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Sites along transect 6

Langstrandbakken.- A c.5 m-high machine-excavated sec-
tion reaching up to 20 m a.s.l.along a road at c.64° 54’'N and
100 50" E, map refr. 1624 |, 868001, represents this site. The
stratigraphy includes two tills, both younger than 37 ka BP
and the youngest probably representing LGM 2 after 18.7 ka
BP (Fig. 11). The latter is indicated by an AMS radiocarbon
dating of bulk organics from waterlain sediments which are
partially intercalated between the tills and partially glacio-
tectonised into the uppermost part of the lower till.

Sitter. — This site is represented by the sections of four
machine-excavated trenches of 1.5 m width, 2.5 - 3.5 m
depth and 5-10 m length, with location at c.64° 31'N and 10°
58'E, map refr. 1624 11,947572.The sections, reaching up to c.
50 ma.s.l, comprise a combined stratigraphy which includes
six thin tills with reworked and/or intercalated waterlain
sediments. The surface is covered with beach gravels. The
three lower tills are all very compact, but different in compo-
sition. The lowermost till is a c¢. 0.3 m-thick, mainly com-
pacted and glaciotectonised sandy silt, with a more diamic-
tic character including clasts in its upper part. An AMS radio-
carbon dating of bulk organics from this unit, which con-
tains only terrestrial organic material, yielded an age of c. 30
ka BP (Fig.11).The organic content in the overlying till seems
to be close to zero, whereas the subsequent thin till is mainly
reworked and tillised marine sediments with microfossils
such as dinoflagellates and foraminifera (Olsen & Grosfjeld
1999). A dating of bulk organics from these sediments gave
an age of ¢.21 ka BP,indicating that the reworking and com-
paction probably occurred during the LGM 2 ice advance
and that the underlying till belongs to LGM 1. All the units
which overlie the lower three tills represent lateglacial depo-
sitional events, c. 12.5 ka BP or younger.

Namsen. - This site is represented by a 30 m-high river
section, mainly in till deposits, but also including one inter-
calated waterlain sediment unit of up to at least 4.5 m thick-
ness (Fig. 11).The waterlain sediments represent the infilling
of a more than 15-20 m-wide channel which has been
incised into the lower till. The location of the site is at c. 64°
45"N and 12° 51" E, map refr. 1824 [, 982838. The waterlain
sediments include organic material of terrestrial and marine
origin and are situated at c. 174.5-1779 m as.l. (Olsen &
Grosfjeld 1999), which is up to 37 m higher than the
lateglacial marine limit. AMS radiocarbon dating of the insol-
uble and hexane extracted fractions of bulk-organic sedi-
ments indicates that the high sea-level conditions occurred
c. 16-18.5 ka BP. This corresponds with the regional ice-
retreat interval between LGM 1 and 2, during which time the
glacial isostatic depression of the land surface must have
been considerable over such a long distance from the LGM
position and the coast (Fig. 10) and in so short a time after
LGM 1.

@stre Tverraga.— A machine-excavated section of .8 m
height, combined with percussion drilling and coring
through the remaining 12 m of overburden above the
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bedrock, represents this site. The site is located at c.64° 28'N
and 13° 12'E, map refr. 1823 1, 141519, and the stratigraphy
includes tills, mainly of fine-grained, compact, bluish-grey
type, and reworked intercalated, waterlain sediments. The
overall stratigraphy and AMS radiocarbon dating of the
insoluble fraction of bulk organics from the intercalated sed-
iments indicate ice-free conditions at ¢. 17.8 ka BP (Fig. 11),
and subsequent ice advance during the LGM 2 interval.

Blafjellelva. - This site is represented by two river sec-
tions of 12 and 27 m height (Fig. 11). The stratigraphy com-
prises tills, mainly of the regional, fine-grained, compact,
bluish-grey type, intercalated lake sediments, glaciofluvial
outwash sediments and ice-dammed lake sediments on top.
The position is at c.64° 10’N and 13° 38'E, map refr. 1923 IlI,
338181 (section ). The overall stratigraphy and AMS radio-
carbon dating of the insoluble fraction of bulk organics from
the intercalated sediments indicate that both LGM 1 and 2
with the intervening ice-retreat interval may be represented
here (Fig.11).

