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New evidence on distribution and chronology of glaciations in southern Jylland is presented. Ten
stratigraphic units including four till- formations have been identified in Middle- and Late Pleis-
tocene sediment successions. The timing of successive glaciations and periglacial interludes based
on luminescence dating is established for the past c. 200 kyr. The OSL-chronology predicts that
deposition of Lillebeelt Till (Late Saalian, Warthe Glaciation) occurred at 180-160 kyr. Deglaciation
followed and barren periglacial environments existed until beginning of the Eemian. Periglacial
conditions were restored c. 115 kyr ago and lasted well into the Middle Weichselian. Expansion of
the Scandinavian Ice Sheet through the Baltic depression into southern Jylland caused deposition of
Ristinge Klint Till (Ristinge Glaciation) c. 55-50 kyr ago. Glaciers flowed westwards beyond the
Main Stationary Line (MSL) and may have terminated along ice showed ridges in the periglacially
smoothed landscape east of the present North Sea coast. This traditionally named “Old Baltic”
glaciation is now recognized elsewhere in the circum Baltic region besides Denmark. Deglaciation
was succeeded by periglacial environments with cryoturbation, ice wedge growth, formation of
wind abrasion pavements and low arctic habitats. Approaching the global glacio-eustatic low stand
of the Last Glacial Maximum increased cooling and enhanced down slope creep caused widespread
solifluction. In a sequence of Late Weichselian glacier advances, Mid Danish Till, East Jylland Till
and Beelthav Till was deposited under progressing deglaciation between 25 and 18 kyr ago. Retard-
ed melting of dead ice from the Ristinge Glaciation formed thermo karst depressions on the surface
of outwash plains in front of MSL.

Key words: Glacial and periglacial sediments, stratigraphy, OSL-dating, Middle & Late Pleistocene
environments, Scandinavian Ice Sheet extent, Ice flow pattern, Baltic glaciers.

Michael Houmark-Nielsen [michaelh@geol.ku.dk], Institute of Geography & Geology, University of Copen-
hagen, @ster Voldgade 10, DK-1350, Copenhagen K.

The Scandinavian Ice Sheet (SIS) repeatedly invaded
the NW-European lowlands during the Middle and
Late Pleistocene. Glaciers flowed from the Scandi-
navian mountains in Norway and Sweden or strea-
med via the Baltic depression across Denmark (Fig.
1). The questions of extent, flow paths and timing of
glacialepisodesduringthe Late Saalianandthe Weich-
selian have been debated for more than a century
(Ussing 1899; Madsen 1928; Andersen 1933; Milthes
1949; Berthelsen 1979, Sjgrring 1983; Houmark-Niel-
sen 1987, 1999; Petersen & Kronborg 1991, Larsen &
Kronborg 1994). Further elaboration on these mat-
ters has brought new and decisive evidence from the
southern part of Jylland (Fig. 1). In particular the data
provided here suggests that the significant role of

the Main Stationary Line (MSL) as indicator of the
outer perimeter of Weichselian glaciations should be
revised. It is indicated in accordance with Houmark-
Nielsen & Kjeer (2003) that MSL outlines a time trans-
gressive Late Weichselian ice sheet limit formed in
connection with the Last Glacial Maximum (LGM).
New Optically Stimulated Luminescence (OSL) dates
provide new age constraints on the relatively short-
lived Weichselian and Late Saalian glacial episodes
compared to longer lasting periods of periglacial and
low-arctic environments. Pre-LGM glaciations took
place during the Middle Weichselian and the Late
Saalian. Whether glaciers reached beyond MSL
during the last ice age and if so, how far westwards
they may have flowed, is still be a topic of debate. In
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Fig 1. Key map of northern Europe (A) showing regional flow
path of glacier ice towards the western Baltic. Location map
(B) indicate glacier flow patterns and prominent Late Saalian
(W) and Late Weichselian (MSL, E, B) ice marginal lines in
Denmark. Adapted from Sjgrring (1983), Houmark-Nielsen &
Kjeer (2003), Kjeer et al. (2003) and Ehlers et al. 2004, Andersen
2004). Investigated region inserted.

eastern Denmark there are traces of two separate
“Old Baltic” ice advances, the first and most exten-
sive being the Ristinge Glaciation (Houmark-Niel-
sen 1987; 1994; 1999). West of MSL in southern Jyl-
land, luminescence dating of cover sand and peb-
bly-stony sand with cryoturbations, wind faceted and
frost cracked clasts suggests that non-glaciated and
periglacial conditions with tree less vegetation, strong
winds, nivation and solifluctionwasdominantduring
the Weichselian (Kolstrup & Mejdahl 1986; Kolstrup
1991, 1992; Christiansen 1998).

The present paper introduces a revised glaciation
chronology which demonstrates that MSL does not
delimit the largest extent of Weichselian glaciers. The
Ristinge Glaciation is younger than previously esti-
mated (Houmark-Nielsen 1989; Kronborg & Mejdahl
1989), and though the ice sheet extended further west
than MSL, it most likely did not reach the North Sea
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as claimed by Petersen & Kronborg (1991) from their
interpretation of stony sand and diamict sub-surface
deposits. Sedimentological analyses and OSL dates
strongly suggest that even though some of these sed-
iments which often blanket the surface of western
Jylland may have a glacial pre-history its present state
was inherited from gravitational reworking before
and during LGM. The distribution of till units and
general flow patterns on either side of MSL has been
inferred for the Ristinge and Warthe glaciations. Pos-
sible push moraine positions from their maximum
extent are discussed. Periglacial environments as
indicated by wind abrasion surfaces and horizons
with involution and ice wedge casts seems to have
dominated through out the Middle and Late Weich-
selian only interrupted by the Ristinge Glaciation and
successive LGM-glaciation events, the latter only rec-
ognised east of MSL.

The results presented here are linked to recent
stratigraphic achievements from Schleswig-Holstein
(Ehlers et al. 2004; Stephan 2003, 2005) and the regio-
nal significance for the circum Baltic glaciation his-
tory over the last ¢. 150.000 years is discussed.

Regional setting

Cliff sites in the Lillebzelt area boardering Jylland and
Fyn display complex Pleistocene sediment succes-
sions (Frederiksen 1974, 1976; Sjgrring 1977, 1983;
Houmark-Nielsen 1987) from which the following
glacial history has been summarised: At the end of
the Saalian, glaciers advanced through the Baltic
depression (Warthe Glaciation) and covered most of
Denmark and Schleswig-Holstein. Lillebaelt Till Fm
with a pronounced Baltic clast provenance was de-
posited in southern Jylland. After the Eemian Inter-
glacial Substage, Weichselian low-arctic environ-
ments were interrupted by the Ristinge Glaciation in
eastern Denmark. At Ristinge Klint, Ehlers (1979) and
Sjarring et al. (1982) confirmed the Baltic provenance
of the ,,0ld Baltic* till (Ristinge Klint Till Fm, Hou-
mark-Nielsen 1987) as indicated by Madsen (1916).
This till carries marine faunal remains of the Eemian
Cyprina clay. After an unknown span of time with
periglacial conditions, glaciations comprising the
North-East (NE) advance from central Sweden and
the Young Baltic advances re-entered the region
during LGM and the subsequent de-glaciation stages.
Andersen (1933, 1945) pointed out, that the NE-ad-
vance was responsible for the formation of MSL and
that till of this advance (Mid Danish Till Fm, Hou-
mark-Nielsen 1987) carries erratics from central Swe-
den. The Young Baltic Glacier advances are repre-



Fig. 2. Ice marginal positions
in southern Jylland. a: Main
Stationary Line (Hansen 1976,
Sjerring 1983), b, and b,: East
Jylland & Balthav ice boarder
lines (Houmark-Nielsen 1987),
c: Tinglev advance (Hansen f
1976), d: Redding-Brarup
margin (@dum 1927, Milthers
1929, 1948) e: Warthe advance
(Andersen 2004; Ehlers et al.
2004), f: Early-Middle
Weichselian margin (Petersen
& Kronborg 1991). Numbers -
1-18 refer to investigated sites. -
Other localities and figure
numbers are indicated.
Dashed area indicates Late
Weichselian outwash plains.
Base map modified from
Smed (1980). Four morpho-
logical areas are indicated in
the lower panel.
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sented by two till beds (East Jylland Till Fm and
Beelthav Till Fm, Houmark-Nielsen 1987). The max-
imum extent was outlined by Harder (1908; Fig. 1).

MSL was termed “Hovedopholdslinien” by Ussing
(1904) who suggested this morphological divide to
represent a major stand still during retreat of an ice
sheet that previously had terminated west of Jylland.
MSL is situated close to the central water divide, and
separates Jylland into two regions each with distinct
glacial landforms (Fig 2). To the west, patches of per-
iglacially smoothened and relief poor moraines are
isolated from each other by gently westward slop-
ing outwash plains. To the east, glacial landforms
appear fresh and relief rich. Streamlined ground
moraines changes with well preserved end-moraines,
eskers, kames, tunnel valleys etc. Periglacial land-
form transformation has accelerated since the begin-
ning of the Weichselian and today glacial features
developed from LGM and onwards have not been
notably changed.
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The examined region is divided into four north-
south trending morphological zones. Bordering the
push-moraine belt to the west, the Lillebzlt Coast
zone is characterised by young ground moraine of-
ten streamlined in an ESE-WNW direction and dis-
sected by valleys and fjords. Marked hill-hole pair
push moraine landforms are present. Late Glacial
laucstrine mud and sand around Nybgl and Egern-
sund was deposited in ice dammed lakes in front of
the end moraines. Holocene fresh water deposits
appear frequently in depressions (Fig. 3).

