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Ice sheet movement in northeastern Poland is reconstructed from analysis of the spatial orientation of glacial landforms and
glaciotectonic deformations. The orientations of both positive and negative glacial landforms (morpholineaments) of the Vistulian Glaci-
ation were analysed. These landforms form 4 sets and follow an original crevasse system (joint net) within the ice sheet, probably result-
ing from horizontal stress exerted as the ice advanced from the north. Esker deposits have been glaciotectonically deformed to form a
compressional fan fold, due to limited movement of the ice sheet prior to deglaciation. This movement caused the ice crevasses to be
tightened and cut by strike-slip faults. Movement here was from the NNW, as determined from the orientation of deformations. Thus, the
ice-flow direction changed at least by 10� during the last phase of the Vistulian Glaciation. If the ice rotated the northeastern portion of
the esker, this change may have amounted to 30�.

Wojciech Morawski, Polish Geological Institute, Rakowiecka 4, 00-975 Warszawa, Poland; e-mail: wmor@pgi.waw.pl (received: April
15, 2003; accepted: July 3, 2003).

Key words: Mazury, Vistulian Glaciation, ice sheet movement direction, morpholineaments, glaciotectonic.

INTRODUCTION

The study area is located in western Mazury, northeastern
Poland (Fig. 1). Fieldwork was conducted over 1998–2000 as
part of the making of the Detailed Geological Map of Poland,
scale 1:50 000, and covered an area of about 300 km2

(Morawski, 2003a). The study area is located 50 km to the
north of the maximum ice sheet limit of the Vistulian Glaci-
ation (Morawski, 1999). This is a glacial plateau (Fig. 1) where
different glacial landforms are extremely well preserved, par-
ticularly negative and positive linear glacial landforms, i.e. sur-
face morpholineaments (Pi¹tkowska, unpub.) (Fig. 2). They
form a pattern which suggests a relation to crevasses (joint net)
within the ice body. This paper examines the relationship be-
tween this net and ice-flow direction.

Near Kronowo there is an esker (Fig. 2), and its sand and
gravel deposits are exploited in a substantial. Exposures reveal
strong compressional glaciotectonic deformations which were
analysed in detail in 1998–2002. These investigations identi-
fied the deforming stress direction. The author compared the

ice-flow direction determined theoretically from the orientation
of the original crevasse system in the ice sheet with the ice-flow
direction that caused the glaciotectonic deformations. This pro-
cedure enabled reconstruction of ice sheet movement during
the Main Stadial of the Vistulian Glaciation.

PREVIOUS METHODS OF RECONSTRUCTING
ICE SHEET MOVEMENT

Previous methods were based mainly on till fabric measure-
ments, orientation of linear glacial landforms, i.e. morpho-
lineaments and glaciotectonic deformations.

CLAST FABRIC

Reconstruction of local ice sheet movement from the orien-
tation of elongated clasts is based on measurements taken in ex-
posures (e.g. Glen et al., 1957; Karczewski, 1963; Stankowski,
1975; and others). This method is difficult to apply in the area
studied due to the insufficient number of tills exposed on the
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Fig. 1. Geomorphological sketch of the Kronowo region
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morainic plateau. As a rule, exposures in northeastern Poland
occur in sand and gravel pits of depositional glacial landforms.
Tills, that commonly occur in this type of exposures, are usu-
ally represented by flow tills and therefore have no regional
stratigraphic significance. Clast fabric in flow tills reflects mud
flow direction (Morawski, 1984), and locally it corresponds to
the inclination of the front of the ice sheet. The pebbles, also,
may show random orientations. Flow tills can also occur in i.e.
watermorainic complexes in different positions relative to the
ice sheet mass: proglacially, supraglacially, subglacially or
englacially (Morawski, 1985, 1989).

Only lodgement till and meltout till show diagnostic features
for identification of ice sheet movement. Orientation of clasts in
these tills can be a result of ice sheet movement due to ice-flow
(e.g. Shaw, 1977; Ruszczyñska-Szenajch, 1998), or a result of
dynamic deposition caused by friction against the basement (cf.
Boulton, 1975). Tills of these facies, however, in most cases do
not occur at the surface in NE Poland i.e. they are unavailable for
direct observations in natural exposures. Pebble orientation, in-
herited after ice sheet movement, can subsequently be changed
both by till deformation during deposition (Hart, 1995; Boulton,
1996) and by later glaciotectonic deformation.

These circumstances mean that reconstruction of local ice
sheet movement from orientation of clasts is of little use to re-
gional investigations in northeastern Poland.

ORIENTATION OF MORPHOLINEAMENTS

Orientation of linear glacial landforms (morpholineaments)
assumes that they are generally oriented according to the direc-
tion of ice sheet advance. Drumlins seem to be the most highly
diagnostic (e.g. Aario, 1977; Piotrowski, 1987; Wysota, 1994;
and others), although in many cases they are winding land-
forms and do not always reflect the real direction of ice-flow.
Among other landforms, glacial tunnel valleys are commonly

considered to be oriented along the ice-flow direction, assum-
ing that they run perpendicularly to the ice sheet front (e.g.
Majdanowski, 1947, 1950; Ber, 2000; and others). Similar in-
terpretations may be applied to subglacial eskers, in particular
those observed in Scandinavia (e.g. Bergdahl, 1953).

