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AbstrAct. The paper discuss the morphologic expression and sedimentological record left after the operation of 
glacial episodes in the area of Billefjorden, central Spitsbergen, in the period of Late Pleistocene ice-sheet deve-
lopment and in the last advance of glaciers in the Little Ice Age (LIA) around the beginning of the 20th century. 
No evidence is found for other Holocene glacier advances. Paraglacial activity during several millennia erased 
the surface expression of Pleistocene glacial deposits, leaving a widespread set of reworked material that adopts 
features of slope, fluvial, aeolian or littoral environments. Glacial features generated during the past century, and 
still forming in front of retreating glaciers, undergo intense paraglacial modifications limited to the maximum 
depth of permafrost thaw during the summer. They deliver vast amounts of erosion-susceptible material from 
mass movements on buried ice fragments, through the glaciofluvial system to aeolian and littoral activity. 
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Introduction

Nowadays a world-wide recession of glaciers 
is observed (e.g. Oerlemans 2005; Dyurgerov & 
McCabe 2006), uncovering from the ice exten-
sive areas of fresh and unconsolidated material, 
transported by glaciers often somewhat like with 
a conveyer belt (Armstrong et al. 2002), and easy 
available for further transformations. Glacial 

landscape alterations are most intensive in the 
marginal, ice-contact environment, extending to 
the proglacial zone of the main influence of gla-
cier melt-water and the proglacial area, due to 
the intensity of ice decay (Evenson & Clinch 1987; 
Rachlewicz 2003a). The paraglacial concept intro-
duced in the early 70s, in relation to non-glacial 
processes directly conditioned by glaciation (Ry-
der 1971, Church & Ryder 1972), was extended in 
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recent decades to cover landforms, land systems 
and landscapes that are directly conditioned by 
glaciation and deglaciation, where sediments are 
non-glacially reworked to attain a non-glacial 
state (Ballantyne 2002a, b). The latter was chal-
lenged by Slaymaker (2009) as too broad and un-
clear. The present paper aims to document exam-
ples of supposed Holocene and morphologically 
well-marked recent glacial forms in the surround-

ings of Billefjorden, central Spitsbergen, adjusted 
to contemporary environmental conditions in 
terms of high Arctic morpho-lithogenesis. It also 
considers the intensity of post-glacial landscape 
changes, during several thousands of years and 
in the past few decades, due to non-glacially con-
ditioned processes, as long as they reflect some 
features of primary depositional environment.

The study area in Billefjorden, in the inner-
fiord part of Spitsbergen, the largest island of 
the Svalbard archipelago (Fig. 1), has been well 
represented by studies of Pleistocene glacial 
history on the base of the classic Kapp Ekholm 
key stratigraphic sections, first described by 
Lavrushin (1969), studied e.g. by Boulton (1979), 
revised by Mangerud & Svendsen (1992) and re-
gionally summarized by Mangerud et al. (1998), 
and in the northern part of the fiord, in the Hör-
byedalen section (Karczewski & Rygielski 1989). 
Both show no occurrence of larger advances of 
glaciers later than 10 ka BP. Several papers how-
ever document remnants of marginal zones of 
Holocene glaciers at 78.7° N in Petuniabukta (e.g. 
Kłysz et al. 1988, 1989; Stankowski et al. 1989), 
the northern arm of Billefjorden, where large U-
shaped valleys descend from the margin of an ex-
tensively glaciated interior, covered with the ice 
plateau Lomonosovfonna, elevated above 1000 
m a.s.l. These reports are contrary to others that 
suppose higher elevation of equilibrium line alti-
tudes of some Svalbard glaciers and their reduc-
tion in area (or even total disappearance) during 
the Holocene, up to the 16th–19th century Little 
Ice Age (LIA) advances (Svendsen & Mangerud 
1992; Snyder et al. 2000).

methods

Two sites on the east side of Petuniabukta 
have been re-investigated and described in terms 
of their morphological and geological setting. In 
samples collected from outcrops grain size dis-
tribution was studied using a combined sieving–
sedimentary method to compute basic statistics 
(Folk & Ward 1957) with the GRADISTAT com-
puter application (Blott 2000). Separated gravel 
grains, more than 200 in each sample, were ex-
amined using the Powers (1953) scale (average 
roundness index Ri was given) and for petro-

Fig. 1. Location of the study area. 
1. fiord; 2. glaciers; 3. sedimentary rocks; 4. metamorphic rocks; 5 – 