The end-moraine zone runs along the prominent
East Jylland push-moraines and MSL slightly further
west (Figs 2 & 3). MSL is composed of small elon-
gate dump moraines sometimes with thrust slices of
underlying outwash deposits stacked by glaciers
from easterly directions. MSL has a modest topo-
graphic expression and appear aligned quite straight
compared to the winding push-moraines rising more
than 30-50 metres above the surroundings with well
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Fig. 3. Structural trends of landform elements in the southeastern part of the examined region based on interpretation of aerial
photographs (Routes D329: H-N & D331: U-Z, GI 1968). Direction of glacial tectonic deformation and ice flow direction is inter-
preted from open exposures. Investigated sites and other localities are indicated. Modified from Houmark-Nielsen et al. 1995.
Surface lithology after Pedersen (1989).
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developed hill-hole pair landforms further east. Inter-
nally, beds are folded and showed up along thrust
faults that indicate glacier deformation from easter-
ly directions. The strike of thrusts often stands per-
pendicular to the direction of hill crests (Figs 3 & 4).
In the area between the push moraines and MSL a
couple of eskers are present. One of those (Genner
As, site 8) start to appear just west of the push mo-
raines and trending towards the southwest it ends
at the head of the northern vertex of the Tinglev out-
wash plain at Rgdekro (Fig. 3). West of MSL proxi-
mal outwash fans and periglacial remoulded ground
moraines are found.

Gottsche (1897), Ussing (1903, 1907) and Hansen
(1965) determined the position of MSL from soil
mapping and morphological interpretation. Hansen
(1976) accounted in detail for the layout of MSL and
the push moraines further east in southern Jylland
(Fig. 2, a & b). He also suggested that a local glacier
perturbed MSL flowing westward on to the Tinglev
outwash plain, with out the formation of end morai-
nes (Fig. 2 c). The only evidence of this advance is
dead ice hollows on the surface of the outwash plain
formed by thermo karst in buried ice masses. Hansen
(1976) was aware, that the LGM ice sheet or former
Weichselian glaciations may have had a limit further
west compared to MSL in the region. However, he
persistently disregarded this possibility due to ab-
sence of till above buried Eemian interglacial depo-
sits west of MSL. This reasoning was previously ap-
plied further north for the same purpose (Jessen et
al. 1918, Jessen & Milthers 1928).

The central hills zone comprise periglacially
smoothened moraine landscapes west of MSL where
valleys are buried beneath distal outwash plains.
Quaternary deposits frequently exhibit ice wedge
casts and involutions due to periglacial reworking.
Well data and open exposures have revealed a blur-
red end moraine belt with stacked thrust slices of
glacial sediments, interglacial deposits and pre-
Quaternary strata trending north-south through the
central hills zone from Holsted to Vongshgj (Fig. 2).
In this zone alternatives to the ice marginal position
of Hansen (1976) had from time to time been sug-
gested. Though lack of clearly marked end-moraine
features ddum (1927) suggested a more westerly
Weichselian maximum glacier position (Fig.2, d).
Thermo karst hollows similar to those from Tinglev
were reported from outwash plains north of Toftlund
and Rgdding. Landforms with blurred but recogniz-
able dead ice topography and erratics from the Bal-
tic and Skane dispersed in the Rgdding area suggest
according to Milthers (1929, 1948), that parts of the
central hills experienced Weichselian ice cover. Pro-
posed glacial over-consolidation of Eemian deposits
and genetic interpretation of diamict deposits as till
in the same area, support this view (Gormsen &
Hansen 1980). Friborg (1991) suggested that till pos-
sibly was embedded in sand and gravel above Lille-
belt Till a few km east of the maximum extent
sketched by @dum and Milthers. Kolstrup & Have-
mann (1984) found that a thin carpet of young out-
wash deposits comprise the Frgslev fan (Fig. 3),
which is one of several proximal fans of the Tinglev

Fig. 4. Folded and thrusted outwash sand and gravel, stratigraphic unit 7 in push moraine at Hgnsnap, site 7a (exposure ca. 15 m
high). Dashed lines are thrust faults, arrows indicate direction of glacier push.
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outwash plain. Beneath the fan, cryoturbated cover
sand containing macro plant remains including Ju-
niperus fragments with radiocarbon ages of 47 **C kyr
indicates Middle Weichselian growth of a low-arctic
flora upon an older outwash plain.

In the west coast zone smoothened moraine land-
scapes dip gently westwards to the North Sea. Low
lying areas are occupied by distal outwash plains and
Holocene marsh lands. Sjgrring & Frederiksen (1980)
described the distribution and clast lithology of Lille-
baelt Till and distinguished it from other Saalian tills
in western Jylland on its high chalk contents. This
property was well known to Hansen (1965, 1976) in-
cluding the extremely enriched facies at KIaby south
of Ribe. Sjagrring (1983) proposed the maximum
Warthe extent to follow the zone sketched by @dum
(1968) separating till of Norwegian provenance to the
northwest from till of Baltic provenance to the south-
east in central Jylland (Figs 1 & 2 e). Skibsted (1990)
found only dubious evidence of the Warthe advance
north of Esbjerg and Sahl (2004) suggested the young-
est till in the area northwest of the line sketched by
@dum (1968) to belong to the pre-Warthe, Drenthe
stage of the Saalian. Alternatively, Pedersen & Jakob-
sen (2005) briefly mentioned that this advance
crossed the area c. 50 km northwest of the maximum
extent proposed by Sjarring (1983). A connection of
Warthe end moraines in Schleswig-Holstein via bur-
ied sub marine push-moraines and thrusted inter-
glacial marine deposits around Esbjerg to the maxi-
mum extent in Jylland sensu Sjgrring was proposed
by Andersen (2004). Though Sjgrring (1983) found
no traces of the Ristinge Glaciation west of MSL,
Petersen & Kronborg (1991) proposed its limit to fol-
low almost in the same position as outlined by Sjar-
ring for the Warthe limit (Fig. 2 f).

Age constraints

Early attempts to date Weichselian glacier advances
in Denmark were based conventional **C bulk dates
(Berthelsen 1979; Petersen 1984, 1985; Houmark-Niel-
sen 1987, 1989). Excluding till deposits systematic use
of Thermo-Luminescence (TL) dating of Pleistocene
sediments largely extended the selection of material
which possibly could be dated and increased the the-
oretical range of age constraineal chronologies (Kron-
borg 1983; Mejdahl 1986; Kolstrup & Mejdahl 1986).
However, TL-dating apparently suffered from severe
underestimation of ages (Kronborg & Mejdahl 1989;
Petersen & Kronborg 1991; Houmark-Nielsen 1994).
As discussed by Mejdahl et al. (1992) TL-ages of
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Eemian interglacial deposits simply did not match
those obtained by independent dating control. In
order to match a calendar time scale a “correction-
factor” of ca. 33% was added to the TL-age due to
the effect of shallow traps. The development of Op-
tically Stimulated Luminescence (OSL) dating of
guartz and the use of calibrated accelerator mass
spectrometry (AMS) radiocarbon ages has improved
considerably age constrains (Murray & Olley 2002).

Ages of glacial episodes are indirectly obtained by
dating of non-till sediments above and below speci-
fic till units. The youngest ages among dates below
the till and the oldest ages of dates above the till
(apart from those by far antedating ages from below
the till) narrow down the age interval of a given gla-
ciation. Using those techniques Houmark-Nielsen &
Kjeer (2003) found that a succession of three major
glacial phases during the final ice sheet build-up: the
peak of LGM and subsequent decay of the Scandi-
navian Ice Sheet took place between 29-16 kyr ago.
This is supported by AMS radiocarbon dating of low-
arctic South Scandinavian mega fauna remains
(Aaris-Sgrensen 2006). Among those finds a Mam-
moth tusk from Kiskelund (Fig 3) indicates that the
formation of outwash fans proximal to MSL in south-
ern Jylland took place after 35 kyr (Aaris-Sgrensen et
al.1990). Older glaciations were separated from the
LGM phase by periglacial and low-arctic interstadi-
al conditions for up to 25 kyr except for the eastern
most part of Denmark, which suffered a short glaci-
ation phase at ca. 35 kyr (Klintholm advance). OSL
dates on post-Eemian lacustrine-aeolian deposits at
Mommark (Fig. 3), indicates that Weichselian glaci-
ations in southern Jylland commenced after 55 kyr
(Eirikson et al. 2006).

