633 cm and coincides with the

lithological transition from formation A to formation C at 634 cm. Sediments
just above this boundary (634-630 cm) are Cl4 -dated to 12.650 ± 230 yr BP
(T-3957 A). Many shell datings indicate the deglaciation of this area to about
12.400 yr BP (Mangerud et al. 1981 and unpublished) and we therefore
assume that an age of 12.400 to 12.300 yr BP is most likely for the isolation
contact in Lerstadvatn. This is only slightly outside one standard deviation of
the obtained date.

Torvlømyra, 35 m a.s.l.
The bog Torvlømyra is at the north-east end of the island Sula (Fig. 1) (UTM
576 258). The main basin is about 100 m long and only 10 m wide. Conti
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nuous Late Weichselian stratigraphy is found only in the north-eastern part
of the bog. The analysed sediment cores range from 750 to 560 cm below the
bog surface (Fig. 2). The lower half of formation B is a sandy member, sugges
ting a high-energy sedimentary environment. This has been caused by a tidal
current (E-W) when the sea-level was above the thresholds in both ends of

the basin. The difference in elevation between the thresholds is only one
metre.

The ten analysed diatom samples represent the beds between 715 and 687
cm in the formations B and C (Figs. 5 and 6). The two lowermost spectra show
a marine diatom assemblage. Rhabdonema minutum is the dominating species,
which besides Diploneis subcinta and Cocconeis scutellum give a high percentage
of the polyhalobous group. At level 710 cm the polyhalobous is still domina
ting, but both the mesohalobous Navicula digitoradiata and Hyalodiscus
scoticus show high frequencies and indicate a transition to brackish condi
tions. The mesohalobous group reaches a peak of about 55% at 705 and 703
cm. A flourishing oiAchnanthes hauckiana, Navicula salinarum and N. halophila
is followed by Synedra tabulata, Achnanthes delicatula and Mastogloia elliptica.
Species of the 'Clypeus-flora' (Florin 1946), which are typical for brackish/
freshwater-transition sediments around the Baltic, are not registered.
However, both N. halophila and M. elliptica can be included in that group
(Ingmar 1973). The two last named are common in Late- and post-Weichse
lian sediments in Sunnmøre, and their frequency peaks are very often in the

Fig. 5. Torvlømyra 35 m a.s.l
See text to fig. 3.

Succession and distribution of the most dominant diatom taxa.

14
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Fig. 6. Diagram from Torvlømyra with taxa grouped with regard to their preference for the salt
content of the water. Se text to fig. 3.

sediments just beneath the isolation contact. A marked increase of the oligo
halobous group at 701 cm indicates the upper limit of the brackish zone and
thus defines the isolation contact.

The mesohalobous group still reaches an occurrence decreasing from 15 to
9 percent in the three lowest levels in the freshwater zone. This, together with
a high frequency of the halophilous species Nitzschia frustulum, Diatoma elon
gatum and the occurrence of Pinnularia globiceps and Rhopabdia gibberula
support the definition of a halophilous diatom zone. Only 1 to 2 percent of
the polyhalobous group are registered through this zone, which indicate just
a slight input of saline water. During the time of isolation from the sea the
lake was surrounded by fiords. A sporadic supply of sea water by wind and
waves in rough weather may have influenced the salinity in the basin for
some time after the threshold rose above the littoral zone. A stratigraphically
well defined halophilous diatom zone is favoured by a slow land uplift, which
also may explain that this zone is more than 5 cm thick in Torvlømyra. The
upper limit of the halophilous zone is defined by the first appearance of the
halophobous taxon Tabellaria flocculosa. A sample of the silty gyttjabetween
701 and 695 cm was radiocarbon-dated to 11.780 ± 80 yr BP (T-3553 A,
NaOH soluble) and 11.750 ± 120 yr BP, (T-3553 B, insoluble in NaOH). The
radiocarbon dates give the ages of approximately the centre of the sample.
Based on a probable rate of sedimentation, the age of the isolation contact
(702 cm) can be estimated to 11.850 yr BP.
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Saudedalsmyra, 30.2 m a.s.l.

Saudedalsmyra is a 140 m long and 65 m wide bog situated about 50 m
downstream of Torvlømyra (UTM 575 253). The cores were taken in the
deepest part of the basin near the centre of the bog, and represent the sedi
ment between 828 to 380 cm beneath the bog surface (Fig. 2).

The diatom analyses represent the beds between 550 to 500 cm in forma
tions B, C, D and E (figs. 7 and 8). The marine diatom zone include the four
lowermost samples. As in Lerstadvatn the mesohalobous Navicula digitora
diata shows high frequencies among the typical marine species such as Rhab
donema minutum and Plagiogramma staurophorum. The brackish zone is defined
by an increase of mesohalobos taxa, both in diversity and total occurrence.
But even though the mesohalobous group is dominant in number of taxa, the
polyhalobous Melosira sulcata (syn. Paralia sulcata) is the most common
species in this zone. At the levels 523 and 521 cm it almost totally dominates
the assemblage (more than 90%). M. sulcata is a marine species tolerating sali
nities as low as 5-3%0 (Simonsen 1962). It is a bottom dwelling form, but
sometimes found among the marine plankton, particularly after winter gales
(Hendey 1964). A 5% occurrence in a freshwater zone, as recorded by Stabell
(1980), may be explained as allochthonous. However, the great dominans of
M. sulcata in Saudedalsmyra must represent the autochthonous flora.

