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The late Pliocene and Pleistocene sediment distribution, thickness and stratigraphy of Norway
and the adjacent continental shelf are reviewed in this paper.

A generalised map of Quaternary' sediments in Norway in scale 1:1 million or larger (available
from www.ngu.no), compiled from Quaternary maps in various scales, and a simplified map with
distribution of an overburden of >1 m-thick loose deposits are used for this regional overview.
In addition, the sediment distribution and thickness of the Quaternary sediments from selected
parts of the adjacent shelf areas are presented, and the geological implications (with erosion and
deposition) of all these data are discussed.

The Quaternary stratigraphy from the land areas in Norway is also presented, with examples
from northern, central and southern parts of the country. Correlations with adjacent areas,
mainly from central and northern Fennoscandia, are suggested, and the regional implications are
indicated, particularly for the Weichselian glaciation, and further dealt with in the accompanying
paper focused on Quaternary glaciations (this issue).

Itis now known that a major part of the present, remaining, onshore glacial deposits in Norway
derive from the last glaciation (Weichselian) and that more than 90% (>100,000-150,000 km?) of
the Quaternary glacial erosional products from Norway have been transported and deposited
offshore. These sediments are mainly deposited in large depocentres at the Mid-Norwegian shelf
and in trough-mouth fans at the mouths of the Norwegian Channel and the Bjgrngyrenna Trench.

Olsen, L, Sveian, H., Ottesen, D. and Rise, L. (2013) Quaternary glacial, interglacial and interstadial deposits of Norway and
adjacent onshore and offshore areas. In Olsen, L., Fredin, O. and Olesen, O. (eds.) Quaternary Geology of Norway, Geological
Survey of Norway Special Publication, 13, pp. 79-144.

'Quaternary is here used as described by Olsen et al. (this issue).
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Introduction

A general map of Quaternary sediments in Norway in scale 1:1
million or larger (available as ‘best of” version on the internet:
http://www.ngu.no/kart/losmasse/) and a simplified map of an
overburden with thick sediments are compiled from Quater-
nary geological maps in various scales (Figure 1). In addition,
the sediment distribution and thickness of the Quaternary sed-
iments on the adjacent shelf areas (Figures 2 and 3a, b, ¢) and
the Quaternary stratigraphy from the land areas are presented
(extended background data are included in Appendix A), and

the geological implications of these data are considered and used
in reconstructions shown on maps and in glacial curves (i.e.,
time—distance diagrams). The pattern of Quaternary ice-sheet
erosion and deposition is recently considered theoretically for
all of Fennoscandia (Kleman et al. 2007). This is acknowledged
by the present authors and the background data for this pattern
in Norway is considered and documented with some examples
here. The geographical position of most places and sites, which
are referred to in the text is shown in Figure 4, with more loca-
tions and names presented in Figure B1 and Table B1 (Appen-
dix B).
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Figure 1. Quaternary geological maps of
the mainland of Norway (between c. 58°-
71°N and c. 5°-30°F), based on data
from the NGU map database, Quaternary
map of Norway. (a) Simplified map with
exposed bedrock and overburden generally
>1 m thicknesss and (b) distribution of
various sediments from Quaternary map in
scale 1:1 million. The legend is simplified
Jfrom the 1990-version of the map (Thoresen
1990). Some of the areas with exposed
bedrock (pink) may have a thin cover of
loose deposits, but in most of these areas
the overburden is assumed to be less than
1 m thick. The average thickness of the till
deposits (green), which cover about 25% of
the mainland of Norway is estimated to c.
6 m. For more map information, see wwuw.
ngu.no, and for further information of the

sediment thicknesses, see the main text.
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1C ages are calibrated or converted to calendar years accord-
ing to Olsen et al. (2013), and the abbreviation ka BP, meaning
a thousand years before present, is generally referred to as ka
throughout this paper.

Shelf areas
Regional mapping programs of the Quaternary sediments on
the North Sea and Norwegian shelf areas have taken place dur-
ing the 1970-1980s (e.g., Rise et al. 1984, King et al. 1987).
In the last few years, during several joint industrial projects,
extensive studies of the Late Pliocene/Pleistocene development
(Naust Formation) of the Norwegian shelf and margin between
61°N and 68°N have been carried out. In the Ormen Lange
project, the shelf and margin stratigraphy were studied by Rise
et al. (2002, 2005a) on the basis of a large seismic data base.
These data have given a new understanding of the environment/
processes during deposition of the Naust Formation, especially
the older parts. The Naust Formation has been given a unified
stratigraphy across the whole area, and is subdivided into five
sequences (N, A, U, S, T from bottom to top) (Figure 3¢, d),
each comprising several units (Rise et al. 2006, Ottesen et al.
2007). The mapping of these five sequences has made it possible
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Figure 3. Distribution and thickness of the Quaternary (late Pliocene
and Pleistocene) sediments along the Norwegian continental margin
of Norway. (a) Seabed areas from the North Sea to the SW Barents
Sea, modified from Riis (1996) and Vorren and Mangerud (2008),
(b) the Mid-Norwegian shelf, modified from Rise et al. (2005), (c)
seismic cross section from the Mid-Norwegian shelf, after Ottesen et al.
(2007), and (d) interpretation of the profile in (c) with lettersinames
of formations/units. After Ottesen et al. (2007). Position of profile is
indicated in (b).
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to outline the development of the whole Mid-Norwegian shelf
during the last 3 million years. For more details, we refer to the
recent paper by Ottesen et al. (2009).

Land areas

The Quaternary stratigraphy of northern and central Norway
has previously been compiled and presented as simplified logs on
small-scale maps resulting from the so-called ‘Nordkalott” and
‘Mid-Norden’ projects in northern and central Fennoscandia
(Hirvas et al. 1988, Bargel et al. 1999). A modified version of
selected parts of these data, with additional stratigraphical logs
both from northern, central and southern Norway based on
various sources, is presented here. The geological implications

of these data are further considered in the accompanying paper
by Olsen et al. (2013).

The distribution of various Holocene sedimentary deposits
and formations that are mainly of nonglacial origin (deposits
from rockfalls, landslides, fluvial deposits, weathering, shore-
lines etc.), is described by Fredin et al. (2013).

Overview of maps of Quaternary deposits
onshore in Norway

Mapping of Quaternary sediments in Norway has been carried
out during many decades, mostly in scales between 1:10,000
and 1:100,000 (see review by Bargel 2003). The surficial depos-
its are classified according to genesis. The legend and standard
colour coding of the NGU Quaternary geological maps reflect
various sediment types. However, it was not until the last three
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to four decades that mapping programs were initiated to pro-
duce detailed map sheets covering large areas. The maps were
produced for many purposes, among others to locate building
material for road construction, etc. The distribution of Quater-
nary sediments is important for many kinds of human activity,
especially agricultural purposes and areal planning, but also for
recreation (landscape development and geological history), ed-
ucation and research (ice-sheet modelling) purposes. Another
important field of use of such maps is geological hazard or risk
analysis for landslides, where, e.g., the distribution and thick-
ness of marine clays are of vital importance.

Generalised maps of different regions have been produced
at varying scales (Figure 5). These maps have been compiled
into one generalised map covering all of Norway (htep://www.
ngu.no/kart/losmasse/), which has been simplified to represent
merely sediment thickness and shown in reduced scale in Fig-
ure la. The original map scales were 1:500,000 for Finnmark
county (Olsen et al. 1996b), 1:250,000 for Troms (Sveian et al.
2005), 1:400,000 for Nordland (Bargel 2001), and 1:250,000
for Ser-Trendelag (Reite 1990), More & Romsdal (Follestad
1995), Sogn & Fjordane (Klakegg et al. 1989), Hordaland
(Thoresen et al. 1995), Rogaland (Bergstrem et al. 2010) and
Aust-Agder (Riiber and Bergstrom 1990). Furthermore, for
Oslo and Akershus (Bargel 1997) and @stfold (preliminary ver-
sion, Olsen et al. 2005) the generalised scales were 1:125,000,
and for Jotunheimen 1:250,000 (Holmsen 1982) (for location,
see Figures 4 and 5) and 1:1 million for the remaining parts
of Norway (Thoresen 1990, Bargel et al. 1999). The different
maps have been digitised, and the lines were imported into a
Geographic Information System (GIS). Polygons were built
from these lines, and each polygon was given a signature to the
sediment type.

Our purpose in this paper is to give an overview of the
Quaternary deposits by drawing and describing a simple, small-
scale map (Figure la) based on a more complex Quaternary
map (Figure 1b), where we clearly separate areas with exposed
bedrock and bedrock with a discontinuous and thin (commonly
<1 m) sediment cover from areas with a thick sediment cover.
Therefore, the legend has been simplified to comprise only a
few sediment types, all included in one category, which is domi-
nated by till (Figure 1a). Exposed bedrock is pink and continu-
ous cover of till (or sediments dominated by till) is green in both
maps (Figure 1a, b). Certain areas have a relative continuous
cover of organic deposits. However, these areas are not shown
on the simplified map, but are instead given the colour of the
underlying material (e.g., bedrock, till, etc.).

Sediment distribution and thickness in the different
land areas

Generally, Norway has large areas of exposed bedrock or bed-
rock with a thin cover of Quaternary sediments. However, the
southeastern parts of Norway (the lowland east and northeast
of Oslo), areas adjacent to and under the former ice divide in
southern Norway (Figure 6), the Jeren area in southwest Nor-
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Figure 5. Counties in Norway, most of them mentioned in the main text. Counties with
existing Quaternary geological maps in various scales are indicated.

way and Finnmarksvidda in northern Norway (Figures 1 and
4) have large areas with a generally continuous cover of sedi-
ments. The sediments are dominated by tills in most areas, but
in the main valleys and basins waterlain sediments, including
glaciofluvial, fluvial and marine deposits often represent the
dominant sediment types. Based on natural sections, excavat-
ions, drillings and some seismic profiles, the average sediment
thickness in areas with continuous cover of sediments (e.g., at
Finnmarksvidda) is estimated to ¢. 6 m, similar to northern and
central Finland and Sweden (The Nordkalott Project 1986, The
Mid-Norden Project 1999). However, in some valleys and basin
areas dominated by marine deposits the sediment thickness is
much thicker, commonly more than 10 m, and occasionally the
sediment thickness is more than one hundred metres, e.g., up
to 400 m sediment thickness in the northernmost, outer part of
Gauldalen near Trondheim.

The lowland east and northeast of Oslo (Dstlandet)

The fields with continuous sediment cover east and northeast
of Oslo are all dominated by marine deposits within the near-
est 50 km. These areas are therefore situated mainly below the
postglacial marine limit (c. 200 m a.s.l.) and have a long history
of Holocene fluvial erosion and clay slides. This has changed
the topography of the landscape rapidly and dramatically within
minutes or hours at certain times in the landscape evolution his-
tory. The largest deposits of sand and gravel in Norway, which
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is mainly of glaciofluvial origin, are located in the northeastern
lowland (e.g., Gardermoen airport and surrounding areas).

The sediment thickness in this area may locally reach more
than 100 m, e.g., in the Hauerseter area where seismic measure-
ments indicate up to 120-125 m sediment thickness (Dstmo

1976, Longva 1987).

The central inland of SE Norway—the ice divide and sur-
rounding areas

During initial phases of glaciations ice growth expanded from
core areas along the regional water divide in the Scandinavian
mountains, and during phases of maximum glaciations the ice
divide migrated to a more easterly and southeasterly position
(Figure 6). During the last glaciation, the most extreme easterly
and southeasterly position of the ice divide was at, or south of
Vinstra in Gudbransdalen (Figures 4 and 6), but all recorded
field data suggest that the E-W-trending ice divide maintained
a position north of Lillehammer at the southern end of Gud-
brandsdalen also during the Last Glaciation Maximum (LGM)
(Olsen 1983, 1985a, b). It is clear from the map (Figure 1),
that large areas in central southeast Norway (along the former
ice divides) are characterised by a continuous sediment cover.
This zone extends some 50-80 km beyond the LGM ice-divide
zone both in the north and south, which indicates that the
glacial erosion, which is generally strong closer to the glacier
margins, has been significantly reduced already at a relatively
long distance from the ice divide zone.

The sediment thickness in these central inland areas is often
more than 5 m on the plains and more than 10 m in the small
valleys. In larger valleys, such as Gudbrandsdalen and lower
parts of Ostre Gausdal the sediment thickness (mainly till) may
reach more than 100 m (e.g., Olsen 1985a).

The Jeren area

The Jeren area (Figure 4) (Appendix B, Figure Bl: 107, c
25x50 km?) in southwestern Norway has generally a contin-
uous sediment cover. In the southern coastal part a sediment
thickness of more than 100 m is recorded, e.g., at Grodeland
(Janocko et al. 1998). The main part of these sediments is till,
with some intercalated marine or glaciomarine sediments. At
higher elevations (up to more than 200 m a.s.l.) and some 6-10
km from the coast in the southern parts of Jeren (Hogjeren),
several-metre thick marine sediments of Middle Weichselian age
are recorded at many sites (e.g., Andersen et al. 1987, Larsen et
al. 2000). This is considerably higher than the late-/postglacial
marine limit, which rises from 0 to 30 m (a.s.l.) northwards in
the Jeren area (Andersen et al. 1987).

Finnmarksvidda

Finnmark County in northern Norway has together with Hed-
mark County in the southeast (Figure 5), the largest fields with
continuous sediment cover in Norway. The main part of Finn-
marksvidda is located south of the fjord heads. It is a lowland
plateau, ¢. 300-500 m a.s.l. and more than 10,000 km?, with
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some mountain peaks reaching at least 1000 m a.s.l. in the
north. The sediment thickness, which is dominated by tills in
this area is estimated to ¢. 6 m in average (Olsen 1988), but may
in some cases reach more than 50 m (Olsen et al. 1996a). In the
delta areas along the major rivers, e.g., at the Tana River delta
the sediment thickness is up to at least 100 m (Mauring and
Renning 1993, Mauring et al. 1995).

Other parts of Norway

Continuous and/or thick Quaternary deposits in areas of
size at least tens of square kilometres occur also at Lierne in
Nord-Trendelag. In all other parts not mentioned separately the
Quaternary sediments are scarce or only present as thin or dis-
continuous ‘blankets’ on bedrock.

Sediment distribution and thickness on the shelf

The North Sea Plateau

The North Sea Plateau is a shallow shelf area south and west
of the Norwegian Channel (Figures 4 and 6) that has generally
been outside or at the margins of the Fennoscandian/ Scandi-
navian ice sheet. The ice-sheet configuration in these shelf ar-
eas is generally poorly known, with large uncertainties during
the most extensive glaciations that occurred during the last 0.5
million years and also during older glaciations in Scandinavia.
Studies of seismic profiles show a complicated history with ex-
tensive erosion over large areas. This is especially in the eastern
areas, in a zone where the westward-expanding Scandinavian
ice sheet has reached during several glaciations. In these areas
sediment-filled, deep erosional channels are abundant in the
Pleistocene sediments, and the channels have been interpreted
as subglacial formations (e.g., Sejrup et al. 1991). In the central
parts of the North Sea Basin thick sequences (adding to ¢. 1 km
thickness) of Late Pliocene—Pleistocene sediments, thickening
from the east towards the central area in the west exist (Eidvin
et al. 1999). These are mainly deposited through glaciofluvial
and glaciomarine processes during the last three million years.
However, the age control for these sediments is poor, implying
a big uncertainty in the volume estimates.

The Mid-Norwegian shelf

Two major depocentres exist on the Mid-Norwegian shelf. In the
north (65°—67°N), large areas along the present shelf edge have
more than 1000 m of glacial sediments, whereas at the mouth
of the Norwegian Channel outside Stad (62°N) a large trough-
mouth fan (TMF) has been deposited. The sediment thickness of
the fan may exceed 1500 m. The deltaic Molo Formation that has
recently been redated to a Mid/Late Miocene to Early Pliocene age
(Eidvin et al. 2007), is located parallel to the Norwegian coastline
(Figure 3b, c), generally 60—80 km west of it. The prograding Plio-
cene/Pleistocene wedges start outside the Molo Formation (Figure
3¢, d). Seismic profiles show that the Mid-Norwegian shelf has
prograded up to 150 km towards the west, and more than 1000
m of glacially derived sediments have been deposited during the
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Figure 6. Large-scale ice-flow model of the
western part of Scandinavia during the last
glacial maximum, modified from Ottesen
et al. (2005a). Minimum areas (partly
discontinuous and stippled line). with ice
frozen to the underground (after Kleman
et al. 1997) and innermost locations of
sites with sediments deposited  during
ice-free conditions or proglacially during
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last 3 million years on the shelf. For more details about the Mid-
Norwegian shelf, see, e.g., Ottesen et al. (2009).

The Vestfjorden/Lofoten/Vesterdlen areas

The Lofoten/Vesterdlen shelf (67°-69°N) is generally narrow
(Figures 2 and 4) with a thin cover of Quaternary sediments
(generally less than 20 m). The largest sediment thickness (>100
m) is found along the shelf edge and in the upper slope. Due to
the steep slope with marked valleys and slide scars, a good esti-
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mate of the total volume of Pliocene/Pleistocene sediments is

difficult to elaborate. The sediment volume may be difficult to
estimate also in the Vestfjorden—Trenadjupet area (Figure 7), but
many megascale lineations and large grounding-line moraines
indicate fast-flowing glaciers as an effective erosion and transport
agent. The lineations are several kilometres long ridges, up to 10
m high and 200-500 m wide, and are separated by 300-700
m-wide trenches, whereas the grounding-line moraines are up to
several tens of metres thick (Ottesen et al. 2005b).



Lars Olsen, Harald Sveian, Dag Ottesen and Leif Rise

Figure 7. (a) Sea-floor morphology of the Vestfjorden/
Tranadjupet  with  ice-stream  marginal — and
grounding-line moraines (red lines) and megascale
glacial lineations (MSGL, blue lines) indicating
Jast ice flow, and (b) ice-flow model of the Lofoten/
Vesterilen area and adjacent shelf: Modified from
Orttesen et al. (2005b). Legend of  lesters: O=
Ofotfiorden, Ty= Tysflorden, L= Lofoten, VE=
Vestfjorden, V= Varey, R= Rost, TR= Tennholmen
Ridge, B= Bods, RB= Rostbanken, TD=
Tranadjupet, and TB= Tranabanken. Additional
legend for b: S= Senja, AF= Andfjorden, A= Andoya,
and VA= Vesterilen.
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The northern shelf areas off Troms and in the southwest Bar-
ents Sea

The Troms shelf is narrow (35 km wide) in the south (69°30°N)
outside Senja (Figure 4), but widens towards the north into the
Barents Sea. The shelf comprises shallow bank areas with inter-
mediate cross-shelf troughs. The main transport of glacial debris
probably followed these depressions, which have hosted the
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palaeo ice streams whereas the shallow bank areas were covered
by passive ice (domes) (Figure 6). Due to the steep slope (up to
10°) outside the shelf break off Troms, it is difficult to estimate
the volumes of the glacial debris being transported into the deep
sea. Generally, there is a sparse cover of Quaternary sediments
on the banks, highly variable but mostly less than 25 m, and
certain areas may completely lack Quaternary sediments (Roko-
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engen et al. 1979).

Tromseflaket (20,000 km?) is a large, shallow bank area
(water depth 150-350 m) on the northern Troms shelf at the
transition to the Barents Sea. This large area was probably in
some intervals covered by a passive ice dome, which directed
ice low south and north of the area. Most of the ice from Finn-
mark was drained out the fjords, then being deflected towards
the west, and farther northwards into the Bear Island Trough
were it coalesced with the main trunk of the Bear Island Trough
ice stream. The Bear Island Fan is a huge trough-mouth fan at
the shelf edge outside the Bear Island Trough (125,000 km?)
with a sediment thickness of up to 4 km (Figure 3a, Riis 1996,
Vorren and Laberg 1997).