Methods

The Quaternary lithostratigraphy from exposed sec-
tions (raw material pits and coastal cliffs) is shown
in simplified stratigraphic logs including the direc-
tion of glacial tectonic displacement and the direc-
tion of ice movement from fabric analysis. Diamicts
are described, classified and interpreted following
common guidelines (c.f. Krtiger & Kjeer 1999). Fabric
measurements of 25 elongate clasts with a:b axis ra-
tio > 1.5 and 0.6-6 cm in a-axis lenght are analysed
using SpheriStat 2.2 (Pangaea Scientific 1990-1998).
Long axis direction and plunge plotted in lower hemi-
sphere stereographic projections are contoured with
three times the standard derivation for random distri-
bution (Kamb 1959). Analyses are avoided in diamicts



that has been subjected to thrusting and more intense
glaciotectonic deformation or periglacial reworking.

Provenance dependent erratic rocks indicate long
range glacier flow. Clasts have been recorded in situ
from till or from stone piles in gravel pits and classi-
fied after Smed (1993). Erratics incorporated into the
ice sheet apparently follow two different flow paths
bound for southern Jylland. One path crosses over
central and south Sweden into the Kattegat basin
towards south west and another follow a route
through the Baltic depression across the Palaeozoic
and Mesozoic sedimentary basins westwards (Fig 1).
Indication of provenance using the dispersal of fine
gravel sized Palaeozoic sediments vs. crystalline
rocks has not been useful due to frequent de-calcifi-
cation of near surface till in western Jylland. In the
eastern part of the examined region tills are less de-
pleted of carbonate and here macro shell fragments
and re-deposited foraminifera from the Eemian Cyp-
rina clay not only relate to provenance but also indi-
cate Weichselian age for tills (Frederiksen 1982; Hou-
mark-Nielsen 1987).

Stratigraphic data are also provided by well logs
from the web-based Jupiter well log archive (GEUS
2005) and geological basis data maps (DGU 1982).
Sediments of the uppermost 1-2 meters are not syste-
matically registered in the well logs, therefore near
ground surface lithologies are read from geological
maps (Pedersen 1989). Description of landforms by
Milthers (1948), Smed (1982) and LANU (2004) form
the basisfordrawing of simplified morphological fea-
tures and to outline possible end moraine positions.

OSL-dating was carried out by the Nordic Labo-
ratory for Luminescence Dating at Risg, Denmark.
The results are listed in Table 1. Dose measurements
were made using quartz and a Single Aliquot Re-
generated dose protocol (Murray & Wintle 2000).
Dose rate analysis is based on high resolution gam-
ma spectrometry (Murray et al. 1987). Calculations
used a saturation water content of 25%-30% and it is
assumed that the sediments were saturated for more
than 90% of the time after burial (Houmark-Nielsen
& Kjaer 2003). This is based on the deduction that the
sediments were frozen during most of the Weichse-
lian; in periods of thaw they are likely to have re-
mained in the saturated ground water zone — until
sub-recent erosion along coastal cliffs or postglacial
uplift led to lowering of the local ground water table.
The sample burial depth also affects the age, because
of attenuation of cosmic rays by overburden sedi-
ments. The lifetime averaged burial depth is, of
course, not known. Although the present depths be-
neath the surface not necessarily equals the averaged
burial depths over time, the Risg laboratory has as
standard procedure adjusted the cosmic contribution

Fig.5. Stratigraphic sub-division and OSL-dates of inter-till
stratigraphic units in southern Jylland. Dates from Fyn are from
the type sections at Ristinge Klint, Langeland and Sgnderby
Klint, Southwest Fyn (Sjgrring et al. 1982, Houmark-Nielsen
1987). The colour of age brackets match with the colour of the
stratigraphic units from which samples are dated.
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to the total dose rate according to sample depth
below surface. In case where strata are inclined or
otherwise have suffered glaciotectonic folding or
thrusting stratigraphic depths as indicated in com-
posite logs does not always equals that of the sample
depth below ground surface. Some discrepancies
between expected and obtained ages may be expect-
ed and neither the geological or physical reasons for
this have been fully understood (Murray & Funder
2003). The precision of OSL-dates lies roughly in the
range of £10 % (Table 1), but though this statistical
uncertainty may by less it should always be kept in
mind because ages are in the text are given with out
minimum and maximum values. Good accuracy was
demonstrated by Murray & Olley (2002) who estima-
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Fig. 6. Composite stratigraphic logs from 18 open sites in south-
ernJylland indicating lithology, structures, direction of glacier
flow, OSL-ages and till formations. The vertical arrangement
of logs and signature of individual units illustrates the correla-
tion of stratigraphic units from east to west. The colours of till
units corresponds to those in Figs 12-17.

ted a correlation factor of 0.9 +0.03 between OSL ages
and ages obtained from independent dating meth-
ods. However, the accuracy beyond ages of the last
interglacial is yet to be tested thoroughly (Murray &
Funder 2003)



Weichselian and Late Saalian
stratigraphy in southern Jylland

Eighteen sites from open sections have been investi-
gated (Fig 2) and ten stratigraphic units are identi-
fied (Fig. 5). Leaving out interglacial Eemian beds,
five Till-Formations (Lillebzlt Till, Ristinge Klint Till,
Mid Danish Till, East Jylland Till, Balthav Till) are
defined by their lithology, directional properties and
stratigraphic relation to each other and the possible
interglacial units (Houmark-Nielsen 1987). Six units
numbered 1, 3, 5, 7, 9, 10, comprise a variety of peri-
glacial and proglacial sediment successions. Strati-
graphic marker beds that separate these units not
only are the above mentioned formally erected Till

Formations (Units 2, 6, 8) but also comprise sedi-
ments of the Eemian Substage (unit 4), which is par-
ticular well represented in the examined region.
However, in absence of the interglacial marker, Lille-
beelt Till has served as such. This till appears much
more frequently in well logs and open sections than
does Eemian deposits. Readily apparent and high
guantities of Cretaceous and Palaeogene limestone
clasts makes it easily recognized, thus, it is designat-
ed as marl (mergel) by local farmers, gravel pit work-
ers and well drillers.

In the present study application of one specific
stratigraphic classification alone seems unsuitable.
Though till units are defined in a lithostratigraphic
context other units are not. Because many of those

Houmark-Nielsen: Extent and age of Middle and Late Pleistocene glaciations - 17



Table 1: OSL-dates from southern Jylland and Fyn, Denmark.

