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ABSTRACT. The evolution of ice-sheet configuration and flow pattern in Fenno-
scandia through the last glacial cycle was reconstrueted using a glacial geological inver-
sion model, i.e. a theoretical model that formalises the procedure of using the landform
record to reconstruct ice sheets. The model uses mapped flow traces and deglacial melt-
walter landforms, as well as relative chronologies derived from cross-cutting striac and
till lineations, as input data. Flow-trace systems were classified into four types: (i) time-
transgressive wet-bed deglacial fans, (i1) time-transgressive frozen-bed deglacial fans, (iii)
surge fans, and (iv) synchronous non-deglacial (event) fans. Using relative chronologies
and aggregation of fans into glaciologically plausible patterns, a series of ice-sheet config-
urations at different time slices was erected. A chronology was constructed through corre-
lation with dated stratigraphical records and proxy data reflecting global ice volume.
Geological evidence exists for several diserete ice-sheet configurations centred over the
Scandinavian mountain range during the carly Weichselian. The build-up of the main
Weichselian Fennoscandian ice sheet started at approximately 70 ka, and our results indi-
cate that it was characterised by an ice sheet with a centre of mass located over southern
Norway. This configuration had a flow pattern which is poorly reproduced by current
numerical models of the Fennoscandian ice sheet. At the Last Glacial Maximum the main
ice divide was located over the Gulf of Bothnia. A major bend in the ice divide was caused
by outflow of ice to the northwest over the lowest part of the Scandinavian mountain
chain. Widespread arcas of preserved pre-late-Weichselian landscapes indicate that the
ice sheet had a frozen-bed core area, which was only partly diminished in size by
inward-transgressive wet-bed zones during the decay phase.

INTRODUCTION

cedure of using the landform record to reconstruct palaco-
ice sheet evolution and flow patterns) as a necessary step
Numerical mechanical or thermomeetingical leedkiess towards more strict validation of ice-sheet models. Such a

models (e.g. Hughes, 1981; Hindmarsh and others, 1989: model must take into account the temporal properties with-

lastook and Holmlund, 1994: Huvbrechts and Tsiobbel,
1995) are the main tools for reconstruction of ice-sheet sur-
face topography, a parameter of fundamental importance
for climate modelling. The output from numerical ice-sheet
models is in calendar-year time-slice format, typically de-
picting ice-sheet surface topography and hence ice-flow pat-
terns,

The ice-flow directional record in maps of till lincations
and striations is the most valuable data record for validating
or constraining results from numerical three-dimensional
ice-sheet models. However, the actual use of this record has
been severely hampered by the fact that glacial landforms
are inscribed at the base of ice sheets by processes that are
highly variable in time, space and magnitude, resulting in a
heterogencous  record.  Morcover, major  deglaciation-
related landform systems are time-transgressive (i.e. they
do not reflect true ice-flow lines at a given time, but are the
result of an inward-transgressive formation of landforms
near the ice margin) and cannot therefore be directly com-
parcd to time-slice results [rom numerical models. Thus,
there is a need for a stricter treatment of the geological and
morphological record if comparisons with numerical model
output arc to be made. We see the development of an inver-
sion model (i.e. a theoretical model that formalises the pro-

in, as well as between, landform systems.

Compilations and interpretation of the geological
record in North America and northern Europe form the
base of our current understanding of the evolution of the
Laurentide and Fennoscandian ice sheets (e.g. Prest, 1970;
Lundqvist, 1986, 1992; Andersen and Mangerud, 1989).
These works are focused largely on stratigraphical correla-
tions and dating of marginal positions, but do not integrate
the flow-trace evidence in any methodically stringent man-
ner. This is a striking bias, considering the substantial eflort
that has gone into striation and till-lineation mapping
during the past century (e.g. Hogbom, 1906; Tanner, 1914;
Hoppe, 1948; Ljungner, 1949; Prest and others, 1968), creat-
ing a data base that comprises hundreds of published works
and thousands of individual flow-trace observations. In our
view, an important reason for this deficit of efficient use of
existing low-directional data, is the vastly increased meth-
odological difficulties involved in analyzing flow-trace in-
formation on ice-sheet scale, largely related to the time-
transgressive nature of many glacial landscapes.

Two different approaches have dominated the use of
lineation information. The first approach (Hoppe, 1948;
Stromberg, 1981; Boulton and others, 1985) applies the
assumption that most lincations were formed near a retreat-
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ing ice margin, i.e. emphasises the time-transgressive nature
of the flow-trace record. The second approach treats the
flow-trace record as a stack of “events” (Ljungner, 1949;
Boulton and Clark, 1990a, b; Klassen and Thompson, 1993),
i.e. the Now-trace record is assumed to represent discrete
events that reflect true flow patterns. The first approach
works well in areas where the last ice sheet more or less com-
pletely erased older landforms during its waning stages
(Stromberg, 1981), but fails and creates confused reconstruc-
tions if applied to areas with preserved older glacial land-
forms. The second model allows recognition of previous
flow patterns, for example in core areas of past ice sheets,
where palimpsest landscapes displaying several generations
of landform systems can be found ( Ljungner, 1949; Boulton

and Clark 1990a, b). However, it creates erroneous results if

applied to time-transgressive deglacial landscapes.

In this paper, we use the inversion model developed by
Kleman and Borgstrém (1996) to reconstruct the evolution
of the Tennoscandian ice sheet during the Weichselian
glacial cycle. This model makes use of the directional infor-
mation in the subglacial lincation record as well as the mar-
ginal meltwater landform record. Fundamental in the
inversion model is the separation of deglacial landform sys-
tems from non-deglacial systems, as well as the recognition
ol intra-system age gradients (i.e. metachronous vs synchro-
nous landform systems). The inversion model also includes
packing of individual landforms into spatially delineated
“fans” (map units).

The development of the inversion model draws on recent
advances in (i) the identification and use ol cross-cutting
lineations (Lagerbiick, 1988h; Boulton and Clark, 1990a, b;
Clark, 1993, 1994), (ii) the separation of spatial information
provided by marginal meltwater traces from the lineation
record (Borgstrom, 1989; Kleman, 1992), (iii) the develop-
ment of morphological criteria for identification of frozen-
bed zones (Sugden, 1978; Kleman and Borgstrom, 1990,
1994; Dyke, 1993; Kleman, 1994), and (iv) the understanding
of the linkage between specific landforms and landform
assemblages and glaciological condition (Sollid and Sorbel,
1988; Dyke and others, 1992; Kleman and others, 1994).

The actual implementation of the model has been aided
by recent advances in mapping of minor and cross-cutting
landforms, including glaciofluvial channels (Sollid and
Torp, 1984) and the discovery and mapping of pre-late
Weichselian glacial landforms in northern Iennoscandia
(Kujansuu, 1975; Nordkalott Project, 1986a, b; Lagerbiick,
1988b; Lagerbick and Robertsson, 1988; Rodhe, 1988;
Kleman, 1992).

