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Middle and Late Quaternary
evolution of Spitsbergen
against global changes

ABSTRACT: Attempt of correlation of raised marine beaches and glacial episodes in West
Spitsbergen is presented for the Middle and the Late Quaternary. A model of predominating Ba-
rents Sea shelf ice sheet during the Saalian and of co-existing distinct local ice domes during the
Vistulian is postulated on the basis of varying land uplift. Glacial episodes in Spitsbergen are re-
ferred to the ones in continental Europe and North America. Rough prognosis of climatic trends
is introduced.
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Introduction

Studies of the Quaternary evolution of Spitsbergen have been based commonly
on relation of glacial sediments to raised marine beaches. The former document
cooler intervals that resulted in glacier advances in Spitsbergen. The latter repre-
sent mainly climatic warmings whereas incorporated organic remains could be
radiocarbon-dated (among others Blake 1961, Lindner, Marks and Pgkala 1986,
Forman 1990). The paper presents chronostratigraphical correlation of warmings
and coolings in Spitsbergen, and therefore - evolution of this area during the
Middle and the Late Quaternary. Such reconstruction is based on morphometric
and age relations of raised marine beaches and glacial deposits. Thermolumine-
scence datings of marine and glacial sediments (Butrym ez al. 1987, Lindner and
Marks 1991) as well as amino-acid (Miller 1982, Miller et al. 1989) and radio-
carbon (Blake 1961, Birkenmajer and Olsson 1970, Péwé et al. 1982, Landvik,
Mangerud and Salvigsen 1982, Klysz et al. 1988, Forman 1989, Salvigsen et al.
1990) datings of marine sediments were especially useful. Informal stratigraphi-
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cal terms, introduced earlier (Lindner, Marks and Pe¢kala 1983, 1984) and deri-
ved from local geographical names, are consequently used in this paper.

The paper is based on the authors’ studies, supplemented with results from
other areas (cf. Figs 1 and 2).

Middle Pleistocene

The Torellkjegla Interglacial (Holsteinian) is found at present to be the earliest
Quaternary interval, sediments of which have been identified in Spitsbergen. It is
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Fig. 1. Location of described regions in Spitsbergen: 1 - southwestern Haakon VII Land,
2 - northwestern Oscar II Land, 3 - western Oscar Il Land, 4 - southern Oscar Il Land, 5 - western
Olav V Land, 6 - northwestern Nordenskiold Land, 7 - northern Wedel Jarlsberg Land, 8 - southern
Wedel Jarlsberg Land, 9 - northwestern Sorkapp Land, 10 - southern Sorkapp Land
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represented by marine clays to the north of Hornsund, TL-dated at 383-413 ka
(Lindner, Marks and Pekala 1983, 1984, 1986, 1987, Lindner and Marks 1993a).
The Torellkjegla Interglacial is to be correlated with the Holstein Interglacial
sensu lato in continental Europe.

The Wedel Jarlsberg Land Glaciation (Saalian) is represented in Spitsber-
gen both by terrestrial and marine deposits. Terrestrial glacial deposits to the
north of Hornsund are composed of two glaciotectonically deformed tills, separa-
ted with glaciofluvial sands and gravels. These sediments were TL-dated: the
older till at 313-284 ka, whereas sands and gravels at 222-190 ka, and the younger
till - at 189 ka (Lindner, Marks and Pekala 1986, Lindner and Marks 1993a). Pre-
sence of the Wedel Jarlsberg Land Glaciation is also indicated by glacial sedi-
ments to the south of Hornsund, TL-dated at 217 ka (Butrym et al. 1987, Lindner
and Marks 1993a). Time interval between these two main advances of the Wedel
Jarlsberg Land Glaciation in the Bellsund area is represented by marine clays,
TL-dated at 181 ka (Pekala and Repelewska-Pekalowa 1990). A younger part of
this glaciation is represented to the north of Hornsund by glaciofluvial and glacial
sediments, TL-dated at 143-161 ka (Marks and Pekala 1986, Lindner and Marks
1993a), and to the south of Homsund - by a till, TL-dated at 141 ka (Butrym
et al. 1987). In the Bellsund region there are presumably two tills of the Wedel
Jarlsberg Land Glaciation; they are TL-dated at 156 ka and 130 ka (Pe¢kala and
Repelewska-Pgkalowa 1990, Lindner and Marks 1991). In Broggerhalvoya this
glaciation is probably represented by the oldest till of the so-called episode C,
amino-acid-dated at 130-290 ka (Miller et al. 1989).

Warmer intervals during the Wedel Jarlsberg Land Glaciation favoured develop-
ment of the highest raised marine beaches in ice-free zones. Such questionable bea-
ches occur at 220-230, 200-205, 180-190 and 100-120 m a.s 1. to the north of Homn-
sund. Sediments of the lowest beach were TL-dated at 163 ka (Pekala 1989, Lindner
et al. 1991). Soliflucted deposits in this area were TL-dated at 143 ka (Marks and
Pekala 1986, Lindner and Marks 1993a). Sediments of the raised beach 65 m
a.s.l. in the northern Billefjorden area were TL-dated at 166 ka (Stankowski et al.
1989). It seems also probable that during this glaciation, the highest marine bea-
ches in the Bellsund area at 150-180 and 100-150 m a.s.l., the highest beach in
the southern Sorkapp Land at 230-270 m a.s.l. and at Broggerhalvoya at 80 m
a.s.l. (amino-acid-dated at 130-290 ka by Forman and Miller, 1984) were formed.