REGION LOCALITY SAMPLE AGE DOSE DOSE wC
Stratigraphic kyr Depth Gy (n) RATE %
No Name Code Unit Risg No. m Gy / kaRATE %
Lillebeelt 2 Klintinghoved East Kel 7 990215 483 10 69.3+1.7 27 1.44x.07 26
Lillebeelt 2 Klintinghoved East Ke2 7 990216 282 6 21.9+0.8 24 0.73+.04 17
Lillebeelt 2 Klintinghoved West Kwil 7 020212 412 8 79+3 26 1.93+.08 19
Lillebeelt 2 Klintinghoved West Kw2 7 020213 18%1.2 6 16.1+1.6 27 0.90+.04 19
Lillebeelt 2 Klintinghoved West Kw3 7 020214 24+3 5 152+14 27 0.63+.04 28
Lillebeelt 2 Klintinghoved West Kw4 5 020215 55%5 3 107+ 8 34 1.93+.08 15
Lillebeelt 4 Skelde-lller Ir1 9 990221 212 15 458+3.3 15 2.07 36
Lillebeelt 4 lller-Nybgl Nor Nyl 9 010201 179+13 3 38.7+1.0 18 217 41
Lillebeelt # Halk Hoved Hal 3 990217 169+ 113 2 186+ 7 27 1.06+.05 21
Lillebeelt #! Halk Hoved Ha2 3 990218 16714 3 174+ 10 21 1.02+.05 19
End moraines 7 Hgnsnap Hzl 5 030226 604 12 109+4 25 1.81+.08 25
End moraines 7 Hgnsnap Hg2 9 040203 13x1 4 10.8+0.3 17 0.80%.04 22
End moraines 7 Hgnsnap Hz3 9 040204 14=+1 45 109+04 16 0.99+.05 27
End moraines 9 Sommersted Sol 7 020203 51+5 4 48+ 2 21 0.95+.09 25
End moraines 9 Sommersted So2 7 030215 223+1.1 3 30.3+0.7 26 1.36%.06 28
End moraines 9 Sommersted So3 9 030216 18.2+0.9 2 30.5+05 25 1.68%.07 25
End moraines 9 Sommersted So4 7 020317 82+6 45 59.2+15 27 0.72%.05 19
End moraines 9 Sommersted So5 9 030221 175+1.0 1 17.6+04 20 1.01+.05 26
End moraines Radekro Rel 7 030226 129+9 2 147 +7 17 1.14+ .05 26
End moraines Overjerstal oj1 7 030224 41+3 3 52+3 18 1.26+.05 27
Central Hills 10 Andershoved Ahl 10 020204 209+ 15 15 223+11 21 1.07+.05 24
Central Hills 10 Andershoved Ah2 3 020205 169+13 3 220+ 20 31 1.29+.06 26
Central Hills 10 Andershoved Ah3 3 020206 141+38 4 169+ 3 21 1.20+.05 27
Central Hills 10 Andershoved Ah4 3 030210 15511 6 23613 20 1.52+ .06 30
Central Hills 10 Andershoved Ah5 7 030211 42+3 1 35.3+15 27 0.84%.05 21
Central Hills 10 Andershoved Ah6 7 030212 382 15 322+0.8 26 0.86x.04 29
Central Hills 11  Skibelund Si1 1 030222 193+12 10 209+9 24 1.09+.05 28
Central Hills 11  Skibelund Sl2 3 030223 144+38 2 195+ 6 23 1.35+.06 21
Central Hills 12 Veeldingbjerg-Brgrup Bgl 5 030220 115+8 4 124 +5 23 1.08+.06 23
Central Hills 12 Veeldingbjerg-Brerup Bg2 3 040202 129+10 15 196 £ 13 17 1.52+ .06 27
Central Hills 12 Veeldingbjerg-Brearup B@g3 5 040201 103+6 3 134+ 4 16 1.31+.06 25
Central Hills 13 Tirslund Tit 3 020201 12812 1 123+9 18 0.96+.05 29
Central Hills 13 Tirslund Ti2 10 020202 1679 0.75 1754 27 1.05%.05 32
Central Hills 13 Tirslund Ti3 1 030213 152+10 11 113+3 19 0.74+ .04 28
Central Hills 13 Tirslund Ti4 5 030214 118+8 4 89+3 21 0.76 £.05 19
Central Hills 14 Enderupskov Esl 5 030218 46+3 1 39.4+1.0 25 0.85%.04 17
Central Hills 14 Enderupskov Es2 10 030219 210+13 2 254+ 11 24 1.21+.05 25
West Coast 15 Emmerlev Klev Em1 10 030205 1057 0.5 125+ 6 20 1.19+.05 25
West Coast 15 Emmerlev Klev Em2 7 030206 292 1 29+2 20 0.98*.04 24
West Coast 15 Emmerlev Klev Em3 5 030207 108+8 2 92+5 21 0.85%.04 21
West Coast 16 Visby-Mollerup Vit 2 020207 26020 35 389+ 30 24 1.44+ .06 33
West Coast 16 Visby-Mollerup Vi2 3 020208 126+12 14 122+9 27 0.96 £ .05 20
West Coast 16 Visby-Mollerup Vi3 10 020209 20619 1 219+ 18 27 1.06£.05 26
West Coast 16 Visby-Mollerup Vida 1 020210 19313 1 239+ 11 24 1.23+.05 27
West Coast 16 Vishby-Mollerup Vis 3 020211 170+12 05 134+ 6 24 0.79+.04 38
West Coast 17 Gesing-Skaerbaek Sk1 7 030209 725 13 143+7 20 1.98+.08 26
West Coast 17 Brans - Skeerbeek Sk2 1 040205 187+13 15 185+9 16 0.99+.05 27
West Coast 18 Oksbgl - Broeng Okl 5 010202 9338 15 61+4 24 0.66+.03 27
West Coast 18 Oksbgl - Broeng Ok2 4 010203 11511 3 130+ 10 18 1.61+.03 21
Fyn Lillebaelt #2 Ristinge Klint Ril 5 990211 534 15 422+1.4 15 0.80%.04 21
Fyn Lillebaelt #2 Ristinge Klint Ri2 7 990212 25%2 6 17.3+x14 21 0.72+.04 19
Fyn Lillebaelt #2 Ristinge Klint Ri3 7 990213 29+3 4 457+29 27 154+ .08 30
Fyn Lillebaelt #2 Ristinge Klint Ri4 7 990214 283 4 39.0+3.0 27 1.38%.07 23
Lillebaelt #2 Sgnderby Klint Sgl 7 990201 504 7 85.5+49 27 1.79 26

Stratigraphic description by: # * Houmark-Nielsen (1987), # 2 Sjarring et al. (1982) & Houmark-Nielsen (1987, 1999)
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units‘ genesis and post-depositional history is unre-
lated to glaciation some units do not obey the hiera-
tic classification of glacio-dynamic stratigraphy rec-
ommended by Pedersen (1996, 1999). Apart from the
Eemian deposits, these particular units bear no signi-
ficant lithological “fingerprint” and they may even
not have a decisive stratigraphic relation to marker
beds. A lithostratigraphic classification may there-
fore be either dubious or inapplicable. On the other
hand, sediments of these units are those subjected to
luminescence dating and therefore suitable for chron-
ostratigraphic correlation and OSL-ages from these
deposits in particular contribute to the age model
(Fig. 5 & Table 1). Given the limited measures of cor-
relation based on stratigraphic position and lithology
alone, chronometric properties of sediment succes-
sions which may or may not be linked to marker beds
is also applied in the present study. The statement
by ICS (1994) that “different classifications are used to
achieve the same goals of stratigraphy: to improve our
knowledge and understanding of the Earth’s rock bodies
and their history” thus legitimatize the aplication of a
stratigraphic crossbreed of lithostratigraphic and
chronometric properties which endeavour usefulness
before formalities.

Sediment successions and age

Stratigraphic logs from 18 sites including formally
erected Till Formations (Houmark-Nielsen 1987) be-
longing to Units 2, 6 and 8 are shown in Figure 6.

Unit 1 comprises fluvial sand and gravel with
westward directed palaeocurrents. Deposits are often
strongly disturbed by periglacial deformation, invo-
lution and ice wedge casts and three ages range from
182 kry to more than 193 kyr with a possible fourth
outlier at 152 kyr.

Unit 2 is Lillebeelt Till which shows strong Baltic
clast provenance and high quantities of chalk. At sites
1, 15,16 and 17 clast fabrics (Fig. 7) indicate ice move-
ment from easterly directions which is in accordance
with previous data from other parts of the region
(Houmark-Nielsen 1987).

Unit 3 comprise diamict gravity flows and coarse
outwash gravel overlying the till and successively
covered by more fine grained fluvial and lacustrine
deposits with palaeocurrents directed eastward. West
of MSL glaciofluvial deposits at sites 10-11 and 13
indicate palaeocurrents directed towards the North
Sea and the strata are deformed by involutions and
ice wedge casts. Seven dates range in ages between
170 kyr and 126 kyr. Eight densely spaced samples
were OSL dated at site 1 (Murray & Funder 2003),
ages range from 140 kyr to 120 kyr in age. At Halk

Fig. 7. Till fabric analyses of stratigraphic units 2 (Lillebzelt till),
6 (Ristinge till), 8 (Mid Danish- East Jylland-Belthav tills) from
selected sites. N=25, lower hemisphere plots. Principal vector
direction and fabric strength are attached. Direction of glacier
flow is indicated by arrow in centre of diagram.

Hoved (Fig. 2; Houmark-Nielsen 1987, p. 96) depo-
sits of Unit 3 show ages between 169 and 167 kyr.
Unit 4, Eemian deposits, comprise the marine Cyp-
rina clay cropping out in glaciotectonically disturbed
exposures at sites 1 & 2. Undisturbed freshwater
gyttja and peat is found at sitel5. The marine depo-
sits at site 1 obtained ages between 132 kyr and 102
kyr (Fig. 5; Murray & Funder 2003). Northwest of
Esbjerg at Oksbagl (site 18) a leached soil of proposed
Eemian or intra Saalian origin has developed on top
of a Middle Saalian, Drenthe type till (Sjgrring & Fre-
deriksen 1980; Skibsted 1990). The soil is overlain by
several meters of fine grained and well sorted sand
with thin horizons rich in plant detritus. OSL dates
on the upper most part of the palaeosoil and the over-
lying sand obtained ages of 115 kyr and 93 kyr (Fig.
5, Table 1). This till-soil-sand succession is folded and
overturned towards the southeast and overlain by
strongly envoluted and cryoturbated pebbly and
stony gravel with wind faceted stones (Fig. 8). Pre-
vious studies have proposed a glaciotectonic origin
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for the structures indicating deformation from south-
easterly directions (Sjgrring 1983, Skibsted 1990; Pe-
tersen & Kronborg 1991).

Unit 5 is situated above the Eemian and comprise
heterolitic sand and mud at sites 1b and 2 while flu-
vial, lacustrine, niveo-fluvial and aeolian deposits are
found at sites 12, 13, 15 and 18. Ages range between
118 kyr and 55 kyr and at the type section Ristinge
Klint, aeolian-fluvial quarts sand sandwiched
between the Cyprina clay and Ristinge Till obtained
an OSL-age of 53 kyr (Fig 5, Table 1) while TL-ages
range between 72-43 kyr (Houmark-Nielsen 1994).
Lacustrine beds that underlie Ristinge Till at site 6
presumably correlate with those that have been dated
to ca. 60 kyr at site 7a. The stratigraphic Unit 5 also
comprises lacustrine and deltaic deposits deformed
by cryoturbation and ice wedge casts which has been
dated to 115 kyr at site 12. Above this an involuted
horizon of sand and mud with an age of 103 kyr is
overlain by a blanket of wind faceted pebbles and
stones (Fig. 9). A more than 5 m thick package of
glacio-lacustrine mud and sand overlain by bedded
sand and gravel and dated to 129 kyr is resting on
the wind blown horizon.

Unit 6 is Ristinge Klint Till. In southern Jylland
the till is often redish-broun in colour, clayey and
rich in shell fragments and foraminifera of the Cyp-
rina clay and it contains erratics of Baltic provenance.
Clast fabrics indicate ice flow from the east-south-
east(Fig. 7),asalso indicated further northinthe region
(Houmark-Nielsen 1987). Recumbent folded lenses
of sand and gravel, muddy boudins and flutes at the
base of the till indicate glacier movements from the
ENE at sites 10 & 11. At the latter site the till and over-
lying proximal outwash gravelis folded from the ENE.