Quaternary covers. Solid lines represent main faults; BFZ – Billefjor-
den Fault Zone. Flags identify location of sites in Ebbadalen (1) and 

at the foot of Løvehovden (2).
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graphic composition, distinguishing between 
sedimentary and crystalline particles (petro-
graphic index Pi is the number of sedimentary 
rock particles divided by the number of particles 
in the sample). In addition shell fragments from 
each sample were collected and an attempt to de-
termine mollusc species was undertaken.

traces of pre-lIa glacier advances

Part of the highest marine terrace in the bot-
tom of Ebba valley and in Ebba river gap (No. 
1 on fig. 1, fig. 2) was classified by Kłysz et al. 
(1988, 1989) as the remnant of an Early Holocene 
transgression named Ebbadalen Stage, delimited 
by erratics at the place of ice-cliff stagnation, fol-
lowed by the deposition of marine sediments. In 
their opinion it is associated with glacier under-
cuts and moraines on the southern valley slopes 
(Wordiekammen massif). The surface is elevated 
up to 40–45 m a.s.l, lowering towards the bot-
tom of the valley (to 10–15 m a.s.l.) with terrace 
steps. It is covered with continuous sandy-gravel 
sediments layer of marine origin. On the surface 
several erratic boulders occur, both metamorphic 
and sedimentary: the largest reach 2.0 m in diam-
eter and were found at all terrace levels, down to 
the present sea coast.

The pit excavated in the upper part of the ter-
race (about 30 m a.s.l. – Fig. 2b), under a 0.04 m 
thick layer of aeolian deposits, reveal a dual set-
ting. The upper 0.3 m consist of loose gravelly-
sandy-clayey mixtite with stones up to 0.2 m in 
diameter and shell fragments. Beneath, a typical 
glacial diamicton was found, heavily packed, 
with compaction cleavage and crushed shell frag-
ments. The upper layer characteristically differs 
from other sediments described below, because 
of a higher roundness index (Ri = 5.5) and more 
homogenous petrographic composition, with 
distinct predominance of sedimentary rocks (Pi = 
0.88). Underlying sediments contain over 50% of 
fine fractions, gravel roundness is less noticeable 
(Ri = 3.5) and the amount of metamorphic rocks 
fragments is higher (Pi = 0.71).

The section in the southern bank (Fig. 2c) of the 
ravine segment of the Ebba river, is located 10 m 
a.s.l. at the edge of a surface sloping NE towards 
the valley axis. The 2.0 m deep geological profile 

shows three soft-sediment units, deposited on 
shallow-lying limestone bedrock. Sedimentary 
properties of these units are very similar to those 
of the previously described lower till layer, with 
the same roundness values and slightly higher 
amounts of crystalline particles (Pi between 0.60 
and 0.66). They differ distinctly according to the 
existence of mollusc shells. The upper layer has 
the greatest amount of very well preserved Mya 
truncata (linnAeus) of the thick-shelled form, 
reaching length of 43 mm and height of 12,5 mm. 

Fig. 2. Study sites in Ebbadalen: A. General view of the 
highest terrace in the axial part of the valley with the 

concentration of erratic blocks on the surface; B. Sediment 
profile in the upper part of the terrace; C. Sediment profile 

in the Ebba River ravine segment. 
Gray-scale bars indicate the simplified grain size composition of 
sediment samples (1–7 – sediment samples position), Mz – mean 

(phi), δ – standard deviation (phi), Ri – roundness index, Pi – petro-
graphic index.



62 grzegorz rAchlewicz

Among other shell fragments one specimen of 
Littorina littorea (linnAeus) was identified. The 
middle till layer, dark-brown and compacted, 
revealed the absence of shell fragments, whereas 
the separated lowest lens, very similar in macro-
scopic examination to the above, associated with 
folded fragments of weathered limestone base-
ment, was supported with small amount of un-
identified shell detritus.

The geological-geomorphological setting of 
the 10 m a.s.l. terrace at the western foot of Løve-
hovden (No. 2 on Figs. 1, 3) has been earlier de-
scribed by Stankowski et al. (1989) as the result 
of glacier advances in Petuniabukta about 6.5 
ky BP, followed by marine transgression and lit-

toral accumulation of sandy-gravel deposits of 
raised marine terraces. The recent morphology 
of the terrace (Fig. 3a) is the effect of denudation 
processes that undercut its edges by stream ero-
sion. A shallow sedimentary sequence of anhy-
drites and limestones is exposed on the slope, 
topped with a weathered layer of very angular 
and coarse debris, finally covered with 0.2 m 
thick coating of finer, sand-dominated deposits 
(Fig. 3b). Within the latter unit erratic boulders 
are rooted. Gravels of the matrix reveal traces of 
reworking (Ri = 3.5) and the existence of single-
crystal rock grains. The flat surface of the terrace, 
with erratics jutting up to 0.5 m above, is covered 
with patches of beach sediments 0.7 m thick, very 
well rounded (Ri = 8.5) and petrographically ho-
mogenous, composed of sedimentary rocks with 
shell fragments (Fig. 3c).

