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ABSTRACT

Reconstruction of former permafrost is based on specific indicators which represent relics of
features developed above or within the permafrost. Their interpretation in terms of genesis
and (palaeo)climatic significance, however, is in some cases still under debate. Previously the
reconstruction of the periglacial environment in Europe was limited to permafrost mapping
during the coldest time of the last glaciation. Today a much more refined evolution of the
palaeoclimate of the last glacial has been established, thanks to a considerable increase in
registered periglacial indicators, a better understanding of the corresponding climate condi-
tions, and more accurate and reliable dating of the periglacial phenomena.

RESUME

La reconnaissance de 'existence d’un pergélisol ancien est basée sur des indicateurs qui sont
les traces de phénomenes développés au-dessus et au sein du pergélisol. Leur interprétation en
termes de genése et de signification paléoclimatique est toutefois dans quelques cas, toujours
en discussion. Autrefois la reconnaissance de ’environnement périglaciaire en Europe était
limitée a la cartographie du pergélisol au moment du maximum du froid de la derniére
glaciation. Actuellement, une meilleure reconstitution de I’évolution du climat pendant la
dernieére période froide est établie grace & une augmentation considérable des indicateurs
périglaciaires, une meilleure compréhension de leur signification paléoclimatique et une

datation plus précise et plus fiable des phénomenes périglaciaires.
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INTRODUCTION

Changes in periglacial conditions and permafrost
distribution are well documented in the geological
evolution of Europe. Quaternary geomorpho-
logical, palacontological and geological records
thus provide the possibility not only to appreciate
the characteristics of previous cold environments
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but also to estimate the rate of change of certain
palaeoclimatic parameters. It is the aim of the
present contribution to illustrate the principles of
reconstruction of spatial distribution and tem-
poral evolution of permafrost for west and central
Europe, a region with a long history of alter-
nations between cold (peri)glacial conditions and
more temperate climates.
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The reconstruction of former periglacial en-
vironments implies comparison with present-day
periglacial environments. More specifically, frost-
thaw action provides many diagnostic geomor-
phological forms and sedimentary structures. The
preserved traces of these phenomena permit the
reconstruction of former periglacial conditions. It
is obvious that only those periglacial phenomena
which have high conservation chances of their
original form (e.g. stone circles) or a derived form
after ground-ice thaw (e.g. pingo remnants) can
be taken into consideration.

In this respect, it is important to realize that
present-day permafrost regions show a high diver-
sity in environmental conditions and vegetation.
Apart from factors such as soil composition,
topography and hydrological conditions, summer
temperature is the main factor determining the
vegetation pattern. However, winter and mean
annual temperatures govern the establishment
and preservation of perennially frozen soil. This
means that the different kinds of permafrost may
best be approximated by the mean annual tem-
peratures. In general, climatic data are expressed
as air temperatures. Unfortunately, there is no
precise relation between the mean annual air
temperature and the mean annual soil tempera-
ture. The latter determines the occurrence of
permafrost and is commonly 1-6°C warmer than
air temperature (Washburn, 1979). Thus, only
approximations exist between permafrost and
mean annual air temperature. In Canada the
southernmost limit of permafrost coincides
approximately with the mean annual isotherm of
—1.1°C (Brown, 1969). In the southern boreal
forest permafrost is only sporadic but becomes
discontinuous as one moves northward. The
—6.7°C isotherm forms roughly the transition to
the region where the permafrost is spatially con-
tinuous (Brown, 1969). It is necessary to repeat
that these values are only mean values and
depend on lithology, vegetation and geomorpho-
logical position (Nelson, 1989).

Reconstruction of former permafrost environ-
ments are based on the detection, recognition and
evaluation of permafrost indicators. Therefore,
diagnostic characteristics of permafrost are dis-
cussed first. Their significance is related to their
preservation chances and palaeoclimatic rele-
vance. However, a number of problems still exist
arising from use of these permafrost indicators.
Second, the criteria so defined enable one to re-
construct the spatial distribution of permafrost in
western and central Europe during the cold maxi-

mum of the last glacial. Third, the high variability
and multiple changes of permafrost environments
in time are illustrated for the same region during
the last glacial.

PERMAFROST INDICATORS

From the numerous periglacial features only a
very limited number testify to former permafrost
(see, e.g., Washburn, 1980).