Sites along transect 7

Reinaa (Renaa). - This site is situated some 20-30 km proxi-
mal from the Younger Dryas ice-marginal position (Fig. 10),
map refr. 1621 11,882138, and is represented by two adjacent
road sections which include a combined stratigraphy of c. 30
m thickness (Fig. 11). The stratigraphy comprises a more
than 15 m-thick lower till of fine-grained, compact, bluish-
grey type, with an intervening unit of c¢. 0.3 m-thick silt and
sand some 5 m from the upper boundary of the till.
Laminated silt and sand, overlain by sand and gravelly sand,
are deposited in a glaciofluvial channel which is incised
some 10-15 m deep into the lower till. Two erosional uncon-
formities are recognised in the sediment sequence of the
channel. A thick, sandy and silty till of grey to brownish-grey
colour overlies the channel sediments. AMS radiocarbon
dating of the insoluble fraction of bulk organics from
reworked sediments in the tills and from intercalated sedi-
ments (including the sediments in the channel) indicate ice
advances between 31.6 and 29.2 ka BP, between 29.2 and
28.7 ka BP and after 16.9 — 19.9 ka BP (Fig. 11). It is possible
that the regional major LGM ice advance (LGM 1) may corre-
spond with one or both of the unconformities in the channel
sediments between 28.7 and 19.9 ka BP (Fig.11).

Staerneset (Sterneset). - This site is represented by a 5
m-high section reaching up to c.460 m a.s.l.along a road at
c.63° 11" N and 11° 16’ E, map refr. 1721 1ll, 141078. The
stratigraphy includes three tills with intercalated and overly-
ing waterlain sediments. The sediments are of glaciofluvial
and glaciolacustrine origin. AMS-14C dating of the insoluble
fraction of bulk organics from reworked sediments in the
lower till and from the sediments in the boundary zone to
the overlying till (Fig. 11), indicates that the stratigraphy
comprises ice-free intervals at c. 25.2 and 18.8 ka BP and ice
advances during the LGM stadials (LGM 1 and 2). The upper
part of the stratigraphy also includes two tills which indicate
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one or more oscillations of the ice sheet during the last
deglaciation period.

Flora. - This site is represented by three sections along a
steep creek (or small river) at ¢.63° 06’ N and 11° 18’ E, map
refr.1721 11, 163006 — 164003.The sections, reaching up to c.
264,280 and 310 m a.s.l., respectively, include a combined
stratigraphy which comprises several tills and units of inter-
calated waterlain sediments.Based on 8 AMS-14C dates, with
an average age of c. 17.6 ka BP, of the insoluble fraction of
bulk organics from sediments reworked in the tills or from
intercalated sediments, it follows that the recorded stratigra-
phy indicates ice-free conditions followed by ice-front oscil-
lations and a final ice advance after c. 17.6 ka BP during the
LGM 2 stadial (Fig.11).

Grytdal. - This site is represented by four sections along
a steep local road at c.62° 58’ N and 10° 34’ E, map refr. 1620
IV, 797825 — 798826 — 799826 — 800827.The sections, reach-
ing up to c. 158, 235,247 and 260 m a.s.l, respectively, com-
prise a combined stratigraphy with at least six tills,and inter-
calated and underlying sediments. The overall stratigraphy
and radiocarbon dates indicate that ice-free intervals
occurred at ¢.39.5 - > 41.8,37.2 - 38.5,23.7 - 284 and c. 19
ka BP, and ice advances occurred between these intervals
and after 19 ka BP (Fig. 11). The dates are all of the insoluble
fraction of bulk organics from sediments, and all of terres-
trial origin, except for those of age 37-39 ka BP where a Ce-
deficiency and badly preserved, possible dinoflagellates
indicate a probable marine input (e.g.Table 4).