Late Pleistocene

The Bogstranda Interglacial (Eemian) to the north of Hornsund is represented
by remains of fossil flora, younger than 143 ka (Marks and Pekala 1986, Lindner
and Marks 1993a). Presence of this interglacial in the northern Billefjorden is in-
dicated by subtill lacustrine sands and silts, TL-dated at 119 ka (Klysz
et al. 1988, 1989). Mollusc shells from marine sediments in the Kapp Ekholm
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area were ascribed on amino-acid dating to this interglacial and indicate warmer
conditions than the present ones (Mangerud and Svendsen 1990). Glaciomarine
clays, silts and sands to the south of Bellsund correspond to this interglacial; they
were TL-dated at 102 ka and underlain by a bipartite till of the Wedel Jarlsberg
Land Glaciation (Pgkala and Repelewska-Pg¢kalowa 1990, Lindner and Marks
1991). Sands and gravels of the raised marine beach 70-80 m a.s.l. in the same
area were TL-dated at 127-98 ka (Reder 1990). The raised marine beach 60-75 m
a.s.l. at Broggerhalvoya, amino-acid-dated at over 130 ka (Forman and Miller
1984), was presumably formed at this time.

The Sorkapp Land Glaciation (Vistulian) is characterized in Spitsbergen by
several glacial advances, separated with warmer intervals when the middle raised
marine beaches were formed (Troitsky et al. 1979, Lindner, Marks and Pe¢kala
1983, 1984, 1986, 1987, Klysz et al. 1988, 1989, Lindner and Marks 1991,
1993a). Due to prolonged intermediate conditions in a sea, glaciers reached their
maximum extents presumably during the early stades of this glaciation (cf. Larsen
et al. 1991), when the ice margin occurred at a sea-shelf edge (Landvik et al.
1992); such opinion is however contradicted by lack of ice-rafted debris in the
Fram Strait (¢f Hebbeln 1992).

Till of the first glacial episode in the northern Billefjorden area was TL-dated
at 87 ka (Klysz er al. 1988, 1989). The earliest glacial episode (stade?) during
this glaciation is represented to the south of Homsund by a till in substrate of the
raised marine beaches 42-56 and 30-38 m a.s.l., TL- dated at 87-88 ka (Butrym
et al. 1987, Lindner and Marks 1993a). This glacial episode occurred to the south
of Bellsund before 105 ka (Landvik et al. 1992).

The second glacial episode of this glaciation is represented to the north of
Hornsund by a till, TL-dated at 73 ka (Lindner, Marks and P¢kala 1986, 1987,
Lindner and Marks 1993a). Incomplete zeroing during deposition (P¢kala er al.
1985), resulted presumably in too high the TL.-age of this till. This glacial episo-
de is represented in Kaffioyra by a till, the age of which was estimated at about
70 ka (Niewiarowski, Pazdur and Sinkiewicz 1993). Similar age is also ascribed
to a till in northwestern Spitsbergen (Miller er al. 1989) and a local glacier
advance to the south of Bellsund started at about 90 ka (Landvik et al. 1992).

The younger warming was named the Older Interstade in the northern Bille-
fjorden area. Intertill and subtill sediments were TL-dated at 60-55 ka there, but
during this interval the raised marine beaches 70-75, 60-65 and 50-55 m a.s.l.
were formed (Klysz er al. 1988, 1989). This warming stade is represented to the
south of Hornsund by sediments of the raised marine beach 15-18 m a.s.l.,
TL-dated at 63 ka (Butrym et al. 1987, Lindner and Marks 1993a). The beach
50-60 m a.s.l. was formed to the north of Hornsund at this time; its sediments
were TL-dated at 56 ka (Pgkala 1989, Lindner et al. 1991). In these sediments,
TL-dated at another place at 61 ka (Lindner ef al. 1991), the beach 40-46 m a.s.1.
was presumably incised.