Ice-wedge Casts

Pseudomorphs of ice wedges constitute a reliable
proof of the earlier occurrence of permafrost. Be-
sides, they are numerous in Quaternary deposits
and have been described on many occasions (e.g.
Gozdzik, 1973). When permafrost disappears and
the ice in the wedge melts, the free space is filled
with surrounding and overlying sediment. In sandy
soils this results in a twofold fill (Figure 1): a
central part with vertical laminated sediment and
an outer part consisting of blocks which have
moved downwards along normal faults (Vanden-
berghe, 1983b). On top of the former wedge the
sediments show a striking wide downward bend-
ing which may form part of an extended cryotur-
bation level (Vandenberghe and Krook, 1981).
Silt or clay subsoils are more cohesive during
permafrost degradation, so the original upturning
structures may be preserved, whereas in less
cohesive sand subsoils the latter structures are
destroyed by the subsiding movements.

Classically, ice-wedge patterns are attributed to
the zone of continuous permafrost (e.g. Péwé,
1966). The latter author reports a minimum mean
annual air temperature of —6°C according to
their occurrence in Alaska and Canada. Later,
values of —4.5°C have been recorded in the same
region for loamy subsoils (Brown & Péwé, 1973).
According to data obtained by Romanovsky
(1985) in the USSR, ice wedges form in fine sedi-
ments at higher temperatures than in coarser sedi-
ments. When translating Romonovsky’s ground
temperatures we arrive at minimum mean annual
air temperatures of —4.5C for loamy soils and
—8°C for sandy and gravelly soils (Vanden-
berghe, 1992a). Romanovsky’s observations on
the effect of soil lithology on ice-wedge formation
have also the important consequence that in mar-
ginal temperature conditions ice-wedge polygons
may occur in discontinuous permafrost, but only
at favourable sites.
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Figure 1 Ice-wedge cast from the last glacial maximum at
Grubbenvorst (The Netherlands), illustrating the internal
(vertical laminated) infilling and the external blockwise down-
faulting.

Sand-wedge Casts

Contraction fissures may be filled from the surface
with allochtonous sediment, mostly sand. Infilling
usually takes place by wind. Thisrecurrent seasonal
process results also in the progressive enlarge-
ment of the wedge and a vertical lamination of the
infilling. Sand-wedge casts are easily distinguished
from ice-wedge casts, as the former reach the
surface level (while the top of the ice-wedge casts
represents the permafrost table) and the upturn-
ing structures in the sediment adjacent to the sand
wedge are always preserved. Besides, the aeolian
activity during the development of sand-wedge
polygons results usually in the development of a
desert pavement at the surface. Sand-wedge casts
from Quaternary deposits have been reported
only sporadically (Karte, 1979; Vandenberghe,
1983a; Gozdzik, 1986).

Sand-wedge polygons can only develop in very
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dry conditions. The reason for the development of
sand wedges is dryness. Because no water descends
into the frost crack, the filling consists only of sand.
A pure sand wedge (without ice) only develops
when the temperature remains below 0°C during
the whole year or when no water is available
because of the absence of summer rain or spring
snow. Since such conditions are rare in periglacial
environments, most sand wedges are composite in
nature (with a certain amount of ice). According
to Karte (1979), a minimum mean annual air tem-
perature below —12°C and an annual precipita-
tion less than 100 mm is required for pure sand
wedges. However, composite sand wedges are
very similar to fissures or wedges which appear in
the active layer or in the seasonally cryotic layer
outside the permafrost zone. The latter are usually
smaller and shallower than the sand wedges which
form in perennially frozen soil. The former have
been reported by Kolstrup (1987) and may also be
observed in the eastern Netherlands (Figure 2). It
may be concluded that composite sand-wedge
casts testify to conditions of only deep seasonal
frost and low precipitation.

Remnants of Pingos and Palsas

Numerous closed depressions have been interpre-
ted as the result of the melting of ice lenses in
cryogenic mounds. In many cases no other inter-
pretation can be found. It is clear that supplemen-
tary arguments on genesis and age are necessary
in order to draw any palaeoclimatic conclusion
based on the occurrence of these forms. The
interpretation of depressions surrounded by ram-
parts is more obvious. These forms result from
the upheaval and subsequent movements of soil
due to ice-lens growth. Only the rampart forms
allow of the derivation of palaeoclimatic par-
ameters.