During the Cenozoic, strong glacial erosion of the floor of
the Barents Sea has developed a very marked angular uncon-
formity over large areas. Up to 300 m of glaciogenic sediments
overlie this unconformity (Settem et al. 1992, Vorren et al.
1998, Lebesbye 2000). These sediments can be separated into
seismic units separated by smooth or irregular surfaces. Each of
the sequences can be up to 150 m in thickness (Lebesbye 2000).
Lebesbye mapped a complex sequence of glaciogenic sediments
with up to 250 m in thickness in the areas outside the Finn-
mark coast, revealing alternating phases of deposition and ero-
sion. He also identified several glacial phases and related most of
the seismic units to Weichselian or Saalian age. The depocentre
developed in a buried wide glacial trough running parallel to the
coastline (Lebesbye 2000).

Zones of major erosion and accumulation during the

Quaternary

The surface-near sediments of Norway and adjacent Nordic
countries comprise mainly sediments from the last glaciation,
the Weichselian. However, these young sediments in large areas
in the inland of southeast Norway, the Jeren area in southwest
Norway, and parts of Finnmark in northern Norway are com-
monly underlain by deposits from preceding glacials or intergla-
cial/interstadial periods. This is also the case for even larger areas
in Sweden and Finland (Hirvas et al. 1988, Bargel et al. 2006).

It has been compiled a till stratigraphy of Finnmark, out-
lining up to five superimposed till beds with interlayered inter-
glacial/interstadial sediments (Olsen 1988, 1993a, b, Olsen et
al. 1996a). Similar compilations are carried out for northern
and central Finland and Sweden (The Nordkalott Project 1986,
The Mid-Norden Project 1999).

On the basis of the stratigraphical studies in Finnmark it has
been mapped certain areas with weathered bedrock in situ, indi-
cating only minor or moderate glacial erosion (Figure 8, Olsen
1998). In Finnish Lapland large areas with preglacial weathered
bedrock have been recorded (Hirvas 1991). The same is also
registered in northern Sweden (The Nordkalott Project 1986)
and in several parts of Norway where also blockfields occur fre-
quently (Figure 8, Thoresen 1990).

The areas under the central parts of the Fennoscandian
palaeo ice sheet have generally a continuous sediment cover

(Hirvas et al. 1988, Thoresen 1990, Bargel et al. 1999). In these
areas ice probably was frozen to the ground during a substantial
part of each major glacial cycle, in contrast to the areas closer to
the ice margin (e.g., Kleman et al. 1997, Boulton et al. 2001).
This is indicated for the last glaciation by the occurrence of nu-
merous multiphase deglaciation features, e.g., crossing patterns
of lateral and sublateral drainage channels, all represented in
the same area and with a diversity that could not derive from
only one deglaciation phase (Figure 9) (Kleman 1990, Sollid
and Serbel 1994, Follestad 2005c¢, Follestad and Fredin 2007).

The western part of the Fennoscandian ice sheet was effici-
ently drained through a number of palaeo ice streams (Figure
6). The erosion of the Norwegian land areas was extensive, and
during the glacial periods most fjords were eroded and emptied
for all sediments (e.g., Aarseth et al. 1997), that generally had
been deposited during the retreat of the previous glacial and
the subsequent ice-free period. A large amount of the glacially
derived sediments were transported onto the shelf and beyond
the shelf edge at peak glaciations.

Recently, Kleman et al. (2007) have described and classi-
fied patterns of Quaternary ice-sheet erosion and deposition in
Fennoscandia, and they have suggested a simple, logical, and
quite useful theoretical framework for explanation. The Scandi-
navian mountain-centred ice sheets and the full-sized Fennos-
candian ice sheets, which here and in the accompanying paper

Blockfield/weathered material
I L= felds with continuous cover
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Tiw  Weathered materialweathered
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Figure 8. Sites and areas characterised by weathered material (mainly blockfields) and/
or weathered bedrock, with or without a Quaternary sedimentary cover, modified from
Thoresen (1990).
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Figure 9. (a) Part of Quaternary geological map Rondane 1718 I (scale 1:50,000)

with two sets (A, drainage towards east-southeast, B, drainage towards southwest) of
crossing lateral drainage channels, from two different deglaciation phases separated by
at least one phase with a cold-based ice cover, after Follestad (2006). Areas higher than

1400 m a.s.l. (indicated) may have been nunataks during the last deglaciation after
mid Younger Dryas. North is up and each coordinate net square (light blue lines) on

the map represent 1x1 km?’ in the terrain. (b) Air-photo of an area adjacent to the letter
A, to the left in a. Example of several sets of lateral meltwater channels, from central
southeast Norway. The drainage shifted between a NE-trending to a SW-trending
direction several times during the represented deglaciation history. Several downslope

directed meltwater channels (blue colour), many of these thought to derive from

subglacial groundwater flow (cf., Gjessing 1960), are represented and are grouped in

sets starting in lateral positions ar different elevations. These features indicate multiple

phases with transitions from cold-based to warm-based ice. Photograph copied from

internet (www.norgeibilder.no).

by Olsen et al. (this issue) are described as ice sheets of S (or SIS)
and F (or FIS) configurations, respectively, are denoted as MIS*-
style and FIS-style ice sheets by Kleman et al. (2007). They con-

cluded, for example that the western (fjord) zone of deep glacial
erosion (Figure 10) formed underneath both SIS- and FIS-style
ice sheets during the entire Quaternary, whereas the eastern
(lake) zone of deep glacial erosion is exclusively a product of
SIS style ice sheets, and formed mainly during the early and
middle Quaternary. They also found that the eastern zones of
scouring misfit with respect to SIS configuration, whereas the
thick (mainly central and northern Sweden) drift zone (Figure
10) is interpreted to be a result of more than 1.1 million years of
SIS-style ice sheet eastern margin locations and drift deposition
on the Scandinavian peninsula, and of a subsequent survival of
these drift deposits underneath central low-velocity and cold-
based parts of FIS-style ice sheets during the last 1 million years.

Quaternary stratigraphical data from
Norway and adjacent land/seabed areas

In contrast to the abundance of information which is available
from the last glaciation (Weichselian) in Fennoscandia, terres-
trial data from previous glaciations in this area are sparse and
rely on very few sources of information. The interpretation and
correlation of data from pre-Weichselian glaciations follow the
same principles as those from the last glaciation and rely to a
large extent on the validity of these. Tills from the Elsterian
(MIS 12, i.e., marine isotope stage 12) (see e.g., Olsen et al,,
2013, fig. 5) (Sibrava 1986, Lowe and Walker 1997) or previ-
ous glaciations have not so far been reported or confirmed from
onshore positions in Fennoscandia, although data from the
North Sea, the Norwegian Sea, the Netherlands, Germany and
Eastern Europe suggest very strongly that the ice cover must
have included, and in fact been initiated from the mountainous
regions of Fennoscandia/ Scandinavia several times during the
pre-Saalian (sensu stricto). In this compilation, only the glaci-
ations directly traced in Fennoscandia are included, except to
some old glacial deposits occurring on the adjoining shelf in the
west, which are also mentioned briefly.

It is necessary to comment on the widely used term Saalian
as the name for the penultimate glaciation in Northern Europe.
Traditionally this term was used for the whole period between
the Holsteinian and Eemian interglacials, but only the last part
of the period, probably correlating with the marine isotope stage
(MIS) 6, was fully glaciated (the Drenthe and Warthe stades).
The long initial part of the Saalian (sensu lato), which alternat-
ed between cold and temperate intervals in Germany and the
Netherlands, is now known to include glacial intervals, as well
as interglacials and interstadials in northern Europe as a whole
(Appendix A, Table A1, see also Appendix B, Tables B2 and B3,
and Olsen et al., 2013, fig. 2).

Both terms Saalian (sensu stricto) and Late Saalian (sensu

2We prefer not to use the abbreviation MIS with respect to ice-sheet configuration since it is presently more often used as an abbreviation for marine isotope stage
(Sibrava 1986, Lowe and Walker 1997) which is referred to several times in this and the accompanying papers (this issue).
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Figure 10. Combined
Figures 10 and 11

Dominant SIS mode 2.6-1.0 Ma

FIS mode 1.0-0 Ma

from  Kleman et al.
(2007), slightly mod-
ified. The maps show
patterns  of  Quater-
nary ice-sheet erosion
and  deposition  in
Pub-
lished with permission
from  Elsevier — and
Copyright  Clearance
Center’s Righuslink ser-
vice, license number:
2075350071489,
Nov. 24, 2008.
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lato) are here maintained as the name for the penultimate glaci-
ation, of MIS 6 age, whereas the previous long complex period,
which followed the Holsteinian interglacial is subdivided in a
Saalian Complex, including Early and Middle Saalian cold in-
tervals (stadials) separated by a warmer interval (interglacial or
interstadial) of MIS 9 age, and a proper interglacial correlating
with MIS 7.

The represented ages and geographical distribution of all
Quaternary stratigraphical sites used here, showing that all main
regions are represented, are listed in Table B4 (Appendix B).
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Principles for stratigraphical correlation used in
northern and central Fennoscandia

The principles of correlation in central and northern Norway
follow those presented and used in the Nordkalott- and the
Mid-Norden projects, which were based on collaboration
between the Geological Surveys of the Nordic countries dur-
ing the 1980s and 1990s (e.g., Hirvas et al. 1988, Bargel et al.
1999). The clast fabric, provenance and lithology, and thereby
the associated ice-flow direction associated with each till bed,
are used as the main tools for correlation from site to site (Olsen
1988, 1993b, Olsen et al. 1996a). The age assignments are
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Distribution of 83 TL and OSL dates
from inland Fennoscandia

12 20 30 40 50 60 70 80 90 100 110 120 130 140

L = Luminescence (TL and OSL) age interval; MIS = Marine Isotope Stage

Figure 11.  Frequency distribution of 83
luminescence dates of sediments from the inland
of Fennoscandia. Most of these dates are from
Olsen et al. (1996a), but are here used without
correction for shallow traps since the argument
for such traps was based on data from Greenland
and Denmark and is not (shown to be) valid for
Fennoscandia (Olsen, in Lokrantz and Soblenius
2006). An alternative curve is indicated (stippled)
for the possibility of a general underestimation of
c. 10% of older ages, >75-100 ka. Seven recently
reported OSL dates from subtill glacioftuvial/
fluvial sediments from the inland of Trondelag are
also included (after Johnsen et al. 2012).

L |2(3|4]| 5 6 7 8 9 10 11 12
ka 20 | so . . w00 ! o ! 150
MIS 2 5a | 5b| 5c 5d Se 6

12 24 59 85 17 130

:| Stadial / ice advance

D Reduced ice volume, partly with interstadial/interglacial/ice-free conditions

mainly based on dates from the individual sites, correlations to
other dated stratigraphies, and comparison with a general age
model (Figure 11) defined by the distribution of luminescence
dates (TL and OSL) of sediments from intercalated interstadi-
als/ice retreats from the central inland areas of Fennoscandia.
For further details on correlations and correlation principles we
refer to Appendix A.

Quaternary stratigraphies and correlations
during major (F style) glaciations

Deposits from major pre-Eemian substages,
interstades and interglacials

A record of 11 onshore Norwegian sites (Figure 12) with
pre-Eemian deposits of glacial, interglacial and interstadial
origin is compiled in Table B5 (Appendix B). These and many
similar sites from adjacent onshore and offshore areas are briefly
described in the following text.

Northern to central Norway and adjacent shelf and land areas
In northern Fennoscandia a record of 17 Finnish, 18 Swedish
and 5 Norwegian localities with pre-Weichselian till beds have
been reported (The Nordkalott Project 1986: Map of Quater-
nary geology, sheet 4, Olsen 1993b). Farther south, in central
Fennoscandia, 21 Finnish localities, no Swedish and several
offshore Norwegian localities are recorded (The Mid-Norden
Project 1999: Map of Quaternary stratigraphy, Dahlgren 2002).
Examples with stratigraphical information from some of these
localities are briefly described in the following text.
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Northern and central Norway. In Finnmark, northern Norway
two localities with pre-Saalian (sensu stricto) tills and five with
Saalian tills have been described (Figure 13 and Appendix B,
Figure B2) (Olsen et al. 1996a). Most of these localities are lo-
cated on eastern Finnmarksvidda, and according to (one of) the
used criterions (Appendix A) this implies associated glacier ex-
tensions reaching at least to the coastal areas of northern Fenno-
scandia.

The relatively long and complex stratigraphy of tills and
intercalated waterlain glacial and/or nonglacial sediments
at Vuoddasjavri and Sargejohka, located at central and east-
ern Finnmarksvidda, respectively, comprise two of the most
important datasets for reconstructing the pre-Weichselian gla-
cier fluctuations in the northern Fennoscandia (Olsen 1993b,
1998, Olsen et al. 1996a).

The oldest sediment unit, Sargejohka unit K (Figure 14) is
inferred to be of glaciofluvial origin, and simply based on the lo-
cation of Sargejohka it derives most likely from the deglaciation
of an ice sheet that had a maximum extension reaching at least
to a position similar to the early Preboreal-late Younger Dryas
glacier margins in the inner fjord areas in the north. Based on
counting from the top, stratigraphical relationship to other
recorded regional events (e.g., Appendix B, Table B2) and lumi-
nescence dates from younger units, the palacosol (p6) that is
developed in unit K is suggested to correlate with the Holstein
interglacial (MIS 11), although faunal and vegetational evi-
dence of warm conditions are so far not reported (Olsen 1998).
This implies that unit K may represent the retreat of an ice sheet
of MIS 12 age (or older). The overlying tills representing Glaci-
ations 7—4 include ice-directional indications that imply S or F
ice-sheet (SIS or FIS) configurations (Figure 15, see also Olsen
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et al., this issue) with associated ice extensions reaching to the
coast, the shelf or even to the shelf edge.

Stratigraphical information from the pre-Weichselian glacial
deposits from Vuoddasjavri and Sargejohka, which is correlat-
ed with other sites from Finnmarksvidda (Figures 12 and 13)

91

and synthesised with regard to glacier extension is presented in
Appendix B, Table B3 (see Substages 9-13, with comments in
the north—column of maximum ice extension).

In central Norway very few Quaternary deposits of pre-
Weichselian age are reported. Resedimented spruce pollen and
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Figure 13. Six correlated Quaternary stratigraphies
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in Figure 12 (with other locality numbers, 1= 6, 2= 5,
3= not represented, 4= 2, 5= 3, and 6= 4).

Sargejohka
Interstadial
Eiravarri
Interstadial

_ Fossil
ice-wedge

Eem
Interglacial

Holocene

Diam.

Soil profiles
(palaeosols)

Dates
("*C-AMS,
TL,OSL)

Unnamed
interstadial/
inter?lacial
|

Unnamed
interstadial/

interglacial
|

Bavtajohka
Interglacial

et —
| 01 02 o H years B.P.
Z,_ na 35,000
- % p1t ’_[>45,ooo
| | /il
é p2
5 | 108,000*
145,000
P2
I i { | (200,000
1 {231,000)
o
rpi——
a1 i
i [ 195,000
DS 1 197,000
b— 210,000
E " I 189,000
o L (>225,000)
Hies
{rs |
o

!
Weathered bedrock
(Sargejak schists)

‘1?—: Glaciotectonic deformation

+  Dating of correlated palacopedon

developed

in older strata due to erosion

Figure 14. Stratigraphical data from Sargejohka, eastern Finnmarksvidda, modified from Olsen et al. (1996a) and Olsen (1998). (a) Left panel - stratigraphical column, and (b)
Right panel - Photograph from excavation at Sargejohka 1989. Dark sediment layers from Bavtajohka interglacial are exposed at c. 10 m depth in the middle of the photo.
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‘warm’ foraminifera of probably last interglacial (Eemian) age are
recorded at some sites in Trendelag (e.g., Olsen etal. 2001a, 2002),
but the only reported in situ sediments of this age is at Skarsvigen
on Froya island, Ser-Trendelag (Figure 4). This site includes, in
addition to Weichselian sediments, both a pre-Eemian, probably
Saalian till and marine Eemian beds (Aarseth 1990, 1995).

The Mid-Norwegian shelf. From the Mid-Norwegian shelf a
sediment core from the Draugen field includes in its lower part
a pre-Weichselian, 70 m—thick succession of till and fine-grained
sediments deposited from suspension (Rise et al. 2002, 2005a,
The Mid-Norden Project 1999: Map of Quaternary stratigraphy,
locality no.104) (Figure 16). At Treenabanken, thick till beds re-
corded as the Middle and Lower tills, based on data from sedi-
ment cores, are assigned Saalian and pre-Saalian ages, respectively
(e.g., Dahlgren 2002). Tills and glaciomarine diamictons from
the Mid-Norwegian shelf have been correlated with the Naust
Formation (glacial debris flows) on the North Sea Fan (e.g.,
Nygard 2003), and the associated glacier extensions of these units
are included in Appendix B, Table B3 (see Substages 9—13, with
comments in the west column of maximum ice extension). For
more details about the glacial drift on the Mid-Norwegian shelf,
we refer to the recent paper by Ottesen et al. (2009).

Northern and central Sweden. Of the 18 reported localities
with pre-Weichselian tills in northern and central Sweden only
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Figure 15. Map of northern Fennsoscandia, with locations of ice-divide zones (shaded)
and associated ice movements (arrows) on Finnmarksvidda, modified from Olsen et al.
(1996a). F= Fennoscandian ice-sheet configuration, which occurred during maximum
glaciations and ice flow towards north-northwest in Finnmark. S= Scandinavian ice-
sheet configuration with ice divide along the highest mountains, moderate ice extensions
and ice flow towards north-northeast in Finnmark.

two include more than one such till bed. These are Akaskielas
(no.55) and Lainikvare (no.140) from positions halfway and %
distance from the Norwegian—Swedish national border to the
Bothnian Bay (The Nordkalott Project 1986: Map of Quater-
nary geology, sheet 4, The Mid-Norden Project 1999: Map
of Quaternary stratigraphy) (Appendix B, Figure B3). The
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Figure 16. The western part of the Quaternary stratigraphical map of central Fennoscandia (The Mid-Norden Project 1999). Inserted figure: generalised stratigraphical model for the

Mid-Norden area. The deposits from the stadials are mainly tills and the colors of these units (green, light blue and brown) in the stratigraphical model have been used similarly in
most logs in this paper. Red indicates gyttja, peat, etc., orange= coarse-grained waterlain sediments, and yellow= fine-grained sediments.
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occurrence of the oldest till units at these sites implies a glacier
extension of at least moderate size of a mountain-centred gla-
cier. Clast fabrics from seven localities with Saalian tills from
northern Sweden (The Nordkalott Project 1986: Map of Qua-
ternary geology, sheet 4, nos. 12, 23, 55, 57, 126, 130 and 150)
(Appendix B, Figure B3) indicate deposition from a glacier of
F-configuration (Figure 15) if all the till beds are from one sub-
stage, or more likely deposition both from glaciers of S- and
F-configurations if the tills are from more than one substage.