GLACIOTECTONIC DEFORMATIONS

Studies of glaciotectonic deformations have been per-
formed for over a century and have included both examinations
in exposures and interpretations of borehole profiles. They in-
clude theoretical investigations supported by modelling and
observations in recently glaciated areas, and have been com-
prehensively discussed (e.g. van der Meer, 1987; Croot, 1988;
Aber et al., 1989), also by Polish authors (Bartkowski, 1968;
Rotnicki, 1974, 1976, 1988; Brodzikowski, 1982, 1987;
Ruszczyñska-Szenajch, 1983; Pasierbski, 1984; Marks, 1992;
Dadlez and Jaroszewski, 1994; and others). These authors sug-
gest that glaciotectonic structures form as a result of a dynamic
(movement) or static (loading) effect of a glacier, exerted on its
basement or immediate forefield. Starting with the suggestion
of Gripp (1938), there has been a dominant opinion that
glaciotectonic deformations occur in front of the ice sheet.
Analyses in exposures should determine whether any deforma-
tion structures present are of compressional origin — e.g. re-
verse faults, slices or thrusts. In such a case the ice sheet front
undoubtedly deformed both those sediments in the forefield
which were an obstacle to the advancing ice, and the ice sheet’s
own deposits e.g. glaciomarginal fans at its front. Measurement
of the orientation of deformation structures enables
reconstruction of the deforming stress, i.e. the direction of ice
sheet movement (e.g. Ber, 1987; Aber and Ruszczyñska-
Szenajch, 1997; Ruszczyñska-Szenajch, 1999; Morawski, in
print a). Compressional deformations, formed as a result of hori-
zontal stress, should accurately reflect local ice sheet advance,
i.e. the direction of its local movement.

Such investigations are most commonly performed for
push-moraines, e.g. in glaciomarginal fans when the ice sheet
advance resumed after a temporary stagnation (e.g. Kasprzak,
1985; Morawski, in print a). Such investigations focus on
marginal zones where, however, local movement of ice sheet
front did not always reflect the general direction of advancing
ice sheet.

Of particularly significance for the reconstruction of the gen-
eral direction of ice sheet movement are glaciotectonic deforma-
tions formed far from the marginal zone. Such deformations are
observed in the Kronowo esker, and will be discussed hereafter.

STUDY METHODS

To reconstruct the direction of ice sheet movement on the
basis of the original crevasse system, i.e. the original stress field
within the ice sheet, the Kronowo region was selected (Fig. 1).
Detailed geological studies and maps a scale of 1:25 000 were
made (Morawski, 2003) and 1:10 000. Studies of the orienta-
tion of glaciotectonic deformations were performed in the sand
and gravel pit.
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Fig. 3. Classical pattern of joints (crevasses) (after Dadlez and
Jaroszewski, 1994, simplified and supplemented)

Projection into upper hemisphere, circles denote bedding poles; arrows
denote stress vector



GEOMORPHOLOGICAL ANALYSIS

Results of the geomorphological analysis of the study area
are shown in a geomorphological sketch map (Fig. 1). All linear
landforms (morpholineaments), both positive and negative, were
analysed in detail. Positive landforms are represented by eskers
and the ridge-like landforms deposited in ice crevasses. Negative
linear landforms are represented by glacial tunnel valleys,
outwash plains (valleys) and kame terraces, melt-water valleys
and kettle holes. These morpholineaments are shown in a sepa-
rate sketch map (Fig. 2). Azimuth and length measurements
were taken for individual landforms — a 1 km-long section rep-

resents a single measurement. The results are shown in rose dia-
grams constructed for all of the morpholineaments as a whole,
and separately for negative and positive landforms using the
StereoNet software. A total length of 38 km of positive and 228
km of negative landforms is shown in the diagrams. All
morpholineaments identified in the study area were measured.

Discussion. My investigations (Morawski, 2000, in print)
suggest that the orientation of morpholineaments observed in
northeastern Poland, including in particular glacial tunnel valleys
and ridges formed in ice sheet crevasses, is commonly arranged
in 4 sets: a N–S set (corresponding to the assumed general direc-
tion of ice sheet advance), a longitudinal set, and 2 sets oblique to
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Fig. 4. Geological cross-section (after Morawski, 2003, simplified)

M — Miocene, PL — Pliocene, N — Narevian Glaciation (Menapian), S — Sanian Glaciation (Elsterian), MI — Mazovian Interglacial (Holstenian), O —
Odranian Glaciation (Saalian 1), W — Wartanian Glaciation (Saalian 2), B — Vistulian Glaciation (Weichselian); for location see Figure 7



the N–S one. The nature of these morpholineaments and their
spatial distribution suggest that they were formed along a net of
ice crevasses (joints). This is the way in which the classical joint
net is developed as a result of horizontal stress. The net is com-
posed of a rectangular system (extensional system composed of
a longitudinal set and a transverse set), and a system at an angle
to these (a shear system, composed of 2 diagonal sets) (Fig. 3).
This net is typical of folds, though according to Jaroszewski

(Dadlez and Jaroszewski, 1994), there is no reason to relate the
net to any folding process in terms of its origin, because it also
occurs in unfolded areas.

It has been assumed for the purpose of these investigations
that the ice crevasses developed within the ice sheet due to hori-
zontal stress caused by the advancing ice. This advance was
hindered by various obstacles located in front of the ice sheet,
and hampered by friction against the basement. This process
proceeded probably in advancing dynamic ice which caused
horizontal stress. Therefore, directions of ice sheet movement
can be derived from the orientation of the original crevasse sys-
tem as the resultant of the 2 oblique sets (shear system) which
are commonly best developed. For example, from the resultant
of 2 major sets of glacial tunnel valleys or linear depositional
landforms formed in ice fissures. Only some linear landforms
can directly indicate the direction of ice sheet movement: the
N–S set of extensional system.

SEDIMENTOLOGICAL ANALYSIS

The study area shows a range of landforms which accumu-
lated in the fissures of the ice sheet. Some of these comprise
sand and gravel deposits, worked in large pits. Of particular in-
terest are exposures located in the Kronowo gravel pit where
detailed sedimentological analyses of sand and gravel deposits
filling a crevasse have been performed (Gruszka and
Morawski, 2003; Fard, Gruszka and Morawski, in prep.). Azi-
muth measurements were taken to determine the dip of
cross-bedding in sand and gravel deposits. The measurements
were taken in various sites of the pit, i.e. in different zones of
the crevasse filling, and subsequently plotted on the diagram il-
lustrating palaeoflow directions.