In present-day periglacial areas closed-system
pingos occur only in the zone of continuous per-
mafrost at mean annual temperatures of maxi-
mum —6°C. Open-system pingos, however, occur
also in the discontinuous permafrost zone at mean
annual temperatures up to —2°C. Thus, for the
purpose of palaeoclimatic reconstruction, it is
necessary to find out the exact origin of the pingo
remnant.

Traces of former organic palsas are not well
known. They are difficult to recognize as usually
they are buried by further peat growth after the
thaw of the palsa-ice. Organic palsas develop at
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Figure 2 Composite sand-wedge cast associated with desert
pavement (Beuningen horizon (arrow), Weichselian Late
Pleniglacial) in the Dinkel section (eastern Netherlands).

mean annual temperatures of max. —1°C. Palsas
without an isolating peat cover, however, need
more rigorous conditions: —4°C to —6°C mean
annual temperature according to their present
distribution (Dewez et al., 1985). It means that
these mineral palsas are situated in the northern-
most part of the zone of discontinuous perma-
frost. An example of remnants of mineral palsas
is described on the Ardennes Plateau (eastern
Belgium) by Pissart (1983) (Figure 3).

Traces of Segregation Ice and Absence of
Speleothems in Caves

Sediments in caves may contain segregation ice
when they remain frozen throughout the year and
the humidity is sufficient. Since horizontal caves
at sufficient depth show a constant temperature
which is approximately equal to the mean annual
air temperature, the traces of segregation ice in

cave sediments point to the presence of former
permafrost. As an example we may mention the
traces of segregation ice in the cave sediments at
Remouchamps (eastern Belgium) with an age be-
tween 11000 and 34000 years Bp, which is the
time that also no water could penetrate in the
subsoil, owing to the presence of perennially frozen
ground above the cave (Pissart et al., 1988).

Apart from some exceptions with special condi-
tions, traces of ice segregation in cave deposits
point to thick permafrost. In regions with deep
caves it is even possible to determine in this way
the approximate depth of the permafrost. Other-
wise, if a perennially frozen subsoil is present, no
water can penetrate into the subsoil and no spe-
leothems can form. Therefore, phases without
speleothems point to the existence of continuous
permafrost at that time.

Cryoturbations

Involutions of a periglacial nature may have dif-
ferent origins (Vandenberghe, 1988). Cryo-
hydrostatic pressure results in the extrusion of
sediment-laden water. Cryostatic pressure caused
by ice segregation may induce involutions in fine
sediments by repeated freeze—thaw cycles
(Pissart, 1982). The deformations resulting from
cryostatic and cryohydrostatic pressure are, in
general, randomly spaced, except when induced
by pre-existing lithological distributions. Both
processes may be active without the presence of
permafrost. Upward injection through frost
fissures in polygonal patterns is a special form of a
hydrostatic process giving rise to structures simi-
lar to those described by Van Vliet-Lanoé (1983).
The latter process requires the presence of frozen
ground to maintain the necessary water pressure.

Equally spaced and widely extending, regular
forms of large and constant amplitude (1-2 m)
are attributed by one of us (Vandenberghe and
Van den Broek, 1982; Vandenberghe, 1983a) to
the loading mechanism induced by the melting of
the ice-rich top of permafrost and subsequent
oversaturation at that level. This explanation is
supported by (1) the occurrence of this type of
involution independent of the frost susceptibility
of the soil and (2) the sediment-structural frame-
work of these involutions, which is identical with
the structures of experimentally obtained load
casts (Vandenberghe, 1992b). This explanation
involves the presence of underlying permafrost,
which is confirmed by the flat-bottomed form of
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Figure 3 Remnants of mineral palsas which grew during the Younger Dryas at 500 m a.s.1. on the Hautes Fagnes (Belgium).

many of these involutions and the occurrence of
ice-wedge casts just below the involutions at
many localities (Vandenberghe, 1983b, 1985).
Consequently, the same palaeoclimatic implica-
tions as for ice-wedge casts may be derived from
large-amplitude cryoturbations: less than —4.5°C
to —8°C, depending on the lithology (see above).
Regularly developed involutions, as described
above but with small amplitude and of minor ex-
tent, may also develop by occasional loading on
top of deep seasonally frozen ground (Vanden-
berghe, 1988). The same holds for isolated drop-
structures which may be caused by short-lasting
and local conditions of supersaturation. Their
palaeoclimatic significance is thus rather low.