Unit 7 comprises flow diamicts, glaciolacustrine
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Fig. 8. Fossil Eemian soil on
top of a Drenthe (Middle
Saalian) till overlain by Early
Weichselian periglacial sand
(unit 5, site 18: Broeng gravel
pit, Oksbgl. Strata are gravita-
tionally folded by soil creep
and overlain by solifluction
deposits (unit 10).

mud and fluvial sand in the lower part that caps Ris-
tinge Till. At site 9 boulder-gravel and coarse sand is
overlain by involuted and cryoturbated sand cut by
ice wedge casts (Fig. 10). All is truncated by a venti-
facted pebble and boulder horizon and overlain by
laminated lacustrine sand and mud. This upper part
of Unit 7 is overlain by of coarse glaciofluvial sand
and gravel. Including the proximal gravel overlain
by involuted sand at site 9 and sand covering Ristin-
ge Till at Sgnderby Klint (Fig. 2; Houmark-Nielsen
1987, p. 44), the lower Unit 7 sands and mud has
ages between 82 kyr and 51 kyr while the upper part
range in age between 29 kyr and 18 kyr (Fig. 5, Table
1). The 129 kyr date is taken from supra-glacial kame
sediments overlying the wind abraded surface at site
12 (Fig. 9). Post-Eemian niveo-fluvial sand at site 15
has an age of 29 kyr just beneath the uppermost strati-
graphic Unit 10 (Fig. 11).

Unit 8 comprise Mid Danish Till, East Jylland Till
and Bealthav Till. They are present east of site 9 and
they may be separated by glacioaqueous deposits and
glaciotectonic unconformaties. The tills show fabrics
indicating ice flow from an east-northeasterly direc-
tion (Mid Danish Till) and southeasterly directions
(East Jylland-Balthav Till except at site 3 where local
ice flow was from the northeast (Fig. 7). Deposits
beneath the upper tills have suffered glaciotectonc
thrusting and folding from a variety of directions
ranging from northeast over east to south. At site 8
an esker rises about 10 meters from the surrounding
terrain and is built up of a fining upwards boulder-
gravel-sand-mud succession with palaeocurrents
directed towards the west and southwest. Erratics
are a mixture of Baltic and Fennoscandian origin with
high quantities of Kinnekulle dolerite from south-
central Sweden as also noted by Milthers (1942). The



Fig. 9. Veeldingbjerg kame hill,
site 12. Upper: Oblique view
of excavation in Vealdingbjerg.
Middle: Lacustrine large scale
crossbedded sand (unit 5)
separated form kame sedi-
ments (unit 7) by a periglacial
land surface. Lower: Involut-
ed and cryoturbated perigla-
cial deposits draped by a wind
blown stone and pebble
horizon.

esker sediments are separated from an underlying
till by laminated mud. The till also carries those cen-
tral Swedish dolerites and contains Eemian shell frag-
ments plus a mixture of warm Cyprina clay foramini-
fera and cold Yoldia clay forms that characterises Mid
Danish Till further north (Houmark-Nielsen 1987).
Across MSL at site 9 Mid Danish Till laterally wed-
ges out towards the west over a distance of less than
200 metres gradually changing into flow diamictis

which is slump folded along with adjacent sediments
(Fig. 10).

Unit 9 is composed of flow diamicts, fluvial sand
and gravel or glaciolacustrine mud and sand. Seven
dates give ages betwen 21 kyr and 14 kyr. These depo-
sits wedge out and connects to proximal outwash
sediments at the esker terminus (site 8) and further
north on the proximal part of the outwash plain
(Radekro and Over Jerstal, Fig. 3). Here, dates of sand
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and gravel gave ages of 129 kyr and 41 kyr.

Unit 10 comprise a heterogeneous carpet of strong-
ly involuted and otherwise periglacially disturbed
mud, sand and crudely bedded diamicts with frost
cracked clasts and ventifacts usually about 2 meters
in thickness (Figs 8 & 11). It overlies all other strati-
graphic Units and show ages from 105 kyr to more
than 200 kyr.

Correlation

Correlation of open exposure stratigraphies with
adjacent well logs is primarily based on sediment
successions, till lithology and the presence of Eemian
deposits. Especially identification of Lillebalt Till has
served as guide line to demonstrate correspondence
between units. In each of the four morphological
zones well log profiles are presented and the strati-
graphy and geochronology discussed.

Lillebalt Coast

It is obvious from well log data that beneath the
ground moraine stacked thrust slices of Cyprina clay
and pre-Quaternary strata are trapped with in glaci-
genic successions (Jessen 1935). Lillebzlt Till and the
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Fig. 10. Sommersted, site 9.
Proximal outwash gravel and
sand (unit 7, lower part)
overlain by involuted sand
caped by a periglacial
ventifaceted abrasion surface
and overlain by lacustrine
(unit 7, upper part) and slump
folded proximal outwash
deposits (unit 9) and flow
diamict originating from the
Mid Danish Till. Wall is
approximately 6 m high.

overlying deglaciation succession of glaciofluvial
gravel sand and mud (Unit 3) overlain by Eemian
deposits appear frequently in most of this zone (Figs
12, 13). Weichselian tills separated by water lain
material are present, however, only in open sections
those units are identified to Formation level. Till of
the Young Baltic glaciation comprise the uppermost
subglacial deposit of the ground moraine which oc-
casionally is covered by glaciolacustrine mud and
sand that relates to the late glacial Egernsund ice lakes
and a damming phase around Abenré Fjord and
Haderslev (Jessen 1935, 1945). The ground moraine
is dissected by valleys filled with post-glacial depo-
sits. Most glaciotectonic structures seem to have been
generated during the youngest push moraine forma-
tion with development of the Vemmingbund end-
moraine of the Balthav advance (Fig. 3). Exceptions
are those dislocations indicating deformation from
northeast at Klinting and Halk Hoved which relate
to the MSL glaciaton.

Dating of inter till sediments in western Fyn and
at sites on the Lillebzlt coast zone bracket Ristinge
Till by deposits with ages older than 55 (Unit 5) and
ages younger than 50 kyr (Unit 7). Thus, the dated
sediments at Mommark (Eirikson 2006) fit the ages
and stratigraphic position of Unit 4. Sediments imme-
diately beneath the MSL and Young Baltic tills have
ages of 29-24 kyr with an outlier of 18 kyr and dates
above those tills range between 21-18 kyr. The over-



Fig. 11. Emmerlev klev.
Upper: Lillebeelt Till (unit 2)
overlain by Eemian peat (unit
4) and Weichselian periglacial
deposits (units 7 & 10). Photo:
S. Sjgrring (1983). Lower:
Niveo-fluvial and aeolian
sand with periglacial defor-
mations in the upper part and
dated to 29 kyr overlain by
solifluction sediments
composed of stony sand with
wind faceted clasts and
crudely bedded sand with
scattered ventifacts. Handle is
30 cm. Sedimentary interpre-
tation partly from Chris-
tiansen (1998).

lap of ages on each side of the tills could owe to either
incomplete bleaching during the last deposition up-
on the tills or a methodological underestimation of
the age of the young date beneath the tills similar to
dates reported by Murray & Funder (2003) from site
la. Never the less, dates suggest the LGM-advances
to have taken place between 24 kyr and 18 kyr ago.
Murray & Funder (2003) discussed the average un-
derestimation of less than 10% in ages of the Early
Eemian transgression deposits and the underlying
fluvial sediments (Unit 3) at site 1 and concluded
that this discrepancy is not significantly different
from the expected ages. The much older dates on
similar deglaciation sediments above Lillebalt Till
at Halk Hoved (Unit 3) are ambiguous. High ages
could have been caused by incorporation of aliquots
carrying older bleaching ages compared to the last
depositional event. However, if taken more or less
for face value ages correspond with dates of other
deglaciation sediments in the region and consequent-
ly, similar deposits of site 1 could therefore be under-
estimated by as much as 15% compared to the c. 10%
indicated by Murray & Funder (2003). In summary,
dates indicate that post Lillebzlt Till deglaciation
occurred between c. 165 kyr and 128 kyr ago proba-
bly closer to the older date than to the younger.

End Moraines

Mid Danish Till is found in most of the zone (Fig.
14a, b), while East Jylland Till is confined to the area
east of the push moraines. The southeast-northwest
streamlined ground moraine east of the ice pushed
ridges (Fig. 3) was apparently sculptured by the East
Jylland phase of the Young Baltic glaciation. Locally,
Mid Danish Till most probably has a considerable
near surface areal extent between MSL and the push
moraines. Well logs indicate (Fig. 14a), that the till
overlies fluvial sand and gravel similar to that in the
push moraines resting on the chalk rich Lillebeelt Till
five to ten metres below surface. While Ristinge Till
has not been recognised from well logs in the east-
ern part of the zone the near surface, Mid Danish
Till is apparently not registered in the well logs close
to MSL apart from the Sommersted gravel pit (Fig.
14b). Here, well log data reveals two tills below the
floor of the gravel pit and Ristinge Till is a worthy
candidate to the upper of the two tills. A mixed as-
semblage of erratic boulders in the pit originate partly
from the Mid Danish Till with a central Swedish prov-
enance and partly form a Baltic source which is like-
ly to come from the upper of the tow tills in the well
log profile and the proximal boulder gravels in the
pit overlying the till. Thus, Lillebzlt Till is likely to
correlate with the lowest till. In a depression in the
pre-Quaternary surface distal to the pit the till is
overlain by interglacial lake deposits most probably
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Fig. 12. Cross section in the southern part of the Lillebzlt Coast zone including site 1b, 2 & 4 ¢ (Dybbgl Mark, Klinting Hoved &
Nybgl. Sections are drawn through selected well logs (GEUS 2005) in a 400 m wide buffer zone. For location see Figs 3 & 4.

of Eemian origin even though no data on the flora
assemblage are present.