little Ice age marginal zones

The time span after the end of LIA and ice 
decay of almost all glaciers in Svalbard during 
the 20th century generated widespread areas of 
freshly deposited glacial sediments and diver-
sified relief. During this period glaciers around 
Billefjorden decreased in area between 5.2 and 
53.5% (Rachlewicz et al. 2007). An example of an 
extensively developed contemporary marginal 
zone is represented in front of Ebbabreen (Fig. 4) 
– a glacier nourished from a composite firn area, 
partly as the eastward tending branch of a bigger 
Mittag-Lefflerbreen, partly as a valley glacier, de-
scending from about 850 m a.s.l. to 110 m a.s.l. at 
the present snout and to 50 m a.s.l. at the time of 
maximum extent during the LIA. The marginal 
zone was earlier described by Kłysz (1985), Ra-
chlewicz (2003b), Gibas et al. (2005). The total gla-
cier area equals 20.4 km2 and the length reaches 
7.6 km. The central part of the valley is cut by 
a threshold formed by resistant metamorphic 
rocks, influencing the glacier longitudinal pro-
file. Even in the lowest part, in front of morainic 
ridges, rock outcrops are visible in the form of 
scoured surfaces. Valley slopes are dominated by 
the exaration relief, with roche moutonnés, traces 
of striae and glacier undercuts up to about 50 m 
above the present ice surface. In the upper part of 
the valley this level is marked with belts of lateral 

Fig. 3. Study site on the 10 m a.s.l. raised marine terrace at 
the western foot of Løvehovden: A. General view of the 

remnants of the terrace surface with scattered erratic blocks; 
B. Sediment profile at the terrace edge; C. Sediment profile 

at the top of the terrace in connection with a partially buried 
erratic block. 

The horizontal edge of the scale compass is 0.1 m long. 1–3 – sedi-
ment samples position. Explanations on Fig. 2.
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moraines, especially on southern slopes, where 
the glacier turns SW toward its margin. The mar-
ginal zone layout has the form of a vast oval with 
a distinct asymmetry and a three-part construc-
tion. The most external segment is composed of 
the highest ice-cored ridges elevated 20–25 m 
above the valley bottom filled with outwash se-
ries. At the southern margin very intensive pro-
cesses of transformations of moraines, filled with 
passive or dead ice, occur through mass move-
ments of till covering ice cores, sinking of engla-
cial caverns and crevasses. In the central part of 
the marginal zone exist a lowering, adjacent to the 
rampart that is a remnant of medial moraine, oc-
cupied by a set of lakelets, drained through a sys-
tem of englacial voids to the moraines edge. The 
medial moraine cover distinctly differ from other 
parts morphologically, as a undulated belt cross-
ing the central part of the marginal zone, and is 
composed of homogenous sedimentary rock de-
bris, continuously transferred from the Bastion 
nunatak in the upper part of glacier basin. In the 
northern segment of the marginal zone morainic 
sediments are limited to separate patches depos-
ited on the scoured surface of the rocky threshold 
about 40 m high, over which the waterfall carries 
water from the main subglacial outflow. Accu-
mulation of the main outwash plain at the valley 
bottom is related to this stream activity. 

Sediment distribution was charted in front 
of most Billefjorden glaciers, and studied also 
using georesistivity in the Ebbabreen marginal 
zone (Gibas et al. 2005). Most parts of the front 
and lateral moraines consist of ice-cored forms 
covered with various types of glacially-derived 
debris, accumulated as superimposed basal ice 
layers, material melted out from detritus-rich 
shear-planes or transported supraglacially. The 
maximum thickness of directly accumulated gla-
cial diamicton reaches 2.5 m. Secondary process-
es of till mass-movement on ice-cores and further 
processes of ice melt lead to excavation of buried 
ice surfaces and moistening of material which is 
sorted and carried away by glacio-fluvial streams 
(Fig. 5). In proximal parts outwash sediments are 
very coarse (boulder and cobble fractions) and 
laid out in narrow channels between morainic 
deposits. Distally they spread out in the form of 
broad cones of at least two successive genera-
tions, joining together where possible into one 

extensive outwash plain. Repeated sequences of 
outwash accumulation reach a thickness of 16 m 
in front of Hörbyebreen (Gibas et al. 2005). The 
outwash surfaces are subjected to intensive wind 
activity. Mainly during the fall (in September), 
when the surface is frozen and dry, fine sand and 
silt fractions are raised and carried relatively long 
distances, forming clouds that remain airborne 
for several days, finally mixed and deposited 
with freshly fallen snow (Fig. 6). Paluszkiewicz 

Fig. 4. General view of the Ebba glacier tongue (A.) and 
geomorphologic sketch of the glacier forefield (B.).