ANALYSIS OF GLACIOTECTONIC STRUCTURES

The Kronowo exposures reveal a broad glaciotectonic fan
fold, successively investigated and documented along over a
500 m-long section of the pit, as the quarrying continued
though 1999–2002. Investigations focused on detailed struc-
tural analysis of the deformations. Stratal dips, measured in
both fold limbs, were projected onto rose diagrams using the
StereoNet software. The data obtained were used to determine
the fold compression vector which represents the direction of
deforming ice sheet movement.

STRATIGRAPHIC POSITION

The sub-Quaternary surface in this area is composed of
Miocene sands, silts or clays, and only locally of variegated
clays of the Pliocene or Upper Miocene (Poznañ Formation —
Piwocki, in print a) (Fig. 4).

The study area comprises a large territory called the Pleisto-
cene Warmia sedimentary province by Morawski (2003b). The
province is characterised by an incomplete Pleistocene succes-
sion strongly influenced by meltwater and glacial erosion, and
glaciofluvial sedimentation. Marker tills are discontinuous, oc-
curring as thin lenses at different depths. The sub-Quaternary
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Fig. 5. Orientation of morpholineaments (see Fig. 2)

a — composite diagram of positive and negative landforms, a’ — the same
diagram, simplified (15� classes), b — shear (sharp-angled) system com-
posed of 2 oblique (diagonal) sets, c — extensional (rectangular) system
composed of 2 sets (longitudinal set and transverse set), d — composite di-
agram of negative landforms, e — composite diagram of positive land-
forms; arrows denote the resultant stress vector (ice sheet movement
direction), the azimuth value close to arrows



topography is highly diverse with glaciotectonically disturbed
Tertiary deposits locally even squeezed up to the surface. Such
a reduced Pleistocene succession probably reflects a labile sub-
strate (Morawski, 2003b; in print a). It may be supposed that
Tertiary, and also perhaps Quaternary tectonic movements
(Motyl-Rakowska and Schoeneich, 1970), caused or triggered
the development of major features of the sub-Quaternary to-
pography. This may concern in particular extensive elevations
and depressions of the sub-Quaternary substrate. The approxi-
mate N–S trend of these landforms corresponds according to
Marks (1988) to the trend of sub-Cainozoic structures.

The regional succession of Pleistocene deposits is known
from many boreholes, including cored and sampled scientific
boreholes. They have provided little stratigraphical data since
the Pleistocene sections are incomplete and lithological and
petrographical analyses are available only for 3 tills: an upper
till (Vistulian); a middle till (Wartanian: Saale 3); and a lower
till Nidanian: Elster 1 — glacial A) (Kenig, 2000, unpubl.). No
interglacial organogenic deposits older than Eemian have been
encountered over the study area or in neighbouring areas.
Therefore, the Pleistocene stratigraphy of this area is based on
litological correlation of geological strata along several geolog-
ical cross-sections (Morawski, 2003a), tied to regional strati-
graphical interpretations (e.g. Mañkowska and S³owañski,
1968, 1980; Morawski, in print b).

A simplified stratigraphy is given in a geological section
(Fig. 4) a cross the Kronowo pit area from N to S.

GLACIAL LINEAR LANDFORMS —
MORPHOLINEAMENTS

Amongst various morphological and genetic types of glacial
landforms, only few occur chaotically, showing no clear ar-
rangement. In positive (depositional) landforms, this is typical
mostly of dead ice moraines, primarily kames. Amongst nega-
tive landforms, kettle holes associated with dead ice blocks are
commonly chaotically distributed, although they are locally ar-
ranged in linear rows. Most glacial landforms are oriented. They
are represented in particular by those marginal landforms which
follow the limit of the temporarily stagnant ice sheet front, eg.
arc-like frontal moraines. On the plateau landscape, most of both
positive and negative glacial landforms are arranged in linear
rows, i.e. they occur in the form of morpholineaments.

The study area is a part of an extensive morainic plateau of
the Vistulian Glaciation (Fig. 1). This area is morphologically
diverse, altitudes above sea level ranging from about 100 to 200
m, and the relative height of some of landforms is up to 70 m.
Most of the area represents a hummocky glacial plateau com-
posed of till and various depositional landforms. In the north-
east of the area (Fig. 1), the glacial plateau lies at 110 to 130 m
a.s.l., and is characterised by the occurrence of numerous small
lakes and dead ice moraines. In the east, the plateau area is lo-
cated at altitudes of 140–160 m a.s.l. Topographic relief is of
the order of several to a dozen metres, the surface drainage sys-
tem is poorly developed, kettle holes are frequent and shallow,
and single depositional landforms are low. The western part of
the glacial plateau shows a different character and is located at

150–175 m a.s.l. Very numerous, small kettle holes (with lakes
and swamps) and a number of other small landforms repre-
sented mainly by drumlins occur in this area. The highest topo-
graphic peaks reach 160–180 m a.s.l. and are observed in the
central northern part where two large elongated kame fields oc-
cur at nearly 200 m a.s.l. (Fig. 1).

NEGATIVE FORMS

Kettle hole rows. These are numerous, small and shallow
in the glacial plateau. There are also extensive depressions with
a depth of over 20 m, some of which are occupied by lakes or
peat bogs. These are probably kettle holes developed after dead
ice remains. Some of them are distinctly elongated or are ar-
ranged in linear rows that may indicate that they follow original
zones of crevasses in the ice. The plateau’s drainage system is
poorly developed, though there is a series of dry valleys which
often join to form kettle holes. Linear segments of these valleys
may also reflect original systems of ice crevasses.

Outwash plains (valleys). Small areas in the centre and
south of the study area are covered by outwash and ice-dam
plains as well as by kame terraces (Fig. 1). The outwash plain is
represented by a N–S-trending belt in the central part of the study
area. This area is inclined southwards from approximately 150 in
the north to 115 m a.s.l. to the south. This is a flat area covered
with infrequent, very shallow and commonly N–S elongated
hollows. Similarly situated outwash plains are observed in the
neighbouring areas. They represent a source area; the northern
extremeties of vast outwash linear plains were formed during the
retreat of the ice sheet. Outwash plains widen southwards to
form several terraces (Morawski and Kenig, 1999). Outwash lin-
ear plains are genetically associated in this area with large land-
forms deposited at northern ends of crevasses in the ice. They
represent the succeeding phase of deglaciation during which
meltwaters flowed away after kame terraces had formed. Bound-
aries of these areas are visibly linear and their orientation has
probably been inherited after a N–S system of original ice cre-
vasses. During deglaciation, meltwaters either followed ice-free
areas between ice crevasses, widening them, or flowed along ex-
tensive crevasse zones.