Northern and central Finland. Of the 38 reported localities
with pre-Weichselian tills from northern and central Finland

only four include more than one such till bed, and only one
of these is located in northern Finland (The Nordkalott Project
1986: Map of Quaternary geology, sheet 4, no. 39 Rautuvaara)
(Appendix B, Figure B3). The three other of these sites are locat-
ed less than 140 km from the Gulf of Bothnia in central Finland
(The Mid-Norden Project 1999: Map of Quaternary stratigra-
phy, nos. 16, 36 and 43) (Appendix B, Figure B4). In addition,
three sites with glacial striation from pre-Saalian ice flows are
reported from the middle and eastern parts of central Finland
(nos. 17, 27 and 38) (Appendix B, Figure B4).

The most important site for reconstructing the pre-
Weichselian glacier fluctuations and ice flow directions in Fin-
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land is the Rautuvaara locality (no. 39, Appendix B, Figure B3),
near Kolari in northern Finland. It includes five superimposed
till beds, three of which are of pre-Weichselian age (Tills 6-4),
and this site is a 22 m-high sediment succession that is sup-
posed to be a nice parallel to the Norwegian Sargejohka site
mentioned above.

Based on 19 clast fabric analyses, the associated ice-flow
directions are inferred to be towards the east to east-southeast
for the oldest unit, till bed 6, towards the southeast for till bed 5,
and towards the north-northeast (lower part), the east-northeast
(middle part) and the south-southeast (upper part) for till bed 4
(Hirvas 1991). Although solifluction may have influenced some
of the fabrics, the results altogether suggest associated ice sheets
with S-configuration (Figure 15) for till bed 6, F-configuration
for till bed 5 (pre-Saalian tills), and both F- (lower and upper
parts) and S- (middle part) configurations for till bed 4 (Saalian
till).

All the relevant stratigraphical ice-flow directional informa-
tion from the Rautuvaara locality and the other reported Finn-
ish, Swedish and Norwegian localities with pre-Weichselian
tills from northern and central Fennoscandia is compiled in
Appendix B (Figure B1) in the accompanying paper by Olsen
et al. (2013).

Southern Norway—uwith additional comments to the North
Sea

The oldest reported Quaternary sediments on land in southern
Norway are from the Jeren lowland in the southwest, where
glacial, interstadial and interglacial deposits with marine fossils,
from MIS 10 and upwards are described in boreholes (Janocko
etal. 1998, Sejrup et al. 1998, 1999) (Figures 17 and 18). From
the coastal area at Fjgsanger, southwest of Bergen (Figure 4), a
Saalian till, the Paradis dll (MIS 6) is underlying Eemian in-
terglacial marine (MIS 5e) and younger sediments (Mangerud
et al. 1981b). Furthermore, at Lillehammer in the inland of
southeast Norway a thick till (the Skjellerud till) of pre-Middle
Weichselian, probably Saalian age underlies deposits of Middle
to Late Weichselian age (Olsen 1985b, 1998).

Data from the Troll core 8903 (Figure 19) (Sejrup et al.
1995) and seismostratigraphical information, also from the
Norwegian Channel (Figure 20) (Sejrup et al. 2000, Rise et al.
2004) indicate tills from at least one Saalian (sensu stricto) and
four pre-Saalian major ice advances. There seems to be a long
nonglacial interval with deposition of a thick marine sediment
unit (unit C) between the till bed at ¢. 1.1 million yr BP and the
subsequent till that may have a MIS 12 age (Sejrup et al. 1995,
Nygéird 2003). Recently it has been reported that several glacial
erosional horizons occur underneath the base of the previously
published Troll core 8903, and the oldest of these may have
an age of ¢. 2.7 million years (A. Nygard, pers. comm. 2007).
This supports the earlier data from IRD in deep-sea sediments,
e.g., from the Voring Plateau (Bleil 1989, Jansen and Sjsholm
1991), with the implication that glaciers have indeed reached
beyond the coastline as early as this.
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Figure 18. The lithostratigraphy of the Grodeland core, modified from Janocko et al.
(1998) and Sejrup et al. (1999). Location of site indicated in Figure 17. Based on
amino acid racemisation of marine shells from units 2 (the Grodeland Sand) and 1
(the lowermost till) are supposed to have an age corresponding to MIS 7 and possibly
MIS 8, respectively.

Adjacent land areas in the south, southeast and east

Most of the relevant information from the areas considered here
are from the compilation of pre-Weichselian glaciations given
by Ehlers (1996). During the maximum phases of the Scandi-
navian Ice Sheet the ice margin reached southwards to the West-
European lowlands in the area of the Netherlands—Germany—
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Figure 19. (a) Location map for the Troll core 8903 and the
sparker profile lines 1 and 2 referred to in Figures 20a and
b, and (b) litho- and chronostratigraphy of the Troll core
8903, and correlation to seismic units indicated in Figure
20. Modified from Sejrup et al. (1995), mainly after Rise
et al. (2004).

Figure 20. Interpretation of seismostratigraphical cross-
section of the Norwegian Channel, (a) along sparker line,
profile 1: A77-117, and (b) profile 2: A77-123. After Rise
et al. (2004). For location of profiles, see Figure 19a (1=
A77-117, and 2= A77-123).
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Poland. The glacial deposits from these phases are indirectly
dated and correlation to the marine isotope stratigraphy based
on the age assignments to the interglacial beds that occur strati-
graphically overlying, underlying and/or between these beds
(Appendix B, Table B2). Although old glacial deposits have
been searched for a long time only the three last glaciations, the
Weichselian (MIS 2—5d), the Saalian (MIS 6) and the Elsterian
(most likely MIS 12) are documented by glacial deposits/tills in
Germany (Ehlers 1996). However, Scandinavian rocks (erratics)
that indicate glacial transport are found in older sediments in
the Netherlands (Zagwijn 1992).

In the southeast and east (including Russia and Belarussia)
the glacial stratigraphical record encompasses tills that are cor-
related with the Saalian and the Elsterian, and it reaches further
back in time and includes also tills from the major Don glacia-
tion (possibly of MIS 16 age, Ehlers 1996) that also had its core

area in Scandinavia.

An overview of deposits from the last interglacial (the
Eemian)

The Norwegian record of deposits from the Eemian is not large,
buct still very important as it deals with an important chrono-
stratigraphical marker both on land and offshore (e.g., Manger-
ud et al. 1981b, Sejrup and Knudsen 1993, Olsen 1998, Hjel-
stuen et al. 2004, Nygard et al. 2007).

The record includes only some 24 sites on land (Figure 21a
and Appendix B, Table B6), but it comprises different formati-
ons, such as waterlain sediments (organic and inorganic, marine
and terrestrial), palacosols and speleothems. Several of these
formations include palacoclimatic signatures (as warm as, or
warmer than the present) that make them useful for regional
correlations. The recorded Eemian sites include six localities
from Finnmark, with fluvial/glaciofluvial sediments and/or
palacosols (Olsen et al. 1996a), one from Mid-Norway with
gyttja and lacustrine sediments overlain by marine transgression
sediments (Skarsvigen, Froya; Aarseth 1990, 1995), two locali-
ties with Eemian marine sediments from southwest Norway
(Fjosanger and Bg; Mangerud et al. 1981b, Andersen et al.
1983), one locality in the inland of southwest Norway with
a thin Eemian peat overlain by a Weichselian till (Vinjedalen
at Vossestrand; Sindre 1979, Eide and Sindre 1987), at least
one locality from Hardangervidda with Eemian lacustrine clay
(Hovden; Vorren and Roaldset 1977), and one locality with an
Eemian palacosol developed in a supposed Saalian till at Lille-
hammer, southeast Norway (Mesna; Olsen 1985b, 1998). In
addition, speleothems deposited during the Eemian are report-
ed from caves in Nordland (e.g., Lauritzen 1991, Linge et al.
2001), and several sites with resedimented Eemian organics
(e.g., shells and pollen) in Weichselian sediments are reported
from different parts of Norway (e.g., Vorren 1972, Vorren et al.
1981, Bergstrom et al. 1994, Olsen et al. 2001c, Olsen 2002).

The three most cited offshore Eemian sites from the
Norwegian shelf are also included in Appendix B (Table B6).
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Deposits from major Weichselian substages and
intervening ice-retreat phases
An overview of the distribution of Norwegian sites with dated
Weichselian-aged sediments (from ice-free intervals) that are in-
tercalated between tills, which have been used as age constrains
for the tills, are presented in a series of maps and listed in ta-
bles in Appendix B. These include sites from the early Middle
Weichselian to Early Weichselian (MIS 4-5d) (Figure 21b and
Appendix B, Table B7), the early Middle Weichselian (MIS 3,
44-59 cal ka) (Figure 21c and Appendix B, Table 8), the late
Middle Weichselian (MIS 3, 29—44 cal ka) (Figure 21d and Ap-
pendix B, Table B9), and the LGM interval (MIS 3/2 and 2,
17-29 cal ka) (Figure 21e and Appendix B, Table B10). The
average number of till units that overlie the ’ice-free” sediment
units from a particular age interval varies proportionally with
age, so that older sediments are overlain by more till units than
younger sediments. The average numbers are, listed chrono-
logically (4-3-2-1) from older to younger intervals, 2.65, 1.72,
1.39, and 1.16 (or 1.00, for the LGM) (Appendix B, Tables
7-10). This demonstrates that the counting from the top’ princi-
ple as described in Appendix A, can be applied and may general-
ly work well for the Weichselian glacial stratigraphy of Norway.
The oldest post-LGM onshore sites with glacial oscillation
sediments (till-waterlain sediment—till successions) are listed in

Table B11 (Appendix B).

Northern and central Norway—with additional
comments to northern and central Sweden and
Finland

In northern Fennoscandia, among a total of ¢. 3000 strati-
graphical localities more than 175 Finnish, 150 Swedish and
50 Norwegian localities with Early and/or Middle Weichselian
till beds have been compiled from various maps (e.g., the Nord-
kalott Project 1986: Map of Quaternary geology, sheet 4; Olsen
1993). Farther south, in central Fennoscandia, among a total
of ¢. 2300 stratigraphical localities more than 47 Finnish locali-
ties, 63 Swedish and 48 onshore and several offshore Norwegian
localities with Middle Weichselian or older till beds are com-
piled (e.g., the Mid-Norden Project 1999: Map of Quaternary
geology, sheet 3; Dahlgren 2002). Examples with stratigraphical
information from some of these and other selected localities are
briefly described in the following text.

Northern and central Norway. The Sargejohka, Vuoddas-
javri and Vuolgamasjohka sites from Finnmarksvidda, north-
ern Norway (Olsen 1988, 1993b, 1998, Olsen et al. 1996a),
include till beds (Gardejohka till) from at least one stadial,
and waterlain sediments from at least one interstadial (Fira-
varri) during the Early Weichselian. The lower boundary of the
Weichselian sediment succession is defined by the subjacent
Eemian palaeosol, which is developed as a spectacular podzol at
Sargejohka (Figure 22a). Glaciotectonic deformation trending
east in the waterlain sediments from the last interglacial (Eemi-
an) at Vuolgamasjohka suggests that the first Weichselian ice
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flow came from the mountains in the west. No recorded till
is associated with this ice low, which indicates that the initial
Weichselian glaciation may have occurred without deposition
of till on Finnmarksvidda (Olsen et al. 1996a). Alternatively,
the associated till was eroded during subsequent ice flow(s). All
three sites also include tills (Vuoddasjavri till) from at least one
stadial, and waterlain sediments from at least one interstadial
(Sargejohka) of Middle Weichselian age.

At Leirelva and Komagelva in northeastern Finnmark (Fig-
ure 22b), inferred Eemian and older well-sorted sand is overlain
by glaciofluvial sediments and till from the Late Weichselian
(Olsen et al. 1996Db).

At Leirhola, Arngya, northern Troms, till-covered glacioma-
rine deposits up to ¢. 8 m a.s.l. indicate that the glacier margin
was close to the site a short time before 34—41 cal ka (i.e., around
44 cal ka), advanced beyond the site with deposition of a till bed
shortly after ¢. 34 cal ka, retreated and readvanced over the site
with additional till deposition shortly after 31 cal ka (Andre-
assen et al. 1985). A new excavation in the year 2000, ¢. 40 m

from the former site revealed a sediment succession including
shore deposits and marine-transgression sediments overlain by
till indicating that the sea level fluctuated around 14 m a.s.l. in
a period sometime between 34 cal ka and the last major LGM
advance (Figure 23, Olsen 2010). Due to the considerable gla-
cioisostatic depression, and despite the existence of a globally
very low sea level (120-130 m b.s.l.) at that time, a relative sea
level as low as this is not likely to represent a phase with rapid
ice retreat ¢. 24 cal ka, i.e., during the Andgya—Trofors intersta-
dial between the LGM I and II advances. A comparison with
the last deglaciation history suggests that the relative sea level
during such conditions would be expected to be at least 20-30
m a.s.l., considered the near maximum glacioisostatic depres-
sion at this time. It is much more likely that the 14 m sea level
occurred around 31 cal ka, a time when the global sea level was
¢. 50 m lower than the present (e.g., Shackleton 1987) and with
the local glacioisostatic depression of moderate size, at the end
of an interstadial or after the retreat of a medium-sized glacier
expansion and ice-volume event.

River bed

b Leirelva Komagelva
Umts[) Si S G D Units 5i 5 G D
A Risvik Alternative: : Outer Porsanger
Substage (?) _|LGM 2 or Varde
tB Nordkappbanken v Substage (7)
— Substages
*15.0 (INS)
*26 l(-l'.‘.lu
2 L
C G0 *15.4 (SOL)
16.4 (INS)
*17.1(SOL)
17.3 (INS) *17 (OSL)
*
o :2; f:&? *14.4 (SOL) Figure 22: (a) Upper panel — The strongly cryoturbated
ol ¥Foad e Trommmemmpemsrnecesen ) e ilefrsinnraintn st fammn e Eemian palaeosol, in subtill position and 3-5 m below
370054 ground surface at Sargejohka on eastern Finnmarksvidda,
:};;Eggﬂ (Eemian?) | North Norway. After Olsen et al. (1996a). (b) Lower
panel — Correlation of the lithostratigraphies from the
inferred Eemian and Weichselian sites Leirelva and

Komagelva, Varanger Peninsula, northeast Finnmark,
North Norway. Mainly after Olsen et al. (1996a). For
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location of sites, see Figure 4.
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Figure 23. Generalised section

connecting  the Middle and
Late Weichselian sites LI and
LII from Leirhola, at Arnoya
(island), North Norway. For

location of Arnoya, see Figure 4. Nenh

Leirhola, Arngya

L

Site L1l

Inser photograph: Strandgravel
(unit E), between glaciomarine
sediments (units F and G),
which indicates a  distinct
lowstand — between  higher
relative sea-levels.

Legend
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Site LI = Information from Andreassen et al. (1985)
and new research in the year 2000
Site LIl = Excavation by NGU in the year 2000

Cobbles and pebbles (strand-/shore gravel)
Gravel and sand (mainly strand-/shore gravel)
Sand, silt and clay, partly laminated

Q::} Ice flow direction (preferred direction from clast fabric, striation on clasts and fold axes) ;_

A Slope sediments and strandgravel on the shore terrace ¢. 12-16 m as..

T1 Diamicton, till no. 1

C Glaciomarine sediments, brownish grey, deformed
T2 Diamicton, tillised marine sediments, till no. 2

E Strandgravel, mainly clastsupported, closed-work fabric

F Glaciomarine sediments, brownish grey - greenish grey, deformed in the upper part, undeformed in the lower part
G Glaciomarine sediments, undeformed
T3 Diamicton, till no. 3, including deformed marine sed., bluish grey colour

| Glaciomarine/marine sediments, deformed, bluish grey colour

c.40m

Sea level

HC dates, from younger to older
stratigraphical position, age in

14 - dating (T-3507,27400 + }359 yr BP, Astarte sp./ Mya truncata)

ji (]
ka (red numbers) in Figure 23: SONTRCEE r.

det), after And et al.(1985)

¢ - dating (TUa-3624, 44755 + 135 , Arctica islandica / Mya truncata) from T3, Site |l
"¢ - dating (TUa-3626,48635 + 223 , Arctica islandica / Mya truncata) from T3, Site |

1 - dating (T-4020,29000 + 4335 , Chlamys and Portlandia arctica / lenticula; T-4021,
30200 + $399 , div. Shell sp.; T-3509, c. 37500 yr BP, Mya / Astarte / Arctica islandica)

Shell fragments of age around 44 cal ka in tills are record-
ed from a number of the islands along the coast of Troms and
Nordland. Examples of these are Arngya, Vanna, Kvaloya,
Grytoya, Hinnoya, Langoya and Amoya, but also localities on
the mainland show such finds, e.g., in Balsfjorden, Salangen,
Sagfjorden, Salten, Skogreina, Glomfjorden, Bjerangsfjorden
and Velfjorden. All these data together indicate an ice advance,
possibly around 44 cal ka, that reached beyond the coastline
in the west. Some of these and other relevant localities will be
briefly described below.

At Slettaelva on Kvaleya, northern Troms, the sediment suc-
cession starting at the base on bedrock includes a till from a local
glacier trending eastwards, i.e., in the opposite direction compared
to the subsequent Fennoscandian ice sheet (Vorren et al. 1981).
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The till is overlain by laminated lacustrine sediments, which were
deposited in a tundra environment and in a pond caused by local
damming conditions or dammed by a moraine produced during
the advance of the Fennoscandian ice sheet, possibly sometime
before 46 cal ka, and perhaps during MIS 4 (Figure 24). On top
of these sediments lies a till which is divided in three subunits that
each may represent an ice advance over the area. The lower two of
these contain shell fragments that are dated to ¢. 46 cal ka and es-
timated, based on amino acid diagenesis, to represent shells from
three different intervals, ¢. 44, 77 and 136 ka (cal), respectively
(Vorren et al. 1981). Consequently, three regional glacier advanc-
es of which the oldest possibly is ¢. 44 cal ka, may have reached
beyond this site, and one earlier regional advance, probably also
of Weichselian age, may have reached to the site.
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At Loksebotn in Salangen, southern Troms (Figure 25)
(Bergstrom et al. 2005b) four till beds separated and underlain
with sand and gravel are recorded. Most units are shell bear-
ing, and most shells are resedimented fragments of Mya trun-
cata and Arctica islandica, except for those from the sediments
representing the last deglaciation, which are whole, small shells
of Portlandia arctica that is a subsurface sediment feeder and

should therefore, if possible, be avoided as a precise dating
object (e.g., Mangerud et al. 2006). The two oldest tills (T4
and T3) are from the LGM interval or older. The ice move-
ments in this area suggest that the resedimented shells from the
lowermost sand and gravel (which itself is located up to 22 m
a.s.l.) derive from higher ground along the fjord, which indicate
original sedimentation during glacioisostatic depression. The
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Figure 24. Location maps (a, b, c) of
the Middle and Late Weichselian site
Slettaelva, North Norway, of which the
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Bedrodk lower panel. Modified from Vorren et al.
(1981).
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resedimented shells from this locality (Figure 25) are dated to at
least a Middle Weichselian age, which indicate that a thick ice
covered the ground in the vicinity at, or just before this time,
probably around 60 or 44—49 cal ka (the closest known relevant
ice-growth phases).

At Storelva, on Grytoya (Figure 4), southern Troms, shal-
low-marine sediments between till beds ¢. 125 m a.s.l., with

shells dated to around 44 cal ka, indicate that the ice was in
the vicinity and may have reached beyond Gryteya shortly after
this time. It is possible that the lower dill also derives from the
Weichselian, e.g., MIS 4 (Olsen and Gresfjeld 1999, Olsen et
al. 2001¢).