The boulder gravel below the involuted sand at
Sommersted was laid down in an ice proximal set-
ting assumingly by the glacier which deposited
Ristinge Till. Mega fauna remnants indicate that peri-
glacial steppe environments existed between Ristinge
glaciation and LGM. This is supported by OSL-dates
of the involuted horizon caped by wind faceted
stones. Its position above an outwash fan that pre
date the formation of MSL suggests that Ristinge Till
is older than 51 kyr. The periglacially disturbed soil
and wind blown horizon covered by a thin veneer of
Late Weichselian outwash sediments matches the age
of radiocarbon dated Juniperus fragments and the
stratigraphical setting at the Frgslev fan recognised
by Kolstrup & Havemann (1984). Thus, the buried
proximal outwash fan is apparently of regional
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extent. Mid Danish Till seems to be younger that 22
kry and older than 17-18 kyr judging from dates at
Sommersted gravel pit while the formation of the
push moraines at Hgnsnap east of MSL is definitely
older than 14 kyr. The age of the proximal outwash
fans in front of MSL at Rgdekro and Over Jerstal is
much higher that indicated by the dates below the
Mid Danish Till at Sommersted. This is probably
caused by incomplete bleaching and the dates may
reflect previous depositional episodes. Judging by the
ages from below Ristinge Till in the Lillebeelt zone a
similar reasoning could be applied to the 82 kyr old
sand alternating with boulder gravels of unit 7 in
the Sommersted pit.



Fig. 13. Cross section through the northern part of the Lillebzlt Coast zone including type and reference sections at Sgnderballe
Hoved, Sgnder Vilstlrup Klint, and Halk Hoved (Frederiksen 1974; Houmark-Nielsen 1987]. Drawn through selected well logs
(GEUS 2005) in a 400 m wide buffer zone. For location see Figs 2, 3.

Fig. 14. Cross section in the End Moraine zone adjacent to a: Genner As (site site 8) and B: Sommersted gravel pit (site 9) and a
cross section in the Central Hills zone adjacent to c: Andershoved (site 10), d: Vealdingbjerg (site 12) and e: Tirslund (site 13). Cross
sections are drawn through selected well logs (GEUS 2005) in a 100 m wide buffer zone.
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Central Hills

Lillebeelt Till is sandwiched between Unit 1 and 3
fluvial deposits (Figs 14 c, d, e; 15 a, b). Few well
logs penetrate interglacial fresh water deposits and
more rarely these are identified as Eemian even
though this zone is particularly rich in buried lake
and bog sediments from the last interglacial which
overlie Lillebeelt Till (Jessen & Milthers 1928). At Tirs-
lund (site 13) the sediment succession including Lille-
beelt Till is stacked in folded thrust slices strongly
deformed by glaciotectonism from easterly direc-
tions. The gravel pit is situated on the eastern flank
of Tirslunde Bakker, which is part of a north-south
trending row of ice pushed ridges containing glacial
and Eemian deposits plus rafts of pre-Quaternary
bedrock. To the east behind the ridge, possible
Eemian peat bogs are overlain by diamicts which are
either Ristinge Till, solifluction deposits or both.
Enderupskov gravel pit (site 14) exposes periglacial

Fig. 15. Cross sections the
Central Hills zone adjacent to
a: Skibelund (site 11), b:
Enderupskov (site 14) and
crossections in the West Coast
zone adjacent to gravel pits at
c: Skeerbaek (sites 17) and d:
Visby (site 16) & 17). Cross
sections are drawn through
selected well logs (GEUS
2005) in a 100 m buffer.

sand of Unit 7 unconformably overlying proximal
glaciofluvial deposits with boulders of Baltic origin
folded and thrusted from an easterly direction. This
site is located on the eastern flank of NW-SE trend-
ing elongate hills with a complex internal architec-
ture typical for ice shoved ridges (Fig. 15b). Topog-
raphy and well log data suggests that the ice pushed
ridges can be traced further southward to Vongshgij
close to Lagumkloster (Fig. 2). Vongshgj is a crescent
shaped ridge pushed by glacier ice from easterly di-
rections (Fig. 16). Itis build up of glacigenic sediments
including Lillebeelt Till, pre-Quaternary and Holstein-
ian interglacial marine deposits (Knudsen 1987).
East of those ice showed ridges well logs suggest
that Lillebeelt Till is covered by a till bed lying close
to or at ground surface Figs 14c; 15a). The lithology
of the till identical to that of Ristinge Till. At Vel-
dingbjerg (site 12, Fig. 9) one of several kame-like
hills between Brgrup and Holsted has been exca-
vated. Here, OSL dates indicate that a post-Eemian

Fig 17. Hypothetical cross section through southern Jylland based on the present work and literature cited here in. Four morpho-
logical zones, numbered stratigraphic units plus underlying strata, and glaciation margins are indicated. Unit colours as in Fig. 6.
Numbers refer to investigated sites. Approximate depth c. 100 meters below sea level and height c. 75 m a.s.l. Length 50 — 100 km.
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Fig. 16. Cross section in the
push-moraine at Vongshgj
(Fig. 2) including reference
section Tornskov (vell log
159.243; Knudsen 1987).
Section drawn through
selected well logs (GEUS
2005) in a 200 m wide buffer
zone.

periglacial land surface pre-dates kame formation,
which possibly was associated with the glacier ad-
vance responsible for up-thrusting of Tirslund Bakker
end moraines. This implies that Weichselian glaciers
invaded the area and it suggests that Ristinge Till is
present west of MSL in larger parts of central hill
zone. Coupled with the dates above Ristinge Till at
Andershoved (site 10) it is indicated that glaciation
occurred between 103 kyr and 42 kyr and that per-
iglacial conditions with involution, solifluction and
strong winds prevailed before and after. The high
ages of the Unit 10 sandy diamicts resting on young-
er sediments suggest remobilisation and incorpora-
tion of old, pre-Lillebalt Till glacigenic sediments into
the solifluction apron.

The West Coast

Lillebeelt Till is common south of Esbjerg and may
occasionally be particular rich in chalk (Sjgrring &
Frederiksen 1980). In the West Coast zone the till
overlies involuted fluvial and lacustrine deposits of
Unit 1 (Fig. 15 ¢, d]. Lillebzlt Till apparently forms
the youngest glacial deposit in the zone and seems
to constitute the sub-surface deposit in the majority
of well logs. Occasionally the till is overlain by sand
and gravel of stratigraphic Unit 3,5 or 7. At Emmer-
lev (site 18) narrow depressions in the till are filled
with Eemian gyttja and peat (Nordmann 1925; Jes-
sen & Milthers 1928) while the till is overlain by Cyp-
rina clay in adjacent depressions (Friborg 1989). Till

Houmark-Nielsen: Extent and age of Middle and Late Pleistocene glaciations - 27



Fig. 18. Age model of glacial episodes in southern Jylland and
adjacent areas based on OSL-dating of peri-glacial and pro-
glacial sediments using the same data set as in Fig. 5, however,
dates of sediments that has no direct stratigraphic relation to
Till Formations or Eemian deposits are omitted.

and interglacial strata are often overlain by perigla-
cial sandy deposits caped by a thin veneer of sand
richin wind faceted stones and pebbles (Figs 8 & 11).

The upper part of Lillebzlt Till and the periglacial
deposits are in places strongly deformed by frost-
thaw processes. Christiansen (1998) proposed an aeo-
lian and niveo-fluvial origin for the fine grained post-
Eemian sediments at Emmerlev. Christiansen’s OSL
dates on feldspar of sand below the pebbly and stony
sand ranges downwards in age from 33 kyr to 91
kyr. New OSL dates on quartz indicate ages of 29
kyr just beneath the stony veneer and 108 kyr at the
base of the periglacial deposits, while the veneer it-
self obtained an age of 206 kyr at Vishy (Fig. 5, Table
1). Dates from Oksbgl indicate that Eemian soil for-
mation lasted until ca. 115 kyr and that periglacial
conditions ruled at 93 kyr ago. The present work
supports Christiansens (1998) interpretation in that
sand above Eemian sediments at Emmerlev and
Oksbgl is not deposited by glacial melt water as
claimed by Petersen & Kronborg (1991). It most prob-
ably comprise niveo-fluvial and wind blown cover
sand that was deposited between 108 kyr and 29 kyr.
A glacigenic origin can not be applied to the frost
cracked pebbly and stony sand with wind faceted
clasts as previously proposed (Kronborg & Mejdahl
1989; Petersen et al. 1989). In spite this veneer is a
common sub-surface deposit in much of western Jyl-
land it must be regarded as a periglacial solifluction
carpet. The absence of till above the Eemian and over-
lying periglacial deposits in the zone along the North
Sea coast strongly suggests that Weichselian glaciers
did not reach this area. Moreover, the deposits at
Oksbgl appear folded from the NW towards the SE,
which is the down hill direction of gravitational flow.
Thus, deformation is most likely to have been caused
by solifluction and soil creep some time after 93 kyr.