The primary results of the application of the inversion
model are reconstructions of ice-sheet evolution and flow
patterns, whereas the chronological assignment of the iden-
tified configurations rests on correlations with published
stratigraphical data and proxy records of climate and global
ice volume. The maps conveying our results are in a time-
slice calendar-year format and are specifically designed 1o
be used as a boundary condition for numerical models that
use bed properties and flow patterns as input data, or for
validation of mass-balance driven models that give flow pat-
terns and thermal regime of ice-sheet beds as output. Unless
otherwise stated, all ages are given in thousand calendar
years (ka) or million calendar years (Ma) BP
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LATE QUATERNARY CLIMATE AND CHRONOLOGY

The Fennoscandian record of glacial landforms reflects two
dominant glaciation modes: (i) west-centred Scandinavian
ice sheets with a lincar ice divide essentially parallel to the
elevation axis of the Scandinavian mountain range, reflect-
ing shorter periods of climatic deterioration (Andersen and
Mangerud, 1989; Kleman, 1992), and (i1) Fennoscandian ice
sheets with a more easterly dispersal centre, independent of
the mountain range, reflecting prolonged glacial build-up
periods under climatic conditions similar to those during
the Last Glacial Maximum (LGM). These two configura-
tions are thought to have occurred repeatedly over Fenno-
scandia throughout the Late Cenozoic (Porter, 1989;
Mangerud, 1991; Kleman and Stroeven, 1997), during which
the time period 2.5-0.8 Ma was dominated by smaller
mountain-centred Scandinavian ice sheets, while large
east-centred ice sheets only developed after 0.8 Ma.

As a chronological framework for the period prior to the
LGM we use the marine oxygen-isotope record, which is
assumed to reflect largely global ice-volume evolution, i.e.
a climatic signal dampened and smoothed through the filter
of ice-sheet mass-balance relations. For assigning ages to
pre-LLGM configurations and flow patterns we have made
correlations to the Martinson and others (1987) record
(Fig. 1), which has an orbitally tuned time-scale. We assume
that Fennoscandian glaciation varied in approximate con-
cert with global ice-volume changes, as indicated by the
Martinson and others (1987) record. The Greenland ice-
core record (Dansgaard and others, 1993) reflects directly
Northern Hemisphere climate, giving information about
millennium-scale dynamics. However, such short-time var-
iations in the climatic signal are unlikely to be reflected in
the subglacial landform record of the Fennoscandian ice
sheet. We have therefore refrained from trying to correlate
the climatic signals in the Greenland ice core with varia-
tions in the long-term evolution of the Fennoscandian ice
sheet.
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Fig. 1. The stacked oxygen-isotope record of Martinson and
others (1987), with a time-scale based on orbital tuning. This
is a proxy record for global ice volume during the last glacial
cycle.
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METHOD

"The inversion model comprises a new classification system
for glacial landform assemblages and a stepwise deciphering
procedure. The conceptual framework behind the model is
fully described in Kleman and Borgstrom (1996), as is the
rationale behind our basic assumptions. The following
assumptions are employed in the model:

(i)  The basic control on landform creation, preservation
and destruction is the location of the phase boundary
waterfice at or under the ice-sheet base (i.e. basal
temperature ).

(ii) Basal sliding requires a thawed bed.
(iii) Lineations can only form if basal sliding occurs.
(iv) Lineations (drumlins, flutes, striae) are created in

alignment with the local flow and perpendicular to
the 1ce-surface contours at the time of creation.

(v) Frozen-bed conditions inhibit rearrangement of the
subglacial landscape.

(vi

Regional deglaciation is always accompanied hy the
creation of a spatially coherent but metachronous
system of meltwater features such as channels, eskers
and glacial lake shorelines, In the case of (rozen-bed
deglaciation, eskers may be lacking,

(vii) Eskers are formed in an inward-transgressive fashion
inside a retreating ice front.

Critical to our model are assumptions (v) and (vii).
Assumption (v) is based on evidence for frozen-bed preser-
vation of landforms during prolonged periods of ice cover.
For example, it has been shown that whole glacial land-
scapes, as well as delicate landforms formed during carly-
Weichselian stadials and interstadials, have been more or
less unaltered by subsequent ice-sheet overriding during
later stages of the glaciation (Lagerbick 1988h; Kleman,
1992, 1994; Dyke, 1993; Kleman and Borgstrim, 1994,
Assumption (vii) relies on studies showing cyelic sedimen-
tation in eskers and the correlation that can be made
between these cyclic sequences and proglacial rhythmic
sediments (e.g. varved clays), thereby demonstrating the
direct link between surface melting and esker build-up
(Norman, 1938; De Geer, 1940: Hebrand and Amark, 1989;
Bolduc, 1992).

The main components used in the inversion model are
called fans. These are temporary tools in the inversion
model and are the simplified and spatially delincated map
representations of glacial landform swarms that occur in
formerly glaciated arcas. The use of fans serves the purpose
of data reduction and allows relative chronologies to be
applied to a manageable number of cartographic units. A
classification in  outward-younging, synchronous and
inward-younging systems is a necessary first-order approxi-
mation to allow reconstruction of time-slice patterns from
landforms systems with different temporal properties.
Coherent fans are defined on the basis of spatial continuity
and the resemblance to a glaciologically plausible pattern,
i.e. a minimum-complexity assumption.

The basic criterion of “resemblance to a glaciologically
plausible pattern” is similar to that employed by Boulton
and Clark (1990a, b) for their delineation of “flow sets™ Yet
there is a major difference between the Boulton and Clark
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landscape-level classification (flow sets) and ours (fans):
Boulton and Clark (1990a, b) use only one class, defined by
lineations alone, whereas our four fan types are defined on
the basis of characteristic landform assemblages (including
meltwater traces) and temporal gradients within these land-
form assemblages,

Those elements which allow definition of a fan can be
any geological features that reflect ice-flow direction (e.g
striae, flutes, till fabrics, glaciotectonic folds, etc.). Frozen-
bed deglaciation fans can be defined on the basis of meli-
water traces alone. Landform systems may be formed
during a single event or formed in a time-transgressive (out-
ward or inward) fashion. A mapped fan is therefore the
orthogonal projection of a system that may be sloping in
the three-dimensional time-distance domain (Fig. 2), and
consequently we classify fans as inward-younging, synchro-
nously formed or outward-younging,

A fan is spatially defined by longitudinal continuity
lines, aligned to a visually coherent system of flow traces,
and transverse up- and downstream boundaries, The latter
are drawn transverse to continuity lines, in a stepped fash-
i.()]l. if]l(‘(‘(‘SSﬂ]‘)‘.

Landscape-level classification

The fan types we recognise are classified as follows (Fig. 2):

(1) Wet-bed deglaciation fan. T'hese fans consist of a flow-trace
fan with an overlain and aligned esker fan. These “clas-
sic” fans are interpreted as representing inward-trans-
gressive formation of flow traces (Boulton and others,
1985; Kleman, 1990), which become preserved as new
arcas are successively deglaciated. Such fans are unli-
kely to represent true flowlines,

(2) Frozen-bed deglaciation fan. In these fans the landform
systems consist solely of a see-through pattern of melt-
water traces overprinted on a relict surface. Marginal
channels are dominant and eskers are small or lacking,
The relict surfaces may be former subacrially devel-
oped surfaces or may contain (usually non-aligned)
flow traces from an older glacial event.

(3) “Synchronous”or event fan. I'hese fans are defined by land-
form systems with abundant flow traces but lacking
aligned meltwater traces. In some cases they can be in-
terpreted as the sites of former ice streams; in other
cases they may have formed by slow sheet flow far in-
side the margin. If such a fan is defined by till lincations
lacking a later overprint, the termination of lincation
creation was probably caused by change to a frozen
bed (Fig. 2c). If a fan is defined by a low=frequency but
regional occurrence of older striations, no inferences
can be made regarding basal temperature during sub-
sequent events. On the spatial scale of individual
roches moutonnées, lee-side protection and preserva-
tion is operational. Hence, old striae can be preserved,
despite sustained wet-based ice flow from other dirce-
tions.