Glacial tunnel valleys. A N–S trending glacial tunnel val-
ley occurs in the central-southern part of the study area (Fig. 1).
It is perpendicular to the outwash plain and kame terraces, and
is incised down to 140 m a.s.l. (in the north) and to 115 m a.s.l.
(in the south). This tunnel valley is 30 deep in the south, its
depth decreasing northwards. The valley floor has both thresh-
olds and local hollows partly filled with several metres-thick
organic deposits. There is also a series of landforms interpreted
as kames. Tunnel valley slopes are steep, and in some places
there are moderately extensive outwash fans located at slope
bases. Small valleys transecting the glacial plateau, and kettle
hole rows are probably both also of glacial tunnel origin. These
are all negative landforms showing linear trends and forming a
N–S set probably inherited after the original crevasse (joints)
set in the ice sheet and approximately consistent with its move-
ment direction.

The spatial orientation of these negative linear landforms
(Fig. 2) is shown in a diagram (Fig. 5d). All of these are arranged
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in a net composed of 4 sets: a very well developed N–S set, 2
oblique sets, and a very poorly developed longitudinal set.

POSITIVE LANDFORMS

Positive depositional linear landforms, including eskers,
developed in ice crevasses. They may be observed throughout

the glacial plateau (Fig. 1). They are represented by variably
sized landforms, ranging from ridges which are several tens of
metres wide and a few metres high (e.g. in the center of the
study area) to 300 metres wide and several tens of metres high
(e.g. in the west). The length of these landforms varies from
about 100 m up to several kilometres e.g. the Kronowo esker
(Fig. 2). Some of them are not continuous ridges but linear rows
of hills. All of the positive linear landforms are spatially ar-
ranged to form a net composed of 4 sets (Fig. 5e) similar to the
sets of negative linear landforms discussed above.

MORPHOLINEAMENTS AND PHOTOLINEAMENTS

The system of glacial linear landforms was compared with
the photolineament pattern of satellite images (Doktór et al.,
1995). A comparison of photolineaments with linear landforms
(Fig. 2) indicates that photolineaments do not reflect surface
morpholineaments. The only exception is the N–S glacial tun-
nel valley and the accompanying edge of the outwash plain and
kame terraces, west of Kronowo (Figs. 1 and 2, central-south
part). This is a large landform and, therefore, shows as a
photolineament on a satellite image. If the assumption that
photolineaments reflect basement structures is correct
(Graniczny, 1989), then the present analysis shows that glacial
linear landforms, and thus the original crevasse (joint) net in the
ice sheet, has no clear relationship with basement structures on
a local scale. Such relationships are, however, clearly observed
on a regional scale in the case of large linear landforms, e.g. a
several tens of kilometres-long linear zone of deposition that
occurred between ice sheet tongues, east of the study area
(Morawski, 2003b; in print a).

ORIENTATION OF MORPHOLINEAMENTS AND ICE SHEET
MOVEMENT DIRECTION

The glacial morpholineaments described above are arranged
in a net composed of 4 sets (Fig. 5a). This pattern probably fol-
lows the original joints (crevasse) system within the Vistulian
Glaciation ice sheet. The net consisted of a system composed of
2 sets oblique to the general N–S direction of ice movement (Fig.
5b), i.e. a NW–SE set and a NE–SW set. The sets cross each
other at an extremely high angle of 87�, untypical of shear sys-
tems. This is almost a right angle, as in the case of surfaces of
greatest shear. Nevertheless, if we assume that this is a conjugate
system created as a result of shear, then the shear angle for the ice
sheet would be 43.5�, and the internal friction angle only 3�. The
resultant azimuth of the stress vector is 179.5�.

The other sets are represented by the an approximately N–S
trending set, consistent with the general direction of ice sheet
movement. The longitudinal (W–E) set is perpendicular to the
direction of the ice sheet movement. These sets cross each other
at right angles, suggesting that they compose an extensional
(rectangular) system (Fig. 5c). The resultant azimuth of the
stress vector for this system is 179.1�.

Therefore, the question arises as to whether these are 2 sep-
arate systems formed as a result of different mechanisms and at
different times, or whether this is a single conjugate system.
The analysis performed shows that individual morpho-
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Fig. 6. Schematic representation of the Kronowo crevasse development

A — original joint net (arrow indicates the direction of ice sheet move-
ment), B — open crevasse creation, C — glaciotectonic faulting and rota-
tion (arrow indicates the direction of ice sheet movement)



lineaments of both the shear and extensional system are not
shifted relative to one another, indicating that they were proba-
bly formed simultaneously. The same values of resultant azi-
muths of the stress vector calculated separately for individual
morpholineament systems also indicate that the entire pattern,
composed of 4 sets, can be treated as a single conjugate system
formed as a result of compressional stresses. Thus, the resultant
azimuth of the stress vector for the entire crevasse system, or a
net composed of 2 original crevasse systems, determined from
the orientation of glacial positive and negative landforms de-
posited in ice crevasses, is 179.3� (Fig. 5a). Assuming a simpli-
fied situation that crevasses (joints) in the ice body formed due
to stresses caused by ice sheet movement, i.e. as a result of hori-
zontal stress, the ice sheet advance seems to have occurred al-
most exactly from the north. Thus, this was the general move-
ment direction of the advancing ice sheet during the initial
phase of the Main Stadial of the Vistulian Glaciation in this
area (Fig. 6A).