Sites along transect 8

Skjonghelleren. - The 20 m-thick sediments in this cave
(Skjonghelleren) have been studied and described by Larsen
et al.(1987),and the location of the cave is at c.62°32' N and
6° 08' E,map refr. 1120 11,510353.The sediments, reaching up
to ¢.63 m a.s.l.,, comprise diamictons in the upper 4 m, indi-
cating three ice-free intervals separated by periods of ice-
cover represented by laminated glaciolacustrine silt (Fig.11).
Bones and speleothems from the middle diamicton are 4C-
and U/Th-dated and yield ages between c. 28.9 and 34.9 ka
BP, thus representing the Alesund interstadial (Mangerud et
al. 1981, Valen et al. 1996). A palaeomagnetic excursion cor-
related with the Lake Mungo excursion (c. 28 ka BP) is
recorded in the upper laminated silt sequence (Lgvlie &
Sandnes 1987), thus indicating that the last ice advance rep-
resented in the Skjonghelleren stratigraphy started shortly
before 28 ka BP.

Hamnsundhelleren. - The cave Hamnsundhelleren is
located at ¢.62° 33' N and 6° 20' E, map refr. 1220 Ill, 600367,
some 10 km east of the Skjonghelleren cave, and the cave
sediments have been studied and described by Valen et al.
(1996). The sediments reach up to 59 m a.s.l. (65 m a.s.l.in
the cave mouth) and comprise three cave-diamictons of
similar character to those at Skjonghelleren, with underlying
and intervening waterlain sediments (Fig. 11). Bones from
the lower diamicton are 14C-dated to c.24.4,24.6 and 27.6 -
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31.9 ka BP, but the first two dates are of bones which are con-
sidered to have been reworked and dislocated by cryoturba-
tion and/or glacial activity from the middle diamicton.These
two dates are considered to date the Hamnsund interstadial
(Valen et al. 1996), but this has been ignored (!) by Sejrup et
al. (2000) who correlated the Hamnsund interstadial with
the regional ice-retreat interval at c. 20 ka BP.

A palaeomagnetic excursion recorded in the middle
sequence of waterlain subglacial sediments is correlated
with the Lake Mungo excursion (Valen et al. 1996), whereas
an older excursion in the lowermost laminated silt has been
correlated with the Laschamp excursion, at c. 42 ka BP
(Lovlie & Sandnes 1987, Valen et al. 1995). The composite
stratigraphy and dates at Hamnsundhelleren indicate ice-
free intervals during the Alesund interstadial and the
Hamnsund interstadial, as well as during the Holocene; and
also ice-covered conditions at c. 40 ka BP, between the two
interstadials (c. 25-28 ka BP) and after c.24.4 ka BP (LGM 1?).
The upper intercalated sediments have a complex composi-
tion with laminated clay in the lower part, coarser sand-
dominated, debris-flow sediments in the middle and till
mixed with other diamict sediments in the uppermost part
close to the cave entrance.Valen et al.(1996) considered this
unit to represent a continuous ice-covered interval from the
Hamnsund interstadial to the Holocene, but we suggest that
the complexity in composition of the unit may hide traces of
an ice-free interval at c. 20 ka BP, i.e. younger than the
Hamnsund interstadial. With this interpretation, the LGM 2
stadial, corresponding to the Tampen formation in the North
Sea (Sejrup et al. 1994), may also be represented in the upper
part of the same complex unit.

Additional sites* along transect 8, at Gamlemsveten,
Kortgarden and Skorgenes, all located distally from the
Younger Dryas ice-marginal position, and at Kollsete which
is located in the inner Sognefjord region and 90-100 km
proximal from the Younger Dryas ice-marginal position (Fig.
1),are included in Table 6.