Discussion

Lillebeelt Till is present in all of southern Jylland (Fig.
17) and it overlies a complex of older Pleistocene tills,
melt water deposits and interglacial strata deposited
upon a Pre-Quaternary substratum strongly tra-
versed by valleys. Lillebeelt Till was deposited by
Baltic ice flowing from easterly directions during the
Warthe glaciation. Ages of deposits beneath the till
(Unit 1) suggest the glaciation to be younger than
about 190 kyr while fluvial and periglacial deposits
above (Unit 3) indicate that deglaciation was initiat-
ed as early as c. 165 kyr ago, the Ti3 date of 152 being
regarded as an outlier (Fig. 18). Periglacially dis-
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Fig. 19. Distribution of till, ice flow directions and extent of glaciations in southern Jylland. A: Warthe glaciation 150-145 kyr ago.
B: Ristinge glaciation 55-50 kyr ago. After Andersen (2004), Ehlers et al. (2004), Friborg (1991), Gormsen & Hansen (1980), Hou-
mark-Nielsen (1987), Sjgrring (1977), Sjgrring & Frederiksen (1980), Skibsted (1989) and this study. Dashed area indicates Late
Weichselian outwash plains. Base map modified from Smed (1980).

turbed deposits above Lillebalt Till at Tirslund and
Vishy (sites 13 & 16) seems to suffer from a similar
under estimation in age as those dated from site 1a
(Gammelmark Klint; Murray & Funder 2003).

It is suggested in accordance with previous works
that the larger part of Warthe glacier terminated in
Jylland and Schleswig-Holstein (Fig. 1). An ice lobe
close to 75 km in width and reaching c. 25 km off
shore in the present North Sea is registered from
seismic studies by Andersen (2004). Large scale gla-
ciotectonic thrusts and folds below the sea floor
marks the terminus of a glacier flowing westwards
(Fig. 19 A). In the Esbjerg area large scale thrust com-
plexes composed of pre-Quaternary, glacigenic depo-
sits and Holsteinian interglacial marine sediments
probably constitute an on-shore continuation of those
push moraines (Andersen 2004). The largest extent
of the Warthe glaciation probably lies along south-
west-northeast trending hills and valleys between
Esbjerg and Oksbgl judging from topography and
especially the dispersal of Baltic erratics (Sjgrring
1983). The distribution of Lillebzelt Till combined with
glacial tectonic deformation from southeasterly di-
rections as recorded by Skibsted (1990) support this
view. Deep seated sub-surface push moraines record-
ed around Tgnder (Friborg 1991) and Skerbak
(Andersen 2004) seems to antedate the Warthe glaci-
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ation because the large scale glaciotectonic structures
are truncated by Lillebzlt Till (Fig. 17).

Early and Middle Weichselian sediments overlie
Eemian marine and fresh water deposits and com-
prise Unit 5 (Fig. 17). Periglacial environments are
recorded by cryoturbation, niveation and wind abra-
sion at Brgrup-Tirslund, Emmerlev and Oksbgl. The
white quartssand formation (Grgnneskov sand; Ham-
berg 1989), deposited under fluvial, lacustrine and
aeolian conditions and permafrost, has a wide distri-
bution in the eastern part of the region (Friis & Larsen
1975). The sand pre-dates the Ristinge glaciation and
OSL-ages shown that deposition occurred from 71
to 55 kyr ago (Fig. 18), which is in accordance with
seven dates from Mommark (Eiriksson et al. 2006).

Except for the West Coast zone the Ristinge glaci-
ation is evidenced by ice shoved ridges and occa-
sional kame deposits in in the central hills and till in
outcrops and well logs scattered over the region (Fig.
17). The Ristinge glaciation took place after 55+5 kyr
ago according to dates from Unit 4 at sites along the
Lillebeelt coast (Fig. 5). Westwards ages of subjacent
deposits become successively older but they still in-
dicate a Weichselian age. Proximal outwash depos-
its and kame sediments seem to pre-date glaciation
with more than 30 kyr, possibly due to incomplete
zeroing during the last depositional episode. The
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Fig. 20. Distribution of till, ice flow directions and extent of LGM glaciations in southern Jylland. A: Central Jylland glaciation,
(NE-advance). B: East Jylland glaciation and Balthav glaciation (Young Baltic advances). After Ehlers et al. (2004), Hansen (1976),
Houmark-Nielsen (1987), Sjgrring (1977) and this study. Dashed area indicates Late Weichselian outwash plains. Base map mod-

ified from Smed (1980).

Ristinge glaciation apparently extended beyond MSL
(Fig. 19 B), however, not as far west as claimed by
Pedersen & Kronborg (1991; Fig. 2). End moraines
were built up west of Brgrup along Tirslunde bakker
(Figs 2 & 17). A southward continuation along the
hills at Endrupskov to join the push moraines con-
taining marine Holsteinian deposits at Vongshgj (Figs
2 & 16) is ambiguous but possible. In the latter area
push moraine formation could be either of Saalian
or Weichselian age. The “interglacial” plant bearing
deposits at Enderup Skov date from the Early Weich-
selian (Fig. 13), while similar sediments in the Vong-
shgj cross-section are un-dated. Depending on weath-
er these sediments are glacio-tectonically disturbed
or not they either post-date or ante-date push mo-
raine formation. Following Jessen et al. 1918; Jessen
& Milthers 1928 and Hansen (1976) sites with Eemian
and Early Weicshelian lacustrine deposits covered
by melt water deposits alone, indicates that younger
glaciations never reached such sites. Even with these
uncertainties given, the push-moraines may indicate
a maximum distribution for the Ristinge glaciation
(Fig 19, B). A minimum glacier extent is provided by
the limit suggested by @dum (1927) and that of
Hansen’s (1976) MSL glacier perturbation on Tinglev
outwash plain. Contrary to Hansen, the thermo
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karsted kettle holes on the outwash plains west of
MSL (Fig. 17) suggest down wasting of stagnant
Middle Weichselian ice buried under a thin carpet of
LGM outwash deposits. This implies that dead ice
should have survived at least 25-30 kyr under peri-
glacal conditions; which is known to have occurred
from coastal areas in NE-Greenland and northern
Russia, where stagnant and buried LGM glacier ice
has been identified (Houmark-Nielsen et al. 1994;
Manley et al. 2001).

OSL-dates suggest that the Ristinge glaciation ter-
minated c. 50 kyr ago (Fig. 18). Plant and mammal
remains in unit 7 sediments witness that interstadial
environments with low-arctic shrubs and grass-land
prevailed in south western Denmark for a period of
¢. 30 kyr until the onset of LGM (Kolstrup & Have-
mann 1984; Houmark-Nielsen 1994; Houmark-Niel-
sen & Kjeer 2003; Aaris-Sgrensen 2006). Cryoturba-
tion and the formation of ice wedge casts indicate
periglacial conditions with average annual tempera-
tures below 0°.

The ice advances connected to LGM and the sub-
sequent deglaciation (Jylland Glaciation in Fig. 18)
took place between 25 kyr and 18 kyr and comprises
the Central Jylland advance followed by the East Jyl-
land-Balthav advances. This glaciation phase caused



deposition of Mid Danish Till, East Jylland and
Balthav Tills and the formation of outwash plains
which lies undisturbed west of MSL (Fig. 17). It has
not been possible to date their advance and decay
separately here, but the time span in southern Jyl-
land is in accordance with other dates (Houmark-
Nielsen & Kjeaer 2003). MSL was formed by ice flow-
ing from northeasterly directions towards southern
Jylland and it outlines the LGM-limit of SIS during
the Late Wichselian (Figs 1, 2, 20 A). The relatively
moderate push moraine formation along MSL could
have been due to strong ice-bed interaction caused
by effective subglacial drainage and lack of deform-
able substratum as suggested by Kjer et al. (2003).
Glacier stagnation led to deposition of eskers in the
hinterland of MSL (Fig. 17). The prominent East Jyl-
land and Bealthav margins were shoved up by gla-
ciers moving from a southeasterly direction leaving
behind strongly flow parallel streamlined ground
moraines (Figs 3, 20 B). The low-permeable Cyprina
clay and Palaeogene clay often acts as decolément in
the push moraines (Fig. 17) and its massive presence
in the western Baltic region may have caused restric-
ted ice-bed interaction which probably facilitated the
fast flow of the Young Baltic ice streams (Christof-
fersen & Tulaczyk 2003; Kjeer et al. 2003; Jgrgensen &
Piotrowski 2003). The solifluction deposits draping
the landforms of western south Jylland vary in OSL-
ages. This is likely due to mixing of sediments with
OSL signals from a wide spectrum of bleaching
events, but never the less the deposits are probably
not much older than LGM judging from ages of sub-
jacent deposits. Deposition of Unit 9 glaciolacustrine
deposits east of the End Moraine zone (Fig. 17) was
controlled by down wasting of LGM glacier ice and
discharge of melt water during the formation of the
Bealthav Margin.