A very similar northerly movement of the ice sheet — vec-
tor azimuth 183� — was inferred for the Nidzica region (about
50 km south of the study area) along a 50 km-long marginal
zone of the ice sheet’s maximum limit (Main Stadial of the
Vistulian Glaciation). This value was obtained from a compa-
rable analysis of the spatial orientation of glacial tunnel valleys

which are the dominant linear glacial landforms in that area
(Morawski, in print a).

Analysis of individual sets of linear landforms (joints — cre-
vasses in the ice body) indicates that the system of 2 oblique sets,
treated together as complementary sets (shear system), is domi-
nant. The N–S set only seems dominant because it is highly or-
dered, as shown by comparing the diagram constructed for 5�

(Fig. 5a) with the diagram constructed for 15� (Fig. 5a’).
During successive phases of ice sheet advance, local move-

ment of the ice body caused a widening of joint (fissure) zones
followed by a formation of crevasses (Fig. 6B) both on sets
oblique to the movement direction and, perhaps, on the parallel
set. However, the longitudinal set, perpendicular to the stress
direction (direction of ice sheet movement), was tightened and
therefore used to a minimum extent as pathways for englacial
water flow, and subsequently also used in the formation of both
negative and positive depositional landforms. This is probably
why the set is so poorly developed, considering both negative
and positive glacial landforms (Fig. 5d, e).

The orientation of glacial linear landforms, discussed sepa-
rately for positive (deposited in crevasses) and negative land-
forms (Fig. 5d and e), shows much similarity. Resultant azi-
muths of the stress vector for separately-considered glacial sys-
tems of positive and negative landforms formed in ice cre-
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vasses are almost identical and amount to 178.6� (Fig. 5d) and
179.3� (Fig. 5e), respectively. Moreover, 2 oblique sets are
characterised by a dominance of the NE–SW set, in particular
for landforms accumulated in crevasses (Fig. 5e). This diver-
sity may result from e.g. local changes in different parameters
within the ice body. It may also suggest non-simultaneous

opening of individual crevasse systems used by melt waters,
maybe during changes in the general direction of ice sheet
movement. Therefore, it is possible that the positive and nega-
tive landforms were formed non-simultaneously, and as a result
of different processes. Landforms created in ice crevasses were
perhaps formed prior to negative landforms, excluding proba-
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bly glacial tunnel valleys. Therefore, gradual change in the di-
rection of ice-movement could be reflected by various glacial
linear landforms. This enigmatic problem requires further in-
vestigations over a large area, since it can be a local phenome-
non unrelated to the origin of these landforms. The studies on
the orientation of glacial tunnel valleys in the Nidzica region
(Morawski, in print a) showed a considerable dominance of the
NW–SE set.

KRONOWO ESKER

The linear landform located at Kronowo, 20 km NE of
Olsztyn (Fig. 2), was earlier interpreted as a frontal moraine,
basing on investigations in a small exposure (Mañkowska and
S³owañski, 1968, 1980; Zieliñski, 1992). Intensive exploitation
of sand and gravel deposits began in 1998 and resulted in the
excavation of a pit over 500 m long (Fig. 7) and 20 m deep at
the end of 2002. This large exposure enabled detailed and com-
prehensive analyses. Studies in the migrating exposures, as the
quarrying continued, rendered possible detailed geological
documentation both of deposits accumulated in the ice crevasse
(Gruszka and Morawski, 2003; Gruszka, Mokhtari Fard and
Morawski, in prep.) and glaciotectonic deformations.

The Kronowo esker is over 3 km long and approximately
200 m wide. It runs from the NE towards the SW, with a slight
ENE deviation in its eastern part. This landform is represented
by a row of elongated hills from several to a dozen of metres
high. It runs across an hummocky glacial plateau covered with
till, several to over 20 m thick (Fig. 4). The azimuth of the mor-
phological axis of this landform varies from NE to SW, ranging
between about 55 to 30�. In the Kronowo exposure the azimuth
is approximately 50�. Towards NE, this landform disappears
under a thickening morainic cover. Towards SW, it extends as
far as the N–S outwash plain, and, further on, it forms a
coarse-grained, gravelly outwash fan, passing south-westwards
into a finer-grained ice-dam succession (Fig. 1). This situation
shows that the Kronowo ice crevasse was a pathway for a sub-
stantial flow of meltwater during deglaciation (Fig. 6B).

FILLING OF THE CREVASSE

At culminations of individual hills, reaching 150–160 m
a.s.l., along the linear ridge of the Kronowo esker, sand and
gravel glaciofluvial deposits are exposed on the surface. Else-
where on the ridge, they are covered by a flow till. The top of
the esker, an erosional surface (about 150 m a.s.l.), is discon-
formably covered by a thin pavement layer and poorly sorted,
massive deposits (Figs. 8 and 9) followed by a light brown
sandy flow till containing clearly visible flow structures indi-
cating transport in mud flows. The thickness of this till ranges
up to about 8 m in the northeastern part of the exposure.

Thickness of the sand and gravel esker deposits varies from
a dozen to over 20 metres. The deposits are represented largely
by cross-bedded poorly sorted sands and gravels, and gravels.

65 measurements were taken to determine the dip of the
dominant trough cross-bedding in glaciotectonically unde-
formed deposits at various sites of the exposure. The azimuth of

the resultant palaeoflow vector was 211� (Fig. 10). The value of
the resultant vector (coefficient of concentration) L=73% indi-
cates that material transport by meltwaters occurred towards
the south-west along the ice crevasse.

In the esker flank, within sand and gravel deposits, occur
flasers and lenses flow tills and gravel pockets containing irreg-
ular till clasts, forming complexes watermorainic successions
(sensu Morawski, 1984, 1989) characteristic of an ice-contact
zone — in this case a contact with the ice crevasse walls. Such
deposits, characteristic of esker flank zones and partly covering
its glaciofluvial deposits, were described by Michalska (1971)
as the “crevasse series”.

As at Kronowo, glaciofluvial sand and gravel deposits over
10 metres thick compose also narrow eskers which run longitu-
dinally west of Jeziorany (see Fig. 1).