A glacier has probably reached Bleik on Andeya around 44

cal ka, because shells from glaciomarine sediments on the low

Figure 25. Lithostratigraphy of Middle and Late Weichselian deposits
Jfrom Loksebotn, Troms, North Norway. Modified from Bergstrom et al.
(2005b). For location of site, see Figure 4.
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ground distally to the Bleik area are dated to this age (Moller et
al. 1992). At Trenyken, one of the outermost small islands in the
Lofoten area, Nordland, a '“C-dating of shell fragments from
sediments washed over a moraine into a cave ¢. 19 m a.s.l., gave
an age of 33,560 +/- 1100 "C yr ( ¢. 37.5 cal ka) (Ua-2016,
Moller et al. 1992). The moraine was deposited at the mouth of
the cave, possibly around 44 cal ka. However, redeposition from
older strata is an alternative hypothesis, which suggests that the
moraine may by younger than 37.5 cal ka. In any case, with a
44 cal ka or LGM age of the moraine, the high relative sea level
(more than 19 m a.s.l.) during marine inwash of the shell-bear-
ing sediments is a clear indication of a phase with a considerable
glacioisostatic depression far offshore in this western shelf area.
Shell dates from a complex ice-marginal formation at
Skogreina, central Nordland, suggest that the ice front may have
been there around 44 cal ka (Olsen et al. 2001c, Olsen 2002).
At Hundkjerka, a sediment-filled cave in coastal southern Nord-
land, a "“C-dating of a resedimented shell fragment from marine
silt and sand overlying a diamicton with many weathered clasts
and underlying diamict material, till and marine sediments
from the last deglaciation gave an age of ¢. 50 cal ka (Figure
26) (Olsen et al. 2001c). The level of the cave mouth, ¢. 40 m
a.s.l., indicates clearly that the marine sedimentation occurred
during a phase of considerable glacioisostatic depression, sim-
ilar to the first 1000-2000 years of the Holocene. This could
have happened just after the retreat of the 44 cal ka ice advance,
which consequently must have been considerable in this area.
However, the data from this site do not rule out the possibility
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Figure 26. Lithostratigraphy of the sediment succession in the Hundkjerka cave,
Nordland, North Norway. Ages in **C ka BR After Olsen et al. (2001¢). For location
of site, see Figure 4.
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of an older age (dating close to the upper limit/range of the
method) or a younger age (resedimentation) of this ice phase,
for example ¢. 34 cal ka.

Plant fragments from sediments redeposited in till at Lierne,
in the inland of Nord-Trendelag, and shells in till at Vikna, on
the outer coast of Nord-Trondelag are both dated to ¢. 44 cal
ka, which give a maximum age for the subsequent regional ice
advance (Olsen et al. 2001¢).

Glacial stratigraphies with intercalated waterlain sedi-
ments at Selbu, in the inland of Ser-Trendelag, represent a
highly dynamic late Middle Weichselian to LGM interval ice
sheet (Figure 27a). OSL dates at 21-22 cal ka from waterlain
sediments correlated with the Trofors interstadial (from the
middle of the LGM interval) have recently been reported from
the Langsmoen site and support the earlier published “C-ages
of plant remains from subtill sediments at the neighbouring
Flora site (Olsen et al. 2001a, Johnsen et al. 2012).

At Grytdal, in Gauldalen south of Trondheim, Ser-Trondelag,
C-dated plant remains in tills and intercalated waterlain sedi-
ments indicate several Middle to Late Weichselian ice-margin
fluctuations in that area, and that the oldest of these ice advances
occurred ¢. 44 cal ka (Figure 27b, Olsen et al. 2001¢).

At Svellingen, on Froya (Figure 4), Ser-Trendelag, shells in
till are dated to ¢. 46 cal ka, which may indicate an ice advance
¢. 44 cal ka reaching beyond the Froya Island (Aarseth 1990). At
Skarsvdgen, also on Froya, Ser-Trendelag, Eemian marine shell-
rich sediments and terrestrial sediments (gyttja) are overlain by
Early Weichselian marine-transgression sediments followed by
regression sediments and till, which is covered by a Middle to
Late Weichselian till on top (Aarseth 1990, 1995). The marine
sediments overlying the Eemian gyttja derive from a deglacia-
tion, which may either follow a MIS 5d, 5b or a MIS 4 glaci-
ation, perhaps with the latter as the most likely alternative. In
that case the overlying till is likely to be of MIS 3 (c. 44 cal ka)
age, whereas the younger till bed may be either of MIS 3 (c. 34
cal ka) or MIS 2 age. However, the age problem for these depos-
its is not yet solved (I. Aarseth, pers. comm. 2004).

Ice-dammed sediments in the caves Skjonghelleren and Hamn-
sundhelleren at More (Figure 4) indicate that glacier advances
reached beyond the coastline of western Norway at least four times,
separated by ice-free conditions/interstadials during the Weichselian
(Larsen et al. 1987, Valen et al. 1996). The first ice advance crossed
these caves at ¢. 60 ka, the next ¢. 44 cal ka, the following c. 32 cal ka,
and the last after 28.5 cal ka. Geomagnetic excursions (Laschamp
at ¢. 44 cal ka and Lake Mungo/Mono Lake at ¢. 32 cal ka) that
are recorded in the sediments confirm the age model for the two
ice advances in the middle, and therefore indirectly also the other
advances (see also review by Mangerud et al. 2003).

Luminescence dates around 100 ka of glaciogenic sandur
sediments at Godeya, near Alesund, More, indicate the ice-
margin position, or retreat of a relatively large glacier, possi-
bly of MIS 5d age (Jungner et al. 1989, Mangerud 1991a, b,
). However, a younger age, e.g., MIS 5b, or even a Middle
Weichselian age of this event, as originally suggested by Land-
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Figure 27. (a) Upper panel - Glacial stratigraphies
from the inland of central Norway, east of Trondheim.
Modified from Olsen et al. (2002). OSL dates at
21-22 cal ka from Trofors interstadial-correlative
sediments at the Langsmoen site have been reported
by Johnsen et al. (2012).
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vik and Mangerud (1985) and Landvik and Hamborg (1987),
should still be considered.

Northern and central Sweden. Till beds correlated with the
Finnish Early Weichselian Till 3 are recorded at many sites in
northeastern Sweden (The Nordkalott Project 1986: Map of
Quaternary geology, sheet 4), and are so far assumed to be pres-
ent at two sites in central Sweden (The Mid-Norden Project
1999: Map of Quaternary geology, sheet 3, sites no. 43 Storni-
pan and 47 Hoting). Till 3 or other Early Weichselian tills may
well be represented at other sites in this region as the first till
unit overlying sediments from the Jimland interstadial (Lund-
qvist 1969), but this is not properly demonstrated yet. How-
ever, tills from the Middle Weichselian (e.g., correlated with the
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Finnish Till 2) are commonly represented at many sites, both in
the northern and central Sweden.

Northern and central Finland. All sites where Till 3 is recorded
are located proximal to the Pudasjirvi moraine in northern/
central Finland (Figure 4, Sutinen 1984), and consequently, no
sites with dill from the Early Weichselian is recorded in central
Finland (The Mid-Norden Project 1999). The age of Till 3 is
uncertain, but the Nordkalott project data (Hirvas et al. 1988)
combined with the new information from the Sokli area (Hel-
mens et al. 2000, 2007) suggest that the till may be subdivided
in an older unit (which may correlate with MIS 5d), not rep-
resented at Sokli, and a younger unit from a more extensive
advance, correlated with MIS 5b.
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Another important glacial boundary in northern Finland is
represented with the Lapland moraines, which are thought to
derive from an Early or Middle Weichselian advance or retreat
phase.

The Middle Weichselian Till 2, which followed the
Peripohjola interstadial (Hirvas et al. 1988, Hirvas 1991), is
more commonly represented at many sites, both in the north-
ern and central Finland (The Nordkalott Project 1986, The
Mid-Norden Project 1999).

Southern Norway—including some data from
adjacent areas in the south, southeast and east

Southern Norway. In southern Norway, coastal sites as
Fjosanger, Be on Karmgy and several sites at Jaeren are impor-
tant sources of information with regard to glacial deposition
during the Early to Middle Weichselian (e.g., compilation by
Mangerud 1991a, b, ¢, 2004) (Figures 4 and 28a, b). It has been
shown that Early Weichselian stratigraphies including glacial

deposits exist in the coastal areas, which indicate glacial advance
at least once, followed by an ice-retreat/interstadial phase and
another ice advance that crossed the coastline, deposited a till
(Benes till) in southwestern Norway and reached the Norwe-
gian Channel at least once during the Early Weichselian. Mid-
dle Weichselian marine sediments, which are located at highly
elevated sites at Jeeren (>200 m a.s.l.) (e.g., Andersen et al. 1987,
Larsen et al. 2000, Raunholm et al. 2004), indicate deposition
during a state of considerable glacioisostatic depression and
therefore indirectly that a big ice must have existed there and/or
in the Norwegian Channel shortly before. Consequently, a Mid-
dle Weichselian glacier extension has reached the coast at Jeren
(Figure 29), and probably also the Norwegian Channel (where
an ice stream may have existed) at least once (Sejrup et al. 1998,
2000, Larsen et al. 2000). The Bg site on Karmay and the Foss—
Eikeland site at Jeren include also important Late Weichselian
stratigraphies (Figures 30-31), that imply considerable fluctu-
ations of the LGM-interval ice sheet in southwestern Norway.
In the inland areas of southwest Norway, in Vinjedalen at
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Figure 29. Saalian and Weichselian
stratigraphies from sediments at sites from
Jaeren, southwest Norway. After Larsen et
al. (2000). For location of sites, see Figure
17.

Vossestrand (Figure 4) a 2 cm-thick highly compressed Eemian
peat is overlain by a Weichselian till (Sindre 1979). In Brumund-
dalen, southeast Norway till beds (units K, L, P and Q) from the
Early Weichselian are recorded underlying the Brumunddalen in-

Figure  30. (1) Location map,
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terstadial beds at Dalseng (Helle 1978, Helle et al. 1981) (Figure
32a), and the interstadial peat was highly compressed at 59 cal ka,
possibly by an ice advance, as indicated by a U/Th-dating of this
age (S.-E. Lauritzen, pers. comm. 1991). At Mesna, Lillehammer,
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Figure 31. Photograph and lithostratigraphy from the gravel pit in the Middle and Late Weichselian sediments at Foss-Eikeland, Jeren. Lithostratigraphy modified from Raunholm et

al. (2003). For location of site, see Figure 17. Photograph by B. Bergstrom 2002.

southeastern Norway, a till bed (the Mesna till) of age framed
between 40 and 4448 cal ka is recorded (Figures 32a, b and
33b, unit A), and at Rokoberget farther southeast, highly elevated
Middle Weichselian sediments with marine microfossils indicate
a considerable glacioisostatic depression around 44 cal ka, similar
to that recorded for the Jeren area (Rokoengen et al. 1993a, Ols-
en and Grosfjeld 1999, Olsen et al. 2001c, Larsen et al. 2000).
At Hardangervidda (Figures 33 and 34), glacial stratigra-
phies from nine localities reveal a history that according to Vor-
ren and Roaldset (1977) and Vorren (1979) includes deposits
from the Eemian (Hovden thermomer), from one stadial (Hov-
den kryomer) and one interstadial (Fornes thermomer) suppos-
edly from the Early Weichselian, and from two Middle to Late
Weichselian stadials separated by one interstadial (all represent-
ing the complex Fornes kryomer). Correlations to other areas
were made on the basis of pollen content and inferred palaco-
vegetation and palacoclimate, but with no absolute dates avail-
able. Recently, OSL dates of subtill sediments from Hovden (at
Mosvatn), which is one of the sites described by Vorren and
Roaldset (1977), and from Grytkilvika (at Marvatn), previously
described by Vorren (1979), and from two additional sites in
this area have been reported by Haug (2005). He found that
these dates indicate a Middle to Late Weichselian age of all the
studied subtill interstadial sediments, including the Hovden
sand that Vorren and Roaldset (1977) and Vorren (1979) cor-
related with the Fornes thermomer, which they assumed was of
Early Weichselian age. Based on the OSL dates from Hardan-
gervidda, Haug (2005) suggests a correlation with the three or
four Middle to Late Weichselian interstadials, pre-Hartfjelldal
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(¢. 50 cal ka), Hartfjelldal 1 (c. 37 cal ka), and Hattfjelldal 2 (c.
30 cal ka) or Trofors (c. 22.5 cal ka), that have been described
and reviewed from Norwegian inland areas by Olsen (1997) and
Olsen et al. (2001b).

Southern Sweden—Denmark—Poland. At Dosebacka—FElles-
bo (Figure 4) in the vicinity of Gothenburg, southwestern
Sweden, three Weichselian tills are separated with intercalat-
ed pollen-bearing interstadial sediments (Hillefors 1974). The
oldest interstadial is probably from the Early Weichselian and
the younger one from the Middle Weichselian. The oldest till
is therefore possibly of either MIS 5d or 5b age, most likely
the latter, whereas the middle dill is likely to derive from MIS
4, or possibly MIS 3, since glaciers during both these stages are
supposed to have reached southwards beyond the Gothenburg
area. The youngest till bed is from the LGM interval (MIS 2).

At Sjétorp, a few km southwest of Skara (Figure 4) in south-
western Sweden, glaciotectonised waterlain sediments have
been TL and OSL dated to 43—45 cal ka (Ronnert et al. 1992).
The deformation movement was directed from the W—WNW,
which indicates that an ice movement from the west may have
reached this area and tectonised the sediments around ¢. 44 cal
ka, or possibly during a younger ice advance, e.g., ¢. 34 or 25
cal ka. Houmark-Nielsen and Kjer (2003) discussed in their
palacogeographic reconstructions an E-trending ice movement
in this area and favoured a 27-29 cal ka age of this.

As reviewed by, e.g., Lundqvist (1992), only till beds from
the Late Weichselian have been found overlying the Eemian
interglacial sediments at the classical site Stenberget, in the
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Figure 32. (a) Upper panel — Lithostratigraphy of inférred
Saalian to Weichselian deposits at Mesna, Lillehammer.
1o the right, a several metres thick Early, Middle and Late
Weichselian sediment sequence from Dalseng (units from
Helle 1978) is supposed to correlate with the position of the
disconformity between units 3 and 4 ar Mesna. Modified
Sfrom Olsen (19856, 1998). (b) Lower panel — Photograph
from the Mesna section (L. Olsen 1990). Stratigraphical
units 1—4 are indicated. For location of sites, see Figure 33a.
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southwesternmost part of Sweden. Similar data are recorded
also from the Alnarp valley, east of Stenberget (Miller 1977).
Only Late Weichselian tills overlie the Eemian interglacial beds
there too.

Glacial deposits which are TL-dated to 60 cal ka indicate
that the first ice advance from the Fennoscandian Weichselian
ice sheet may have reached Poland during MIS 4. Furthermore,
stratigraphical data comprising tills, glaciofluvial sediments and
glaciotectonics indicate that ice advances from the east, from the
Baltic basin reached the islands in southeastern Denmark both

during MIS 4 and 3 (see review by Mangerud 2004).
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Southern Finland-northwest Russia—the Baltic states. A MIS
5b ice may have reached and deposited till at the Kola Penin-
sula, in northwest Russia (Lundqvist 1992, Mangerud 2004).
Except for that, no glaciers seem to have covered southern Fin-
land, northwest Russia, Estonia, Latvia or Lithuania during the
Early Weichselian. From a compilation of the Weichselian gla-
cial history based on the glacial stratigraphy for the Baltic states
made by Satkunas and Grigiené (1996), the first Fennoscandian
Weichselian glacial advance reached this area during MIS 4, as
indicated by till beds of this age recorded in Estonia and possibly
in a narrow belt in adjacent areas of Latvia. According to these
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authors, the glacial advance during MIS 3 may have reached to
Estonia, but not as far as to Latvia or Lithuania.

Offshore areas in the north, northwest, west and southwest
New information on glacier dynamics and ice-front deposits

on the shelf has come from the discovery and interpretation of

submarine fans at the mouth of glacial troughs (‘trough-mouth

fans’), and the existence of dis

during glaciations. A review of these is given by Vorren et al.

(1998). More recently it has

Figure 33. (a) Location map, with late LGM-
interval  ice-divide zone (shaded), and (b)
correlation  between lithostratigraphies from  the
Lillehammer and Gudbrandsdalen area, southeast
central Norway. After Olsen (1985b).

morphological mapping of the sea floor, that there have been
a number of ice streams across the Norwegian shelf (Figure 6)

(Ottesen et al. 2001, 2005) and in the southwest Barents Sea

tinct ice streams across the shelf

been shown, through detailed
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area (e.g., Andreassen et al. 2008). There are numerous large,
parallel glacial lineations (megaflutes and megascale lineations)
produced during combined glacial accumulation—erosion pro-
cesses in the troughs, whereas features diagnostic of glacial flow
are absent from the shallow ground. If such features ever ex-
isted in the shallow parts, then subsequent iceberg ploughing
may have disturbed and deformed them beyond recognition.
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The interpretation is that there was only slow moving ice on the
shallows. This and other relevant data, also from the shelf area,
have been reviewed by, e.g., Mangerud (2004).

It is uncertain how many times and how far out on the
shelf the western Fennoscandian ice margin reached during the
Early/Middle Weichselian. However, both offshore data as well
as indirectly also data from onshore positions (Jaren) indicate
that the ice sheet grew big enough to produce an ice stream in
the Norwegian Channel at least twice in this period (Larsen et
al. 2000, Nygard 2003). It seems like most of the authors favour
a MIS 4-3 age of these events (Larsen et al. 2000, Nygard 2003,
Mangerud 2004). However, the more recent and presumably
most precise result from seismic data and coring (MD99-2283)
from the North Sea Fan suggests glaciogenic debris flow and
corresponding distal laminated sediments from one major pre-
Late Weichselian, possibly Early Weichselian ice-sheet expan-
sion (with maximum MIS 5b age, i.e., about 90 ka), and in that
case there is no indication of a major Middle Weichselian ice ad-
vance (Nygérd et al. 2007, and A. Nygard, pers. comm. 2007).

Deposits from the present interglacial
(the Holocene)

The erosional and depositional history of the Holocene includes
many good examples of the overall and changing environment
during an interglacial. However, as glacial deposits are in focus
in this paper, and since sediments of the Holocene result from
mainly nonglacial processes and represent significant parts of
the modern landscape, this period is further reviewed in the
accompanying paper that is focused on Quaternary landscape
development (Fredin et al., 2013).

Summary and conclusions

An overview of glacial offshore and onshore deposits in Norway
is given here (Figures 1-3), with additional examples from
selected offshore areas and from several onshore locations from
all regions of Norway. The location of sites with interglacial and
interstadial deposits is presented on maps, and deposits of this
type are also included in some of the selected Quaternary strati-
graphical examples. This compilation may be used simply as it
is referred to, i.e., an overview of the Quaternary deposits of
Norway, but may also be used to consider the overall glacial
impact in Norway, with erosion and deposition during the
Quaternary (last ¢. 2.6 million years). For example:

The distribution of Quaternary glacial deposits on and beyond
the shelf (Figures 2-3) indicates three major depocentres, i.c.,
the Mid-Norwegian shelf and the areas around the outer parts
of the Norwegian Channel and the Bjorngya Trench, including
the adjacent trough-mouth fans. Almost all of the Mid-Nor-
wegian glacial deposits are assumed to derive from the Norwe-
gian mainland, whereas a significant or even major part of the
products of glacial erosion stored in the two other depocentres
may derive from other areas, e.g., the southern North Sea and
the Baltic region in the south and the Barents Sea region in the
north.