Regional perspectives

The Warthe glaciation is recognized in most of the
western Baltic region (Houmark-Nielsen 1987) where
it constitutes the base of Late Pelistocene deposits
(Ehlers 1994). TL dates from water lain deposits
covered by Warthe till in Schleswig-Holstein suggests
that this Late Saalian glaciation is younger than 142—
127 kyr™ (Marks et.al.1995). However, if these dates
suffer similar underestimates as those from Denmark
(Mejdahl et al. 1992) ages could be up to 30% older
than indicated. This goes for the dates of the Weich-
selian deposits as well. East of the examined region
the Ristinge glaciation is recognized at the type sec-
tion Ristinge Klint and Mgn on the Baltic coast and

TL-dates from these sites indicates an age between
72-43 kyr™ below and 34-18 kyr™above Ristinge Till
(Houmark-Nielsen 1994). TL dates of Marks et al.
(1995) suggests that pre-LGM Weichselian glaciations
in Schleswig-Holstein took place around 50-60 kyr™
ago and possibly also around 90-110 kyr™ ago.
Although the Ristinge glaciation is not recognized in
Skane (Lagerlund 1980), it must, inevitably, have
covered not only southernmost Sweden but larger
parts of the southwestern Baltic as well. A Middle
Weichselian glaciation event (Swiecie Stadial) fol-
lowed by interstadial conditions in the Lower Wis-
tula Region is recognized by Vysota (2002) and Vys-
ota et al. (2002). Here luminescence dates of the ice-
marginal Chetmno clay Fm and the braided river
Rze¢czkowo sand Fm obtained ages that span between
c. 39 and 65 kyr. It is suggested that large ice-lakes
were dammed up by glaciers occupying the south-
ernmost Baltic and the northern part of Poland. Dam-
ming was followed by deglaciation and a return to
periglacial flood plains and shrub tundra. Recently,
a Middle Weichselian glaciation phase has also been
reported from northern Schleswig-Holstein and
Mecklenburg (Stephan 2003; Muller 2004), who rec-
ognized that the “Old Baltic” glaciation also reached
northern Germany. In the area west of Flensburg the
Ellund advance is correlated with the Ristinge glaci-
ation (Stephan 2005) and luminescence dates brack-
et the Ellund advance to the time 66-58 kyr. It was
followed by intertstadial conditions until ca. 28 kyr.
In Mecklenburg glaciers advanced beyond the Frank-
furt-Brandenburg end-moraines. Thus, Ristinge gla-
ciation, Ellund advance and Swiecie Stadial antedates
the LGM-phase glaciations marked by the MSL-
Frankfurt-Brandenburg-Leszno end moraine stages.
The present results advocate a revision of the cur-
rent understanding of the dynamics of SIS in the
Baltic. OSL dating strongly suggest that there is no
direct linkage between Baltic glaciation and the north-
ern hemisphere extreme cold episode during Marine
Isotope Stage 4 (MIS 4) as illustrated by Boulton &
Payne (1994 and Boulton et a.l (2001). Moreover, the
apparent out flow of glacier ice through the Baltic
depression during a relatively mild interval of MIS 3
opposes the modeled behavior of SIS 55-45 kyr fea-
turing a restricted ice sheet configuration in the Bal-
tic (Arnold et al. 2002).
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Conclusions

The following major scientific implications of the
present study can be listed:

= Asynthesis is presented on the intimate coherence
of glacial landformes, stratigraphy from open expo-
sures and well-log sediment successions in south
western Jylland.

= An established OSL-chronology of glaciations and
periglacial interludes covering the last 200-15 kyr
in south-western Denmark correlates well with
similar age models of shorter time range (40-15
kyr) from northern and eastern Denmark.

e The Late Saalian, Warthe glaciation took place c.
180-160 kyr ago and caused deposition of Lille-
bzlt Till Fm in most of the examined region.

e The Ristinge glaciation traditionally named “Old
Baltic” ice advance occurred under relatively mild
conditions during MIS 3 around 55-50 kyr ago.
This glaciation is now recognized elsewhere in the
circum Baltic region besides Denmark.

< Ristinge glaciation led to deposition of Ristinge
Klint Till Fm over larger parts of south western
Denmark except for a narrow coastal strip along
the North Sea Coast. Melting of dead ice masses
caused thermo karst subsidence on the Late Weich-
selian outwash plains west of the Main Stationary
Line (MSL).

< MSL was formed by glaciers from central Sweden
after 25 kyr ago during the glacio-eustatic low-
stand of the Last Glacial Maximum. This morpho-
logical divide does not outline the largest extent
of Weichselian glaciers as previously expected.

< Deglaciation was proceeding after 19 kyr ago in-
terrupted by glacier advances through the west-
ern Baltic.
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Dansk sammendrag

Dette arbejde praesenterer nye stratigrafiske og kro-
nologiske data om udbredelsen af det Skandinavi-
ske Isskjold (SIS) under Sen Saale og Weichsel isti-
derne i Sgnderjylland. Ti stratigrafiske niveauer der
omfatter tre till-formationer er identificeret ved kom-
bination af undersggelser i dbne profiler og brgnd-
boredata. Dertil er haegtet en numerisk kronologi for
inter-till sedimenter ved hjeelp af Optisk Stimuleret
Luminescens, der daekker de seneste ca. 200.000 ar.
Omréadet er inddelt i fire zoner, der omfatter Lille-
balts kystegne, randmoraenebeltet med Hovedop-
holdslinien og @stjyske israndslinie, de centrale vest-
jyske bakkestrag samt Nordsgkysten.

Den kronologiske model forudsiger at Lillebaelt Till
blev aflejret for 180-160 tusind ar siden under War-
the isfremstgdet i Sen Saale. Under afsmeltningen
afsattes smeltevandssletter under periglaciale forhold
indtil sidste mellemistids begyndelse. Med udgan-
gen af Eem mellemistiden for ca. 115 tusind ar siden
genindvandrede den arktiske vegetation og perigla-
ciale forhold var dominerende langt ind i Mellem
Weichsel. Vaksten af det Skandinaviske Isskjold
sendte isstremme gennem stersgen og det meste
af Danmark blev daekket af baltisk is under Ristinge
nedisningen for ca. 55-50 tusind ar siden. | Sender-
jylland nédede denne ,,Gammelbaltiske* is til de cen-
trale vestjyske bakkestrgg et godt stykke vest for
Hovedstilstandslinien. Afsmeltningen foregik i et
periglacial miljg med permafrost og arktisk plante-
deekke. Tiltagende afkaling mod sidste istids afslut-
ning betgd aflejring af udbredte deekker af flydejord
i Vestjylland samtidig med at isskjoldet atter brgd
frem, denne gang til Hovedstilstandslinien for min-
dre end 25 tusind ar siden. De store hedesletter blev
aflejret af smeltevandsfloder, der lgb vestpa, men pa
grund af det kolde klima var en del gletscheris efter-
ladt af Ristinge fremstgdet endnu ikke smeltet. Det-
te medfarte at der pa dele af hedesletterne dannedes
dadishuller efter den endelige afsmeltning. Under
den generelle afsmeltning udformedes de Ungbalti-



Appendix 1:

UTM coordinates of investigated sites in Southern Jutland,
Denmark.

No Site Name Easting Northing
la  Stensigmose 547572 6080178
1b  Dybbgl Mark 547990 6084922
2 Klintinghoved 553374 6082783
3 Varngshoved 537237 6099840
4a  Skelde Mark 548193 6077143
4b  lller Strand 542142 6081488
4c Nybgl Teglveerk 542789 6086091
5a  Segnder Hostrup 529095 6092737
5b  Hostrup Sg 529000 6091211
6 Lundtoft 527403 6085166
7a Hgnsnap 528468 6080777
7b  Kollund Bjerg 529237 6079440
8a  GennerAs 527591 6106973
8b  Radekro 522449 6103776
8c Over Jerstal 520151 6116384
9 Sommersted 517069 6129120

10 Andershoved 510700 6113407

11 Skibelund 507457 6124874

12 Veldingbjerg 498773 6147972

13 Tirslund 498379 6149462

14 Endrupskov 498002 6126832

15 Emmerlev Klev 477667 6094881

16 Visby 486790 6097582

17 Skeerbaek 486502 6111262

18 Oksbagl 454510 6162358

Fyn Ristinge Klint 603422 6076816

ske randmorzner i @stjylland og Lillebalt for mere
den 18 tusind ar siden.

Der er hermed kastet lys pa alderen og udbredel-
sen af det Skandinaviske Isskjolds gletschere i Sgn-
derjylland. Hovedstilstandslinien markerer saledes
ikke isens stgrste udbredelse under sidste istid, idet
det Gammelbaltiske fremstgd ndede lzengere vest pa
om end mere end 25 tusind ar tidligere. Ogsa syd for
Landegraensen er dette isfremsted erkendt og date-
ringer af dets alder er sammenlignelig med de dan-
ske.
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