(1) Swrge fan. These [ans represent events of enhanced ice
flow, draining considerable amounts of ice, probably
during decay stages. Surge fans often have a distinctive
bottleneck pattern, and the flow traces are thought to
form nearly synchronously over the whole fan area.
Meltwater traces are often aligned in the distal part
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Fig. 2. ( a—f) Formalive conditions and temporal gradients for glacial landform assemblages, classified into six different fan types.
The map-plane and time—distance graphs show horizontal and vertical culs, respectively, through the three-dimensional domain of
the ice-sheet base ( two dimensions) through time ( one dimension ). For each fan type, the map-plane graph shows characteristic
landforms in_formation at the times indicated by thick arrows in the corresponding time—distance diagrams. Landforms become
fossilised behind migrating preservation borderlines (a, e and f). The position of the ice margin is indicated in (a), (b) and (d ).
while the map-plane graphs in (¢ ), (¢) and (f) are fully ice-covered. The width of the meltwater zone tn (d) shows a distinct
widening because low -gradient surge-ice profiles resull in a temporary expansion of the ablation area where meltwater is produced.
(g) Timegradients of fan types a—f plotted in a time (t)~distance ( d) domain. Fan types d and c are horizontal and the only ones
where the fan patterns dirvectly represent flowlines. All other fan types may or may not represent, flowlines, depending on whether
ice-sheel configuration changes occurred during the formation of the landform system constituling the fan. The figure is modified

Jfrom Kleman and Borgstrim (1996).

but not in the up-glacier part. The time-span during
which the fan is formed is short, and therefore the pat-
terns probably closely reflect true flowlines.

(5)  Contraction fan. These represent the inward migration of
a preservation mechanism other than deglaciation.
This is likely to occur during an inward expansion of
a frozen outer zone in an ice sheet.

(6) Expansion fan. Such fans represent the outward migra-
tion of a preservation borderline, probably by refreez-
ing of the bed during an outward expansion of a frozen
core zone in an ice sheet.
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The first four fan types (i.e. wet-based deglaciation fans,
frozen-hed deglaciation fans, synchronous fans and surge
fans) are the ones currently employed in the inversion
model. We postulate the existence of contraction and expansion,
but do not yet have morphological criteria to discriminate
these fan types from synchronous fans on the basis of land-
forms alone. Coonsequently, all non-deglacial and non-surge
fans are presently classified as synchronous fans. However,
as will be elaborated on below, circumstantial or strati-
graphical evidence can in some cases permit identification

of advance fans.
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Deciphering procedure

As a first step in the deciphering procedure, fans were spa-
tially delineated and classified according to the morpho-
logical criteria described above. At fan intersections,
relative chronologies were established, using mainly pub-
lished striac and till fabric, and in some cases also employ-
ing our own air-photo interpretation of cross-cutting
landforms. The fans were sorted into relative-age stacks, ac-
cording to the relative chronologies, the first result being the
reconstruction of the inward-transgressive decay pattern.
Synchronous fans and deglaciation fans older than the last
decay stage were aggregated into groups forming glaciologi-
cally plausible, coherent flow patterns.

For the reconstruction of time-slice flow patterns, meta-
chronous (deglaciation) fans in the stack were deciphered in
terms of reconstructing the changing ice-sheet configura-
tions during the deglaciation. This was done by going up-
fan and relating successively younger parts of the fan to suc-
cessively younger dispersal-centre locations. The time slices
were distributed into stadials on the basis of correlations
with stratigraphical sequences of regional significance.

kleman and others: Fennoscandian palacoglaciology reconstructed

In contrast to Boulton and Clark (1990a), we do not
claim that this type of reconstruction can be performed
strictly objectively, We rather regard it as an iterative process
with an output that is objectively testable. Because of the re-
liance on spatial continuity assumptions, the inversion
model works best in medium- to low-relief topography with
dominant sheet-flow conditions. It is less powerful in dis-
sected mountainous relief as in western Norway.

ICE-FLOW DIRECTIONAL RECORD

In this section we give an account of the geomorphological
and glacial geological record used and the overall distribu-
tion pattern, while specifics are treated in the results section.

Till lineations

The map in Figure 3, showing till lineations in the Fenno-
scandian ice-sheet core area, was compiled from existing
maps (see sources in the figure caption), as well as from our
own mapping. In general, we regard the data as very reli-
able. In areas where independent source maps overlap there
is a good match in till-lineation directions. In areas where

Till Lineations

10° 15 200

TGN ce margh

25° o

Fig. 3. Till lineations in the Fennoscandian ice-sheet core area. Sources of information: Norway: Sollid and Torp (1984); Sweden:
Lidmar-Bergstrim and others (1991), Kleman (1992) and C. Hittestrand ( unpublished glacial geomorphological map of Sweden;
scale 1:250 000); Finland and novthwestern Russia: Punkari (1984) and Niemeli and others (1993). For the Kola Peninsula we
also used our owon mapping in stereoscopic satellite images. The m afrsheets comprising the Nordkalott Project (1986a, b ) were wsed

Jor parts of northern Fennoscandia.
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only satellite image interpretation has been used (c.g. in
Finland; Punkari, 1984), there may be small-scale lineation
sets that are missing, due to the low spatial resolution of the
source material. However, we regard it as highly unlikely
that any major lincation sets, which would influence the
gencral interpretation of our results, are missing,

Till lineations occur over the entire Fennoscandian
shield area (Fig. 3), except for the central Kola peninsula
and minor uplands and summit areas in northern Sweden
and Finland. In northern Finland and Sweden, cross-cut-
ting lineations are common and partly date to glacial events
before the late Weichselian. In peripheral parts of Norway,
the southern third of Sweden, southeastern Finland, as well
as all southern and southeastern peripheral areas of LGM
ice-sheet extent, most lincations relate to deglacial or near-
deglacial flow of the last ice sheet. In those areas, older ice-
flow directions are only preserved as older striae or till fab-
rics in lower strata.

Striae and till fabrics

Striac and till fabrics are excellent data for the establish-
ment of relative chronologies at fan intersections, but being
point data they are less reliable than area-covering till linea-
tions for definition of fan patterns. In southern Sweden some
fans were defined by regionally persistent older striae pat-
terns alone, as were some minor fans in northern Sweden
and Finland. In addition, the two fans in Denmark were
defined using till fabrics and glaciotectonic data.

Meltwater landforms

Tor discrimination of deglacial fans from non-deglacial fans
by the criterion of aligned eskers, we have used the esker
information present in the source maps listed in the caption
of Figure 3. High-quality information regarding glacioflu-
vial meltwater channels on the regional scale is available
only in Sollid and Torp (1984), the Nordkalott Project (1986a)
and C. Hittestrand (unpublished manuseript maps). We have
found no way of summarising this information (the inter-
pretation of which is dependent on the local topography )
in a readable map, but point out that we have actually used
the meltwater landform record in the reconstruction of the
deglaciation patterns (cf. Lundqvist, 1973b; Seppild, 1980;
Borgstraom, 1989; Kleman, 1992).

RESULTS

Using the data set described above and in Figure 3 we deli-
neated fans according to the principles detailed in the meth-
ods section. This resulted in 56 fans, numbered [rom west to
east in Figure 4, and the classification of these is also shown
in Table 1. The overall characteristics of the fans are des-
cribed below, while details are given in connection with the
reconstructed time slices.