In the overview shown in Fig. 11 we have included a site
from Elgane, Hagjeeren, in southwestern Norway. This site is
located less than 10 km from the coast, more than 50 km dis-
tally to the Younger Dryas ice-marginal position, and mid-
way between transects 8 and 9,i.e.a long distance from both
transects. Nevertheless, the site is included due to its impor-
tant stratigraphy with in situ Middle Weichselian marine sed-
iments (overlain by till) situated at an altitude 170-180 m
higher than the lateglacial marine limit of c. 15-25 m a.s.l.in
this area (Janocko et al. 1998). Middle Weichselian marine
sediments at Hogjaeren have been known for a long time
and a number of sites with similar information such as that
of the Elgane site have been reported from this area (see
review in Stalsberg et al. 1999).

Sites along transect 9, western region, middle zone
Relevant information from sites farther inland are not avail-
able from this region.
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Herlandsdalen.- This site is represented by a 12 m-high
river section reaching up to c.242 m a.s.l.and is located at c.
59°28'N and 9° 50' E, map refr. 1713 |,470923.The stratigra-
phy includes three tills, the two lower of fine-grained, com-
pact, bluish-grey regional type with intercalated silt and
sand, and the upper till of more sandy, coarse-grained char-
acter with grey to brownish-grey colour. Clast fabrics indi-
cate a generally southeastward ice-flow direction (Fig. 11).
The stratigraphy and AMS radiocarbon dating of the insolu-
ble fraction of bulk organics from the lowermost till and
from intercalated sediments indicate ice-free conditions at c.
28.3 and 23.3 ka BP, and ice advances between these ages
and after 23.3 ka BP.

Rundhaugen. - This site has previously been described
by Roaldset (1980), and reinvestigated and dated by the
Geological Survey of Norway (Olsen & Grosfjeld 1999). The
site is represented by a 4 m-high section along a local road
at ¢.59°28' N and 9°49' E, map refr. 1713 1,467927. The sec-
tion reaches up to c. 245 m a.s.l. and the stratigraphy com-
prises deformed silt overlain by a till, which varies in compo-
sition and colour from fine-grained bluish-grey and green-
ish-grey in lower parts to coarse-grained brownish-grey in
its upper part. The clast fabric in the till and deformation
structures in the sub-till sediments with small-scale folding
and shearing indicate an ice-flow direction towards the SE
(note that the arrow head is pointing in the opposite/wrong
direction in Fig. 3: Olsen & Gresfjeld 1999, due to a printing
error).This indicates open-sea conditions during deposition,
which implies that the silt may have a marine origin as also
indicated by a strong Ce depletion (see above, and Roaldset
1980). Some algae-like microfossils of possible marine origin
occur in the silt, but have not been properly identified (due
to bad preservation) and must therefore be considered as
unknown. Dating of bulk organics from the silt (Fig. 11) sup-
ports a correlation with the Sandnes interstadial (c. 30-40 ka
BP), as suggested by Roaldset (1980).

Passebekk. - This site is represented by three sections
along a road located at ¢. 59° 31" N and 9° 45' E, map refr.
171411,457963 — 1713 1,457956.The sections, reaching up to
251,270 and 330 m a.s.l, comprise a stratigraphy with three
tills and reworked and intercalated sediments (Fig. 11). The
lowermost till is of fine-grained, compact, bluish-grey
regional type, whereas the younger tills are more sandy and
with brownish-grey colour. The stratigraphy at this and the
neighbouring sites west of Oslofjorden, and the AMS radio-
carbon dating of the insoluble fraction of bulk organics from
reworked and intercalated sediments (between tills), indi-
cate ice-free conditions at ¢.28-32,23.3 and 21 ka BP,and ice
advances with deposition of tills between these ages, as well
as after 21 ka BP.

Sites along transect 9, eastern region, from coast to
inland

Skjeberg. - This locality is represented by the 4 m-high sec-
tions of a garage site located at ¢.59° 10' N and 10° 04' E, map
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refr. 1913 11,280605.The sections, reachingup toc.35ma.s.l.,
compirise a stratigraphy including four tills with intercalated
and overlying sand and gravel. Striations on bedrock in the
neighbourhood and on stones in the tills indicate an ice-
flow direction generally towards the SSW. AMS radiocarbon
dating of the soluble and the insoluble fractions of bulk
organics from a silt layer in the lowermost, intervening,
waterlain sediments yielded ages of c. 16.8 and 19.5 ka BP
(Fig. 11).This indicates that the underlying and overlying tills
may represent LGM 1 and 2, respectively. The site is located
within the wide and complex zone of the Onsoy - Borge
moraines (c. 11,300 yr BP; R. Serensen 1983, Olsen &
Serensen 1993),and the two upper tills may therefore repre-
sent ice-front oscillations during this substage.The gravel on
top is beach gravel of Mid Holocene age (Olsen & Serensen
1993).