1 – weathering covers; 2 – steep rocky walls; 3 – valley slopes cov-
ered with scree; 4 – alluvial fans; 5 – lateral moraines and undis-

closed morainic relief; 6 – frontal moraines; 7 – medial moraines; 8 – 
proglacial outwash areas; 9 – glacier ice; 10 – hydrographic network.



64 grzegorz rAchlewicz

(2003) estimated the threshold for initiation of ae-
olian transport in the glaciated valleys of central 

Spitsbergen as 5 m s–1 in summer months, when 
strong winds are rather rare. My observations in 
the years 2000–2005 show that after the snow ac-
cumulation season niveo-aeolian accumulation 
ranges between 70 and 115 g m–1, while the high-
est values at the end of the ablation season reach 
45 g m-1 from one snow-storm event.

Discussion

The geological setting of the area around Pe-
tuniabukta creates anopportunity to identify 
sources of glacially derived sediments, covering 
recently created marginal forms and those origi-
nating from previous glacial episodes. Both the 
Weichselian Barents Ice-Sheet and the LIA gla-
cier advance on the eastern and northern coast of 
the bay crossed outcrops of pre-Devonian meta-
morphic basement formed from gneiss, schists, 
quartzites and marbles (Dallmann et al. 2004). The 
sediments are easily classified, even if the mor-
phologic expression has been destroyed through 
long-term paraglacial activity, whereas distin-
guishing between some morphogenetic environ-
ments (weathering or other non-glacial ones) is 
reported as a common problem (Curry & Ballant-
yne 1999; Lønne & Lyså 2005). Primary glacigenic 
sediments reveal specific textural features, apart 
from a wide range of grain size distribution 
classes, i.e. poor and extremely poor sorting, they 
show some aspects of clast-edge polishing and 
surface scratching, found at several investigated 
morainic sites elsewhere in Svalbard (Górka 2003; 
Karczewski et al. 2003; Piechowiak 2003). Land-
scape modifications on glacier forefields have 
been demonstrated as very intensive, leading to 
significant paraglacial sediment reworking, due 
to slumping and debris flow on ice-cores filling 
up the moraines (Ballantyne 2002a). Denudation-
al processes operate in seasonal cycles of dead ice 
uncovering, melting of the ice core, and sediment 
wash-out by percolating water or channelized 
flow on the surface (Rachlewicz 1999). It is found 
in Svalbard that stabilization of glacial forms, 
with the preservation of buried ice prolonged 
over several thousand years (Lønne & Nemec 
2004) under present climatic conditions, is visible 
within the ramparts, where either the maximum 
thickness of permafrost active layer is shallower 

Fig. 5. Till deposited on an ice-cored moraine in the lateral 
part of Ebba glacier, removed by the processes of sediment 
flow and an englacial outflow draining the dead-ice zone, 
initiating outwash accumulation. The picture was taken at 

the beginning of July 2003.

Fig. 6. Aeolian activity on outwash surfaces in the forefield 
of Hörbye glacier (A.) and its effect in the form of fine sedi-

ments mixed with freshly fallen snow (B.).
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than the sediment mantle covering ice-cores, or 
surface gradients are low (Lønne & Lyså 2005). 
Otherwise form stabilization is observed, where 
such cores have not been detected. That may in-
dicate earlier surge activity of the glacier (Gibas 
et al. 2005). As was shown by many authors, the 
most intensive sediment reworking occurs in 
the initial phase of glacier retreat (e.g. Church 
& Ryder 1972; Ballantyne 2002a, b), transported 
to the coast by the glacio-fluvial system (Laffly 
& Mercier 2002), and giving high sedimentation 
rates of the finest material on the fiord floor (e.g. 
Koppes & Hallet 2002, 2006; Zajączkowski et al. 
2004). The initial level of sediment susceptibility 
to the intensity of paraglacial processes has been 
maintained throughout the recent glacial reces-
sion.