PROBLEMS IN PALAEOCLIMATIC
RECONSTRUCTION BY PERIGLACIAL
MARKERS

Conditions under which specific periglacial pheno-
mena appear are certainly not always completely
understood, while their present distribution is
often unknown. Besides, the determination of the
factors governing the distribution of certain peri-
glacial forms is very complex and, more particu-

larly, the air temperature associated with their
appearance is often difficult to determine. This is
a consequence of the fact that most of the peri-
glacial phenomena are controlled by soil tempera-
tures. The latter are a function of multiple factors
and may show differences of up to 10°C under
the same air temperature (Smith, 1975). Conse-
quently, even if the relation between a specific
periglacial phenomenon and the mean soil tem-
perature can be established, the precise deriva-
tion of the mean annual temperature is not always
obvious.

The transposition of present-day periglacial
data from the Arctic towards relict Pleistocene
periglacial conditions in nowadays temperate
regions induces supplementary problems. The
insolation values at nordic latitude are quite dif-
ferent from those that existed at more southern
latitudes. Other climatic uncertainties pose even
more important problems. One is the consider-
able perturbation of the atmospheric circulation
which must have existed in the neighbourhood of
the large ice-caps. Otherwise, oceanic studies of
foraminifera show the absence of the warm Gulf
Stream in the present North Sea, while the North
Atlantic ice cap reached western Europe. These
examples illustrate the important changes in re-
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gional systems which are superposed on global
climatic evolution.

The adequate genetic correlation of Pleistocene
periglacial forms with present ones is not always
evident. This may be illustrated by the ‘viviers’ on
the Ardennes Plateau (eastern Belgium) which
formerly were interpreted as pingo remnants but
now are considered to be the traces of mineral
palsas (see above). Since the environmental con-
ditions governing both forms are not identical, a
different palaeoclimatic interpretation results.

The use of periglacial phenomena as palaeo-
climatic indicators necessitates the accurate dat-
ing of their appearance. In this respect, proposed
ages are sometimes questionable and have to be
managed with caution. Again, the ‘viviers’ of the
Ardennes illustrate this kind of uncertainty: the
‘viviers’ do not date from the last glacial maxi-
mum, as was thought formerly, but from the
Younger Dryas period (Pissart, 1983), as pro-
posed in 1969 by Mullenders and Gullentops.

PERMAFROST DISTRIBUTION IN (WESTERN
AND CENTRAL) EUROPE

As long ago as 1909 Lozinski recognized the
important role of periglacial research in palaeo-
climatic reconstructions. The first attempt of
global significance was realized by Poser (1948).
It was based on two criteria: (1) width and depth
of ice-wedge casts for the recognition of perma-
frost and estimation of cold intensity; (2) involu-
tion depth as an indicator of the thickness of the
active layer. In this way Poser was able to deter-
mine the southern limit of permafrost in Europe
during the last glacial (Figure 4). His reconstruc-
tion of palaeotemperatures was quite remarkable.
For that purpose he used the position of the
northern tree limit with an estimated July temper-
ature of +10°C and the position of the southern
limit of permafrost extension with an estimated
mean annual temperature of —2°C, which also
corresponds with the mean April and October
temperatures. On the basis of these criteria, he
derived a decrease of 8-9°C for the mean summer
temperature of the last glacial in comparison with
the present-day situation, a decrease of 12°C for
the mean winter temperature and a decrease of
10°C for the mean annual temperature. Strictly
speaking, these values are only valid at the places
where the northern tree limit meets the southern
permafrost limit.

After this regional study, more attention was

paid to more local investigations. Some modified
Poser’s results. For instance, the map of perigla-
cial phenomena in France by Cailleux ez al. (1956)
shows a more southern position of the permafrost
during the same period: up to latitude 45° N,
according to the occurrence of ice-wedge casts in
gravel layers. This idea was followed by Kaiser
(1960), who extended the southern permafrost
limit to northern Italy (Figure 4).

In the whole region from Poland through Ger-
many, the Netherlands and Belgium into France
and Great Britain a high number of ice-wedge casts
and large cryoturbations have been recorded.
Together with pingo scars (e.g. in the northern
Netherlands) and the traces of ice segregation
(e.g. in east Belgium), they testify to continuous
permafrost during the last glacial maximum.