Dokka. - This site is represented by a 8 m-high section
adjacent to a creek and along a road at ¢. 60° 49' N and 10°
04'E,map refr. 1816 1V,584435.The section reaches up to 170
m a.s.l.and comprises a stratigraphy with two tills and inter-
calated sand and gravel. The lower till is of a fine-grained,
compact, bluish-grey regional type (Olsen 1979, 19853, b),
whereas the upper till is silty to sandy, grey and also rela-
tively compact. Clast fabrics indicate ice-flow directions
towards the SE and SSE (Fig. 11). The stratigraphy and AMS
radiocarbon dating of the insoluble fraction of bulk organics
from lenses of redeposited sediment in the lower till, and
from clasts and veins of silt in the boundary zone between
the intercalated sediments and the overlying till, indicate
ice-free conditions at c.27 and 19 ka BP (Fig. 11).The tills indi-
cate ice advances between these ages and after 19 ka BP,
probably corresponding to LGM 1 and 2, respectively.

Rokoberget.- This site is represented by a 4 m-high sec-
tion along a local road at c.60° 47" N and 11° 28' E, map refr.
2016 1V, 348412. The Rokoberget site was first reported by
Rokoengen et al.(1993),and then further described by Olsen
& Grosfjeld (1999). The stratigraphy comprises a till which
overlies glaciotectonically deformed silt, with pollen and
marine microfossils (dinocysts) recorded at two levels, c. 47
and 34 ka BP. A hiatus is believed to occur between the
dated levels (Fig. 11; Olsen & Gresfjeld 1999).The silt reaches
up to c. 233 m a.s.l., which is well above the lateglacial
marine limit (190 m a.s.l.) in this area.The high altitude of the
corresponding sea levels is explained by glacial isostasy
(Olsen & Grosfjeld 1999). Deformation structures in the sub-
till sediments, clast fabrics in the till and flutings on the adja-
cent surface indicate an ice-flow pattern which corresponds
to the late Middle and Late Weichselian glacial ice-flow
development in the Mjoasa region (Olsen 1985a, b).

Stampesletta. - This locality is represented by the 6 m-
high sections on the site of one of the sports buildings
(Hakonshallen) used during the Olympic Winter Games at
Lillehammer, 1994, and the location is at c.61° 07' N and 10°
28'E,map refr.1817 11, 794776.The sections, reaching up to c.
250 m a.s.l., comprise a stratigraphy with 10-15 cm of silt
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overlain by two tills, the lower one corresponding to the
fine-grained, compact, bluish-grey Jorstad till (Olsen 1985b),
and the upper till of more coarse-grained character and with
a grey to brownish-grey colour. AMS-14C dating of the insol-
uble fraction of bulk organics from the sub-till silt indicates
an age corresponding to the Middle Weichselian waterlain
sediments overlain by the Jorstad till and younger tills at the
neighbouring Mesna site (Olsen 1985b, 1995, 1998). Bulk
organics from a clastic dyke which penetrates the lower till,
starting from the boundary zone to the overlying till, have
been 4C-dated and yielded an age of c. 16 ka BP (Fig. 11).
Dating of bulk organics from a similar dyke which pene-
trates the Jorstad till at the Mesna site also yielded an age of
c. 16 ka BP (UtC 6041, Table 2, Olsen et al. 2001a). Clastic
dykes of this kind have been described by, e.g., Larsen &
Mangerud (1992), and are typically thought to have been
injected into subjacent materials from the sole of an overrid-
ing glacier. In the examples from Stampesletta and Mesna,
such injections may thus have occurred during the last
major ice advance (LGM 2).