At the Kronowo exposure, the sand and gravel esker suc-
cession is underlain by a 1.5–3 m-thick till (Figs. 8 and 9). This
is a highly compact dark grey till with a cherry hue at the top
and bottom. The till occurs only within the ice crevasse com-
posing a basal layer of its fill. This layer lies at the same depth,
or slightly lower, as the base of till composing the glacial pla-
teau surrounding the esker (Fig. 4).

The esker succession fills a tunnel cut in the Vistulian Gla-
ciation till (Figs. 4 and 7), from several up to over 20 m thick
(Morawski, 2003a).

The petrographic composition of the gravels and the com-
position of the heavy minerals (Kenig, 2000, unpubl.) indicate
that the 3 tills (flow till covering the esker succession, the bed at
its base, and the till of the glacial plateau) may be assigned to
the Main Stadial of the Vistulian Glaciation.
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Fig. 10. Distribution of palaeocurrent direction in the esker succession
in the pit, mean vector shown by arrow

Azimuth of mean vector V — 211�, amount of resultant vector (coefficient
of concentration) L — 73%, number of measurements n — 65; dashed line
represents morphological axis of the landform (azimuth about 50�)
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Fig. 11. Southward-tilted glaciotectonic fold — southern fan fold limb in SW part of the pit (in 1998)

Fig. 12. Southward-tilted glaciotectonic fold — southern fan fold limb in NE part of the pit (in 2000) (left-hand side in Figure 8)



All of these data indicate that the Kronowo esker was
formed in an open ice crevasse that reached the base of the ice,
and partly even in a tunnel eroded in the sub-ice basement.
However, it cannot be precluded that initially this could have
been a subglacial tunnel.

GLACIOTECTONIC DEFORMATIONS

Detailed analysis of the topographic trend of the Kronowo
esker indicates that this is not a continuous ridge, and its indi-
vidual parts are shifted relative to each other and arranged en
echelon (Fig. 7). Planes along which these shifts occurred rep-
resent NW–SE oriented strike-slip faults (see “wrench fault
structures” — Rotnicki, 1972). One of these faults shifts the
quarried gravel and sand deposit, causing the NE quarrying
works to be relocated 80 m northwards. These are glacio-
tectonic faults caused by NW–SE oriented horizontal stress ex-
erted by the active ice body (Fig. 6C). The faults may have fol-
lowed original joints of the NW–SE set in the ice sheet (oblique
to the original general direction of ice sheet movement) (Figs.
5b and 6A). The ice movement resulted in the faulting, and oc-
curred both after the crevasse had been filled with sand and
gravel deposits, and after glaciotectonic folding. The recent
morphological axis of the esker shows an arcuate trend (Fig. 2).
The azimuths of the esker axis in its SW and central part range
from 30 to 40�, whereas in the north–east the axis runs at about
50�. Taking into account the ice sheet advance from the north,
the en echelon pattern of the esker (Fig. 7), and the orientation
of other similar landforms observed in this area, it can be sug-
gested that this is a secondary, glaciotectonic arcuate bend (Fig.
6C). It is also possible that the NE part of the esker was rotated
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Fig. 13. Northward-tilted glaciotectonic fold — northern fan fold limb in NE part of the pit (in 2000) (right-hand side in Figure 8)

Fig. 14. Glaciotectonic thrust in till of the basal layer in NE part of pit
(central part in Figure 9)



by 10–20�, i.e. its original azimuth could be about 30–40�. This
possible en bloc rotation of the entire part of the esker, exam-
ined in detail, should be taken into consideration in both
sedimentological investigations (palaeoflow direction in the
crevasse) and structural studies. In the latter case the situation is
more complicated since it is not known whether the possible ro-
tation occurred prior to the crevasse-fill folding (as discussed
hereafter) or perhaps later. If the rotation occurred after the
folding, the orientation of fold structures would be secondary,
and would not fully reflect the original, folding stress pattern.

The Kronowo esker deposits along with the basal till are
glaciotectonically deformed forming a fan fold (Fig. 8). As the
quarrying continued in 1998–2002, the fold was successively
examined along a distance of over 500 m (Figs. 7, 11 and 12).
Figures 8 and 9 show parts of the exposures during 2000. The
azimuth of the fold axis is approximately 80�. The fold axis is
not parallel to the morphological axis of the esker and runs
along its northern side (Fig. 7). Such a position of the fold axis
indicates that only the northern part of the exploited sand and
gravel of the crevasse-fill was deformed, and deposits located
in the central and southern part are undisturbed. The situation
changes in the north-east of the pit where the fold axis follows
the morphological axis of the esker. The fold is cut half-way
across the pit by a strike-slip fault (Fig. 7), and its SW part is
shifted towards the SE by approximately 80 m. Further to the
NE, probably at another fault, the fold axis turns to run along
the azimuth of about 55�. Thus, the folding of the crevasse-fill
deposits — occurred prior to strike-slip faulting.

The SW part of the pit reveals only the southern fold limb
(Fig. 11), because the deposit was exploited only on that side of
the vertically arranged till. As the quarrying continued east-
wards (Fig. 12), it was also possible to study parts of the north-
ern fold limb (Fig. 13).

Observations of the fold’s shape in both its limbs was made
more accurate owing to the till, 1.5 to 3 m thick, which occurs at
the base of the crevasse filling. A depositional succession over-
lying the till — channel lag, gravels and sands, sands, silty
sands with ripples etc. — was also clearly visible in these fold
limbs, both in a normal position in the lower portion of expo-
sures and in a reverse position in its upper part (see Fig. 8). This
fold is asymmetric with vergence towards the south (Fig. 8). In
the west of the pit, the fold is broad and its southern limb is
strongly tilted towards the south (Fig. 11). To the north-east
(Fig. 7, cross-section a) the fold gradually narrows and tills, ob-
served at the base of the infill succession in both fold limbs, get
closer to each other (Fig. 8). Yet further to the NE (Fig. 7,
cross-section b) both fold limbs are in contact and thrust over
each other (Figs. 9 and 14). The strike of the thrust surface is
about 80�. The surface is inclined northwards at an angle of
60–70�, indicating that the horizontal stress was directed from
the north. This direction is also indicated by the fold asymme-
try, and by small, more or less horizontal faults observed in
both fold limbs, in particular in the northern limb (Figs. 8 and
13). The till under the esker succession in the lower parts of
both fold limbs, north and south of its axis, lies horizontally in
its original position. Towards the axis, the layer is arcuately
bent to reach a vertical position, and is inclined towards both
sides. The arc diameter is about 20 m. The till in both the expo-
sures and boreholes (Fig. 8 — S fold limb), was dislocated by
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Fig. 15. Development stages of the Kronowo crevasse infilling
and glaciotectonic folding