Deglaciation fans

Fans 1, 2, 6, 23, 24, 43 and 45 are all formed by landforms
created in a wet-based marginal zone and fossilised by in-
ward transgression of the ice margin during the decay
phase. In much of Sweden, southeasternmost Finland and
adjacent parts of Russia, deviations from this pattern are
rare. Eskers are aligned with ice-flow traces. The spatial
gaps between fans 1 and 2, 2 and 6, and 6 and 24 do not re-
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‘Table 1. Classification of the fans shown in Figure 4

Fan type Fan nmbers

Deglaciation fans
3.4,5,7.8,9.10, 11,12, 13, 14, 15, 16,17, 18, 19,
20, 21,29, 25, 27,29, 31, 32, 34, 35, 36, 37,39,
1, 42, 44, 51, 52, 53. 54, 55

Synchronous (event) fans

Surge fans 26, 28, 33, 46,48, 50

flect a lack of deglacial traces in those areas, but rather re-
flect arcas with high-relief topography and thereby
deglacial flow traces that follow valleys. To define fans in
such areas is not meaningful in an ice-sheet-level recon-
struction. The gap between fans 6 and 24 (which is essen-
tially covered by the event fan 18) has, during both near-
maximum stages and the decay period, experienced ice
flow from the east-southeast. Consequently, directional
changes due to increased topographical control (during
ice-sheet thinning) predominate over any shifts related to
configuration changes. Thus, for deciphering late-glacial
ice-sheet configuration changes, this arca is less important.

Most of southern and coastal northern Sweden is cov-
ered by fan 1. In castern Sweden, successive ice margins,
constructed transverse to fan lines, fit well to ice margins re-
constructed by the independent method of clay-varve
chronology (Stromberg, 1989). We have shown fans 1 and 6
open-ended towards the central part of the Scandinavian
peninsula because of weak landform development at late
stages in deglaciation of those areas, and consequently the
occurrence of windows with older lineations. This weak de-
glacial imprint is related to the fact that those areas must
have deglaciated from the southern tip of an elongated ice-
sheet remnant. This divergent-llow tip of the ice sheet per-
sisted during the retreat from roughly 62° to 66° N. For the
whole of this inner zone, we have used the spatial con-
straints provided by the distribution of proglacial lakes and
glaciofluvial channels to reconstruet the pattern of the last
deglaciation.

Two major complications in this simple deglacial fan
pattern occur in Finland and adjacent parts of northern
Sweden. First, in southern and central Finland four major
divergent fans related to the Salpausselki zone, as well as
the somewhat smaller (and vounger) fan terminating at
the central Finnish ice-marginal zone, are classified as surge
fans and are considered to be related to short-lived ice
streams during decay (fans 26, 28, 46, 48 and 50). Secondly,
north and west of fan 50, substantial wet-bed imprints from
the last deglaciation are lacking, but instead spatially
coherent traces of deglacial meltwater drainage are super-
imposed across much older glacial landscapes. The local
ice-surface slopes inferred from marginal meltwater chan-
nels have guided the definition of this frozen-bed deglacia-
tion fan. In the area covered by this fan (No. 56), till
Jineations are rare, but the scattered striac and flutings that
do occur support the deglacial flow direction inferred from
meltwater traces.

Fan 38 is defined by abundant lineations in a generally
northwest—southeast direction. The occurrence of direction-
ally conformable eskers, marginal moraines and marginal
meltwater channels indicates that it is a deglacial landform
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Fig. 4. Fans defined on the basis of flow-trace swarms showon in Figure 3. and published striae and till-fabric data. Fan classifica-
tion into deglacial and non-deglacial fans by the presence or absence of aligned glaciofluvial meltwater traces was done using
mainly the data sources referred to in the caption of Figure 3. Fans are numbered from west lo east. Relative chronologies are shown
at intersections of flow-parallel fan lines, and are based on published siriae observations, as well as on air-pholo interpretation of
cross-culting lineation systems. Sources used are given in the text. Fan 56 in novthern Sweden and Finland. which reflects dry-bed

deglaciation, is shown in Figure 9 together with adjacent fans.

system and shows that the area experienced ice-free condi-
tions before the build-up of the late-Weichselian ice sheet. In
the area where fan 38 is cross-cut by fan 24, related to the last
deglaciation, mainly larger lineations in the older landscape
remain (Goodwillie, 1995). Stratigraphical data, linked to
morphology, from Kujansuu (1975), Lagerbick (1988b) and
Lagerbiick and Robertsson (1988) unequivocally permit the
assignment of fan 38 to a pre-late-Weichselian ice sheet, as
do the stratigraphical data presented by Korpela (1969),
Hirvas and Nenonen (1987) and Hirvas (1991). Similar con-
clusions regarding a pre-late-Weichselian age were reached
in morphological analyses by Rodhe (1988) and Kleman
(1992). Because of the regional and integral occurrence of
we-marginal landforms, such as end moraines and marginal
channels, in the older overprinted northwesterly system, we
refute the suggestion by Forsstrom (1995) that this landscape
should reflect an older configuration of the late-Weichselian
ice sheet.

The areally restricted fans 30,40 and 47, none of which
fit into the last deglaciation pattern defined by fans 24 and
43, are probably remnants from one or more older deglacial
events, as indicated by the presence of aligned eskers in fans

30 and 40 and suites of lateral meltwater channels in fan 47,
However, we have been unable to determine the age of these
fans.

We have abstained from trying to resolve the complex
near-marginal ice dynamics during post-LGM stages in
Denmark and southern Sweden (Lagerlund, 1987; Ring-
berg, 1989). which most probably involved topographically
determined drainage of thin fast-moving lobes, Such near-
marginal dynamics have little potential to illuminate the
core-arca configuration changes that are the focus of this
paper.

Synchronous (event) fans

These [ans are all defined by flow traces older than the last
deglaciation. Except for the near-marginal fan 5, none of
these fans contain aligned eskers or others features indicat-
ing close proximity to the ice margin. Fans 4, 8, 10, 19, 23 31,
34 and 42 are based on till lineations and striac data. Fans 0,
1L 13, 14, 16, 17, 20, 21, 35 and 44 are based on information
from striations alone. Fans 15 and 22 are defined by till fab-
rics in an old bluish-grey fine-grained till that is occasion-
ally found in central Sweden (Bjiornbom, 1979). Fans 27, 29
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and 32 are based on small lineation patches only, and may
well be deglaciation-related. It should be noted that the clas-
sification of fans 36 and 37 is uncertain.

For fans 5 and 7 we have accepted Houmark-Nielsen's
(1981) reconstructed “Norwegian advance” and LGM flow
patterns, respectively. Both fans are mainly defined on the
basis of till fabrics and glaciotectonic deformations.

Fans 51-55 and those on the Kola peninsula were
mapped as synchronous (event) fans due to the lack of posi-
tive evidence for aligned deglacial meltwater features, but

they may well reflect post-Younger Dryas deglacial flow of

an ice-sheet sector that was largely cold-based, having insig-
nificant subglacial drainage. This is in agreement with the
ubiquitous presence of regolith on the east-central Kola
peninsula (Niemela and others, 1993).