The third glacial episode is well documented in Spitsbergen, being dated by
Mangerud and Svendsen (1992) to 50-75 ka and also indicated by peak of ice-
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rafted debris in the Fram Strait (Hebbeln 1992). Glaciers of this stade presuma-
bly delimit maximum extent of the Sérkapp Land Glaciation (cf. Boulton 1979,
Troitsky et al. 1979, Lindner, Marks and Pekala 1983, 1987, Klysz et al. 1988,
1989). To the south of Hornsund this episode was named the Lisbetdalen Stage;
its coresponding glacial sediments were TL-dated at 47-41 ka (Butrym et al.
1987, Lindner and Marks 1993a). The so-called Middle Wiirm till to the south of
Bellsund was TL-dated at 55-59 ka (cf. Troitsky et al. 1979); it is overlain with
glaciofluvial sediments, TL-dated at 43-45 ka (Pgkala and Repelewska-Pekalowa
1990, Reder 1990, Lindner and Marks 1991). This glacial episode was defined to
the north of Billefjorden as the Petuniabukta-Adolfbukta Stage (cf. Klysz et al.
1988, 1989) and correlated to the Billefjorden Stage in the Kapp Ekholm section
(¢f Mangerud and Salvigsen 1984, Mangerud and Svendsen 1990b). At the northern
coast of Billefjorden this episode is represented by a till, TL-dated at 46-53 ka
(Ktysz er al. 1988, 1989), whereas in the Kapp Ekholm section by a till, TL-
datings of which suggest a younger age than 70 ka or 47 ka (Lavrushin 1969,
Troitsky et al. 1979), whereas radiocarbon datings - less than 41.7 ka and more than
33 ka (Troitsky et al. 1979), or more than 46 ka (Mangerud and Salvigsen 1984).
According to Stankowski et al. (1989) this glacial episode occurred at 35-45 ka.

Successive warming was ascribed in the southern Bellsund area to the Late
Wiirm; it is indicated by intertill marine sediments, radiocarbon-dated at 30-32 ka
(Troitsky et al. 1979). This warming in the northern Billefjorden is represented
by sediments of the Younger Interstade within the last Pleistocene glaciation and
by the raised marine beach 40-45 m a.s.l. (Klysz et al. 1988, 1989). In the Kapp
Ekholm section marine sediments of this interval were radiocarbon-dated at over
33 ka (Lavrushin 1969, Troitsky ef al. 1979) and at 46 ka (Mangerud and Salvigsen
1984). Marine sediments of the beach 87 m a.s.l. to the south of Isfjorden were
radiocarbon-dated at over 36.1 ka (Mangerud and Svendsen 1990a). The raised
marine beach 22-25 m a.s.l. to the north of Hornsund was presumably formed at
this time (Lindner ef al. 1991).

The fourth, youngest glacial episode of the Sorkapp Land Glaciation was
defined to the south of Hornsund as the Slaklidalen Stage (Butrym et al. 1987,
Lindner, Marks and Pegkala 1987, Lindner and Marks 1993a). It is represented
by a till, TL-dated at 22-28 ka (Butrym et al. 1987). To the north of Homsund
a corresponding till was TI.-dated at 29 ka (Marks and Pekala 1986), and sedi-
ments of the marine beach 16-18 m a.s.l. - at 24 ka (Lindner ef al. 1991). A till to
the south of Bellsund was TL-dated at 26 ka (cf. Troitsky et al. 1979, P¢kala and
Repelewska-Pekalowa 1990). This glacial episode to the south of Isfjorden
corresponds to a till, radiocarbon-dated at 12.5-17.5 ka; it forms there a substrate
of marine sediments of the beach 65 m a.s.l., dated at about 11 ka (Mangerud and
Svendsen 1990a). The same age is also suggested for sediments of the raised ma-
rine beach 30-33 m a.s.l. in Kaffioyra (Niewiarowski, Pazdur and Sinkiewicz
1993). This glacial advance correlates with an ice-rafted debris peak in the Fram
Strait (Hebbeln 1992). The Late Vistulian ice sheet expansion on the Barents Sea
shelf started about 22 ka and ended about 15 ka (Elverhéi et al. 1992).
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The end of the Pleistocene epoch in northwestern Spitsbergen is indicated by
the raised marine beach 20 m a.s.1., radiocarbon- dated at 13.1 ka (Forman 1990).
Final vanishing of the Pleistocene glaciers at Kapp Ekholm occurred at 9.7-9.9 ka
(Mangerud et al. 1992).

Holocene

A beginning of the Holocene in Spitsbergen is indicated by climatic ameliora-
tion. Three lowest raised marine beaches (8-12, 4.5-6 and 2 m a.s.l.) to the north
of Hormsund were formed and three glacier advances occurred (Lindner and
Marks 1989, 1990, 1993a, Lindner et al. 1991). The beach 8-12 m a.s.l. was for-
med at 7.4-9.7 ka (radiocarbon datings of Birkenmajer and Olsson, 1970) or at
8-14 ka (TL-data of Lindner et al., 1991). The beach 4.5-6 m a.s.l. was radiocarbon-
dated at 1-0.8 ka and TL-dated at 3.3-4.3 ka (Lindner ez al. 1991). The beach 2 m
a.s.l. was formed during the last few dozen years when distinct supply of terrige-
nous material occurred to a sea from tidewater glaciers of the Little Ice Age.
A preceding advance of glaciers in this area occurred at 2.5-3 ka during the
Revdalen Stage (Karczewski, Kostrzewski and Marks 1981) whereas the Early
Holocene glaciers advanced about 8 ka (Lindner, Marks and Pekala 1986, 1987)
i.e. during the Gronfjorden Stage (Punning et al. 1982).