As concerns the temperature distribution
throughout the year, Williams (1975) demon-
strated the continental character of the climate at
the last glacial maximum. It was based on values
of —8 to —10°C for the mean annual tempera-
ture, according to the presence of a continuous
permafrost, and a value of +10°C for the mean
July temperature, according to the thickness of
the active layer and the presence of specific
assemblages of coleoptera (Coope ef al., 1971).
This enabled Williams to derive winter tempera-
tures of up to —25°C.

New permafrost maps were compiled by Maar-
leveld (1976) for the permafrost extension in the
Weichselian and by Velichko (1982) for perma-
frost of the last glacial maximum (Figure 4). Their
maps are very similar. Both authors place the
southern limit of permafrost some 180 km more
to the north than did Cailleux and Kaiser, and
assume the Alps as the southern limit. It is poss-
ible that during previous glacials the northern
Italian plain was also invaded by permafrost
(cf. Kaiser, 1960). Finally, the very detailed in-
ventories of permafrost indicators in central
Europe made by Karte (1981) have to be men-
tioned as well as the reconstruction of the extent
of permafrost on the base of cryopedological data
by Van Vliet-Lanoé¢ (1989).

PALAEOCLIMATIC EVOLUTION OF
WESTERN EUROPE DURING THE LAST
GLACIAL

Weichselian Early Glacial

The period between the Eemian interglacial and
the Weichselian Pleniglacial took quite a long
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Figure 4 Map of western and central Europe showing the southern permafrost limits as proposed by Poser (1948), Kaiser
(1960), Maarleveld (1976) and Velichko (1982), according to the distribution of periglacial phenomena dated from the last cold

maximum.

time (from c. 110 ka to c¢. 72 ka). In the oxygen
isotope curve it corresponds with stages 5d-a
(Woillard and Mook, 1982), a generally mild
period. Therefore, it is not very surprising that
periglacial phenomena from this time are rather
scarce. Periglacial activity is situated in substages
5d, corresponding with the cold interval between
Eemian and Brérup, and 5b, corresponding with
the cold interval between Brorup (105-94 ka Bp)
and Odderade (85-73 ka BP). Small-scale cryotur-
bations and frost fissures are most common. They
are reported by Zagwijn and Paepe (1968), De
Moor et al. (1978), Haesaerts and Van Vliet-
Lanoé (1981), Lautridou and Sommé (1981) and
Vandenberghe et al. (1985). These features point

to periglacial conditions of deep seasonal frost,
however, without the necessity of permafrost. It
means the mean annual temperature was below
—1.5°C (Maarleveld, 1976).

The indications for permafrost in the northwest
European lowlands are few. Ice-wedge pseudo-
morphs are mentioned by De Moor et al. (1978)
for western Belgium.

Weichselian Early Pleniglacial
It was recognized by Van der Hammen et al.

(1967) that the Pleniglacial could be subdivided
into cold periods at the beginning and the end,
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separated by a milder interval in between. The
Early Pleniglacial correlates with the first top in
the oxygen isotope curve pointing to glacial con-
ditions, i.e. stage 4. It can be dated between c. 72
ka and 61 ka (Woillard and Mook, 1982; Vanden-
berghe, 1985).

Ice-wedge pseudomorphs and large, flat-
bottomed cryoturbations from the Early Pleni-
glacial can be attributed to that period in the
Dutch-Belgian border region and in north-
western France (Lautridou and Sommé, 1981;
Vandenberghe and Krook, 1981, 1985; Vanden-
berghe, 1985). These structures occur over large
areas on subsoils varying from silts to fine and
coarse sands. They undoubtedly testify to the
former existence of continuous permafrost. In
accordance with modern analogues, mean annual
temperatures probably dropped below —7°C
(Karte, 1979; Romanovsky, 1985). For the
English Midlands Williams (1975) estimated
values not exceeding —10°C.