The sites where glacial till was found, inves-
tigated in front of the maximum extent of LIA 
moraines, reveal no morphologic evidence of 
past glacier activity. This is apparent only in the 
sedimentary record as a continuous glacial diam-
icton layer, also with specific petrographic and 
textural features, differentiating them from the 
results of local slope activity and littoral deposi-
tion. Overlying marine material has been dated 
in this position at about 6 ka BP (Stankowski et al. 
1989). Marine sediments, distinctly different from 
the underlying glacial deposits, cover the terrace 
steps or occur in patches separated by erosional 
incisions. In the upper position, at the level rising 
to 45 m a.s.l., the mollusc fauna of Mya truncata 
(linnAeus) of the thick-shelled form is characteris-
tic. Although this species is common throughout 
the Holocene, the thick-shelled forms are most 
frequent in deposits older than the Post-Glacial 
Warm period (Feyling-Hanssen 1955). That fact 
supported with the absence of other species, like 
Chlamys islandica (müller) and Mytilus edulis 
(linnAeus), found on lower terraces in the val-
ley, superimposed on the same glacigenic level, 
dates it back at least to the Pleistocene/Holocene 
transition. The glacially generated forms on val-
ley slopes (possible moraines) described by Kłysz 
et al. (1989), named Ebbadalen Stage and dated 
as younger Holocene, found no confirmation in 
stratigraphic evidences, being rather structural 
forms or eroded patches of older raised marine 
terraces (Rachlewicz & Szczuciński 2003). At this 
level the millennial time-scale operation of para-

glacial processes might completely erase the ini-
tial record. 

Elsewhere it was observed by the author, that 
on the top surfaces of surrounding mountain 
massifs covered by the Weichselian ice-sheet, at 
t 500 m a.s.l. and higher, single erratic blocks are 
planted in a homogenous mass of weathered lo-
cal material (Fig. 7), which must have been pro-
duced after removal of the initial, thin morainic 
cover susceptible to paraglacial activity. Weath-
ering and mass movement processes on valleys 
slopes find their expression also in the formation 
of vast generations of talus cones (Rapp 1960; 
Kostrzewski & Zwoliński 2003). Surface levels 
of glacigenic sediments are intensively reworked 
by aeolian processes. The dry climate of the is-
land interior (Rachlewicz & Styszyńska 2007) 
favours deflation processes and single but inten-
sive niveo-aeolian depositional events, while the 
total aeolian accumulation is significantly lower 
than observed in conditions of more maritime 
high-Arctic climate (Baranowski & Pękala 1982) 
that may result from generally lower wind ve-
locities (cf. e.g. Rachlewicz 2003c; Maciejowski & 
Michniewski 2007; Marsz & Styszyńska 2007). In 
many places features reflecting the unidirectional 
activity of the strongest winds in this region are 
visible, expressed by deflation features, eologlip-
tolites, small accumulation forms and thin sandy-
silt cover patches with ripples (Górska & Hojan, 
pers. comm.).

Fig. 7. Metamorphic erratic block partly buried in a weath-
ered limestone cover on the top plateau of Løvehovden.
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concluding remarks

The decay of glaciers leaves widespread traces 
of their activity blurred by paraglacial processes 
in marginal zones. The record of large extent of 
late Pleistocene glacial covers on Spitsbergen, 
their interaction with littoral processes and sea 
level changes is visible in the characteristics 
of sediments found in valley floors and coastal 
cliffs, enriched in exotic petrographic elements 
and containing partly-buried large erratic blocks. 
The morphologic expression of this glacial event 
is preserved neither in the valley floors nor on 
their slopes. The paleogeographic context of the 
past glaciations around Billefjorden, contrary to 
earlier reports (Kłysz et al. 1988, 1989; Stankowski 
et al. 1989), do not point at their activity during 
the Holocene. The continuous Weichselian gla-
cigenic layer, descending to the present sea level, 
is covered with shelves of raised marine terrac-
es of younger and younger age. Recession from 
the LIA maximum some 100 years ago has left 
the most significant set of forms in the valleys, 
originating from direct glacial accumulation and 
glaciofluvial activity. Freshly deposited and un-
stable sediments settled on ice are the most sus-
ceptible for further modifications by mass move-
ments, providing the main mass delivered to the 
streams and forming areas of proglacial accumu-
lation. Further paraglacial activity involves aeoli-
an processes supported with snow cover ablation; 
washing out sediments in conditions of shallow 
level of permafrost table; and general water out-
flow to intensively prograding sea coasts. As the 
denudation rates in glacier-marginal zones are 
high, the morphologic changes are visible espe-
cially where sediment cover is thinner than the 
depth of thaw over ice-cores.
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