Surge fans

These strongly divergent fans, all terminating in end mor-
aines, are interpreted as representing fast, laterally con-
strained ice [low (i.e. ice streams separated by sluggish-flow
interlobate zones; Punkari, 1989). As discussed by Clark
(1994), these patterns are difficult to explain by time-trans-
gressive formation close inside a retreating margin. We do

not know if fast flow occurred strictly simultaneously over
the whole fan area, but the fact that striae in the proximal
part of fan 48 are clearly older than deglacial striae forming
part of fan 1 testifies to the strongly reduced slope in the
time-space domain in comparison to deglacial fans. Fan 26
in the Gulf of Bothnia covers the area where Stromberg
(1989) found evidence for a rapid collapse in the marine
area, which we consider to be compatible with calving
during a low-gradient post-surge situation. The surges asso-
ciated with fans 26, 28,46, 48 and 50 probably resulted in an
accelerated westward shift of the ice divide during deglacia-
tion, as they must have drained considerable amounts of ice
from the interior of the waning ice sheet. Fan 33 is also most
probably a surge fan. Such an extremely divergent fan is un-
likely to result from sheet flow, and there are no topographic
features constraining the ice flow.

Time-slice outlines

Figures 5, 6 and 7 show the time slices for which we think
enough evidence exists to suggest the outline and age of the
ice sheet. For the LGM time slice we have also suggested the
surface topography (form lines) which we find most compa-
tible with the geological and geomorphological evidence.

Isotope stages 5d-5a
(115-74 ka) y B
Ice margins /

! \

y Marginal moraines from pre-late-
Weichselian ice sheets.

Glaciofluvial drainage traces from
pre-late-Weichselian ice sheets

Fig. 5. Fans, ice-marginal landforms and ice-sheet outlines assigned to the 115—74 ka period ( early Weichselian ). Numbers 1-5

refer lo ice-marginal zones discussed in the text. Solid lines represent ice margins inferred from geological and geomorphological

evidence. Dashed lines represent suggested ice-sheel outlines.
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Isotope stages 4 and
(74-25 ka) /
Ice margins !

hor i | Tt

79,

|25° 130" 185°

Fig. 6. Fans, and ice-marginal outlines assigned to the 74 25 ka pertod. Fans 7.9, 15 and 22 together define an ice sheet with centre
of mass located over southern Norway. T his configuration is interpreled as representing the build-up phase of the mid-Weichselian
ice sheel during isotope stage 4. Fan 16 s younger than fan 15 and probably reflects a northeastward migration of the ice-dispersal

centre during further expansion of the ice sheel,

For the chronological assignment we have assumed that
glaciation in the area has in general followed global ice-
volume changes, as inferred from the proxy record in Figure 1.

Marine isotope stages 5d—3a, 11574 ka ( Fig. 3)

Fan 38 forms a coherent deglacial landform system over
much ol northern Fennoscandia, reflecting ice flow of an
clongated west-centred ice sheet with its elevation axis par-
allel to the Scandinavian mountain range. Interpretation of
stratigraphical data unequivocally assigns this to an carly-
Weichselian  glaciation beyvond  the radiocarbon-dating
range, separated from the late Weichselian by one (Hirvas,
1991), or two (Lagerbick and Robertsson, 1988) inter-
stadials. Lagerbiick (1988a, b) suggested a stage 5d age for
this ice sheet, as did Mangerud (1991) and Lundgvist
(1992). The apparent discrepancy between the Finnish and
Swedish data may reflect a restricted areal extent of the
stage 5b ice sheet inferred 1o have existed by Lagerbick
and Robertsson (1988). Five ice-marginal zones pertaining
to one or hoth of the early-Weichselian ice sheets arce defined
by landforms or buried glaciofluvial outwash. These zones
are detailed below and are marked in Figure 5.

~one I: The Hornavan Tornetrisk marginal zone, defined
by lateral moraines in major valleys (Kleman, 1992)
and degraded marginal channels (Rodhe, 1988; Kle-
man, 1992) cross-cut by glaciofluvial channels from the
last deglaciation. Both glaciofluvial systems cover vast
arcas and reflect incompatible ice configurations.

~one 2: The Transtrand-Idre—Femunden area, where several
of the low-mountain groups display glaciofluvial chan-
nels reflecting one or more deglaciations older than the
last one (Kleman and others, 1992), and also scattered
“old” marginal moraines (Sollid and Kristianssen,
1982; Borgstrom, 1989). Both zones 1 and 2 contain
abundant relict periglacial surfaces (Kleman and
Borgstrém, 1990, 1994), reflecting permafrost processes
during interstadials and preservation in frozen-bed
zones of the late-Weichselian ice sheet.

~ome 3: The Veiki moraine zone, comprising hummocky
moraine reflecting supraglacial sinkhole deposition, es-
kers and end moraines. Lagerbick (1988b) interpreted
these landforms as having formed during the areal
stagnation of a debris-loaded sluggish stage 5d ice
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Isotope stage 2
(22 ka) E

Ice margin and ice-
surface topography

Fig. 7. The suggested ice-surface lopography at 22 ka BP ( LGM ), and the fans which constrain this reconstruction. The ice-surface
contours { form lines) define the interpreted shape of the ice surface. The heavy dashed line indicates the position of the LGM ice

divide. Fan 51 may be sli

G

chtly younger or older than the LGM, as it indicates a somewhat more westerly dispersal centre than fans

34 and 44. Fans 17, 21 and 44 are defined on the basis of striae alone. The scarcily of LGM till lineations in the Fennoscandian
shield area is explained as the resull of frozen-bed conditions under the central parts of the ice sheet ( see Fig. 10).

sheet, Detailed mapping (C. Hattestrand, manuscript
map) reveals that the Veiki moraines appear mainly in
approximately 10 km wide bands immediately inside
each end-moraine zone. We therefore interpret this
landform assemblage as representing repeated halts in
the decay of an active ice sheet. Thus, we accept Lager-
hick’s age assignment but not the concept of areal stag-
nation,

Zone 4: A series of till-covered glaciofluvial formations mn
northern Finland, at right angles to the stage 5d flow
pattern (Nordkalott Project, 1986a, b).

Zone 5: Buried end moraines in the Pudasjirvi arca (Suti-
nen, 1984), probably reflecting the maximum extent of
the stage bd ice sheet.

No unequivocal evidence exists for the extent of the
southern and western parts of the stage 5d ice sheet.
Although the striae in the synchronous fans 4 (Vorren, 1977,
1979), 11 and 12 {Lundqvist, 1969) define westerly ice divides
of a probable early-Weichselian age, they cannot be linked to
any specific ice-marginal position. In the northeast we have
placed the ice margin at the above zone 5, where also the
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coherent flow traces defining fan 38 terminate. Such an ice
margin could possibly explain a zone of sandy sediments on
the Gulf of Bothnia sea-floor (Fredén, 1994), which forms a
direct southwesterly extension of the suggested ice margin.
We have assigned the stage 5d maximum configuration an
age of 110 ka, by correlation with the marine oxygen-isotope
record. The configuration where the ice margin is defined
by zone 3 is assigned an age of 100 ka. In its overall outline,
our reconstructed stage 5d ice sheet is similar to the outline
suggested by Lundqvist (1992), the only important differ-
ence being that we infer a complete ice cover over coastal
Norway. We do this on the basis of the morphological evi-
dence for extremely west-centred configurations during
early parts of the last glaciation (Ljungner, 1949; Kleman,
1992).