The volume of the glacial deposits offshore the Mid-
Norwegian coast amounts to almost 100,000 km?® (Dowdeswell
et al. 2010), which represents erosion of a size similar to a c.
500 m-thick sheet of erosional products covering the overall
200,000 km? catchment area in Central Norway and Sweden.
A sheet of erosional products of at least 300400 m thickness
covering all onshore areas (c. 370,000 km?) of Norway is need-
ed to illustrate the volume of the glacial deposits offshore all
parts of Norway.
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The glacial deposits offshore Norway have a volume that indi-
cates sediment supply from erosion of the land with average
more than 10 cm, probably ¢. 20 cm kyr everywhere in Norway
during the entire Quaternary. (The real erosion rate is, however,
likely to vary between almost 0 cm to almost 1 m kyr, since
very old ground surfaces are recorded in some mountain areas,
whereas a relief of, e.g., more than 2000 m in the Sognefjord area
is thought to have been formed mainly during the Quaternary.)

The loose deposits of onshore areas in Norway are strongly
dominated by glacial erosional products and amount to less
than 1000 km? in volume (i.e., 6 m average sediment thickness
in 25% of the area and 1 m in the remaining 75%, which give
2 m average sediment thickness everywhere and a total volume
of ¢. 820 km?).

Almost all of the Quaternary deposits of onshore areas in
Norway are younger than 300 ka and probably >90% is young-
er than 115 ka. This gives an average net erosional rate of less
than 1 cm kyr! during the two last glaciations, the Saalian and
the Weichselian, and about 2 cm kyr” during the last glaciation.

The difference in net erosional rates based on the volumes of
the offshore (¢. 20 cm kyr) and the onshore (1 cm kyr) glacial
deposits indicates that >90 % of the glacial erosional products
are removed from onshore areas and deposited offshore during
the Quaternary. This transport and depositional process must
have occurred mainly during large glacier extensions as the
glaciers grew to ice sheets reaching the shelves, and it demon-
strates clearly the effectiveness of the ice sheets as transport
agents for the available erosional products. In general terms, the
stratigraphical record with more reworked older deposits and
more of the sediments that are preserved derive from younger
glaciations support strongly this model, which implies that most
of the sediments deposited or overrun by the ice during one
glaciation are eroded and redeposited or removed during the
subsequent glaciation.

From the record of the Quaternary glaciations in Fennoscandia
it is found that large ice sheets reached the shelves several times
during the last 0.5-1.1 Ma, and clearly less frequently before
that. The denudation rate of the land surface, which is estimated
to be an order of magnitude higher during ice-sheet intervals
than during intervals of moderate to minimum ice extension
(Dowdeswell et al. 2010), is therefore likely to have increased
significantly towards younger ages during the Quaternary.

The recorded glacial stratigraphy from onshore sites in Norway
reaches from MIS 1 to MIS 10. In addition to dates, counting
from the top of stratigraphical sediment units seems to work
well in Norway as a method of stratigraphical correlations, at
least for the Weichselian glaciation. However, this is not quite
in agreement with the general glacial erosion — accumulation
history for the entire Quaternary in Norway as described above.
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Appendix A

Principles for stratigraphical correlations used in northern and central Fennoscandia

A general stratigraphical model was established for northern
Fennoscandia in the Nordkalott Project (Hirvas et al. 1988)
(Figure A1) and modified and extended to central Fennoscandia
in the Mid-Norden Project (Bargel et al. 1999). The main basis
for correlations is general till stratigrahic data and dates of inter-
calated deposits from interstadial/ice-free intervals (e.g., Hirvas
et al. 1988, Bargel et al. 1999). The age assignments are mainly
based on luminescence (TL and OSL) dates of sediments from
the last interglacial/glacial cycle, and stratigraphical position
with respect to the dated units. The age model (Figure 11, main
text) for the glacier fluctuations is based on dates from inland
sites, with the implication that a TL or OSL dated ice-free unit
indicates regional ice-free conditions and not only a minor
ice-marginal retreat from a moderate to major ice extension.
The dates are not corrected for shallow traps, which previ-
ously were supposed to underestimate the ages, at least those
of 100 ka or more with as much as 35% (Olsen et al. 1996a).
The need for such corrections is so far not shown to be valid for
sediments in Fennoscandia (Olsen in Lokrantz and Sohlenius
2006). However, a possible general underestimation of ¢.10% of
older ages (>100 ka) should clearly be considered, in agreement
with recent results from dating accuracy testing of OSL dates
from northern Russia (Murray et al. 2007) and farther south
in Europe (e.g., in Germany). The luminescence age intervals
of the general age model overlap fairly well with most ‘warm’
isotope stages (Figure 11, main text), and indicate a much bet-
ter matching with the MIS boundaries than if a general un-
derestimation of ages is included (stippled curve in Figure 11,
main text), but MIS 5a seems to be less well represented by
luminescence dates. Alternatively, the luminescence age interval
representing MIS 5a is 10 kyr younger (underestimated) than

Stratigraphical model in the Nordkalotten area

Late and Middle Weichselian IS
ISP?
ISP
Early Weichselian
Eemian IGE
Saalian and older | : 1G/IS

IS = Interstadial, unspecified

ISP = Perdpohjola interstadial (Middle to Early Weichselian age]
IGE = Eemian interglacial

IG = Interglacial, unspecified

Figure Al: Generalised Quaternary stratigraphical model for northern Fennoscandia
(The Nordkalott Project 1986).
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the orbitally tuned MIS 5a age boundaries after Martinson et
al. (1987).

The dill stratigraphy of Finland, as represented by the till
beds named Till 1 (youngest) to Till 6 (oldest), and the interca-
lated sediment units, is used as a stratigraphical framework for
the whole inland area of northern and central Fennoscandia.
The updated version of the stratigraphical framework is given
in Table A1.

The key unit to recognise for correlation in each studied area
is the regional till bed no. 3 (Till 3, which is of Early Weichselian
age) counted from the top, with its lithological properties, clast
fabric and stratigraphical relationship to the most prominent
glacial landforms (for example, this till appears morphologically
as NW-SE-oriented megascale drumlins in northern Sweden),
and to the other recorded typical regional glacial and nonglacial
units. Till 3 is assigned an age of MIS 5d (Hirvas et al. 1988,
Olsen 1988, Hirvas 1991, Nenonen 1995, Olsen et al. 1996a)
or 5b, as indicated from the studies in the Sokli area, northeast-
ern Finland, by Helmens et al. (2000).

However, based on the complexity of the stratigraphy and
variation of the lithology of this region it is tempting to suggest
that there are two Till 3 units of which one correlates with 5d
and the other with 5b. A two-substage model for Till 3 seems
to be the best-fit choice to explain all the reported, relevant ob-
servations and may now be regarded as a working hypothesis
(Larsen et al. 2005).

Interglacial organic beds (peat, gyttja) have been found be-
tween Tills 3 and 4, and they have all been correlated to the
last interglacial, the local Tepsankumpu and the regional north-
west-European Eemian interglacial (MIS 5e), whereas those
found between Tills 4 and 5, at one site only (Naakenavaara,
Kirttild), must be older than the Eemian. The interglacial de-
posits in northern Finland cannot be distinguished merely on
a palynological basis (Hirvas 1991), so a correlation based on
these beds must also consider their stratigraphical relationships
to the regional till beds, and dates (if available).

Organic deposits from two forested Early Weichselian inter-
stadials and one Middle Weichselian interstadial characterised
by tundra vegetation are recorded in a stratigraphical succession
at Sokli, northern Finland (Helmens et al. 2000). All these de-
posits are separated and overlain by a till bed. Only inorganic
waterlain sediments have been found between Tills 1 and 2 in
Finland so far (Hirvas 1991).

The stratigraphical correlation of Tills 1-3 between north-
ern Finland and Finnmarksvidda, northern Norway, is carried
out directly based on a collaborative excavation—based field-
work, using the same methods in both areas (Olsen 1988).
Consequently, the correlation between the (youngest) Saalian
tills, named Till 4 in northern Finland and Tills 4-5 in northern
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Table Al: Stratigraphical framework for northwest Europe, with special emphasis on northern and central Fennoscandia. Modified from Larsen et al. (2005).

Marine isotope stage

Stratigraphic units/phases used at a national scale

Stage Substage MIS Finland Sweden Norway
Weichselian LGM 2 Tills 1and 2 Tills T and 2 Tills Tand 2
Younger Middle 3 Y. MW interst.(?) Tarendo interst,, Sargejohka interst.,
Weichelian interstadials younger phase (?) younger phase
Younger MW stadial 3 Till 2, middle Till 2, middle (?) Till 2, middle
Older MW interstadial 3 MW interstadial, Tarendo interst. Sargejohka interst.,
type Sokli older phase
Average age; Older MW stadial 4 Till 2, older Till 2, older Till 2, older
type Sokli
Odderade interstadial 5a Y. EW interstadial, Jamtland interstadial,  Eiravarri interstadial,
(Early Weichselian) type Sokli younger phase younger phase
Younger EW stadial 5b Till 3, younger, Cold phase Glacial deformation,
type Sokli type Vuolgamasjohka
Brorup interstadial 5¢ O. EW interstadial, Jamtland interstadial, Eiravarri interstadial,
type Sokli older phase older phase
Older MW stadial 5d Till 3, older Till 3 Till 3
(not found at Sokli)
Eemian interglacial Eemian interglacial Se Tepsankumpu Eemian  Levdaniemi Eemian Eemian interglacial
interglacial interglacial palaeosol, Sargejohka
Saalian Warthe and 6 Till 4 Till 4 Tills 4 and 5
(sensu stricto) Drenthe stadials
Saalian Complex Wacken-Doémnitz— 7 Naakenavaara Oje interglacial Bavtajohka
(sensu lato) Schéningen interglacial interglacial interglacial
Cold phase; Fuhne 8 Till'5 - Till 6
Warm phase; 9 Deglaciation phase - Palaeosol 5,
Reinsdorf interglacial between tills 5and 6 Sargejohka
Cold phase (stadial) 10 Till 6 - Till 7
Holsteinian interglacial Holsteinian interglacial 11 - - Palaeosol 6,
Sargejohka
Elsterian Elsterian 12 - - Degl. sediments,

unit K, Sargejohka

Norway, seems like a best choice since these tills in both areas
occur between interglacial deposits of which the youngest repre-
sents the Eemian. The uncertainties are mainly connected to the
underlying beds.

Based on counting from the top, stratigraphical relation-
ship to other recorded regional events and luminescence dates
the Bavtajohka interglacial from Finnmarksvidda is inferred
to correlate with MIS 7, possibly an early part of the stage
(MIS 7e) (Appendix B, Table B2) (Olsen et al. 1996a), but a
recent re-evaluation of the dates suggests a correlation with a
later part, i.e., MIS 7a—7¢ (Figure 14, main text). Moreover,
the stratigraphical position suggests also a correlation with the
Naakenavaara interglacial from northern Finland. The overall
pollen signature from these interglacials does not disprove such
a correlation (Hirvas 1991, Olsen et al. 1996a). If this correla-
tion is correct, then it follows that Till 6 from Finnmarksvidda
correlates most likely with Till 5 from northern Finland and,
furthermore, that Till 7 from Finnmarksvidda correlates with

the Finnish Till 6 (Table A1).

Overview and summary of the
Weichselian glacial deposits (described
chronologically and from north to south)

Glacial deposits from the Early to Mid Weichselian

(MIS 5 to 3)
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Tills deposited during a MIS 5d glaciation (c. 100-110 ka)
No deposits from Weichselian glacial advances prior to LGM
2 have been recorded on Varangerhalveya, northern and east-
ern parts, so far, e.g., (1) at Komagelva (Figure 22b, main text),
late Saalian—Eemian sand is directly overlain by late Weichselian
gravel and LGM 2 or younger till and deglaciation sediments,
and (2), at Leirelva, pre-Weichselian gravel is overlain by late
Weichselian ice-dammed sediments and LGM 2 or younger till
and deglaciation sediments (Olsen et al. 1996a).

MIS 5d ice flowing eastwards and southwards from the
mountains deformed Eemian sediments on Finnmarksvidda,

but no till from this phase is found so far in this area. The older
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part of Till 3 in the inland of northern Fennoscandia is assumed
to be of MIS 5d age (see above). Maximum ice extension during
5d has probably reached almost, but not completely the inner
flord areas of southern Troms and mid-Nordland, because
speleothems grew continuously from the Eemian to ¢. 100 ka in
Stordalsgrotta (920 m a.s.l., Stordalen, southern Troms) (Figure
4, main text) and to ¢. 90 ka in mid-Nordland (Fauske—Rana
area), and were abruptly ended at these times.

The MIS 5d ice reached almost to Fjgsanger (Bergen) in
the west and deposited sediments that demonstrated a glacial
climate during the Gulstein stadial (Mangerud et al. 1981b)
(Figure 28, main text, silt G), and it deposited till beds (Tills
P—Q) at Dalseng (Brumunddalen) in southeast Norway (Figure
32a) (Helle 1978) and probably reached the Oslofjord area.

Tills deposited during a MIS 5b glaciation (c. 85-90 ka)
The Gardejohka till on Finnmarksvidda, and the younger part
of Till 3 in large areas in the inland of northern Fennoscandia,
including the Sokli area in northeast Finland, are now recon-
sidered to have been deposited by a MIS 5b ice (Helmens et al.
2000, Larsen et al. 2005, Olsen 2006) and not a MIS 5d ice as
previously suggested (Hirvas et al. 1988, Olsen et al. 1996a).
The Sb—ice extension may have reached the innermost fjord
areas of mid-Nordland since speleothem growth was interrupt-
ed there at ¢. 90 ka. However, continuous speleothem growth
from the Eemian to 71-73 ka in caves at 160—220 m a.s.l. in
the Fauske—Rana area, indicates that the 5b glacier ended at the
fjord heads.

The Bones till at Fjgsanger, in the coastal area close to Bergen,
was deposited by a 5b glacier (Mangerud et al. 1981), which
must therefore have reached the sea (Norwegian Channel) in the
west. The 5b glacier also deposited tills (Tills K-L) at Dalseng
in southeast Norway (Helle 1978) and probably reached the
Oslofjord area, similar to the 5d glacier.

Tills deposited during a MIS 4 glaciation (c. 60-70 ka)

The Vuoddasjavri till on Finnmarksvidda, known as Till 2 in
large areas in the inland of northern and central Fennoscandia,
was deposited by a MIS 4 ice which extended to the coastal zone
in the northwest, as indicated by the interrupted speleothem
growths at low altitudes in mid-Nordland.

This ice advance seems to have reached beyond Brumund-
dalen in southeast Norway, as mentioned before and indicated
by a U/Th-dating at 59 ka of the Brumunddalen interstadial
peat (age indicates time for closure of previous open circu-
lation and thereby starting the ‘U/Th-clock’). A till bed (the
Karmgy diamicton) at Bg on Karmey in southwest Norway is
also thought to have been deposited during MIS 4 (Andersen
et al. 1983, Sejrup 1987), and this glacier must therefore have
reached the sea/Norwegian Channel.

The record of ice-rafted detritus (IRD) off the Norwegian
coast shows the highest Early to Mid-Weichselian peak at ¢. 55
ka (Baumann et al. 1995), and the IRD input in sandy mud
beyond the shelf break west of the Lofoten islands was intense
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in the earliest part of the interval 63—54 ka (Laberg and Vorren
2004, and pers. comm. 2007), which suggest that the ice
extension during MIS 4-3 reached its maximum off the coast to
the west and started to retreat at this time.

Tills deposited during a MIS 3 glaciation, older phase

(c. 44—49 cal ka)

MIS 3 ice extension may have reached the outer coast or even
offshore in northern Norway, Mid-Norway, southwest Norway,
as well as in southeast Norway where the ice advance may
have reached almost to Vendsyssel in Denmark (Houmark-
Nielsen and Kjer 2003). In the north, glaciomarine sediments
with ¢. 44 cal ka shells from several sites in onshore positions,
e.g., at Leirhola (Arngya), in Leksebotn (Salangen) and at
Bleik (Andeya, Moller et al. 1992), indicate considerable
glacioisostatic depression in a period with generally low global
sea level (e.g., Shackleton 1987). This suggests a considerable ice
volume in the northwest at or just before 44 cal ka. Sediments
from the deglaciation of this ice are recorded and TL dated to
37-41 cal ka on Finnmarksvidda.

Till beds with shells of age ¢. 44 cal ka are recorded several
places in Troms, e.g., at many islands, such as Arngya (Figures
4 and 23, main text), Vanna, Kvalgya, Gryteya and Hinngya,
and also at other sites in the fjord areas. Similar data exist for
Nordland, both from sites on islands and in the fjord districts.
For example, shell dates from a complex ice-marginal terrace
at Skogreina at the coast close to the Arctic Circle indicate
a phase with the ice-margin position located at this site at ¢
44 cal ka (Olsen 2002). Ice dammed/marine sediments with
resedimented shell fragments of age ¢. 50 cal ka may indicate a c.
44 cal ka ice advance crossing the Hundkjerka cave in Velfjord,
southern Nordland (Figures 4 and 26, main text).

In Trondelag this ice advance may have reached Vikna in the
northwest, as indicated by dates of shells in till (Bergstrom et al.
1994, Olsen et al. 2001a). In Gauldalen south of Trondheim,
Mid-Norway, till beds and intertill sediments, which include
sediments with partly decomposed marine fossils, contain also
plant remains that have been dated (Figures 4 and 27b, main
text). These data indicate ice-margin fluctuations in this area
several times around ¢. 44 cal ka, as well as younger fluctuations
(Olsen et al. 2001b, c).

Ice-dammed sediments in the cave Skjonghelleren at More,
farther south along the coast, include a geomagnetic signal
(in clay L, Figure 28a, main text) which is correlated with the
Laschamp excursion (c. 42-47 cal ka). Consequently, the ice
advanced beyond the coast at More ¢. 44 cal ka. The Sandnes
interstadial marine and glaciomarine sediments at high altitudes
on Hegjeren in southwest Norway are thought to indicate
considerable glacioisostatic depression due to a big ice volume
close to this area around 44 cal ka. This ice may have been
located onshore, as well as in the Norwegian Channel (Larsen
et al. 2000).

At Serlandet in southernmost Norway, and in southeast
Norway subtill sediments with marine fossils/other components
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at high altitudes include ¢. 3840 cal ka or older plant remains,
which also indicate fast deglaciation of a big ¢. 44 cal ka ice.
The Mesna till from Lillehammer, southeast Norway, has
been dated to (framed) between 40 and 44—48 cal ka, which
points to a ¢. 44 cal ka age for the associated ice advance, which
is thought to be represented by till in a wide area in the inland
of southeast Norway (Figure 33b, unit A, main text) and may
well have reached the coastal area in the southeast.
Glaciotectonics in the Skara area (northeast of Gothenburg,
Sweden) are recorded in reddish-brown clay which is TL and
OSL dated to ¢. 43 and 45 cal ka (Ronnert et al. 1992). This
means that a glacial event existed in southern Sweden around or
after . 43—45 cal ka, and before the southerly ice flows during
the Late Weichselian glaciation. This glacial event may therefore
correspond to a stadial ¢. 44 cal ka, or a younger event.