Glacier advances to the south of Hornsund occurred during the Little Ice Age.
Earlier glacier extents during the Holocene were mostly limited to intramorainal
zones - bordered by ice-cored moraines of the Little Ice Age. Sediments of the
raised marine beach 9-11 m a.s.l. in southernmost Spitsbergen were radiocarbon-
dated at 6.58 ka (Wéjcik and Ziaja 1993).

No glacier advances during the Holocene have been recognized to the south
of Bellsund. Sediments of the marine beach 18-30 m a.s.l. were radiocarbon-
dated at 8.1-10.3 ka (Salvigsen 1977, Troitsky et al. 1979). The beach 10 m a.s.l.
was formed about 6.2 ka ago whereas sediments of the beach 10 m a.s.1. were ra-
diocarbon-dated at 4.5 ka (Landvik er al. 1987). The Late Holocene glacier ad-
vance occurred at about 2.5-3 ka. Subsequent warming at 1.5-0.6 ka caused not
only considerable glacier retreats but also development of tundra vegetation fol-
lowed by arrival of people (Dzierzek, Nitychoruk and Rzgtkowska 1990a, b).
The youngest glacial episode was connected with the Little Ice Age.

The Early Holocene glacier advance in the northern Billefjorden was named
the Ebbadalen-Thomsondalen Stage. Its sediments were radiocarbon-dated at less
than 8.9 ka and more than 7.6 ka (Klysz ez al. 1988). The marine beach 20-25 m
a.s.l. was formed simultaneously. According to Stankowski et al. (1989), this
glacial episode occurred presumably at about 6.5 ka. The lowest marine beaches
12-15, 5-8, 3-4 and 1-2 m a.s.1. were formed during the Middle and the Late Holo-
cene in this area. The Late Holocene glacier advances occurred twice - during the
Revdalen(?) Stage and the Little Ice Age. Sediments of the raised marine beaches
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60-65 and 12-15 m a.s.l. in the Kapp Ekholm section were radiocarbon-dated at
10.03 ka and 6.5 ka respectively (Salvigsen 1984).

A till covering the marine beach 41-42 m a.s.l. at Erdmannflya was radiocarbon-
dated at slightly less than 9.5 ka (Salvigsen et al. 1990). Mollusc shells from sedi-
ments of the marine beaches 40-42, 31-33, 19-21 and 6-8 m a.s.l. in Blomesletta
were radiocarbon-dated at 9 ka, 9.8 ka, 8.9 ka and 6.1 ka respectively (Péwé et al.
1982). A similar age was established also for marine sediments at Erdmannflya
(Salvigsen et al. 1990).

Traces of glacier advances corresponding to the Little Ice Age and to the gla-
cial episode at 2.5-3 ka are noted in Kaffidyra (Niewiarowski 1982, Niewiarowski,
Pazdur and Sinkiewicz 1993). Mollusc shells from marine sediments of the beach
21-24 m a.s.l. were radiocarbon-dated at 9.8 ka (Forman 1989). All lower marine
beaches in this area (18-19, 15-17, 12-14, 10-12, 7-9 and 4-6 m a.s.1.) were radio-
carbon-dated at 8.6-9.2 ka. A strandflat at 2-10 m b.s.]. was formed during the
Middle and the Late Holocene when a sea-level was lower than recently (Nie-
wiarowski, Pazdur and Sinkiewicz 1993). Sediments of the beach 2 m a.s.l. are
younger than 2.2 ka (Forman 1990). Marine sediments of the raised beach 4-6 m
a.s.l. at Daudmannsdyra (to the north of the entrance to Isfjorden) were radiocar-
bon-dated at 5.6 ka (Forman 1990). Sediments of the marine beach 15 m a.s.l. in
Krossfjorden were radiocarbon-dated at 10.45 ka, of the lower beaches - at 10-
9.5 ka, and of the beach 4 m a.s.1. - at 0.165 ka (Forman 1990).

The two Late Holocene glacier advances in northern Spitsbergen (at about
2.7-2.1 ka and 1.3-0.4 ka) have been recognized. Each of them consisted of several
smaller oscillations, however with more limited extents than during the Little Ice
Age (Furrer 1992).