For ice-marginal zones 1 and 2 no accurate age con-
straints exist; we only know that the zones reflect the occur-
rence of small-sized ice sheets prior to the build-up of the
late-Weichselian ice sheet (i.e. they can have formed any
time during the carly Weichselian, or even during the
Saalian glaciation). Regarding the stage 5b ice sheet, infer-
red to have existed on the basis of thin till beds separating
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the Perdpohjola and Tirendd interstadial deposits (Lager-
back and Robertsson, 1988), we have found no coherent
system ol flow-direction indicators directly supporting its
existence. As a completely cold-based ice cover need not
leave any flow traces, the lack of such traces leaves open the
alternatives of (1) no ice sheet, or (2) an almost entirely cold-
based ice sheet. If a stage 5b ice sheet existed, meltwater
landforms must have formed during decay (Borgstrom,
1989), but it is conceivable that they are directionally com-
patible with the meltwater pattern laid down during the
stage 5d decay and therefore cannot be distinguished. Our
preferred interpretation is that stage 5b in northern Fenno-
scandia was characterised by a restricted glaciation, with
build-up of a thin, entirely cold-based ice sheet of limited
size, not reaching the Swedish- Finnish border or the Both-
nian coast. This is in agreement with the lack of evidence for
a stage 5b ice sheet in northern Finland (Hirvas, 1991).

An alternative, but in our opinion less likely, interpreta-
tion is that the ice sheet defined by fan 38 is indeed of 5b age,
with the two subsequent interstadials instead representing
9a and a partial deglaciation of northern Fennoscandia in
isotope stage 3, around 50 ka (cf. Garcia Ambrosiani, 1991).

Marine isolope stages 4 and 5, 7423 ka ( Fig. 6)
Most of Sweden is generally assumed to have been ice-
covered during isotope stage 4 (Andersen and Mangerud,
1989; Lundqvist, 1992). A key problem in this context is the
age and stratigraphic value of a characteristic clayey, bluish-
grey till with a high content of far-travelled clasts (Lund-
qvist, 1973a; Bjornbom, 1979), with possible correlatives in
Norway (Lig, 1948) and Finland (Rainio and Lahermo,
1976; Iisalo, 1992). An early-Weichselian age was suggested
by Lundqvist (1973a) and Lundqvist and Miller (1992),
whereas an initial phase of the late Weichselian was sug-
gested by Bjgrnbom (1979). Data presented by lisalo (1992)
show that a bluish silty lower till in the area of fan 35 is older
than interstadial sediments dated as older than 44 ka. How-
ever, it is unknown if the lower till described by Tisalo (1992),
which contains abundant reworked marine sediments [rom
the Baltic basin, is a true correlative to the Swedish sites.

Of particular importance are the ice-flow directions,
inferred from il fabrics and a few striae observations for
the dlls deseribed by Bjérnbom (1979). In central Sweden
ice flow was from the west or west-northwest. This indicates
an ice sheet with a southern centre of mass, including a
dome centre over southern Norway, as opposed to the stage
5d conliguration, which had a northerly centre of mass, Fans
15 and 22 are defined by till- fabric data and a few associated
striac in Bjornbom (1979). Two other [ans, 7 and 9, also indi-
cate an ice sheet with a major dome centre over southern
Norway, and when grouped with 15 and 22 form a glacio-
logically plausible ice-sheet configuration.

We note that the pattern of fan 7, which unquestionably
is older than the LGM (Houmark-Nielsen, 1981), indicates a

pre-late-Weichselian ice margin in western Denmark south of

the LGM position. This indicates an extensive ice sheet cov-
ering the North Sea, possibly linked with the British ice
sheet, in line with suggestions by Larsen and Sejrup (1990),
and very harsh climatic conditions. Fan 9, defined by a re-
gional occurrence of older striae from the north-northwest
(Adrielsson and Klingberg, 1989; Passe, 1990, 1993), lacks
any dating constraints. However, Passe (1993) found wes-
terly and northwesterly orientated glacial tectonic features
in Eemian sediments in this area, and considered these flow
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directions to represent the first post-Eemian ice cover in the
arca. We consider fans 7,9, 15 and 22 incompatible with any
reasonable LGM or later flow pattern. This also holds true
for fan 8, defined on the basis of lineations and an older
striac system documented by LEricsson and Grands (1983).
In short, we regard the flow-trace evidence for the existence
of the southwest-centred configuration shown in Figure 6 as
compelling, but acknowledge substantial uncertainty re-
garding its age.

Our preferred interpretation is that fans 7, 9, 15 and 22
reflect the rapid build-up of a southwest-centred ice sheet
during the climatic deterioration at the beginning of isotope
stage 4, i.e. that these fans are indeed expansion fans. We
suggest further that this configuration reflects ice build-up
during extreme cooling, with a scasonally ice-covered Nor-
weglan Sea, severely limiting precipitation supply to the
northeastern part of the ice sheet. The stage 4 ice-sheet con-
liguration is distinctly different from the stage 5d ice-shect
outline, which instead indicates a two-domed ice sheet with
a northerly centre of mass. We also consider it less likely that
fans 7,9, 15 and 22 represent the stage 5b ice sheet. This is
because the approximately 6 ka duration of the cooling
and probable build-up phase during stage 3b is, with realis-
tic precipitation values, too short a time period to build an
ice sheet that in this sector is as large as, or larger than, the
L.GM configuration.

No ice-flow directional evidence bears on the detailed
pattern of growth from the 65 ka time-slice configuration
to the LGM at 22 ka. Oxvgen isotope data (Fig. 1) indicate
adecrease in global ice volume during isotope stage 3 (mid-
Weichselian), which is likely to be reflected also in the
Fennoscandian ice sheet. Interstadial deposits along the
coast of Norway [ Andersen and others, 1981, 1983; Mangerud
and others, 1981; Larsen and others, 1987), in southwestern
Sweden (Hillefors, 1974; Miller, 1977) and in the north-
castern parts of Denmark (Houmark-Nielsen and Kolstrup,
1981) have been dated at 28 55 ka and indicate that there
was a mid-Weichselian retreat [rom our reconstructed stage
4 ice=sheet extent. The magnitude of this retreat is debated.,
and reconstructions range [rom very limited [ Donner, 1996)
to near-complete (Olsen and others, 1996 deglaciation
during the mid-Weichselian, The oxygen isotope values
during stage 3 are slightly more negative than during stage
5d and 5b (Fig. 1). Thus, we argue that the minimum mid-
Weichselian ice-sheet extent was in the same range as the
maximum early-Weichselian ice-sheet conliguration, out-
lined in Figure 5.

We also consider it likely that fans 8 and 16, defined by
till lineations and the regional occurrence of northwesterly
striac in the Lake Milaren region, respectively ( Méller and
Stalhos 1965, 1969; Bjornbom, 1981; Magnusson, 1986; Erics-
son and Lidén, 1988; Granis, 1990), helong to this period of
ice-sheet growth. This is because fan 16 is vounger than fan
15, which we assigned to isotope stage 4 (around 65 ka). but
older than the LGM. As fans 8 and 16 indicate a more north-
erly direction of ice flow than fan 15, they probably represent
an eastward migration of the ice-dispersal centre.

Marine isotope stage 2, 22 ka, LGM ( Fig. 7)

This reconstruction differs from the previous ones in that
the LGM ice margin is well documented (Andersen, 1981),
except for some problematic areas located in the North Sea
and Barents Sea sectors. We have tried to reconstruct a rea-
listic surface topography based on the following lines of rea-
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soning. (i) With a western ice-sheet margin constrained by
the Norwegian shelf edge, the most easterly ice-divide posi-
tion should have occurred when the eastern ice margin of
the ice sheet was at its maximum position, i.e. during the
LGM. (ii) In northern and southern Fennoscandia the fans
related to the most easterly dispersal centre are likely to
have formed at near-maximum stages. (iii) Theisostatic up-
lift pattern does not indicate a heavy ice-load in north-
easternmost Fennoscandia (Ekman, 1989).