Glacial deposits from the Late Weichselian (MIS 2)

Tills from MIS 3/2 and MIS 2 glacial fluctuations

(c. 3417 cal ka)

The sedimentary stratigraphies and glacial fluctuations during
this period are thoroughly reviewed by Olsen et al. (2001a, b,
c). Therefore, this compilation will only briefly mention data
known before the year 2001 (e.g., as those indicated in Figure
16, main text) and mainly concentrate on new information from
this period, which includes the biggest Weichselian ice-marginal
fluctuations. A new understanding of ice-marginal dynamics is
represented by the composite glacial curve after Olsen (1997)
(see Olsen et al., 2013, fig. 9bc, which is a synthesis of glaciation
curves from nine different transects from inland to shelf). It has
as one of its implications that precise dating and age estimates of
events are even more important for correlations now than before,
a time when most glacial geologists believed in glacial stability,
with the ice-margin fluctuations during LGM constrained to
the shelf to coast area, i.e., in almost maximum position for
thousands of years.

Offshore data, including glacial deposits from more than one
phase with the ice margin in the maximum position at the shelf
edge during the LGM interval, are very scarce, but still represented
both in the north and the south. Off Troms and in the southwest
Barents Sea area, Vorren et al. (1990) describe deposits from two
maximum phases (LGM I and II), separated by an ice-retreat
phase. More precise data, representing more than one LGM
advance phase are reported from the Andfjorden area, where
both marine and terrestrial sediments indicate at least two major
Late Weichselian ice advances, that Vorren and Plassen (2002)
describe as Egga I and II (here named LGM 1 and 2) as they infer
that both these advances reached the shelf edge. These advances
were separated by a complex ice-retreat phase, i.e., an overall ice
retreat—ice advance (the Bjerka Substage)—ice retreat phase. The
Andfjorden area is located at some distance from the shelf edge
and therefore its significance for the glacial maximum on the shelf
rely fully on Vorren and Plassen’s suggested correlations, which
the present authors find reasonable.
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At the mouth of the Norwegian Channel in the south (Figure
4, main text), Olsen et al. (2004) speculated from adjacent land
data that the ice margin may have reached the maximum posi-
tion at least three times between 29-18.5 cal ka. This was re-
cently confirmed by Nygard et al. (2007) based on data from
the North Sea Fan and a conceptual model where debris flows
are initiated by the ice front in the maximum position. They
found that this occurred three times during the LGM interval
(30—19 cal ka).

Till deposits at the coast, e.g., at Arngya, northern Norway
(Andreassen et al. 1985, and new data recorded by NGU) (Fig-
ure 23, main text), and ice-dammed sediments in caves at the
coast in west Norway (Larsen et al. 1987, Valen et al. 1996)
indicate that a regional ice advance ¢. 33-34 cal ka crossed the
coastline. It is supposed to have reached its maximum position
at least to around halfway to the shelf edge, similar to that in-
dicated for the glacier during MIS 3 (c. 44 cal ka) (Olsen et al.
2001b, c).

At Bo on Karmgy, southwest Norway, the upper dill (the
Haugesund diamicton, Andersen et al. 1983, Sejrup 1987) has
recently been subdivided in at least two different tills with in-
tercalated sediments (Figure 30) (Olsen et al. 2004, Olsen and
Bergstram 2007). The oldest of these tills is framed in age be-
tween 38.5 and 27.9 cal ka, whereas the uppermost part of the
upper regional till, which was deposited during a regional phase
with W-trending drumlins, is younger than 18.6 cal ka.

Seven additional localities to that from Karmgy and to those
with indications of LGM-interval oscillations as reported by
Olsen et al. (2001a, b, ¢) have recently been recorded. These
are found in different parts of Norway, i.e., one in the north
(Arnelund), two in the central areas (Meriker and Kvikne), one
in the southwest (Foss—Eikeland, Figure 31), and three in the
southeast (Braarod, Korterod and Bersisen) (Figure 4, Olsen et
al. 2004). The uppermost regional till at all these and previously
reported Norwegian LGM oscillation-sites, is generally younger
than 19-21 cal ka (Olsen et al. 2001a, b, ¢, Olsen et al. 2004,
Olsen and Bergstrom 2007, Appendix B, Figure B5).

Tills from MIS 2 and early MIS 1 glacial fluctuations (16 cal
ka, and younger)

The last ice retreat from the shelf occurred during the beginning
of this period, and the surficial till is of this age in most parts
of Norway where the ice sheet produced till during general ice
retreat. The oldest post-LGM onshore glacial deposits that are
recorded so far are listed in Table B11 (Appendix B) (See also
fig. 20 in the accompanying paper of ’Quaternary glaciations’,
this issue).

Much of the surficial tills proximal to the Nordli-Vuku
moraines at the fjord heads in Nordland and Trendelag
(Andersen et al. 1995, Sveian 1997) and the corresponding ice
margin in other parts of the country may be of early Holocene
(Preboreal) age.
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Appendix B

Table B1: Name of all geographical places and sites mentioned in the main text, with geographical positions indicated by numbers (and dots) in Figure BI.

(a) Sites arranged successively according to their number, and (b) in alphabethical order.

1| Varde 44 | Drnes 87 | Gldmdalen

2 | Leirelva, Komagelva 45 | Melgya 88 | Venabu

3 | Straumsnesa, Kongsfjorden 46 | Amaya, Bogneset, Bjserangsfjorden 89 | Vinstra, Sorperoa, Gudbrandsdalen
4 | Varangerfjorden 47 | Grgnligrotta 90 | Nordfjord

5 | Pasvik 48 | Hamarnesgrotta 91 | Sognefjorden

6 | Tanafjorden 49 | Mo i Rana 92 | Kollsete

7 | Risvika 50 | Nordland 93 | Kroken, (Inner Sogn)

8 | Finnmark 51 | Rgssvatnet 94 | Mgklebysjoen

9 | Porsangerfjorden 52 | Hattfjelldal 95 | Lillehammer, Mesna, Stampesletta
10 | Gamehisjohka 53 | Fiskelauselva 96 | @vre Astbrua

11| Buddasnjarga 54 | Hundkjerka, Hommelstg, Velfjorden 97 | Dokka

12 | Balucohka 55 | Vikna, Langstrandbakken 98 | Hunndalen

13 | Sargejohka 56 | Namsen 99 | Dalseng, Brumunddal
14 | Kautokeino 57 | Lierne 100 | Rokosjgen, Rokoberget
15 | Vuolgamasjohka 58 | Steinkjer 101 | Bergen, Herdla, Fj@sanger
16 | Vuoddasjavri 59 | Follafoss 102 | Halsnay

17 | lesjavri 60 | Trandelag 103 | Hardangerfjorden

18 | Alta 61 | Fosenhalveya 104 | Haugesundshalveya

19 | Lauksundet 62 | Trondheimsfjorden 105 | Karmay, Bo

20 | Leirhola, Arngya 63 | Trondheim 106 | Rogaland

21 [Vanna 64 | Meraker 107 | Jeeren, Lagjeeren, Hagjeeren
22 | Troms 65 | Langsmoen 108 | Foss-Eikeland

23 | Lyngsalpene 66 | Flora, Drivvollen 109 | Lysefjorden

24 | Kvalgya, Slettaelva 67 | Byneset, Hangran 110 | Hardangervidda

25 | Arnelund, Balsfjorden 68 | Grytdal 111 | Marvatn, Mar

26 | Senja 69 | Hauka 112 | Mgsvatn, Farnes, Hovden
27 | Arésvatnet, @vre & Nedre Asvatnet 70 | Skjenaldelva 113 | Gardermoen (airport)
28 | Andaya, Flesen 71 | Froya, Svellingen, Skarsvagen 114 | Oslo

29 | Andfjorden 72 | Surna 115 | As, Ski

30 | Loksebotn, Salangen 73 | Roros 116 | Passebekk

31 | Vesterdlen 74 | Kvikne, Kvikneskogen 117 | Herlandsdalen, Rundhaugen
32 | Gryteya 75 | Trollheimen 118 | Oslofjorden

33 | Hinnoya 76 | Oppdal 119 | Halden

34 | Lofoten 77 | Mgre, Nordmgre, Sunnmegre 120 | Hvaler

35 | Langeya 78 | Alesund 121 | Jomfruland

36 | Narvik 79 | Skjonghelleren 122 | Skagerak

37 | Vestfjorden 80 | Hamnsundhelleren 123 | Serlandet

38 | Kjgpsvik, Tysflorden 81 | Skorgenes 124 | Lista

39 | Steigen 82 | Lesjaskog

40 | Veeray 83 | Galdhgpiggen, Jotunheimen

41 | Rost, Trenyken 84 | Dovre

42 | Fauske, Okshola 85 | Rondane

43 | Skogreina 86 | Jutulhogget
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Table B1: (b) in alphabethical order.

A

Alta 18
Andfjorden 29
Andoya 28
Arnelund 25
Arngya 20

B

Balsfjorden 25
Balucohka 12
Bergen 101
Bjeerangsfiorden 46
Bogneset 46
Brumunddal 99
Buddasnjarga 11
Byneset 67

Bg, Karmay 105

C

D

Dalseng 99
Dokka 97

Dovre 84
Drivvollen 66

E

F

Fauske 42
Finnmark 8
Fiskelauselva 53
Figsanger 101
Flesen 28

Flora 66

Follafoss 59
Fosenhalvaya 61
Foss-Eikeland 108
Froya 71

Fornes 112

G

Galdhgpiggen 83
Gamehisjohka 10
Gardermoen 113
Gldmdalen 87
Grytdal 68
Gregnligrotta 47
Gudbrandsdalen 89
H

Halden 119
Halsngy 102
Hamarnesgrotta 48
Hamnsundhelleren 80

Quaternary glacial, interglacial and interstadial deposits of Norway and adjacent onshore and offshore areas

Hangran 67
Hardangerfjorden 103
Hardangervidda 110
Hattfielldal 52
Haugesundshalveya 104
Hauka 69

Herdla 101
Herlandsdalen 117
Hinngya 33
Hommelstg 54
Hovden 112
Hindkjerka 54
Hunndalen 98
Hogjeeren 107
Hvaler 120

I

lesjavri 17

Inner Sogn 93

J

Jomfruland 121
Jotunheimen 83
Jutulhogget 86
Jeeren 107

K

Karmgy 105
Kautokeino 14
Kjopsvik 38
Kollsete 92
Komagelva 2
Kongsfjorden 3
Kroken 93

Kvalgya 24

Kvikne 74
Kvikneskogen 74
L

Langsmoen 65
Langstrandbakken 55
Langeya 35
Lauksundet 19
Leirelva 2

Leirhola 20
Lesjaskog 82
Lierne 57
Lillehammer 95
Lista 124

Lofoten 34
Lyngsalpene 23
Lysefjorden 109

Loksebotn 30
Lagjeeren 107

M

Melgya 45
Merdker 64
Mesna 95

Mo i Rana 49
Meklebysjoen 94
Mare 77
Masvatn 112
Mar 111

N

Namsen 56
Narvik 36

Nedre Asvatnet 27
Nordfjord 90
Nordland 50
Nordmere 77

0

Okshola 42
Oppdal 76

Oslo 114
Oslofjorden 118
p

Passebekk 116
Pasvik 5
Porsangerfjorden 9
Q

R

Risvika 7
Rogaland 106
Rokoberget 100
Rokosjgen 100
Rondane 85
Rundhaugen 117
Reros 73
Ressvatnet 51
Rast 41

S

Salangen 30
Sargejohka 13
Senja 26
Skagerak 122
Skarsvdgen 71
Ski115
Skjenaldelva 70
Skjonghelleren 79
Skogreina 43
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Skorgenes 81
Slettaelva 24
Sognefjorden 91
Sorperoa 89
Stampesletta 95
Steigen 39
Steinkjer 58
Straumsnesa 3
Sunnmere 77
Surna 72
Svellingen 71
Sveaerholthalveya 7
Serlandet 123

T

Tanafjorden 6
Trenyken 41
Trollheimen 75
Troms 22
Trondheim 63
Trondheimsfjorden 62
Trendelag 60
Tysflorden 38

U

\Y

Vanna 21
Varangerfjorden 4
Varde 1
Velfjorden 54
Venabu 88
Vesteralen 31
Vestfjorden 37
Vikna 55

Vinstra 89
Vuoddasjavri 16
Vuolgamasjohka 15
Veergy 40

W, XY, Z, &
Ardsvatnet 27

9]

Drnes 44

@vre Astbrua 96
@vre Asvatnet 27
A

Alesund 78
Amaya 46
As115
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Table B2: Correlation chart for the late Middle Pleistocene stratigraphy from Norway, Germany, and France, and the marine oxygen isotope stratigraphy (MIS). Modified from

Olsen et al. (1996a) and Larsen et al. (2005).

Northern Norway

Northern Germany

Southern Germany

Southern France

Sargejohka Wacken Schoéningen Velay MIS
(Olsen et al. 1996, Olsen 1998) (Menke 1968, a.0.) (Urban 1997, Thieme 1999) (Reille et al. 1998)

Weichselian Weichselian Weichselian (Last glaciation, local ice cap) 2-5d
EEMIAN PALEOSOL EEMIAN EEMIAN RIBAINS INTERGLACIAL Se
Stadial (T4) - Saale (Drenthe) Saale (Drenthe) Costaros glacial 6
interstadial - BUDDENSTEDT 2 BOUCHET Il 7a
stadial (T5) Belvezet stadial 7b
sediment complex BUDDENSTEDT 1 BOUCHET I 7C
Bonnefond stadial 7d
BAVTAJOHKA WACKEN SCHONINGEN BOUCHET I INTERGLACIAL 7e
Glacial (T6) Fuhne (?) Fuhne Charbonnier glacial 8
interstadial AMARGIER; with ash bed 9a
sediment Monteil stadial 9
complex USSEL 9c
Cayres stadial 9d

PALEOSOL 5 REINSDORF BOUCHET | INTERGLACIAL %
Glacial (T7) Bargette glacial 10
MISSAUE 2 + SU A JAGONAS 2 1a

Pradelle 2 stadial 11b

MISSAUE 1 JAGONAS 1 11c

Pradelle 1 stadial 11d

PALEOSOL 6 HOLSTEINIAN HOLSTEINIAN PRACLAUX INTERGLACIAL Tle

Elsterian deglaciation
sediments; Sargejohka unit K

(no till recorded) Elsterian Elsterian Barges glacial 12
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Table B3: Maxima in glacier extension of the Fennoscandian ice sheet during the Middle to Late Pleistocene. Late Pleistocene included for comparison. After Larsen et al.

(2005).
Glacial Stage Substage MIS (marine isotope stage), Maximum extension-lce marginal position
age (in calendar ka) North West | South | East
Weichselian 1.YD Late MIS 2,11.5-13 Coast, Norway Coast, Norway Coast, Norway, South Finland-
(Younger Dryas) and south Sweden  northwest Russia
inland
2.LGM 2 MIS 2,19 (and 18?) Outer shelf area Shelf edge- Central Denmark-  Russia, close to
(Last glacial the Norwegian north Germany- Arkhangelsk
max. 2) channel central Poland
3.LGM 1 MIS 2/3, 26 Shelf edge Shelf edge- Central Denmark- NW Russia (?)
(Last glacial the Norwegian north Germany-
max. 1) channel central Poland
4. Late M.- MIS 3,32 Inner shelf area Shelf, possibly Southern Sweden  Finland-
Weichselian shelf edge NW Russia (?)
5. Middle Middle MIS 3, 45 Inner shelf area Middle shelf area South Sweden— NW Russia (?)
Weichselian east Denmark-
north Germany-
Latvia—Estland
6. Early M.- MIS 4, 65 QOuter coastal zone  Outer coastal zone, South Sweden— NW Russia (?)
Weichselian possibly shelfand  east Denmark—
Norw. Channel north Germany-
Latvia—Estland
7. late E- MIS 5b, 85 Inner fjord area Outer coastal zone  Southern Sweden  Pudasjarvi
Weichselian moraines,
north Finland-
NW Russia
8. Early E- MIS 5d, 110 Inner fjord area Outer fjord area Gulf of Bothnia Lapland moraines,
Weichselian north Finland
Saalian 9.Younger MIS 6, 140 Shelf edge Shelf edge— South Germany-  NW Russia, east of
(sensu stricto) Late Saalian the Norwegian south Poland— Arkhangelsk
(sensu lato) Channel Bela Russia
10. Older MIS 6, 185 Coast, possibly Shelf edge- South Germany-  NW Russia, east of
Late Saalian shelf the Norwegian south Poland- Arkhangelsk
(sensu lato) Channel Bela Russia
Saalian 11. Younger MIS 8, 260 Shelf, possibly Shelf (7)- Southern Baltic Finland—
Complex Middle Saalian shelf edge the Norw. Ch. (?) basin area (?) NW Russia (?)
(s.1)
12. Older Middle MIS 8(?), 280-320(?) Coast, possibly Middle shelf area  Southern Baltic Finland—
Saalian (s.1) shelf area basin area (?)
13. Early Saalian MIS 10(?), 350(?) Shelf, possibly Shelf edge— Southern Baltic Finland—
(sensu lato) Shelf edge the Norw. Channel  basin area (?) NW Russia (?)
(Elsterian?) 14. Pre-Saalian MIS 12(7), 430(?) Coast, possibly Shelf edge- the South Germany-  NW Russia, east of
shelf area Norwegian south Poland-Bela  Arkhangelsk
Channel Russia
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Table B4: N-S distribution of stratigraphic sites.

Number of localities from various age intervals, in (A) North Norway,
(B) Mid-Norway (between Mosjgen and Alesund), and (C) South Norway

Age A | B | c | Total
Pre-Eemian 6 2 3 1
Eemian 1 5 1 27
Early Middle Weichselian/

Early Weichselian 12 2 9 23
Early Middle Weichselian 15 8 10 33
Late Middle Weichselian 14 17 18 49
LGM interval 11 17 13 41
Post LGM- pre Older Dryas 4 6 2 12
Lateglacial common  common  common many
Holocene common  common  common many

Table B5: Pre-Eemian sites, most of these (8 of 11 sites) include Eemian sediment or palaeosol as an upper reference horizon.

Locality | Stratigraphy | Comments
1. Leirelva, Finnmark, Northern Norway Late Weichsel. till and sediment/ older sediments ~ TL-dating: 370 ka =>
possibly Saalian age sediment
2. Gamehisjohka, Finnmarksvidda Eemian sediment/till/sand Till and sand of probably Saalian age (MIS 6)
3. Buddasnjarga, Finnmarksvidda Eemian sediment/till Till of probably Saalian age

Sargejohka, Finnmarksvidda

5, Vuoddasjavri, Finnmarksvidda
Vuolgamasjohka, Finnmarksvidda
Skarsvagen, Fraya, Mid-Norway

Alesund (e.g, Godaya and Vigra)

9. Fj@sanger, Western Norway
10. Gredeland, Jaeren, Southwest Norway

11.  Mesna, Lillehammer, Southeast Norway

Eemian palaeosol/multiple tills
and sediment units

Eemian sediment/multiple tills
and sediment units

Eemian palaeosol/sediment/ till
Eemian marine sediment/ till

Multiple tills and sediment units overlain
by Early Weichsel. sed.

Eemian marine sediment/till (Paradis till)
Multiple tills and sediment units

with marine fossils

Pre-Holocene interglacial palaeosol/till
(Skjellerud till)

Tills and sediment of pre-Eemian,
probably MIS 6-11 age

Tills and sediments of pre-Eemian, probably
Saalian age

Till of pre-Eemian, probably Saalian age (MIS 6)
Till of pre-Eemian, probably Saalian age (MIS 6)
Tills and sed. of pre-Early Weichsel,

probably of pre-Eemian age

Till of pre-Eemian, probably Saalian age (MIS 6)

Tills and sed. of MIS 6-9 age, based on AAR
analyses

Till of pre-Eemian, probably Saalian age (MIS 6)

Localities: Geographical area: | References:

1,2,3,4,56 Northern Norway Olsen et al. (1996a)

7 Mid-Norway Aarseth (1995)

8 Mid-Norway Landvik and Mangerud (1985),
Jungner et al. (1989)

9 Southern Norway Mangerud et al. (1981b)

10 Southern Norway Janocko et al. (1998)

Southern Norway
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Table B6: All reported Eemian sites from onland positions in Norway, and selected offshore Eemian sites.