Glacier and sea interaction

Glacier advances and glacioisostatic rebound of Spitsbergen are the two inter-
related phenomena (e.g. Jahn 1959, Birkenmajer 1960, Blake 1961, Hoppe et al.
1969, Birkenmajer and Olsson 1970, Hoppe 1972, Salvigsen 1978, 1981, 1984,
1989, Péwe et al. 1982, Salvigsen and Osterholm 1982, Jonsson 1983, Forman,
Mann and Miller 1987, Landvik ez al. 1987, 1988, Forman 1990, Salvigsen et al.
1990). Glacioisostasy is strictly dependent on thickness of ice-cover and areal
extent of glaciers during successive glaciations, as exampled by ice sheet deve-
lopment over Svalbard and its relation to the Barents Sea shelf ice sheet (cf.
Szupryczynski 1968, Boulton 1979, Grosswald 1980, Elverhéi and Solheim
1987, Mangerud et al. 1987, Landvik et al. 1992). Correlation of altitudes and
age of raised marine beaches between various parts of Spitsbergen (Fig. 2) helps
determine interrelation of land uplift rate and of glaciation magnitude. A much
more wide-spread glaciation of Spitsbergen in the past is indicated among others
by glacial erosion forms and glacial sediments in the areas which are ice-free at
present, the sea- shelf inclusive (¢f. Ohta 1987).
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Fig. 2. Correlation of raised marine beaches (thick hatches) and glacial episodes (cross hatches) in ten
described regions of Spitsbergen (cf. Fig. 1) after Niewiarowski (1982), Péwé et al. (1982), Forman
and Miller (1984), Mangerud and Salvigsen (1984), Landvik, Mangerud and Salvigsen (1987), Man-
gerud et al. (1987), Forman (1989, 1990), Svendsen, Mangerud and Miller (1989), Miller er al.
(1989), Pekala (1989), Dzierzek et al. (1990), Mangerud and Svendsen (1990a), Pekala and Repelewska-
Pekalowa (1990), Reder (1990), Salvigsen et al. (1990), Lindner ez al. (1991), Musial, Horodyski and
Kossobudzki (1991), Niewiarowski, Pazdur and Sinkiewicz (1993), Wéjcik and Ziaja (1993)

The highest beaches of undoubted marine origin are observed at altitudes of 100-
150 m a.s.l. (Fig. 2). Higher coastal flattenings (e.g. at Hornsund, and in southern
Sorkapp Land - up to 230 m a.s.1.) are not necessarily marine abrasion surfaces.
Based on radiocarbon, amino-acid and thermoluminescence datings, beaches of
the Eemian Interglacial age seem to occur at 60-75 (Broggerhalvoya), 110 (Ka-
ffiyra), 90 (Billefjorden), 70-80 (Bellsund), 80-95 (Hornsund), 56-75 (Sorkapp
Land) and 100-130 (southern cape of Spitsbergen) metres a.s.]. All higher terraces
had been probably formed during the Wedel Jarlsberg Land Glaciation (Saalian).
Marine beaches of the Sorkapp Land Glaciation (Vistulian) age are at 32-55
(Broggerhalvoya), 26-80 (Kaffidyra), 30-80 (Billefjorden), 30 to over 87 (mouth
of Isfjorden), 18-60 (Bellsund), 16-75 (Hornsund), 5-56 (Sorkapp Land) and 25
to over 40 m a.s.1. (southern cape of Spitsbergen). The lower marine beaches we-
re formed during the Holocene. There are also submerged beaches near Ka-
ffidyra and, possibly, also along the western coast of the Sérkapp Land.
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Glacioisostatic rebound of Spitsbergen was varying, being strictly connected
with extents of glaciations (¢f. Lindner, Marks and Szczesny 1986). Quickest
uplifting occurred at mouth of Isfjorden, slightly smaller at outlets of Bellsund and
Hornsund (cf. Fig. 2). Particularly worth-mentioning is a significant uplifting of
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Fig. 3. Probable main (thick arrows) and secondary (thin arrows) glacial stream directions
in Spitsbergen during Saalian (A) and Vistulian (B)

the southern Sorkapp Land as compared with considerably smaller values for
adjacent area in the north. It was due to a thicker ice-cover just to the south of
Spitsbergen and could be the evidence for ice sheet development on the Barents
Sea shelf. Moraines noted on sea bottom west from outlets of the Spitsbergen
fiords (¢f. Ohta 1982), reflect maximum extent of glaciers before or after (¢f Mange-
rud et al. 1987, 1992, Svendsen ef al. 1992) the Eemian Interglacial. At the same
time, an ice sheet probably occupied the Barents Sea shelf, and the main glaciers of
Spitsbergen (particularly the ones along the present large fiords) acted as its outlet
glacial streams (Fig. 3A). Local ice domes existed probably also at this time in
Spitsbergen but played secondary role in modelling of the area. Such image cor-
responds well to the ”minimum model” of Mangerud et al. (1992).

During the Late Pleistocene main outlet glacial streams from the Barents Sea
ice sheet flew towards Spitsbergenbanken i.e. between Spitsbergen and the Bear
Island (¢f. Elverhoi et al. 1992). At this very time, glaciers of Spitsbergen gained
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already a certain autonomy against the ice sheet in the Barents Sea shelf (Fig. 3B).
The archipelago was covered with local ice domes but at least some parts of the
main fiords could be occasionally ice-free (¢cf. Mangerud et al. 1984).
Correlation of the so-called ”Late Vistulian (Weichselian) Marine Limit” in
various regions of Spitsbergen seems to be of secondary significance as it reflects
diversified and asynchronous glacioisostatic rebound of the archipelago.

Far-distance correlations

Middle and Late Quaternary episodes in Spitsbergen can be correlated with
the ones in Greenland, Europe and North America (Fig. 4). Marine sediments of the
Holstein Interglacial sensu lato have been best examined in mid-western Europe,
being correlated with the 130 stages'11-9 in deep-sea sediments (Wiegank 1982,
1987, Lindner 1984). Primarily, they were U/Th-dated at 350-370 ka (Samthein,
Stremme and Mangini 1986). Basing on new data, this interglacial seems to re-
present the interval 260-440 ka (Barabas et al. 1988) and its sediments were TL.-
dated at 334-400 ka (Harasimiuk, Maruszczak and Wojtanowicz 1988).