Grabekken. - This site, named Gramobekken and first
described by Garnes (1978), was further studied by Thoresen
& Bergersen (1983), and then by Olsen (1997b; and unpub-
lished material) who also renamed the site in accordance
with the name Grabekken used on the 1:50,000 map-sheet.
The location is at ¢.62° 11" N and 10° 26' E, map refr. 1619 Il
749959. The stratigraphy comprises gravel and sand with a
thick intervening sequence of laminated clayey silt, and an
overlying thick till. The till is of fine-grained, compact, bluish-
grey type, similar to the Jorstad till (Olsen 1985b).
Radiocarbon dating of the insoluble and soluble fractions of
bulk organics from the lowermost gravels, close to the
bedrock surface, yielded ages of 32-37 ka BP (Thoresen &
Bergersen 1983).U/Th and 4C dating of a calcareous concre-
tion from the upper part of the sub-till sediments gave sig-
nificantly different ages, c. 19 (i.e. 22,230 cal yr) and 41 ka BP
(Fig. 11). We consider the 14C-age to be too old due to old
carbonate circulating in the groundwater, and the U/Th age
to be too young due to a low 230Th/ 232Th ratio (< 20) which
indicates contamination by detrital thorium,and which gen-
erally gives too young ages.

The stadial repesented by the till is probably younger
than 32 ka BP, in accordance with the 4C dates from the
underlying sediments, but an age as young as 19 ka BP, as
indicated by the minimum age of the calcareous concretion,
seems less likely.

Folldal. - This site is represented by a section along the
main road in Folldal and located at ¢.62° 11' N and 10° 27'E,
map refr. 1619 lll, 756965. The section is located c. 550 m
from the Djupdalsbekken site which has been described,
e.g..by Thoresen & Bergersen (1983) and more recently stud-
ied by the Geological Survey of Norway (Olsen, unpublished
material). The upper 4 m of the Folldal section, which
reaches up to 550 m a.s.l.and some 20 m lower than the sub-
till sediments at Grabekken, is shown in Fig. 11.The stratigra-
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phy comprises a more than 5 m-thick lower till overlain by
1.5 m of sand and laminated silt, followed by the erosional
remnants of a fine-grained, compact, bluish-grey till, which
at Djupdalsbekken exceeds 10 m thickness and underlies at
least one younger, more coarse-grained till. AMS radiocar-
bon dating of the soluble (A) and insoluble (B) fractions of
bulk organics from the silt indicates ice-free conditions at c.
23.3 - 26.3 ka BP (Fig. 11).We consider an average of ¢.25 ka
BP, or closer to the age of the insoluble fraction (26.3), to be
the most likely age of the sediments, and a correlation with
the Grabekken sub-till laminated silt seems reasonable. The
overlying, fine-grained, bluish-grey tills at the nearby Folldal,
Djupdalsbekken and Grabekken sites are considered to rep-
resent a correlative till unit,and this till may represent an ice
advance during the LGM interval. The ice flow was first
directed down-valley to the E-ESE, as indicated by clast fab-
ric and deformation structures in the lowermost part of the
till, but then turned to a more northerly direction, and even
to the NNW and NW in the upper parts, also in accordance
with clast fabrics in the till. In this reconstruction there are no
indications of ice-free conditions between LGM 1 and 2 in
the Folldal area.

Discussion

The methods used for palaeoclimatic and palaeoenviron-
mental interpretations, and the presented examples of
Middle to Late Weichselian stratigraphic successions along
nine transects from inland to coast in different parts of
Norway, are all important elements in the reconstruction of
the glacial history presented in this paper.The high regional
consistency of the general stratigraphy, as indicated in Figs.
9-11 & Table 6, is the major basis for the glaciation model
which is presented in a linked paper (Olsen et al.2001b).