Locality | Dating material | Methods Comments References:
1. Komagelva sand, subtill position OSL 117 and 123 ka=> Eemian  Olsen et al. (1996a)
2. Vuolgamasjohka palaesol in sand, TL stratigraphy and palaeosol  Olsen et al. (1996a)
subtill position indicate Eemian age
3. Vuoddasjavri sand, subtill position TL 114,123,126 and 134 ka Olsen et al. (1996a)
=> Eemian age
4. Sargejohka palaeosol (poszol) in sand, subtill position TL >50 ka, interglacial pollen Olsen et al. (1996a)
=> probably Eemian
5. Gamehisjohka gyttja, sand, subtill position C14, pollen  Eemian sediment/multiple  Olsen et al. (1996a)
tills and sediment units
6. Buddasnjarga palaeosol in till, subtill position correlation to locality 4 and ~ Olsen et al. (1996a)
5 => probably Eemian
7. Slettaelva foraminifers in till, resedimented AAR probably Eemian, from Vorren et al. (1981)
AAR-age
8.  Stordalsgrotta, cave speleothem U/Th Eemian, from U/Th-age Lauritzen (1995)
9. Okshola, cave speleothem U/Th Eemian, from U/Th-age Lauritzen (1995)
10. Gammalmunnaga shells in till, resedimented C14, AAR >48 ka (C14) and AAR- Olsen et al. (2001a), Olsen
result indicate Eemian age (2002)
11. Hamarnesgrotta and speleothems U/Th Eemian, from U/Th-age Linge et al. (2001)
Grenligrotta, caves
12. Skarsvagen pollen and shells in subtill sediments AAR stratigraphy and AAR-age  Aarseth (1990, 1995)
=> probably Eemian age
13. Follafoss shells in till, resedimented, and in intratill C14 >48 ka and high elevation Olsen et al. (2001a)
sediment => probably early Eemian
14. Drivvollen and Langmoen foraminifers in silt, subtill position interglacial foraminifers=>  Olsen et al. (2002)
probably Eemian age
15. "Mare" several sites shells in till, resedimented AAR Eemian age, from AAR Mangerud et al. (1981a)
analyses
16. Kroken, Sogn pollen in till/ subtill sediments pollen pollen and stratigraphic pos. Vorren (1972)
(picea) => Eemian age
17. Fj@sanger pollen and shells in subtill marine sed. AAR, TL warm interglacial flora and Mangerud et al. (1981b)
fauna => Eemian age
18. Vinjedalen, Vossestrand peat (2 cm thick), subtill position pollen stratigraphy and pollen =>  Sindre (1979)
(picea) Eemian age
19. Bg, Karmay shells in marine sediments, subtill position AAR warm fauna and AAR-age  Andersen et al. (1983),
=> Eemian age Sejrup (1987)
20. SW Norway, Haugesunds- pollen and shells in till/ subtill sed. pollen, AAR interglacial flora/ fauna=>  Vorren and Mangerud (2006)
halveya and Jaeren probably Eemian age
21. Hovden pollen in till/ subtill sediments pollen warm interglacial floraand ~ Vorren and Roaldset (1977)
(picea) stratigraphic pos. => Eemian
22. Lagen-Gausa deltaet shell (glycimeris), resedimented in delta C14 >50 ka and warm interglacial  Olsen and Grasfield (1999)
shell => Eemian age
23. stratigraphy and character of Olsen (1985b, 1998)
palaeosol => Eemian age
24. Central SE Norway, sand, subtill position, resedimented TL, OSL 110-140 ka and strat. pos. Myklebust (1991),
several sites => probably Eemian sed. (OF. Bergersen, unpubl. 1991)
Offshore sites:

102. Smarbukk,

2501 Statfjord, North Sea Plateau
5.1/5.2 Troll, Norwegian Channel

Mid-Norwegian shell

Strata including Eemian beds

Strata including Eemian beds
Strata including Eemian beds

Seettem et al. (1993)

Feyling-Hanssen (1981)
Sejrup et al. (1991, 1994)

Eem-site in Denmark:

Apholm

Strata including Eemian beds
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lable B7: Early Weichselian and early Middle Weichselian sites (with sediments and tills). Average number of younger (overlying) stadials/glacial units is c. 2.65 (n=23).

Locality Stratigraphy Comments Overlying  References:
glacial units

1. Gamehisjohka, Till overlying Eemian palaeosol => till of probably EW* 1 Olsen et al. (1996a)
Finnmarksvidda and overlain by LW* till and deglaciation sediments  to early MW* age

2. Buddasnjarga, Till overlying Eemian palaeosol => till of probably EW 2 Olsen et al. (1996a),
Finnmarksvidda and overlain by LW till and deglaciation sediments  to early MW age (L.OIsen, unpubl. 1997)

3. Sargejohka, Till overlying Eemian palaeosol => till of EW 3 Olsen et al. (1996a)
Finnmarksvidda and overlain by MW-LW sediments to early MW age

4. Vuoddasjavri, Till overlying TL-dated Eemian beds => till of probably EW 4 Olsen et al. (1996a)
Finnmarksvidda and overlain by MW-LW tills to early MW age

5. Vuolgamasjohka, Till overlying TL-dated Eemian sediment =>till of EW age 4 Olsen et al. (1996a),
Finnmarksvidda and overlain by MW-LW tills/sediments Lysa and Corner (1993)

6.  Kautokeino, Palaeosol with ice wedge cast between => degl./glacial sediments of 3 Olsen et al. (1996a),
Finnmarksvidda two TL-dated pre-MW and pre-LW degl. units EW to early MW age Olsen and Often (1996)

7. Vuoskujavri, Till overlying sand with interglacial pollen => till of probably EW 2 Olsen et al. (1996a),
Finnmarksvidda and overlain by MW-LW tills to early MW age Olsen and Often (1996)

8. Askal, Deglaciation sediments with interglacial pollen => probably degl./glacial 2 Olsen and Hamborg
Finnmarksvidda overlain by MW and LW tills sediments of EW age (1984), (L.Olsen, unpubl.)

9. Slettaelva, Till overlain by MW-LW sediments and tills, with stratigraphy and AAR of shells 3 Vorren et al. (1981)
Kvalaya, Troms marine shells =>EW to MW age

10. Storelva, Till overlain by MW intratill sediments with C14-and  stratigraphy and AAR of shells 2 Olsen and Grgsfield (1999),
Gryteya, southern AAR dated shells =>EW to MW age Olsen et al. (2001a)
Troms

11.  Skogreina, Ice marginal complex from MW and LW, reworked stratigraphy and AAR of shells 2 Olsen et al. (2001a)
mid Nordland till/sediment, AAR dated shells => EW till/sediment

12. Gammalmunnaga, Reworked till/sediment overlain by LW till, C14- and  stratigraphy and AAR of shells 1 Olsen et al. (2001a)
mid Nordland AAR dated shells =>EW

13.  Skarsvagen, Till overlying in situ Eemian marine and terrestrial stratigraphy and AAR of shells 1 Aarseth (1990, 1995)
Fraya, Trondelag sediments, AAR dated shells => probably EW-MW

14.  Folldal, Till overlain by MW-LW tills/sediments, C14-and U/ stratigraphy and dates from 3 Olsen et al. (2001),
northern Hedmark Th dates from overlying sediment overlying units => EW-MW till (L.Olsen, unpubl.)

15.  Skjonghelleren, Ice-dammed sediments underlying sed. with 50-60  stratigraphy and U/Th age of 4 Larsen et al. (1987)
Valdergy, Mare ka (U/Th) old speleothems overlying units => EW sed.

16. Dalseng, Tills underlying Brumunddalen interstadial peat of ~ Stratigraphy => EM tills 3 Helle et al. (1981)
southern Hedmark EW-MW age

17.  Fjosanger, Bones till, overlying in situ Eemian and EW Stratigraphy and dates => 2 Mangerud et al. (1981)
western Norway sediments, AAR dated shells from the till probably EW-MW age

18.  Bg, Karmay, Karmey diamicton (till) between Bg and Torvastad Stratigraphy => EW till 3 Andersen et al. (1983),
southwestern Norway interstadials Sejrup (1987)

19.  Auestad, Jeeren, Skretting diamicton (till) of EW age, correlated with  Stratigraphy and regional 2 Janocko et al. (1998),
southwestern Norway Auestad diamicton (till) 4 correlation => EW age of till Larsen et al. (2000)

20. Skretting, Jeeren, Skretting diamicton (till), EW age, overlying LS* Stratigraphy and dates => EW 2 Stalsberg et al. (1999),
southwestern Norway Auestad clay, AAR dated shells age of till Larsen et al. (2000)

21. Mar, Mar lower till, correlated with Hovden lower tilland  Stratigraphy and dates => 4 Vorren (1979), Haug (2005)
Hardangervidda overlain by OSL dated MW-LW sediments EW-MW age of till

22. Hovden, Hovden lower till, between OSL dated MW-LW Stratigraphy and dates => 4 Vorren (1979), Haug (2005)
Hardangervidda sediments and Hovden clay of Eemian age EW-MW age of till

23. Fornes, Farnes lower till, correlated with Hovden lower till Stratigraphy and regional 4 Vorren (1979), Haug (2005)
Hardangervidda correlation => EW age of ill

*LW = Late Weichselian; MW = Middle Weichselian; EW = Early Weichselian; and LS = Late Saalian
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Table B8: Early Middle Weichselian sites (with sediments and tills). Average number of younger (overlying) stadials/glacial units is c. 1.72 (n=33). *Mainly '*C-dates, ages are
in ""Cyr BP (z Istd). Other dates are also included (U/Th, AAR) and these are in cal yr BP.

Locality

1, Vanna, Troms

2, Leirhola I-ll,
Arngya, Troms

3, Kvalsundet,
Kvalgya, Troms

Kvalaya, Troms

4, Slettaelva,
Kvalaya, Troms

5, Lavangsdalen and
Arnelund

6, Bleik, Andaya,
Nordland

7, Loksebotn,
southern Troms

8, Storelva,
Grytgya, Troms

9, Mdgelva Il, Hinngya

10, Raudskjer, Hinnaya

11, Kjgpsvik, cave
Nordland

12, Grytdga, Nordland

13, Gammalmunnaga,
Nordland

14, Bogneset, Nordland

15, Rana, cave
Nordland

16, Hundkjerka, cave
Nordland

17,Vikna, Trandelag

18, Nordli, Lierne
Trendelag

19, Follafoss I-II
Trendelag

20, Svellingen, Fraya
Trendelag

21, Grytdal, Trendelag

22, Ertvageya, Mare

23, Skjonghelleren,
cave, More

24, Grabekken, Folldal,
Hedmark

25, Kollsete,
Sogn and Fjordane

26, Favang, Gudbrd.

central south Norway

27, Saeter, Sore Al,
Lillehammer

28, @vre Astbrua,

central south Norway

29, Rokoberget,
southeast Norway

30, Hardangervidda,
southern Norway

31, Bg, Karmay, soutwest

Norway
32, Oppstad, Jeeren
soutwest Norway
33, Hegemork, Jaeren
southwest Norway

Till with reworked till/sed.

with shells

Till with reworked till/sed. with
shells

Till with reworked sediments/
shells

sediments/shells

Till with reworked sediments/
shells

Till with reworked sediments/
shells

Glaciomarine sed. with reworked
sed.

Tills/intratills sed., with reworked
sed.

Glaciomarine sed. with reworked
sed.

Till with reworked sediments/
shells

Till with reworked sediments/
shells

Bone underlying ice-dammed
sed.

Till with reworked sediments/
shells

Till with reworked sediments/
shells

Tills/intratills sed., with reworked
sed.

Concretions in sediments

Glacial diamiction, reworked sed./
shells

Till with reworked sediments/
shells

Intratill sediments with plant
fragments

Intratill sediments with shell
fragments

Till with reworked sediments/
shells

Tills/intratills sed., with plant
remains

Till with reworked sediments/
shells

Speleothem overlain by ice-
dammed sed.

Concretions in sub till sediments

Gyttja overlain by ice-dammed
subtill sed.

Mammoth bone from

subtill sed., sandur

Mammoth bone from till/
reworked sediments

Subtill sediments with plant
remains

Subtill sediments with plant
remains

Intratill sediments

Bo interstadial sed. overlain by
sed./tills

Subtill sediments with shells/
forams.

Subtill sediments with shells/
forams.

39,495 +/-870
48,635 +2595/-1960

44,755 +1745/-1435
40,600 +2100/-1700

41,900 +2800/-2200
€. 44,000

> 48,300 (+/- 2std)

> 40,000

44,560 +/-2000
47,815 +2305/-1790
41,660 +/-1500
45,560 +/-2400
42,260 +1165/-1020
41,120 +1480/-1250
41,460 +/-900

> 44,800

40,025 +/-965
46,560 +2700/-2000
46,340 +/-1620
>40,000

41,000 +3000/-2000
46,905 +/-4020
47,565 +/-4680
42,400 +1280/-1110
41,800 +1000/-1100
41,300 +3130/-2240
55,700 +/-4000 (U/Th)
41,300 +900/-1000
43,800 +3700/-2500
45,300 +/-2900
(U/Th)

45,400 +1500/-1200
42,400 +/-500 (U/Th)
52,300 +/-900 (U/Th)
53,900 +/-900 (U/Th)
>48,000 and >50,000
47,000 +4000/-3000
€. 40,000 (OSL)

€. 50,000-55,000, from C14
and AAR data

41,300 +6200/-3500 AAR

indicates MW age
AAR indicates MW age

Probably resedimented
early MW till/sediments

Probably resedimented early
MW till/sediments

Possibly MW till

and sediments
Possibly MW till and sediments

Possibly MW till and sediments

Ice proximal milieu, possibly
MW age

Possibly MW tills and
sediments

Ice proximal milieu, possibly
MW age

Possibly MW till and sediments

Possibly MW till and sediments

Ice proximal milieu, possibly
MW age
Possibly MW till and sediments

Possibly MW till and sediments

Possibly MW tills and
sediments

Possibly MW degl. sed. and
interstadial

Possibly MW interstadial and
ice advance

Possibly MW till and/ or MW
reworked sed.

Possibly MW till and/ or MW
reworked sed.

Possibly MW till and/ or MW
reworked sed.

Possibly MW till and/ or MW
reworked sed.

Possibly MW tills and/ or MW
reworked sed.

Possibly MW till and/ or MW
reworked sed.

MW ice proximal env. and MW
interstadial

Possibly MW ice prox-

imal env./ice-free cond.

MW interstadial and ice
proximal conditions

Possibly MW ice prox-

imal env./ice-free cond.

MW interstadial sed. and MW
till

Stratigraphy, dates and pollen
=> MW or older

Stratigraphy, dates and pollen
=> MW

Possibly MW till and/ or MW
ice-proximal sed.

Early MW interstadial and MW
glacial sed.

Possibly MW till and/ or MW
interstadial sed.

Possibly MW till and/ or MW
interstadial sed.

Olsen (2004),
(L.Olsen, unpubl.)

Olsen (2004),
(L.Olsen, unpubl.)
Vorren (1979)

Vorren et al. (1981)

Olsen (2004),
(L.Olsen, unpubl.)
Megller et al. (1992)

Olsen (2004),
(L.Olsen, unpubl.)
Olsen and Grasfleld (1999)

Olsen and Grasfleld (1999)
Olsen (2004), (L.Olsen,
Lauritzen and Nese (1996)
Olsen et al. (2001a)

Olsen (2002), (L.Olsen,
unpubl.)

Olsen (2002), (L.Olsen,
unpubl.)

Olsen et al. (2001a)

(L.Olsen, unpubl.)
Bergstrem et al. (1994)

Olsen et al. (2001a),
(L.Olsen, unpubl.)
Olsen et al. (2001a)

Aarseth (1990)
Olsen et al. (2001a)
Follestad (1992)
Larsen et al. (1987)

Olsen et al. (2001a),
(L.Olsen, unpubl.)

Aa and Senstegaard (1997)
Idland (1992)

Heintz (1974)
Idland (1992)
Idland (1992)
Idland (1992)
Haldorsen et al. (1992)

Rokoengen et al. (1993),
Olsen and Grasfleld (1999)

Haug (2005)

Andersen et al. (1983),
Sejrup (1987)

Andersen et al. (1991),
Andersen et al. (1987)
Andersen et al. (1987)

* See Table caption
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Table BY:  Late Middle Weichselian sites (with sediments and tills). Average number of younger (overlying) stadials/glacial units is c. 1.39 (n=49). 'Ages are shown in '*C yr BP
(+ Istd) for “C dates and in cal yr BP for other dates. *BPR= Bulk plant remains, **Sargejohka interstadial, ***@rnes interstadial (coast) = Hattfielldal interstadial
1 (inland), ****Stratigraphy including known palaecomagnetic signals, *****Trace amounts of marine organisms/fossils (e.g., dinocysts).