Similar indications for continuous permafrost
have also been recognized by Zagwijn and Paepe
(1968), West et al. (1974), Haesaerts and Van
Vliet-Lanoé (1981), Van der Meer et al. (1984)
and Haest et al. (1986). Sometimes observations
have suffered from inadequate dating, but ad-
vanced stratigraphical knowledge now allows
their assignment to the period concerned. In
other cases the significance of certain structures as
indicators for former continuous permafrost was
not used by the authors. In this context special
mention should be made of the unequivocal evi-
dence for permafrost found at Stare Kurowo (Po-
land) in the form of a well-developed ice-wedge
cast. Notwithstanding the age determination of
Weichselian Early Glacial by Kozarski (1986), it
is clear from his description that the wedge post-
dates the Odderade peat which it penetrates.
Thus, an Early Pleniglacial age of the permafrost
is obvious.

Figure S represents the temperature distribu-
tion during the Weichselian Pleniglacial and Late
Glacial for the Netherlands and adjacent low-
lands of Belgium and northern Germany. The
mean summer temperatures are minimum values
as derived from palaeobotanical analyses (Ran,
1990; Vandenberghe, 1992a), while the mean
annual temperatures are maximum values
obtained from periglacial information (Vanden-
berghe, 1983a). The mean winter temperatures
are calculated from the annual and summer
temperatures, supplemented with palaecobotanical
and periglacial data.

Weichselian Middle Pleniglacial

The entire period between c. 61 ka and 27 ka is
rather monotonous, as shown by palaeobotanical
analyses, sedimentary environments and peri-
glacial phenomena (Ran, 1990; Van Huissteden,
1990). It corresponds with oxygen isotope stage 3
and has been recognized as a milder period in
between the preceding and the next cold stage
(Van der Hammen, 1957; Van der Hammen et
al., 1967; Vandenberghe, 1985, 1992a). In the
sandy regions of western Europe the whole sedi-
ment sequence has been characterized by the
occurrence of frost cracks and local, smali-sized
cryoturbations (Vandenberghe, 1983a). These
features point at least to (deep) seasonal frost.

Permafrost had not been recognized in the
Middle Pleniglacial of the northwest European
lowlands until Van Huissteden (1990) found a
polygonal network of ice-wedge casts accom-
panied at their top by large cryoturbations in
Middle Pleniglacial deposits near Hengelo. At the
same level large cryoturbations had been de-
scribed by Zagwijn (1974). The episode con-
cerned could accurately be dated between 36 ka
and 41 ka. Recently ice-wedge casts and associ-
ated cryoturbations of similar age have been
discovered at Grouw (northern Netherlands)
(Vandenberghe and Kasse, 1993). Common to all
these cryogenic deformations is that they are
formed exclusively on a silty or peaty substratum
and up to now were not found on the widespread
sandy subsoils of the region. A cold period
around the same time has also been found in the
Sclayn cave deposits by De Blaere and Gullen-
tops (1986). According to Romanovsky (1985),
ice wedges can form in fine-grained sediments -
when the mean annual ground temperature drops
below —2.7°C and mean annual air temperatures
below —4.5°C (Brown and Péwé, 1973). Since the
distribution of surficial materials is related to
geomorphological position, the latter is significant
for the development of ice wedges and the distri-
bution of permafrost (Pissart, 1987). The occur-
rence of ice-wedge casts and large cryoturbations
only rarely and exclusively on favourable subsoils
suggests that probably only discontinuous perma-
frost was present in that time interval in the sand
regions and that mean annual temperatures were
about —5°C.

As mentioned above, in the sandy regions of
northwestern Europe no indications for perma-
frost have been found up to now from the Middle
Pleniglacial, except for that period at 36—41 ka. It
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Figure 5 Mean annual, summer and winter temperatures during the Weichselian Pleniglacial and Lateglacial in the Nether-

lands and Belgium.
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follows that a mean annual temperature of
—4.5°C was indeed the lowest value reached dur-
ing the Weichselian Middle Pleniglacial at sea
level. The upper limit of the mean annual temper-
ature can be derived from the occurrence of frost
cracks and small-sized cryoturbations in all re-
gions which necessitate mean annual tempera-
tures below —1.5°C (Maarleveld, 1976). In the
adjacent loess belt isolated occurrences of ice-
wedge casts have been found somewhat later than
36 ka (Haesaerts and Van Vliet-Lanog, 1981;
Huijzer, 1991). The complete absence of speleo-
thems in the caves of southern Belgium between
37 ka and 14 ka (Gewelt and Ek, 1988) is a good
indication for the development of continuous per-
mafrost in regions higher than 200 m a.s.l. In
these situations maximum mean annual tempera-
ture was —5°C and at sea level —3°C between 35
ka and the end of the Middle Pleniglacial (Figure
5). In Scandinavia probably periods with perma-
frost were more frequent, according to the
occurrence of ice-wedge casts described by John-
son (1984).