The large number of Melosira sulcata gives a peak of the polyhalobous
group just before the isolation from the sea (Fig. 8), and causes low relative
frequencies of the mesohalobous taxa (Fig. 7). However, the mesohalobous
group shows a succession similar to the brackish zone at other localities, and
the zone boundaries are therefore defined disregarding the Melosira peak. The
isolation contact is in all cases defined to 518 cm depth.

The halophilous zone is only represented by sample 516 cm. At the time of
isolation the basin was connected to the sea by a 300 m long and 10 to 30 m
wide channel. Later, when it became a lake, it was therefore well protected
against the influence of sea-water. This can explain why the halophilous
diatom zone is less developed on this site compared with Torvlømyra. A 3 cm
thick sample from the silty gyttjaabove is radiocarbon-dated to 11.130±140
yr BP (T-3958 A), and from that the date of the isolation estimated to have
been approximately 11.150 yr BP.

The sea level of the transition Younger Dryas/Preboreal time is registered
only 3 m below the threshold of Saudedalsmyra (see Gjølvatn below).
Saudedalsmyra is therefore very sensitive for possible transgressions during
the Younger Dryas. A transgression of that age is known further south in
Western Norway (Anundsen 1978, Anundsen & Fjeldskaar, in press, Krzy
winski & Stabell, in press). The beds representing the Late Allerød and
Younger Dryas where therefore carefully analysed in order to discover
possible transgression sequences within this period. However, no marine
influence was detected in the sediments above the isolation contact.

The diatom succession in the freshwater diatom zone shows a noticeable

change at the lower boundary of formation D. The number of taxa is redused
more than 30%. A decrease in the occurrence of Navicula pupula var. elliptica,
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Fig. 8. Diagram from Saudedalsmyra with taxa grouped with regard to their preference for the
salt content of the water. See text to fig. 3.

Achnanthes microcephala, Cocconeis placentula and Epithemia zorex is registered
simultanously with an increase of Achnanthes linearis, Pinnularia interrupta, P.
hemiptera, Anomoeoneis exilis, Stauroneis anceps and Achnanthes levanderi. An
almost reverse change occurs near the upper boundary of formation D. Many
studies (summarized in Stabell 1982) show the lacustrine diatoms to be
unsuitable as climatic indicators. The diatom succession through formation
D is probably a secondary response to the climatic deterioration during the
Younger Dryas, and reflects a change of the nutrient condition in the paleo
lake. A decrease in production ofother water plants, and a change of the vege
tation around the basin may explain the event.

The Vedde Ash Bed was deposited as a several cm thick layer at the
bottom of the paleo-lake (Mangerud et al. in press.), and certainly influenced
the organic production. This is also seen in the sample (506) from the ash
layer. Only 16 taxa are registered, compared to 23 taxa in the sample below.
Stauroneis anceps is the dominant species, and the curves of both Navicula
pupula var. rectangularis and Cymbella naviculoides show a peak at this level.
Achnanthes linearis which dominates the samples just below and above is not
observed et all.
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Gjølvatn, 23.3 m a.s.l.

The lake Gjølvatn is situated about 700 m east of Saudedalsmyra (UTM 582
252). The total basin area is 0.06 km 2. The present lake constitutes less than
half of the basin. The core is from the west end of the lake and represents the
sediments between 700 to 540 cm below the water surface (Fig. 2).

The mesohalobous Hyalodiscw scoticus dominates the brackish zone. A rela
between 660 and 606 cm in formations B and E (Figs. 9 and 10). The marine
diatom zone is dominated by Trachyneis aspera and Diploneis subcincta.

The mesohalobous Hyalodiscus scoticus dominates the brackish zone. A rela
tive high occurrence of the polyhalobous Cocconeis scutellum and even a frequ
ency ofnearly 5 percent Rhabodonema minutum may indicate open fiord condi
tions and good circulation of marine coastal water. However, between 5 and
10 percent of the oligohalobous group are recorded throughouth this zone,
and a flouorishing of the mesohalobous Navicula salinarum, N. halophila and
Nitzschia hungarica is typical in the brackish zone also at the other localities.

Unique for the marine and brackish flora in Gjølvatn is the representation
of a small Diatomella sp. (Fig. 11). It is recorded in four samples between 621.5
and 614 cm with frequencies of 1 to 3 percent. Marine taxa oi Diatomella sp.
are described by Voigt (1957), and the description oiDiatomella salina fits our
species well. The form has later been recorded at more sites in Sunnmøre, so
far only in Younger Dryas and Perboreal marine deposits.
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An abrupt transition to an assemblage almost totally dominated by lacus
trine taxa can be correlated with the marked lithological boundary between
formation B and formation E. A rapid regression in the relative sea-level may
explain the lack of a halophilous zone.