1 — filling with diamicton, crevasse width about 160 m, 2 — post-erosion
esker sand and gravel deposition, 3 — reactivated ice sheet in the north (ar-
row indicates the direction of ice sheet movement) made a crevasse-fill
fold, 4–6 — successive phases of ice sheet movement and crevasse-fill
folding, crevasse width reduced to about 80 m, 7 — deposition of flow till
after periodic erosion



the bending and squeezed upwards. In the S fold limb, in
cross-section a (Fig. 7), this break is about 10 m long (Fig. 8). In
the N fold limb, the till was truncated by a thrust surface, as
seen in the exposures east of the cross-section b (Fig. 9). The till
and esker sequence were studied at upper portions of both fold
limbs in a reverse position. This enabled full interpretation of
the entire fan fold, shown by dashed lines in Figure 8.

The upper part of the fold, together with the deformed esker
succession, is erosionally truncated and unconformably over-
lain by a flow till succession, as noted above.

All the data collected indicate that the original width of the
crevasse in the Vistulian Glaciation ice sheet was approxi-
mately 200 m. This crevasse was subsequently initially filled
with morainic sediments (diamicton) (Fig. 15, phase 1), proba-
bly originating from mud flows and/or from the melting col-
lapsed tunnel roof. This sediment was probably subjected to
short-lived erosion and subsequently deposited as till, up to
several metres thick. This phase was followed by the deposition
of a sand and gravel succession, over 20 m thick (Fig. 15, phase
2), transported from the NE.

After sedimentation and filling of the ice crevasse, probably
already during the initial deglaciation, the ice sheet advanced
southwards for a short time (Fig. 15, phases 3–6). Only part of
the ice sheet, located on the north-west of the crevasse, was pre-
sumably active at that time. The southeastern area was covered
by stagnant ice (dead ice) (Fig. 6C). This ice sheet advance re-
sulted in deformation and upward squeezing of the crevasse-fill
(Fig. 15, phases 4–6) (see Rotnicki, 1960b). Squeezing of both
the crevasse-fill and underlying deposits was initiated and took
place also with a contribution of vertical (loading) stress of the
ice body, as was the case during formation of diapiric structures
in ice-free areas (Brodzikowski, 1980), and in eskers
(Wasi³owska and Rotnicki, 1962), squeezed eskers or till-cored
eskers (Rotnicki, 1960a, b). However, the vergence of glacio-
tectonic structures, and the shift of individual parts of the esker
by strike-slip faults, indicate a strong lateral push of the ice from
N to S. Such a push resulted in the formation of a large fan fold
which was subsequently broken and tilted towards both sides,
and partly truncated by a thrust (Fig. 15, phases 5 and 6). In the
area exposed by quarying, the distance over which the tempo-
rarily reactivated ice sheet advanced (magnitude of glaciotecto-
nic narrowing of the ice crevasse) was determined as the sum of
deformed and broken strata, and amounts to about 80 m.

Subsequent movement of the ice sheet also resulted in en
bloc and en echelon shifting of the crevasse-fill. The general di-
rection of the shift was towards the S and SE (Figs. 7 and 6C).
Individual shifts within the esker ridge can be estimated at
20–80 m. It can be approximated that local advance of the ice
sheet in the Kronowo region was about 150 m.

The upper portion of the folded crevasse-fill was probably
eroded by meltwaters. These deposits were subsequently cov-
ered by diamicton flowing down into the crevasse from melting
dead ice blocks (Fig. 15, phase 7).

These observations indicate that the Kronowo esker was
formed by a crevasse-filling process in the continuously active
ice sheet, or maybe during the initial phase of its stagnation.
Meltwater erosion was followed by deposition, and the cre-
vasse was infilled with glaciofluvial sediments. Both these
phases took place probably during ice sheet stagnation, at the
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Fig. 16. Spatial orientation of glaciotectonic deformations in the pit
exposure

a — stratal strikes in both fan fold limbs in the western and central parts of
the pit, b — orientation of thrust surface on the Wulf net (projected onto
northern hemisphere), c — stratal strikes in both fan fold limbs in east of
the pit; arrows indicate the resultant vector of stress (direction of ice sheet
movement), azimuth value shown near arrows



contact of active and dead ice. Deformation of the crevasse-fill,
and en bloc shifts by strike-slip faults, should be therefore con-
sidered as the final act of the ice sheet activity.

ORIENTATION OF GLACIOTECTONIC DEFORMATIONS
AND ICE-MOVEMENT DIRECTION

Glaciotectonic fan fold observed at Kronowo was formed
probably as a result of periodic narrowing of the ice crevasse.
The process of upward-squeezing of the crevasse-fill and
partly also of the underlying glaciofluvial deposits (in a fold
core) was probably caused by the same ice sheet movement
which subsequently triggered strike-slip faulting across the
esker ridge. Therefore, there was a local advance of the ice
sheet from NNW towards SSE immediately prior to the re-
treat. Reconstruction of the axes of both fold limbs (Fig. 16a)
and thrust surfaces (Fig. 16b) allowed determination of the re-
sultant vector of folding stress, which reflects the local direc-
tion of ice sheet movement.