Weichselian Late Pleniglacial

This period lasted from c¢. 27 ka to 13 ka and
corresponds to oxygen isotope stage 2 (Van der
Hammen er al., 1967; Vandenberghe, 1985). It
is also the period in which the last major ice
advance took place (Van der Hammen, 1957).
After the retreat of the ice caps in northern and
central Europe, permafrost aggraded into the
previously deposited tills (Liedtke, 1957/58;
Williams, 1975; Kozarski, 1992).

Traces of periglacial structures from this period
are widespread and generally well preserved. Ice-
wedge casts and large flat-bottomed cryoturba-
tions are very common and have been described
many times, not only in loess subsoils (e.g. Paepe
and Pissart, 1969; Haesaerts, 1974; Gullentops et
al., 1981) but also in sands (e.g. Paepe and Van
Hoorne, 1967; Van der Hammen et al., 1967; Van
der Hammen and Wijmstra, 1971; Gozdzik, 1973;
Kozarski, 1974; Maarleveld, 1976; Vandenberghe
and Gullentops, 1977; Kolstrup, 1980; Vanden-
berghe and Krook, 1981, 1985; Vandenberghe,
1983b), and even in gravel(ly) deposits (Eiss-
mann, 1981; Bryant, 1983). Karte (1981) provides
additional references for Germany and Poland. In
addition, in the northern Netherlands remnants
of closed system pingos from the Late Pleniglacial
are reported (De Gans, 1981). In the southern

Netherlands circular mounds have also been
interpreted as pingo remnants, but they might
only reflect the previous existence of ground ice
lenses (Kasse and Bohncke, 1992).

Occasionally, sand-wedge casts have been men-
tioned (Gozdzik, 1973, 1986; Vandenberghe,
1983a; Kolstrup 1987). In comparison with typical
sand wedges in present-day Arctic regions, the
Pleniglacial wedge forms found in western Europe
are much smaller and shallower (French and
Gozdzik, 1988). Apart from the typical upturning
structures of the adjacent sediments, some
wedges also show downsinking structures. Like
Gozdzik (1973), Kolstrup (1987) and Harry and
Gozdzik (1988), we should like to interpret the
described wedges as composite in nature. Their
characteristics point to an origin which may have
been of a recurrent but seasonal nature and even
have contained some ice. Thus, it is important to
state that composite sand-wedge casts do not
necessitate the very severe conditions generally
assumed for the typical deep sand wedges (see
above).

Cryopedimentation is a process which fre-
quently occurred even on soft sediments (Gullen-
tops et al., 1966, 1981). Although difficult to date,
it is believed that cryopediments formed in the
early phase of the Late Pleniglacial. Although
permafrost is not a prerequisite for their forma-
tion, they testify to deep seasonal frost and sparse
vegetation at the beginning of the Late Plenigla-
cial.

The frequent occurrence of ice-wedge polygons
and associated large-amplitude cryoturbations,
the presence of closed-system pingos and the
absence of speleothems in Belgium point to con-
tinuous permafrost. At the maximum of this cold
period the ice wedges developed in all kinds
of subsoils, including coarse sand and gravel
deposits. From the latter it may be concluded
that, in accordance with modern analogues, mean
annual temperatures dropped below —8°C at that
time.

The final phase of the Late Pleniglacial (c.17-
13 ka) was characterized by very dry conditions in
which no more indications for permafrost have
been observed, at least in the sand regions (Maar-
leveld, 1976; Vandenberghe, 1983a). Aeolian
activity on a sparsely vegetated surface resulted in
the formation of large deflation areas and the
correlative deposition of large quantities of loess
or cover sand, while fluvial activity was strongly
reduced. Periglacial structures in the northwest
European lowland were limited to small frost
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fissures and traces of hummocky soils and involu-
tions. In central Europe permafrost continued per-
haps until the end of the Pleniglacial (Kozarski,
1992).