Radiocarbon datings of the gyttja above the isolation contact gave the
ages 9760+110 yr BP (T-3552 B, NaOH insoluble) and 10.000±140 yr BP (T
-5352 A, NaOH soluble) The isolation is estimated to 9900 yr BP.

20 20 40 60 80

Fig. 10. Diagram trom Gjølvatn with taxa grouped with regard to their preference for the salt
content of the water. See text to fig. 3

Fig. 11. Diatomella? salina Voigt.
Note the narrow septae, distinguish
ing it from the freshwater spedes D.
balfouriana Grev. Line is 10 pm.
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The Fragilaria succession

The isolation contact has been defined without regard to Fragilaria spp. Even
though they occur in great quantities in the marine/lacustrine transition zone
and often dominate the lacustrine floras, it is difficult to point out a general
succession for the Fragilaria species. F. pinnata and F. virescens var. subsalina
show high frequencies both in marine/brackish and lacustrine environments
in Saudedalsmyra while they occur only in the freshwater zone at Lerstad
vatn. For the species F. construens var. venter a peak is registered just above the
isolation in Lerstadvatn, Torvlømyra and Saudedalsmyra and it may be used
as an indicator for the first lacustrine sedimentation. Also in Gjølsvatn this
taxon increases rapidly above the isolation contact,but here it continues to
increase upwards. Both because of their uncertain salt tolerance boundaries
and their total dominance at some levels, Fragilaria spp. are kept out of the
calculation basis for the diagrams. In the dissolved diagrams, the most
commonly occurring Fragilaria taxa are presented.

Conclusions

The boundaries between marine, brackish and lacustrine sediments are preci
sely identified by means of the diatom stratigraphy. At three of the localities
the boundary between the brackish and freshwater diatom zones coincides
with lithological changes. In Saudedalsmyra the lithostratigraphical bounda
ry between formations B and C is slightly below the isolation contact. Before
the diatom analyses were carried out, there were in all basins other alternative
interpretations for the position of the boundary between marine and lacus
trine sediments.

In some of the cores, and in many cores from Sunnmøre not described in
this paper, the brackish sediment is an algal gyttja, distinctly laminated wUh
reddish, greenish and blackish colours. This has earlier been described from
the area around Bergen (Kaland et al. in press), and appears to be an impor
tant criterion for the marine-lacustrine transition in the type of sedimentary
environments used for this study. However, the exact position of the isolation
contact within a laminated blackish sequence is still to be determined by
diatom analysis.

Using the age obtained for the isolation contact to define the time the sea
level (high-tide) was at the level of the threshold of each of the lakes, we
obtain a relatively sea-level curve as shown in Fig. 12. The ages are partly
based on palynological correlations by Lømo (in Lie & Lømo 1981) and Kris
tiansen (pers. comm.) which will be published later.

The sea-level curve shows an early, rapid regressive shore displacement
following the deglaciation at approximately 12.300-12.400 years B.P. The
speed of shore displacement slowed down considerably during the Younger
Dryas. This slow relative shore displacement change is probably the main
reason for the morphologically well developed Younger Dryas shoreline.
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Fig. 72. Shore displacement ma S l
curve for the Ålesund area.
Note that the bend at about

10 000 yr BP has not been *°
precisely dated. Gjølvatn is
believed to have been iso

lated during a period of rapid
regression. The course of the
curve after the isolation of

Gjølvatn is based on unpub-
lished material collected by _
Kristiansen & Mangerud.The
regression minimum (appro
ximately 9000 yr BP) is situ
ated below present sea-level
(Hafsten 1979).
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However, in many places, e.g. at the front of the numerous glaciers ending in
or near the sea, the depositional processes certainly worked faster than during
the Allerød.

We have cored a large number of lakes, both further inland (where basins
at the critical altitudes are few) and towards the coast. The preliminary results
indicate that the 11.000 year shoreline is slightly steeper than the 10.000 year
line. Thus the shore displacement during Younger Dryas was faster further
inland than around Ålesund. The lines probably crossed west of Ålesund, so
at the outermost coast there was a transgression during the Younger Dryas.

The sea-level history is thus very different from Yrkje (Anundsen 1978,
Anundsen & Fjeldskaar, in press) and Sotra (Krzywinski & Stabell, in press).
This will not be discussed further here, as it will be treated in detail in a forth
coming article on the shore displacement, but a possible cause is the differ
ence in the behaviour of the front of the Scandinavian ice-sheet (Mangerud
1980). In the Yrkje-Sotra area there was a major Younger Dryas re-advance
contributing to the transgression (Fjeldskaar & Kanestrøm 1980, Fjeldskaar
1981). Such a transgression is lacking at Ålesund where a re-advance is not
known.
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