It is possible that the examples of glaciomarine facies C
(Table 5),although sparsely represented in Table 6, represent
the most qualitatively important sediment facies for the
reconstruction of the regional glacial history. The signifi-
cance of this facies is that it reflects very high relative sea-
level conditions, thus probably implying a considerable
glacial loading on the land surface. Such conditions also
indicate extremely unstable glacial conditions, which is an
important element of our glacial model (Olsen et al.2001b).

Theoretically, some of the uplift reflected by these
marine sediments could be of tectonic origin. However, it is
difficult to understand how generally irregular tectonic
movements could explain the finds of marine sediments of
widely different ages at nearly the same altitudes and loca-
tions (e.g, Magelva II, Storelva, Rokoberget; Table 6).
Although glacial transportation cannot be rejected in all
such known cases (e.g., Slettaelva; Vorren et al. 1981, and
Mégelva I; Olsen et al. 2001b), it has been claimed that
repeated, vertical, glacial isostatic movements caused by the
loading - unloading of major ice sheets explains most of the
very high, uplifted, marine sediments (Olsen & Grasfjeld
1999).
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There is a noticeable scarcity of radiocarbon dates of
shells with ages between 27 and 17 ka BP in our data base,
which may reflect a general scarcity of shells in this age
range on the Norwegian mainland. This is discussed by
Olsen et al. (20013, b), and needs to be studied more thor-
oughly in the future.

AMS radiocarbon dating of sediments with low organic
content is another important method for the reconstruction
of the glacial history. We have tried to overcome the disad-
vantage with regard to sensitivity to contamination of sedi-
ments with small organic content, by careful sampling and
storing, and by using several dates from each set of closely
spaced and genetically and chronologically connected units
(Olsen et al.2001a).

It has been shown by a few examples with ‘control’ dates
based on different dating methods, that the accuracy of the
sediment dates (mainly the INS fraction) is relatively high,
e.g. less than 10-15 % deviation between (test-) dates and
control dates, and by using replicates we have also shown
that the precision is fairly high ( Olsen et al.2001a). However,
it is evident that the strongest argument for an overall relia-
bility of the method and approach we have used is the
apparently high regional consistency, which we also have
postulated based on general considerations of the timing of
the stratigraphy and geological events in our model (Olsen
etal.2001a,b).

Based on various dating methods (Olsen et al.2001a), the
geochronological range of the regional stratigraphic record
presented here seems fairly accurately determined to the
40-15 ka (4C) BP interval.The four major ice advances which
are thought to be represented along most of the transects
(Figs. 1 & 9) may not have been synchronous, but the time
needed for repeated cycles of build-up of extensive glaciers
followed by major ice retreat during the 40-15 ka BP interval
constrains the non-synchroneity to a few thousand years in
each case. Therefore, even if the major stadial and intersta-
dial events are not synchronous regionally, these events can-
not in any case be more than 2000-3000 years outside the
estimated (regional) age-range (Fig.9).

The overall pattern of glacial variation during the 40-15
ka BP interval shows rapid shifts between alternating ice
cover and ice-free conditions, even with a much lower dat-
ing accuracy and precision than we have found (Olsen et al.
2001a). Hence, most of the western parts of the
Scandinavian ice sheet must have been warm-based, except
for some high mountain areas with possible cold-based ice,
during the Middle and Late Weichselian stadials. This is dif-
ferent from the central parts of Fennoscandia where exten-
sive cold-based ice is suggested to have occurred and pre-
vailed during a considerable part of the Late Weichselian
(e.g., Lagerback 1988, Olsen 1988, Sollid & Serbel 1988,
Kleman 1992).

Rapid shifts between glacial and interstadial conditions
also include intervals of rapid ice growth. So far, no accurate
calculations have been made on precipitation necessary for
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such fast ice growth. However, we suggest that a precipita-
tion with a net accumulation on the same scale as the aver-
age for the Holocene in Greenland (c. 0.1 m per year;
Dansgaard et al. 1993) may be enough to produce such high
ice-growth rates which are required in our model.