We have based the suggested ice-surface form lines on
the direction of fans 5, 10, 14, 17, 20, 21, 27, 29, 3] and 44. We
are uncertain about the chronologic position of fan 34: it
may belong to this stage or it may be a much older feature
preserved beneath cold-based areas of the ice sheet. Fan 20
is based on older striae in the Kalmar area (Rudmark, 1980,
1981, 1983, 1984), directionally compatible with a Baltic ice
stream. The direction of fan 14, defined by older striac as
described by Daniel (1989), matches the direction of fans 5
and 20 very well, defining a flow pattern from an easterly
dispersal centre. Fan 31 may not necessarily have formed
during the LGM, but nevertheless constrains an ice-disper-

sal centre, located far to the cast of the mountain range. Fan
10, based on striac (Lundqvist, 1969) and till lineations
(Borgstrom, 1989, is compatible only with a main ice divide
trending eastwards from the high ground in southern
Norway. The location and shape of this fan indicate that
the lower clevation in the central part of the mountain range
significantly influenced the ice-drainage pattern, causing a
distinct bend in the main ice divide. The form lines of the ice
sheet in Figure 7 have been drawn at right angles to the ice-
flow directions corresponding to the above mentioned fans.

Marine isolope stages 2 and 1, post-LGM decay pattern ( Fig. 8)

The post-12 ka retreat pattern in Figure 8 1s based on fans 1,
2,6, 23, 24, 43 and 45, and the dry-bed fan 56, shown in
Figure 9. The ice-sheet outline at 22 and 15.2 ka is based on
Andersen (1981). The marginal retreat from the LGM posi-
tion to the final disappearance of the ice sheet has been ex-
tensively studied (e.g. Andersen, 1981; Lundqvist, 1986). This
evolution is within the radiocarbon-dating range and is, in
the Baltic areca, also dated by varve counting (Stromberg,
1989). Hence, different parts of the retreat sequence are
dated by different methods and, in the case of radiocarbon

Isotope stages 2 and 1 -
Decay pattern

oy

| [IWounge

10

Fig. 8. The decay pattern from 22 ka to approximately 9 ka. Thin lines are the longitudinal continuaty lines for deglacial fans 1, 2,6,
94,43 and 45, as well as the distal parts of fans 26, 28, 46,48 and 50, representing time-transgressive formation of flow traces and
subsequent preservation by deglaciation. Thin dashed lines represent the near-deglacial flowlines of the proximal parts of fans 28,
46,48 and 50. Iee-marginal positions at 22 and 15.2 ka are based on Andersen (1981), recalculated from radiocarbon years lo
calendar years on the basis of Bard and others (1990). The 12 ka ( Younger Dryas ) and 10 ka ice margins are based on the Swedish
varve chronology ( Strimberg, 1989, 1994). with a 350 a correction based on the age of the Younger Dryas climatic event in the

Greenland ice-core record ( Mayewski and others, 1993).
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Bay of
Bothnia

- 25°

Fig. 9. The dry-bed deglaciation fan (56) in northern Fenno-
scandia. ‘This fan lacks (il lineations and eskers and is in-
stead defined by glaciofluvial channel systems and scattered
observations of locally youngest striae. Older glacial and
non-glacial landforms were largely preserved in this fiozen-
bed area.

dating, different materials involving various time lags and
error sources. Given our ambition to present calendar-year
configurations and time-slice flow patierns on ice-sheet
scale, these incompatibilities have to be overcome. Our
approach involves the following components:

() Acceptance of the calibration of the radiocarbon time-
scale by U-Th dating of Barbados corals (Bard and
others, 1990).

(2)  For the arca south of the Baltic, where the linecations in
Figure 3 give poor spatial control, we have accepted
Andersen’s (1981) 13 ka ("'C years) ice margin. For con-
version to calendar years, we have used a 2.2 ka correc-
tion derived [rom Bard and others (1990).

Greenland  ice-core  record

(Mayewski and others, 1993), dated by annual layer

(3)  Acceptance of the

counting, as a “true” record giving the absolute age of

the Younger Dryas climatic event, an event whose
glacial geological effects are well displayed in Fenno-
scandia.

(4 We regard the Swedish varve chronology as being
accurate for post-Younger Dryas stages. This pre-
viously floating chronology has been connected to the
present by Cato (1987). However, in line with the sug-
gestion put forward by Strimberg (1994), we consider
that the time lag between the abrupt post-Younger
Dryas warming, evident in the Greenland record, and
the onset of rapid retreat from the Younger Dryas mor-
aines in central Sweden (Strémberg, 1994) is unrealisti-
cally large. According to Mayewski and others (1993),
the age of the Younger Dryas climatic event is 12.9-
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IL5ka, whereas the clay—varve chronology (Strim-
berg, 1994) dates the corresponding readvance, subse-
quent halt and moraine-building event at 1164
10.94 ka. Thus, it appears that varve ages are too young;
We regard a substantial time lag between the onset of
cooling, readvance and halt of the ice margin as
plausible. However, a 550 year time lag hetween the
onset of warming and onset of rapid marginal retreat
appears unlikely; a time lag of only 200 years appears
more reasonable. We have therefore added 350 years to
the clay varve age of the Younger Dryas moraines in
Sweden, thus assigning an age of 12 ka to the Younger
Dryas margin shown in Figure 8,

Basal thermal zonation at the LGM

We interpret preserved pre-late-Weichselian glacial and
non-glacial landforms under the central parts of the ice
sheet as marking sustained frozen-bed conditions during
the last stadial (Kleman and Borgstrom, 1990:; Kleman,
1994). Areas with abundant relict landforms are shown in
Figure 10. It is not implied that marked areas have com-
pletely escaped erosion during the late Weichselian; locally
within these areas there are zones which have been slightly
reshaped during the last stadial. There is commonly an in-
tricate patchwork of fluted and completely preserved areas
(Kleman and Borgstrom, 1994). However, the greater part
of the marked areas is unaltered, and we thus interpret them

Fig. 10, Frozen-bed distribution at deglaciation ( shaded
areas ) and inferred minimum frozen-bed zone at LGM ([ en-
closed by bold line ). Arrows mark ice-flow directions in wet-

bed zones cutting into the frozen-bed core area of the ice sheel.
The map is based on data presented in this paper as well as

Srom Raitanen (1969), Kujansuu (1973), Nordkalott Project
(1966a, b ), Lagerbick (1988a, b ). Lagerbiick and Robertsson
(1988). Rodhe (1988), Borgstrim (1989). Kleman and Borg-
strim (1990, 1994), Kleman (1992), Kleman and others
(1992), Lundquvist (1992), and Hiittestrand ( in press ).
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as representing areas where the late-Weichselian Fenno-
scandian ice sheet was {rozen to its bed.

The fragmented nature of the preserved area, which in
northern Fennoscandia is clearly dissected by inward-trans-
gressive lineation swarms (fans 24 and 43), the surge fan 50
and the non-deglacial fan 31, indicates a larger [ormer
extent of the frozen-bed zone. In our view, only the severely
restricted erosion associated with a frozen bed can explain
the observed pattern, with sharp lateral boundaries
between young lincation zones and relict landscapes. As
shown by the inward-transgressive lineation swarms, the
frozen-bed area was diminished during the post-LGM
stages. We have used this relationship to infer what we con-
sider to be the minimum realistic frozen-bed extent at the
LGM (heavy line in Fig. 10). As stratigraphical data indicate
near-complete deglaciation during isotope stage 5a (Lager-
biick and Robertsson, 1988; Lundqvist, 1992), the cold-based
central zone must have developed during the 70-22 ka inter-
val. Lagerbick (1988a) inferred an extremely harsh polar-
desert climate in northern Fennoscandia during stage 5a,
which through the development of deep permalrost may
have facilitated the build-up of a largely cold-based ice-
sheet sector. The scarcity of flow traces that can he assigned
to marine isotope stage 3 is well explained by a frozen bed in
the core arca of the ice sheet.