In mid-western Europe sediments of the Saalian Glaciation have been formed
during two (or three?) advances of the Scandinavian ice sheet (Fig. 4). The ear-
lier advance (presumably bipartite) reached its maximum extent at about 290 ka
whereas the younger one - at about 150 ka (Lindner 1988); therefore, their corre-
lation with the 180 stages 6 and 8 in deep-sea sediments seems possible (cf.
Shackleton and Opdyke 1973, Martinson et al. 1987). Previously, maximum
extent of this ice sheet was accepted to have been represented by the earlier
advance stage (Lindner 1988) but new data suggest that in some areas, it corre-
sponds to the younger advance stage (Marks 1991, Lindner and Marks 1993b).

A climatic warming between these two ice sheet advances could have been
marked by glacier retreat (interglacial?) during the Wedel Jarlsberg Land Glaciation
(Lindner and Marks 1993a). In the Mediterranean it is indicated by the Senegal-
type marine molluscs with Strombus bubonius, Th/U-dated at 210 ka (Butzer
1975) and by the pre-Tyrrhenian transgression, U/Th-dated at about 180 ka (Hil-
laire-Marcel e al. 1986). Organogenic sediments of the Lubawa Interglacial in
Poland were TL-dated as older than 181 ka and younger than 273 ka (Krupisski
and Marks 1986). Carbonate sinters, U/Th-dated at 185-235 ka were formed in
the North American caves (Harmon, Forel and Schwarcz 1977).

The Eemian Interglacial in mid-western Europe is expressed by one or two
marine transgressions (Miller and Mangerud 1985, Makowska 1986). Marine sedi-
ments of that interglacial were TL- dated as younger than 217 ka and older than
97 ka in the Lower Vistula River valley (Makowska 1986) and at 105-119 ka at
western coast of Norway (Hiitt, Punning and Mangerud 1983); inland sediments
in the latter area gave 105-130 ka (Jungner, Landvik and Mangerud 1989). Orga-
nic sediments of this interglacial were TL-dated at 108-125 ka in Poland (Kara-
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szewski 1974) and at 97-150 ka in Finland (Forsstrém 1984). Raising of sea-level
resulted in the Mediterranean in the older Tyrrhenian transgression, U/Th dated
at 128 ka (Hillaire-Marcel et al. 1986); it enables to correlate this interglacial
with the 180 stage Se in deep-sea sediments (Shackleton and Opdyke 1973, Mar-
tinson et al. 1987). A corresponding warming is named the Sangamon Interglacial
in North America. Close to the polar circle in Alaska, organogenic sediments of
this interglacial are younger than 149 ka (Edwards and McDowell 1991). In Green-
land the Eemian Interglacial was warmer than the Holocene (Funder er al. 1991).

The Vistulian Glaciation in Europe is characterizd by 3 or 4 main advances of
the Scandinavian ice sheet (e.g. Makowska 1976, Marks 1988, Mangerud 1991)
and by 3 to 4 advances of mountain glaciers (e.g. Beaulieu, Montjuvent and Ni-
coud 1991, Lindner, Nitychoruk and Butrym 1993). In the case of the Scandina-
vian ice sheet, the first of these advances is represented in northern Poland by
a bipartite till (BI=W 1 and BII=W2) of the Toruni Stade (Glaciation?), TL-dated
at 113-114 ka (Statiska-Prészyriska and Prészyriski 1984). In the southeastern
and western extent zones of the Scandinavian ice sheet, it is represented presu-
mably by the Godoya (Till IlI) and Bones Till (N Sweden Till), correlated with
the 180 stages 5d and 5b (Mangerud 1991). It corresponds in North America to
deposition of the Becancour Till by the Laurentide ice sheet (Karrow 1984).

Later warming of the Brorup(?) and Odderade interstades, previously defined in
northern Poland as the Gniew Interstade and presently also as the Krastudy Intergla-
cial (Makowska 1986), was expressed by considerable (possibly even complete)
melting of the Scandinavian ice sheet about 70-90 ka (Jungner, Landvik and
Mangerud 1989) during the Torvastad (Jamtland) Interstadial (Fig. 4), correlated
to the '80 stage 5a (Mangerud 1991). Rise of sea-level in this time. caused the
younger Tyrrhenian transgressions in the Mediterranean, the last of which was
U/Th-dated at about 85 ka (Hillaire-Marcel et al. 1986). This warming resulted
in North America in considerable retreat of the Laurentide ice sheet during the
St. Pierre Interstadial (Karrow 1984).