An attempt has been made to use magnetic susceptibil-
ity (MS) as a tool for correlation between soils from the last
interglacial in northern and southern Norway (Olsen 1998),
and this possibility is further emphasised for Weichselian
interstadial soils (Fig. 5; Olsen 1997b).Olsen (1997b) also car-
ried out a preliminary study with reconstruction of palaeo-
rainfall using tentative numbers obtained directly from MS
measurements of well-drained Norwegian soils and pale-
osols. This is based on the assumptions that (i) the pedo-
genic magnetic susceptibility of soils is a rapidly formed soil
property which is preserved after burial in an almost steady-
state condition, and (ii) a proportional relationship exists
between rainfall and the MS pattern of well-drained soils.
Such a proportional relationship between modern rainfall
and the pedogenic MS of young soils from different parts of
the world, mainly China, has been reported by Maher &
Thompson (1995).

The inferred palaeorainfall based on the paleosol MS
data shown in Table 1 indicates that the climate may have
been generally drier than today during the Middle and Late
Weichselian interstadials, with the long and complex
Sargejohka interstadial (Olsen et al. 1996) as a possible
exception to this trend.

The sparse pollen data that we have acquired from
Middle and Late Weichselian interstadials from inland areas
of Norway are too skeletal to support, as well as to challenge,
the climatic interpretation based on the MS data (i.e., rela-
tively dry conditions). However, the climate and vegetation
tentatively inferred from the pollen data and plant remains
are thought to have been colder and poorer than the pre-
sent, possibly similar to low arctic to subarctic tundra areas
today (Table 2).

Tentative sea-surface temperature (SST) may be inferred
from mollusc shells and some dinoflagellates, but precise
estimates are not available and the SST values may therefore
range from arctic to boreal temperatures (e.g., Fig. 6, and
Tables 3 & 4). Pollen from coastal sites provides proxy data
for summer air temperatures, which also have a wide range
even for the short time interval 21-16 ka BP (e.g.,Vorren et al.
1988, Alm 1993).

Summary and conclusions
In this contribution we have reviewed the comprehensive
stratigraphic database and indicators for palaeoclimatic and
palaeoenvironmental interpretations during the Mid to Late
Weichselian time interval based on nine transects from
inland to coast in Norway. The constructed glacial curves for
these transects and their geochronologic basis are pre-
sented in two companion papers (Olsen et al.2001a, b).

The generalised stratigraphy and regional stratigraphic
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consistency show clearly a similar and therefore regional
trend, with large ice-sheet fluctuations in all regions during
the period 40-15 ka BP. The overall pattern of glacial varia-
tions shows rapid shifts between alternating ice cover and
ice-free conditions. Marine sediments in sub-till positions at
high altitudes above lateglacial marine levels are recorded
in many areas and regions of Norway (Andersen et al. 1991,
Olsen 1997a). These uplifted sediments could theoretically
be explained by tectonics, but as they occur in many areas
and at high altitudes in several ice-free periods, the most
likely explanation must be strong glacial isostasy (Olsen &
Grosfjeld 1999).This must have included an element of rapid
ice retreat, e.g., comparable to the last deglaciation, or even
faster than that. With a stable ice sheet and phases of slow
ice retreat, combined with insignificant tectonic move-
ments, there would be no in situ marine sediments at high
altitudes. Consequently, the occurrences of regionally high
relative sea levels imply an unstable ice sheet and rapid ice
retreat, which is not compatible with a thick ice sheet and a
large ice volume included in the classical Scandinavian ice-
sheet model (Vorren 1977, Andersen 1981, Mangerud 1991).
The reported and reviewed palaeoclimatic evidence
(e.g., biological data: Tables 2-4 and Fig. 6; other data: Table 1
and Figs.4 & 5) may be taken as a tentative indication of rel-
atively dry, low arctic to subarctic conditions during most of
the phases of reduced ice extension during the period 40-15
ka BP. This implies that, to reach the high ice-growth rates
needed to explain all the recorded glacier fluctuations, there
must have been abrupt changes to high-precipitation con-
ditions during the transitions from interstadials to stadials.
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