Locality Dating’ Lab. Number Material/ comments Overlying References
glacial units
1, Skjellbekken, C14: 34,000 £600 UtC 4039 BPR*, in subtill sediments 2 Olsen et al. (2001a)
Finnmark
2, Sargejohka, Finnmark  C14:35,100 £1600 Ua 319 BPR, in subtill sediments Olsen et al. (1996a)
(Sargejohka interstadial**)
3, Kautokeino, Finnmark  TL: 37,000 +5000 R-823820a Sand, resedimented interstadial** Olsen (1988),
TL: 41,000 £5000 R-823820b material Olsen et al. (1996a)
4, Arngya, Troms C14: 27,400 £1500 T-3509 Shell, in till and subtill sediments Andreassen et al. (1985)
C14: 29,000 £4200 T-4020
5, Bestranda, Langeya,  C14:39,150 £900 T-3942 Shell, in till Rasmussen (1984)
Nordland
6, Kjgpsvik, cave C14:31,160 £300 TUa-489 Bone, in sediments under lying Nese (1996),
Nordland U/Th: 36,000 +3600 ULB-863 ice-dammed sed. Nese and Lauritzen (1996)
7, Urdalen, Nordland C14: 27,580 220 UtC 8459 BPR, in subtill sediments Olsen et al. (2001a)
8, Hakvag, Nordland C14: 36,200 £500 UtC 13556 Shell, in till (LOlsen, unpubl.)
C14:39,200 +£700 UtC 13555
9, Grytdga, Nordland C14: 35,400 £500 UtC 5557 BPR, reworked sediments in till Olsen et al. (2001a)
10, Risvasselva, Nordland C14: 36,800 £600 UtC 5558 BPR, in subtill sediments Olsen et al. (2001a)
11, Asmoen, Nordland C14: 28,355 £235 TUa-567 Shell, in subtill sediments (@rnes Olsen (2002)
C14: 29,075 £370 TUa-1094 interstadial**¥)
12, Bogneset, Nordland ~ C14: 28,355 +430 TUa-1240 Shell, in subtill sediments*** Olsen (2002)
C14: 35,940 £1455 TUa-1239
13, Kjeldal, Nordland C14: 33,700 £400 uUtC 8312 Shell, in subtill sediments Olsen (2002)
C14:35,800 +600 utC 8311
14, Luktvatnet, Nordland C14: 30,600 =300 utC 4715 BPR, reworked sediments in till Olsen et al. (2001a)
15, Fiskelauselva, C14: 28,000 +500 utC 2215 BPR, in subtill sediments Olsen (1997),
Nordland C14: 29,400 +500 UtC 3466 (Hattfjelldal interst. |, II) Olsen et al. (2001a)
16, Ressvatnet, Nordland  C14: 29,700 +500 UtC 3469 BPR, in subtill sediments Olsen et al. (2001a)
C14: 31,000 £500 UtC 3468 (Hattfielldal interst. |, II)
17, Hattfjelldal, C14:25370+170 UtC 4721 BPR, in subtill sediments Olsen et al. (2001a)
Nordland C14: 34,900 +400 UtC 4722 (Hattfjelldal interst. |, I1)
18, Langstrandbakken,  C14: 36,950 £2700 T-12564 Shell, in till Olsen et al. (2001a)
Nord-Trgndelag
19, Namskogan, C14: 28,700 +400 UtC 3465 BPR, reworked sediments in till Olsen et al. (2001a)
Nord-Trendelag
20, Gartland, C14: 28,000 +£200 utC4719 BPR, reworked sediments in till Olsen et al. (2001a)
Nord-Trendelag
21, Sitter, C14: 30,200 +400 utC 2103 BPR, reworked sediments in till Olsen et al. (2001a)
Nord-Trendelag
22, Seeterelva, C14: 39,140 +£900 TUa-1238 Shell, in till Olsen et al. (2001a),
Ser-Trendelag Olsen and Riiber (2006)
23, Nesavatnet, C14:36,815 £590 TUa-2526 Shell, in till (L.Olsen, unpubl.)
Ser-Trendelag
24, Skjenaldelva, C14: 33,620 +470 TUa-2996 Shells (forams.) in subtill (L.Olsen, unpubl.)
Ser-Trgndelag C14: 34,155 +620 TUa-2997 sediments
25, Renaa, C14: 28,700 £300 UtC 5549 BPR, reworked sediments in till Olsen et al. (2001a)
Ser-Trendelag C14: 31,600 £400 UtC 5552
26, Steerneset, C14: 25,240 +£180 UtC 5556 BPR, reworked sediments in till Olsen et al. (2001a)
Ser-Trendelag
27, Grytdal, C14: 28,400 £300 UtC 5564 BPR, reworked sediments in till Olsen et al. (2001a)
Ser-Trgndelag C14: 37,200 +600 UtC 5560
28, "Alesund interstadial”  C14: 35,700 +1100 T-2657 Shells, in till, shells of various 1 Mangerud et al. (1981a)
sites, More (Eidsvik) ages, also late MW
29, Kortgarden, Mgre C14:26,940 £670 T-7281 Shell, in till 1 Follestad (1990)
30, Hamnsundhelleren,  C14: Also palaeomag. signals  Bones in sediments**** 1 Valen et al. (1996)
cave, Mgre 24,.387-31,905 underlying ice-dammed sed. (several dates)
31, Skjonghelleren, cave, C14:28,900-34,400 Also palaeomag. signals  Bones in sediments underlying 1 Larsen et al. (1987)

Mare U/Th:23,900-28,000 ice-dammed sed. (several dates)
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Locality Dating’ Lab. Number Material/ comments Overlying References
glacial units
32, Grabekken, Folldal C14:32,520 £650 T-35568B BPR and concretions in subtill 1 Thoresen and Bergersen

Hedmark C14: 36,300 +600 UtC 4724 sediments (1983), Olsen et al. (2001a)
33, Haugalia, Oppland TL: 42,000 £4000 R-897010, Mammoth bones in subtill Bergersen and Garnes
(C14,U/Th, AAR) also OSL sediments (1981), Idland (1992),
(LOlsen, unpubl)
34, Sorperoa, Oppland TL: 37,400-40000 R-...,also OSL Aeolian sand, age supposed older Bergersen et al. (1991),
(range of 4 dates) than youngest till (S.0.Dahl, pers. comm. 2004)
35, Favang, Oppland TL: 32,000 +£3000 R-...,also OSL Mammoth bones in subtill (O.F.Bergersen, pers. comm.
U/Th: 45,300 +2900 sediments 1991), Idland (1992),
(L.OIsen, unpubl)
36, Stampesletta, C14: 32,300 £500 UtC 1965 BPR, in reworked subtill Olsen et al. (2001a)
Oppland sediments
37, "@st-Jotunheimen”, C14:26,000 + ... BPR in subtill sediments (S. Sandvold, pers. comm.
Oppland 1997)
38, Dokka, Oppland C14: 26,800 +400 UtC 3462 BPR in subtill sediments Olsen et al. (2001a),
(LOlsen, unpubl.)
39, Mesna, Lillehammer  C14: 31,500 £700 utC 2217 BPR in subtill sediments Olsen (1985b, 1998)
Oppland C14: 36,100 £900 UtC 1964
40, Hunndalen, Gjovik, C14: 34,200 £600 UtC 14607 BPR in subtill sediments (L.Olsen, unpubl.)
Oppland
41, Rokoberget, Oppland  C14: 33,800 £800 UtC 1963 BPR in subtill sediments, traces of Rokoengen et al. (1993a),
C14: 47,000 £4000 UtC 1962 marine fossils***** Olsen and Grasfield (1999)
42, Mgsvatn sites, 0OSL:35,000 +3000 R-33507 Subtill sand Vorren (1979),
Hardangervidda 0SL:41,000 +4000 R-33508 Haug (2005)
43, Hovden & Grytkilvika, OSL:32,000, 35,000 R-33502,33503 Subtill sand Vorren (1979),
Hardangervidda and 48,000 +4000 and 33510 Haug (2005)
44, Bg, Karmay, C14: 26,510 £240 TUa-5267 Shell, in till Ringen (1964),
Rogaland C14: 34,000 +500 UtC 13562 Andersen et al. (1983),
Sejrup (1987),
(L.Olsen, unpubl.)
45, Vatnedalen, C14:35,850 1180 T-2380 Palaeosol in subtill sed. Blystad and Selsing (1988)
Rogaland
46, Elgane, Jaeren, C14: 33,480 1520 TUa-... Shell, in reworked subtill Janocko et al. (1998)
Rogaland C14:34,820 £1165 sediments
47, Passebekk, Telemark — C14: 28,600 =300 UtC 6044 BPR in reworked subtill sediments Olsen et al. (2001a)
48, Rundhaugen, C14:32,000 + ... utC ... BPR in reworked subtill Roaldset (1980),
Telemark sediments***** Olsen and Grasfleld (1999)
49, Herlandsdalen, C14: 28,300 +240 UtC 4729 BPR in reworked subtill sediments Olsen et al. (2001a)
Telemark C14:32,000 £300 utC 4728
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Table B10: LGM interval oscillation sites (with sediments and tills). *Ages are shown in "*C yr BP +1std for '*C dates and in cal yr BP for other dates. **BPR= Bulk plant
remains. Average number of younger (overlying) stadials/glacial units is c. 1.16 (n=42), or c. 1.00 (n=32) with all sites which have no dates in the interval 15-21

HC-ka excluded (10 of 42 sites).

Locality Material Dating* Lab.refr. Comments Overlying  References
glacial units
1, Leirelva, BPR** in subtill C14:17,110-17,290 and  UtC 1800,1799  Probably LGM 1-2 1 Olsen et al. (1996a),
Finnmark sediments 18,680 +170 and 3460 oscillation, also TL and OSL Olsen et al. (2001a)
2, Skjellbekken, BPR in subtill sediments  C14: 25,860 +280 UtC 4040 Pre-LGM 1-LGM oscillation 2 Olsen et al. (2001a)
Finnmark
3, Arnelund, Troms BPR in subtill sediments  C14: 16,580 £100 UtC 12691 LGM 1-LGM 2 oscillation 1 (LOlsen, unpubl)
4, Andgya and Ice marginal deposits, C14 (several dates) TUa- ... LGM 1, Andgya interst., 1 Vorren (1978),
Andfjorden sites marine/lake sediments  range 17,940-21,800 LGM 2, and younger et al.(1988),
Megller et al. (1992),
Alm (1993)
5, Kjgpsvik, cave Bone in sed. underlying  C14:20,110 £250 TUa-436 LGM 1-LGM 2 oscillation 1 Nese and Lauritzen
Nordland ice-dammed sediments  C14:20,210 130 TUa-488 (1996),
Olsen et al. (2001a)
6, Urdalen, BPR in reworked sedi- C14: 20,470 £110 UtC 8458 Pre-LGM 1-LGM 1- LGM 2 1 Olsen et al. (2001a)
Nordland ment between till beds oscillations
7, Melaya, BPR in subtill sediments  C14: 17,700 +80 UtC 8456 LGM 1-LGM 2 oscillation 1 Olsen et al. (2001a)
Nordland
8, Kjeldal, Succession of tills/ sub-  C14: 18,880 +100 utC 8457 @rnes interst—LGM 1- 1 Olsen (2002)
Nordland till sed. with resed. org. Kjeldal interst—LGM 2
9, Bogneset, Succession of tills/ sub-  C14: 20,880 +130 utC 10109 @rnes interst—LGM 1- 1 Olsen (2002)
Nordland till sed. with resed. org. Kjeldal interst-LGM 2
10, Fiskelauselva Succession of tills/ sub-  C14: 19,500 £200 utC 2216 Hattfjelldal interst. [I- LGM 1 Olsen (1997)
Nordland till sed. with resed. org. 1-LGM 2 oscillation
11, Hattfjelldal Succession of tills/ sub C14: 23,500 £240 UtC 4809 Hattfjelldal interst. II- 2 Olsen (1997)
Nordland till sed. with resed. org. LGM 1-LGM 2 oscillation
12, Langstrandbakken BPR in subtill sed.,, with  C14: 18,700 +500 UtC 5974 Andgya—Kjeldal interst.— 1 Olsen et al. (2001a)
Nord-Trendelag trace of marine org. LGM 2 ice advance
13, Namsen, BPR in subtill sed., with  C14:16,110 £120 UtC4811 Andgya/ Kjeldal/ Trofors 1 Olsen et al. (2001a)
Nord-Trendelag trace of marine org. C14:18,580 +140 UtC 4812 interst—LGM 2 advance
14, Qyvatnet, BPRin subtill sed.,, with ~ C14: 19,340 £150 UtC 4800 Andgya/ Kjeldal/ Trofors 1 Olsen et al. (2001a)
Nord-Trendelag trace of marine org. interst—LGM 2 advance
15, Gartland, BPR in reworked C14:16,250 £190 utC 4871 Trofors interstadial— 1 Olsen et al. (2001a)
Nord-Trendelag sediment in till LGM 2 ice advance
16, Sitter, BPRin subtill sed.,, with ~ C14: 21,150 £130 utC4717 Andoya—Kjeldal interst.— 2 Olsen et al. (2001a)
Nord-Trgndelag trace of marine org. LGM 2 ice advance
17,@.Tverrdga, BPRin subtill sediment ~ C14: 17,830 £190 UtC 3464 Trofors interstadial— 1 Olsen et al. (2001a)
Nord-Trendelag LGM 2 ice advance
18, Blafjellelva |-l BPR in sediments C14:19,710 £110 UtC 5565 LGM 1-Trofors interst.— 1 Olsen et al. (2001a)
Nord-Trgndelag between till beds C14:20,040 £100 UtC 5566 LGM 2 ice advance
19, Hangran, Ser- BPR in subtill sed., with C14: 24,550 £240 UtC 14602 Hattfelldal Il /@rnes 2 Olsen et al. (2007)
Trondelag trace of marine org. interst— LGM 1/LGM 2
advance(s)
20, Renaa, BPR in subtill sed., with C14:16,850 £90 UtC 5550 LGM 1(?)-Trofors interst.— 1 Olsen et al. (2001a)
Ser-Trandelag trace of marine org. C14:19,880 +160 UtC 5551 LGM 2 ice advance
21A, Langsmoen, Subtill sed., with resed. OSL: 22,300 1700 Trofors interstadial- LGM 2 1 Olsen et al. (2002),
Ser-Trendelag marine microfossils (mean age, n=7) ice advance Johnsen et al. (2012)
218, Flora, BPR in subtill/ intertill C14:17,550 (mean age, UtC... LGM 1-Trofors interstadial, 1 Olsen et al. (2001a)
Ser-Trandelag sediments n=8) followed by LGM 2
advance
22, Steerneset, BPR in sediments C14:18,820 £110 UtC 5555 Hattfielldal II-LGM 1- 1 Olsen et al. (2001a)
Ser-Trandelag between till beds Trofors interstadial-LGM 2
23,Surna, BPR in subtill sediment ~ C14: 19,090 +100 UtC 10110 Trofors interstadial- LGM 2 1 (L.Olsen, unpubl.)
Meare and Romsdal ice advance
24, Grytdal, BPR in sediments C14:18,970 £150 UtC 6040 Hattfielldal II-LGM 1- 1 Olsen et al. (2001a)
Ser-Trendelag between till beds Trofors interstadial-LGM 2
25, Hauka, BPR in subtill sediment  C14:23,770 £240 UtC 14605 Hattfjelldal interstadial II- 2 (L.Olsen, unpubl.)
Ser-Trendelag (C14:23,910+£220 UtC 14606 LGM 1/LGM 2 advance(s)
26, Kvikneskogen BPR in sediments C14: 16,660 £100 UtC 12701 LGM 1(?)-Trofors interst— 1 (L.Olsen, unpubl.)
Hedmark between till beds LGM 2 ice advance
27, Gamlemsveten BPR in soil overlain by C14:19,900 £210 T-4384 Probably Andeya/Kjeldal/ 0 Mangerud

Mare and Romsdal

blocks in block field
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Locality Material Dating* Lab.refr. Comments Overlying  References
glacial units
28, Hamnsundheller-  Bones in sed. between (C14:24,387 £960 C14:  TUa-806 | Hamnsund/@rnes/Hattfj.Il 1 Valen et al. (1996)
en, Mgre and R. ice-dammed sediments 24,555 +675 TUa-806 int.st—LGM 1/2 advance(s)
29, Folldal, BPR in sediments C14: 23,260 £160 utC 4710 Hattfjelldal interstadial Il- 2 Olsen et al. (2001a)
Hedmark between till beds LGM 1/LGM 2 advance(s)
30, Kollsete, BPR in subtill sediment  C14: 22,490 +£180 UtC 6046 Hamnsund/@rnes/Hattf.Il 1 Aa and Senstegaard
Sogn and Fjordane int.st.—LGM 1/2 advance(s) (1997),
Olsen et al. (2001a)
31, Stampesletta, BPR in subtill/ intertill C14:¢. 16,000 + ... TUa-... Trofors interstadial- LGM 2 1 Olsen et al. (2001a)
Oppland sediments ice advance
32, Mesna, BPR in subtill/ intertill C14:16,030 £100 utC 6041 Trofors interstadial- LGM 2 1 Olsen et al. (2001a)
Oppland sediments ice advance
33, Dokka, Oppland BPR in palaeosol/subtill ~ C14: 18,900 £200 utC 2218 Trofors interstadial- LGM 2 1 Olsen (1998), Olsen
sediments ice advance etal. (2001a)
34, Bg, Karmay, Shells from sedimentsin  C14: 18,770 +160 (Mya TUa-4519 LGM 1-Andgya/Kjeldal 1 Olsen and
Rogaland and between tills truncata) interst—LGM 2 advance Bergstrem (2007)
35, Foss-Eikeland BPR in subtill sediment ~ C14: 19,895 (mean utC ... Andaya/ Kjeldal interst.— 1 Olsen et al. (2004),
Rogaland age, n=4) LGM 2 ice advance Olsen and
Bergstrem (2007)
36, Haugastaulen, Subtill sand OSL: 25,000 3000 R-33506 Ice free conditions, and 2 Haug (2005)
Hardangervidda OSL: 26,000 £2000 R-33504 LGM 1/2 ice advance(s)
37, Passebekk, BPR in subtill sediment ~ C14: 21,000 £400 UtC 5987 Andaya/Trofors 1 Olsen et al. (2001a)
Telemark interstadial- LGM 2 ice
advance
38, Herlandsdalen, BPR in subtill sediments  C14: 23,250 +170 UtC 6045 Hattfjelldal Il followed by 2 Olsen et al. (2001a)
Telemark LGM 1/LGM 2 advance(s)
39, Skjeberg, BPR in subtill sediments  C14: 16,770 £190 UtC 1802 Andaya/Kjeldal 1 Olsen et al. (2001a)
@stfold C14: 19,480 +200 UtC 1801 interstadial- LGM 2 ice
advance
40, Braargd, BPR in subtill sediments  C14: 19,260 +130 utC 12705 Andoya/Kjeldal 1 Olsen et al. (2004),
@stfold interstadial- LGM 2 ice Olsen and
advance Bergstram (2007)
41, Kortered, BPR in subtill sediments  C14: 16,680 £140 utC 12707 Andaya/Kjeldal 1 Olsen et al. (2004),
@stfold interstadial- LGM 2 ice Olsen and
advance Bergstrgm (2007)
42, Borsasen, @stfold  BPRin subtill sediments  C14: 15,110 +90 utC 12703 |ce free conditions and 1 Olsen et al. (2004),

LGM 2 or younger ice
advance

Olsen and
Bergstram (2007)
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Table B11: Post LGM—pre-Older Dryas oscillation sites (with sediments and tills).

Post LGM-pre Older Dryas localities. Mean age of oldest post-LGM oscillation on land = 17.5 cal ka (14.5 *C ka) (N=18)

Locality “C age (ka) Comments

1, Komagelva 15.2 (N=4) Subtill position, plant remains

2, Vuoddasjavri 13.8 Subtill position, plant remains, possible young C contamination
3, Andoya c 16 Glaciomarine and freshwater sed., plant remains

4, Hinngya 13.9and 14.0 Subtill position, dislocated, plant remains, traces of marine fossils
5, Domasen 14.1 and 14.7 Subtill position, possible subgl. resed./or young C contamination
6, Myrvang 144 Subtill position, plant remains, traces of marine fossils

7, Hangran 14.7 Subtill position, plant remains, traces of marine fossils

8, Renningen 139 Subtill position, plant remains, possible young C contamination
9, Flora 14.7 Subtill position, plant remains, possible young C contamination
10, Grytdal 135 Subtill position, plant remains, possible young C contamination
11, Bo 15.3 Subtill position, marine shell (Mya truncata)

12, Lista €. 13.5-14.0 End moraine (Lista Substage)/Ice stream ‘lateral shear moraine; estimated age
13, Barsdsen 15.1 Subtill position, plant remains

Localities: Geography: References:

1,2 North Norway Olsen et al. (1996a)

3 North Norway Alm (1993), Vorren et al. (1999)

4 North Norway Olsen et al. (2001a)

56,910 Mid Norway Olsen et al. (2001a)

7 Mid Norway (L. Olsen, unpublished 2006)

8 Mid Norway Olsen et al. (2007)

11 South Norway Olsen and Bergstrgm (2007)

12 South Norway Andersen (1960, 2000), (NGU unpubl.)

13 South Norway Olsen et al. (2004)
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Figure BI: Location of sites and places listed by numbers and names in Table B1.
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Figure B3: Logs from selected sites in the central part (mainly
Sweden) of the Quaternary stratigraphical map of northern
Fennoscandia (The Nordkalott Project 1986).
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Figure B5: LGM sites on land adjacent to the Norwegian Channel along the coast of southern Norway. After Olsen et al. (2004).
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