The successive cooling caused renewed advance of the Scandinavian ice sheet,
as is indicated in northern Poland by a till (BIII=W3; Makowska 1976, Marks
1988), and in the western marginal zone of this ice sheet probably by the Karméy
Diamicton (Mangerud 1991). The cooling is named the Swiecie Stade in the Vistula
River valley; its corresponding till was TL-dated at 52-60 ka (Brykczynski,
Fedorowicz and Olszak 1987, Marks 1988). Recent investigations indicate that
in the Alps (Beaulieu, Monjuvent and Nicoud 1991), the Tatra Mts (Lindner,
Nitychoruk and Butrym 1993) and partly also in the Polish Lowland (c¢f. Marks
1988), the glaciers of this episode delimit the maximum extent of the Vistulian
Glaciation. Advance of the Laurentide ice sheet during the Guildwood Stadial in
North America resulted in deposition of the Bradtville Till and the Sunnybrook
Till (Karrow 1984). This glacial episode is correlated to the 180 stage 4.

The successive warming in northern Poland is named the Grudzigdz Interstadial
(Makowska 1986, Mojski 1991); in the western marginal zone of the Scandinavian
ice sheet it correlates to the Bo warming, TL-dated at 40-50 ka (Jungner et al.
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1989, Larsen et al. 1991) and the Sandnes warming, the latter correlated to the
Moeshoofd, Hengelo and Deneckamp warmings (Mangerud 1991). Sediments of
this interstade in the Lower Vistula River valley were TL-dated at 43-51 ka and
radiocarbon-dated at 38 ka (Drozdowski 1980, 1986) and over 42 ka (Pazdur and
Walanus 1979). This warming in North America was expressed by considerable
retreat of the Laurentide ice sheet during the Port Talbot Interstadial (Karrow
1984). It is indicated in deep-sea sediments by the 80 stage 3.

The youngest cooling of the last Pleistocene glaciation resulted in maximum
development of the Scandinavian ice sheet during the Main Stadial, indicated in
northern Poland by deposition of tills (BIV=W4 and BV; Makowska 1976,
Marks 1988). In the western maximum extent zone of this ice sheet, it is presu-
mably indicated by the Rogne Till and the Hangesund Diamicton, correlated to
the !80 stage 2 in deep-sea sediments (Mangerud 1991). Tills of the Main Stadial
in Poland are defined as younger than 22 ka; the maximum extent of the Scandi-
navian ice sheet at that time occurred at about 20 ka (Kozarski 1988). Glaciers
reached their maximum extents only locally in the Alps (Beaulieu, Monjuvent
and Nicoud 1991), the Tatra Mts (Lindner, Nitychoruk and Butrym 1993) and
not everywhere in the Polish Lowland (¢f. Marks 1988). Maximum extent of the
Laurentide ice sheet in North America occurred during the Nissouri Stadial at
about 18 ka (Dyke and Prest 1987).

The Early Holocene cooling occurred during the Boreal Period in the Northern
Hemisphere. The glaciers developed then in the Alps (Piottino Phase, oscillation
Schlaton), in the Tatra Mts (phase IV of the Pig¢ Stawow Polskich Valley) and in
Scandinavia (7.5-9 ka; Starkel 1977, Karlén 1982, Nesje and Dahl 1991, Dzierzek
et al. 1987). The Cockburn advance (8-8.2 ka) appeared during the general retreat
of the Laurentide ice sheet in North America (Andrews 1982), and in Greenland
there were ice sheet oscillations at about 8.7-8.8 ka and 8.1-8.4 ka (Starkel 1977).
Melting of glaciers occurred until the Holocene climatic optimum at about 5-8 ka.

The Late Holocene cooling resulted first as the Neoglacial glacier advance in
Scandinavia about 2.8-3.2 ka (Karlén 1982), about 4.4 ka in Alaska (Calkin and
Ellis 1982), and about 3 ka in the Alps (Bortenschlager 1982). The successive
warming caused melting of these glaciers, which lasted until the climatic opti-
mum of the Middle Ages (950-1200 A.D.), followed by a climatic deterioration
(1200-1400 A.D.) of the Little Ice Age (Treskelen Stage?) that ended about 100
years ago. This last glacial episode coincides with increased volcanic activity
that polluted the global atmosphere with dust and gases at irregular intervals. The
resultant “greenhouse” effect could influence energy exchange between the
Earth surface and its atmosphere (Obrebska-Starkel and Starkel 1991).

Future climatic changes
Gradual warming during the Holocene, and particularly the recent “greenhouse

effect”, favour rapid and strong changes in climate of the world. The data so far
collected indicate (Obrebska-Starkel and Starkel 1991) a possible rise of mean
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yearly temperatures at high latitudes (Fig. 5). However with a low thermal back-
ground, evaporation will be low, snowfall in winter poor and sea-ice poorly de-
veloped, while parts of the Arctic seas could be even ice-free. According to
Schonwiese and Diekmann (1990), as well as Obrebska-Starkel and Starkel
(1991), the “greenhouse effect” had already caused the 0.7°C rise of mean tempera-
ture at the Earth’s surface in the Northern Hemisphere during the last century
(Fig. 5). In the Arctic, this rise was equal to 1.7°C as a mean, reaching up to 4°C in
winter. During this century, it already resulted in rise of sea-level by about 10-20 cm.