Weichselian Late Glacial

The Late Glacial climatic improvement, which
extended between c. 13 ka and 10.9 ka, was char-
acterized by warmer summers. However, winters
remained fairly cold (Bohncke et al., 1987), so
that seasonal frost cracks developed (Maarleveld,
1976; Van Geel et al., 1989).

The last part of the Late Glacial, the Younger
Dryas, extended from c. 10900 to ¢. 10250 years
BP (Bohncke et al., 1987). It was characterized by
a very abrupt cooling at the beginning of the
period. It was also a time of distinct readvance of
alpine glaciers and ice caps. In the northwest
European lowlands the cooling was manifested by
the frequent occurrence of isolated cryogenic dis-
turbances and frost fissures (De Ploey, 1961; Van
der Tak-Schneider, 1968). Regularly developed
cryoturbations occur at specific locations (Van
der Hammen and Maarleveld, 1952; Vanden-
berghe et al., 1991). De Moor and Heyse (1978)
described large, flat-bottomed cryoturbations.
Ice-wedge casts are exceptional and poorly
developed (e.g. Vandenberghe et al., 1987). Even
on the large loess plateaus, which form a favour-
able substratum for wedge development, no ice-
wedge casts from the Younger Dryas have yet
been recorded. However, more to the north, e.g.
in southern Scandinavia, conditions were favour-
able for the development of well-formed ice-
wedge polygons in the Younger Dryas (Svensson,
1988). Late Glacial ground-ice depressions are
suggested by De Groot et al. (1987) in the
northern Netherlands and by Sparks et al. (1972)
in England.

On the Ardennes Plateau frost mounds have
been interpreted as pingos by Pissart (1956) and
Mullenders and Gullentops (1969), and later as
palsas by Pissart (1983). On the German Shale
Plateau many landforms show the imprint
of periglacial conditions (gelifluction, slope
deposits) and some features necessitated perma-
frost (ice-wedge casts) or at least deep seasonal
frost (Karte, 1988).

These rather well documented and dated
phenomena, which are characteristic of the first
part of the Younger Dryas ending at ¢. 10550 Bp,
allow a reliable climatic reconstruction of this
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episode (Vandenberghe et al., 1991). The mineral
palsas found above 500 m a.s.l. on the Ardennes
Plateau point to a situation in the coldest zone of
the discontinuous permafrost belt with mean
annual temperatures between —4°C and —6°C
(Dewez et al., 1985; Pissart, 1987). The incipient
nature of the ice-wedge casts and their sparse
occurrence would imply sporadic to discontinuous
permafrost in the northwest European lowlands;
it means mean annual temperatures between
—1.5°C and —4.5°C. At present, the mean
annual temperature difference with the Ardennes
Plateau is 3°C (Mullenders and Gullentops,
1969). In Scandinavia ice-wedge polygons point
to continuous permafrost at that time and mean
annual temperatures of less than —6°C.

The last part of the Younger Dryas (10550
10250 BP) is characterized by the disappearance
of local permafrost in the northwest European
lowlands. From this fact slightly increased
temperatures are deduced. At the same time, pre-
cipitation decreased considerably, river activity
declined and dunes formed.

CONCLUSIONS

Only periglacial features with wide occurrence,
good preservation potential and a specific climatic
significance are useful indicators for inferring
the existence of previous permafrost and its
nature.

For the reconstruction of the periglacial en-
vironment and its evolution in western Europe
during the last glacial the following characteristics
may be used.

(1) Continuous permafrost: widespread ice-
wedge polygons, closed-system pingos, traces
of ice segregation, absence of speleothems.

(2) Discontinuous permafrost: palsas, large
cryoturbations, sporadic ice-wedge casts only
on frost-susceptible soils.

(3) Deep seasonal frost: composite sand-wedge
casts.

(4) Seasonal frost: frost cracks, small or isolated
cryoturbations.

The palaeoclimatic evolution of western and
central Europe during the Weichselian Pleni-
glacial shows two main periods of continuous per-
mafrost (c. 72-61 ka and ¢. 27-17 ka), a milder
period in between with deep seasonal frost and
periods with sporadic or discontinous permafrost
(especially c. 35-41 ka). There is definite proof
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for permafrost during the Weichselian Early Gla-
cial. The Late Glacial is characterized by a short
period with discontinuous permafrost (c.10.9~
10.5 ka). These conclusions apply to regions at
about sea level; higher areas may show more
rigorous conditions.
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