In the inversion presented here, there is one group of

subglacial landforms which we have not employed, namely,
the ribbed moraines. Despite the fact that ribbed moraines
are common features in the interior parts of former ice
sheets, they cannot at present be used in the reconstruction
of ice sheets, as the state of knowledge regarding their gen-
esis is inadequate. However, there appears to be a spatial
linkage between the ribbed-moraine distribution and the
basal thermal regime of the Fennoscandian ice sheet. The
area of frozen bed during the LGM (inside the thick line in
Fig. 10) closely follows the distribution pattern of ribbed
moraines in Fennoscandia (Sollid and 'Torp, 1984; Nord-
kalott Project, 1986a; Hittestrand, in press). A similar corre-
lation of a shrinking frozen-bed zone and the development
of ribbed moraines has previously been suggested for the
Labrador sector of the Laurentide ice sheet (Kleman and
others, 1994). This is in line with the formation hypothesis
for ribbed moraines put forward by Hittestrand (in press),
who argues that ribbed moraines form by fracturing and
extension of a pre-existing drift sheet, during the transition
from frozen to wet-based conditions. Thus, it is possible that
the distribution of ribbed moraines may in the future be
used as an additional tool in mapping the extent of frozen-
bed areas under former ice sheets.

Time-slice flow patterns

Figure 11 summarises, for cach time slice, the surface config-
uration and flow patterns that are most compatible with the
evidence previously presented. The configurations during
glacial maxima (110 and 22ka) can be confidently recon-
structed, as can the stages during the last deglaciation,
whereas ice-marginal positions and configurations during
isotope stage 3 remain elusive. The identification of the
65 ka configuration centred in the extreme southwest indi-
cates substantial shifts, not only in the east-west balance
(Ljungner, 1949; Andersen aiid Mangerud, 1989; Lundqvist,
1992), but also in the north-south balance of the ice sheet.
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DISCUSSION

Glaciological mechanisms

Our results indicate that the configuration changes of the
Fennoscandian ice sheet during the last glacial cycle rep-
resent a unique, climatically driven evolution. There is no
evidence to indicate short-term oscillatory changes in basal
temperature (binge purge mechanism), as has been sug-
gested for the Laurentide ice sheet (MacAyeal, 1993). If such
repeated wet-bed events had occurred, we would expect
complete erasure of old morphology and evidence for re-
peated flow events with only slightly differing patterns. The
evidence for frozen-bed conditions for more than 50 ka in
the carly-Weichselian landscape indicates instead that the
late-Weichselian ice sheet was a glaciologically stable fea-
ture, with a thermal zonation pattern strongly resembling
that proposed by Hughes (1981) for terrestrial ice domes.
These results are in line with recent modelling experiments
by Huybrechts and T'siobbel (1995) and J. Fastook (personal
communication, 1993), which indicate a stable frozen-bed
core area for the Fennoscandian ice sheet. The existence ol
a frozen-bed core area in Fennoscandia was previously sug-
gested by Schytt (1974) and Sollid and Sorbel (1988). We thus
envisage a frozen-bed core area, an intermediate zone with
a fractal patchwork of frozen and thawed bed, and an outer
wet-bed zone as a normal zonation for terrestrial ice domes,
in line with reconstructions for peripheral domes of the
Laurentide ice sheet (Dyke, 1993), and the Labrador sector
of the Laurentide ice sheet (Kleman and others, 1994,

We likewise find
mechanism, drumlin  formation caused by subglacial
“megaflood” outbursts (Shaw, 1989), not applicable to the

another suggested glaciological

Fennoscandian ice sheet. The major drumlin zones in north-
ern Fennoscandia all terminate proximally in [rozen-bed
zones, leaving no space for major subglacial water reser-
voirs, Furthermore, some major lineation swarms are
clearly time-transgressive and reflect continuous formation
over thousands of years, which is incompatible with the sub-
glacial flood hypothesis, as floods cannot be sustained over
such long time periods.

Comparison with numerical modelling results

A comparison with recent numcrical modelling of the
lennoscandian ice sheet by Holmlund and Fastook (1993)
reveals great similarity in pattern for the early-Weichselian
interval (their fig. 4b), although there are difterences in the
age assignments of the events. However, none of their time
slices can explain the low traces in fans 7,9, 15 and 22, con-
stituting our 63 ka configuration. This indicates a substan-
tial spatial deficiency of the mass-balance forcing in their
model for at least one critical time interval during the last
glacial. The same holds true for the model of Huybrechts
and T’siobbel (1993) which, although creating a central
frozen-bed zone in reasonable agreement with the geo-
logical evidence, initially builds an ice sheet centred over
northeastern Fennoscandia, and does not show any poten-
tial to explain the flow pattern documented by the above
fans. In our view, these discrepancies between geological
data and numerical modelling results suggest an inability
of present glaciological models to handle adequately the
large spatial changes in precipitation pattern that were most
likely associated with major changes in the position of the
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Lig. 11. Synthesis of the favoured interpretations regarding ice-sheet outline., dispersal-centre location (D) and flow pattern ( ar-

rows ) for six discrete time slices during the last glacial cycle.

polar water front (MecIntyre and others, 1972; McManus
and others, 1994) and sea-ice cover in the North Atlantic.,

It should also be noted that while the use of the glacial
geological inversion model deseribed in this paper can give
information on the evolution of the ice sheet in two dimen-
sions, i.c. the ice-flow patterns and, to some extent, the out-
line of the ice sheet, very little can be concluded concerning
the thickness of the ice. Thus, the results presented in this
paper should be used as boundary conditions for numerical
ice-sheet models, as only these models can give information
on the full three-dimensional evolution of the Fenno-
scandian ice sheet.

CONCLUSIONS

In this paper we have shown that, by employing a glacial
geologic inversion model to formalise the use of the glacial
landform record, it is possible to reconstruct the evolution of
the Fennoscandian ice sheet through the last glacial. The

most important conclusions from the investigations are as

follows:

The flow traces in both time-transgressive and “event” land-
form systems can be used efficiently for reconstruction of
flow-pattern evolution through the use of the graphical
glacial geological inversion model.

Some time during the early Weichselian, probably during
isotope stage 5d, a northwest-centred ice sheet reached just
across the Gulf of Bothnia.

The major build-up phase of the Weichselian Fennoscandian
ice sheet was characterised by a centre of mass in an ex-
treme southwesterly position during isotope stage 4. It is
probable that the British and Fennoscandian ice sheets were
confluent at this stage. Build-up of the northeastern sector of
the Fennoscandian ice sheet slowly took place during the
65—22 ka interval.

At the LGM, the Fennoscandian ice sheet had a main ice
divide over the Gulf of Bothnia and a major bend in the ice
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divide caused by outflow to the northwest over the lowest
part of the mountain chain. The ice sheet had a frozen-bed
core area, which was only partly consumed by inward-
transgressive wet-bed zones during the decay phase.

The southwest-centered pattern of build-up during isotope
stage 4 is poorly reproduced by current numerical glacio-
logical models.
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