6 %%ﬁﬁ%ﬁi 4 iEEI 2 1513' %0 stages

Co,
(ppm

280

260F

[oc]

2608

~
u

220r

200 10
180 125
{50
{m]
12 470

Relative change of temperature

gﬁ
L o
g\
3
'8 o
5
o

®0 120 80 W 0 0

~————————years BP x1000 _looéo
238838
TNNNN
years AD.

Fig. 5. Correlation of temperature and CO; content in atmosphere during the last 160 ka (cf. Florkowski

1992) and changes of sea-level in the Atlantic during the last 15 ka (¢f. Fairbridge 1961), with prognosis

until 2060 A.D. (after Zubakov and Borzenkova 1983, and Rotnicki 1992); 180 stages after Martinson
etal. (1987)

These climatic and sea-level changes play important role in environmental
evolution of Spitsbergen. If the Little Ice Age was accepted as a signal of inco-
ming new glaciation, then due to world-wide warming this signal could be consi-
derably less distinct. The progressive warming had caused areal reduction of the
land-grounded glaciers, as compared with their maximum extents during the Little
Ice Age. Small glaciers with areas below 2 km? have been reduced most. Larger
glaciers are and will be melting-out mostly at their snouts and considerably less
in firn fields. Snout surfaces are decreasing by 2-3 m a year at up to 150 m a.s.l.
and by 0.3 m a year at 150-250 m a.s.]. Higher up, they are either decreasing or
locally, even increasing above 500 m a.s.l. (Kosiba 1960, Marcinkiewicz 1961,
Szupryczynski 1968, Baranowski 1977, Jania 1988, Merta, Ozimkowski and
Osuch 1990).
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Melting of tidewater glaciers proceeds considerably quicker. They react more
rapidly to amelioration of climatic conditions, caused by increasing water tempe-
rature in the North Atlantic, amounting to 0.34°C during 1890-1933 period
(Szupryczyniski 1968). Increasing temperature of surficial marine waters around
Spitsbergen, and particularly along its western shores, will result in reduction of
winter drift and fast ice in the fiords. Warmer and warmer waters in summer will
heat a lower part of the atmosphere, causing increased and more frequent rain-
falls, and accelerating melting of the lowest (frontal) parts of glaciers.

Accelerated retreat of Spitsbergen glaciers would result in increasing rates of
glacioisostatic movements, however an interplay of these movements and a rising
world-wide sea-level would diminish their topographic effect.
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Streszczenie

Na podstawie zespolu wyniesionych taraséw morskich i osadéw lodowcowych w [0
szczegbélowo zbadanych rejonach zachodniego Spitsbergenu (fig. 1), przedstawiono prébe korelacji
epizodéw glacjalnych i zmian poziomu morza w srodkowym i mlodszym czwartorzgdzie. Stwierdzo-
no zréznicowane tempo wypigtrzania ladu (por. fig. 2), bedace efektem zmieniajacego si¢ obcigzenia
przez narastajgce masy lodu lodowcowego na Spitsbergenic i na szelfie Morza Barentsa. Intensyw-
niejsze wypigtrzanie ladu w rejonic wielkich fiordéw spitsbergeniskich (przede wszystkim Isfiordu,
w mniejszym stopniu Bellsundu i Hornsundu) oraz zachowane w ich obrebie slady licznych epizodéw
lodowcowych Swiadczg, ze w czasie zlodowacenia Saalian ladoldd szelfu Morza Barentsa osiagnal
znaczne rozmiary, a lodowce plynace wzdtuz wspomnianych fiordéw miaty charakter strumieni wy-
prowadzajacych z tego ladolodu (fig. 3A). Istniejace zapewne wéwczas na Spitsbergenie lokalne
osrodki rozplywania si¢ mas lodowych odgrywaly jedynie drugorzgdna rolg w tym generalnym ukla-
dzie strumieni lodowych. Natomiast mialy onc zasadnicze znaczenic podczas zlodowacenia Wisty
wobec istniejacego wtedy prawdopodobnie innego ukladu strumieni wyprowadzajgcych w obrgbie
ladolodu szelfu Barentsa (fig. 3B).

Przedstawiono korelacje gtéwnych epizodéw lodowcowych §rodkowego i mlodszego czwartorzedu
Spitsbergenu oraz Grenlandii, Europy 1 Ameryki Pétnocnej (fig. 4). Naturalny rytm zlodowacefi
i transgresji morskich miodszego plejstocenu i holocenu ulegt w ostatnich kilkudzicsigeiu latach wy-
raZznemu zaburzeniu wskutek coraz bardziej znaczacego efektu cieplarniancgo (fig. 5). Dzigki niemu
transgresja lodowcoéw Matej Epoki Lodowej zostata raptownie zatrzymana, a wzmozone ogélnoswia-
towe topnienie lodu zaznaczylo si¢ podniesieniem poziomu morza.

Praca zostala wykonana w ramach badan wiasnych Instytutu Geologii Podstawowej
Uniwersytetu Warszawskiego (temat BW-852).