Average azimuths of fold axial traces, measured in expo-
sures along a distance of about 500 m, are 77� for the southern
fold limb, and 78� for the northern fold limb. The azimuth of
the thrust surface strike is 82�. Thus, the direction of folding
stress in the exposed area of the Kronowo pit can be defined by
the azimuth of the stress vector, which varies from about 169�

to 172� (Fig. 16a, b).
The NE portion of the fold is very narrow, and the N fold

limb is thrust over the southern one. Here, the fold axis is ori-
ented differently. The azimuth of the axial surface strike is ap-
proximately 55� (Fig. 16c), and is similar to the orientation of
the crevasse (Fig. 7). This distinct change in orientation of the
fold over a short distance between strike-slip faults seems to
suggest a rotation of this block, associated with shifting along
fault planes.

The Kronowo exposures provided a unique material for ex-
tremely precise determination of the direction of ice sheet
movement during a short-lived period of its activity that oc-
curred prior to the final deglaciation.

By comparing this direction of ice sheet movement with the
direction observed during the ice sheet advance and determined
from the analysis of orientation of glacial linear landforms (azi-
muth about 179�), I can infer that a small change in the direc-
tion of ice sheet movement by approximately 10� took place
during the Main Stadial of the Vistulian Glaciation in the study
area. These considerations are accurate if a possible rotation of
NE portion of the Kronowo esker is precluded. However, if the
rotation did take place, then it had occurred before the fold was
formed, i.e. that rotation was unrelated to the strike-slip fault-
ing. If such a rotation had really occurred, then folding stress
would have been directed towards the NW, i.e. the change in
the direction of ice sheet movement during the Main Stadial of
the Vistulian Glaciation may have been considerably greater —
about 20–30� (Fig. 6A, C).

Disregarding the amount of change in the direction of ice
sheet movement during the Main Stadial of the Vistulian Glaci-
ation, it is essential that the data obtained refer to the general di-
rection of ice sheet movement in an area located far from the ice
sheet front.

DISCUSSION AND CONCLUSIONS

On the basis of the available data it can be suggested that the
Kronowo region was covered by the Vistulian Glaciation ice
sheet only during the Main Stadial. This area represents an
extensive glacial plateau developed due to areal deglaciation,
far from the marginal zone.

Morpholineaments. Analysis of the orientation of both pos-
itive and negative linear glacial landforms (morpholineaments)
in this area shows that they developed along a original joint (cre-
vasse) net in the ice body. All of the studies performed seem to
indicate that this is a classical joint net composed of a rectangular
system (extensional system, composed of a longitudinal set and a
transverse set), and a system at angle to this (a shear system,
composed of 2 diagonal sets), developed due to horizontal stress.
This joint (crevasse) system could develop in the ice body due to
the advancing ice sheet, i.e. its spatial orientation suggests the
general direction of ice sheet movement.

It is uncertain whether the 4 morpholineament sets (cre-
vasses in the ice) should be considered as a complementary sys-
tem, i.e. the sets developed simultaneously as a result of the same
processes, or whether these are 2 separate systems: a shear sys-
tem composed of 2 oblique (diagonal) sets, and an extensional
(rectangular) system composed of a longitudinal set and a trans-
verse set. These two sets, superimposed on each other, would
form a pattern similar both to a classical joint pattern in folded
and unfolded areas and to the so-called “planetary joint” which,
in addition, shows the same spatial orientation relative to geo-
graphical directions as the direction of glacial morpholineaments
in the study area. Further investigations are needed to determine
whether these 2 systems developed simultaneously.

In either case, ice fissures probably developed due to hori-
zontal stress caused by ice sheet movement. Such a stress field
resulted in both the shear (oblique system) and bending (rectan-
gular system), pushing up being associated with the ice ad-
vance, and curving related to adjustment of the ice sheet to top-
ographic irregularities.

It is necessary to establish the orientation of individual
types of glacial landforms. Thus, for example, the route of gla-
cial tunnel valleys and other linear landforms is most frequently
non-perpendicular to the ice front, except for the set parallel to
the direction of ice sheet advance. Simplifying, e.s. for map-
ping purposes in the field, 2 sets of glacial tunnel valleys or
landforms (glacial morpholineaments) developed in ice cre-
vasses and forming a acute angle (although nearly a right an-
gle), the most probable direction of ice sheet movement during
advance (joint-forming phase) can be defined by the resultant
of this angle.

This hypothesis suggests verification of the theory of the
formation of subglacial tunnel valleys and eskers. It is com-
monly considered that these landforms, in particular glacial
tunnel valleys, are oriented according to the direction of ice
sheet movement, and they are perpendicular to the ice sheet
front. In case of ice sheet tongues in marginal zones, it results in
the development of fan-like patterns. It should be born in mind
that such patterns are typical of tongues of mountain glaciers.
These develop by tension, as the tongues advance on to a
broader area in front of a narrow U-shaped valley. A similar
process can take place in elongated ice sheet tongues which
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cover lowland areas, but the process cannot be considered gen-
eral. Therefore, if the pattern of glacial tunnel valleys and land-
forms deposited in crevasses of lowland ice sheets is non-
perpendicular to the ice sheet front, then it can indicate that, de-
spite theoretical assumptions, subglacial waters were not
squeezed from beneath the ice into its forefield through the
shortest way (perpendicularly to the ice front) (Piotrowski,
1999), but these waters were directed along fissures in the ice
body. This means that subglacial tunnel valleys, both N-type
ones developed in the substrate (Nye, 1973), and R-type tun-
nels created at the ice sheet base (Röthlisberger, 1972), were
formed according to a system of zones of englacial water out-
flows, associated with a fissure system in the ice. It also means
that cryogenic pressure, tightening crevasses in the ice body,
was balanced by the hydrostatic pressure of englacial waters
widening the crevasses. Ice crevasses were probably not single
surfaces but wider zones of crushed ice. Even if these zones
were tightened due to the advancing ice sheet, they were cer-
tainly initial zones where migration of englacial waters was
easier as compared with that in solid ice. Therefore, these zones
were used by waters and gradually widened.

At this stage of studies it cannot be unambiguously stated
whether the original pattern of ice (joints) fissures, inferred
from the orientation of morpholineaments, really reflects the
direction of ice sheet movement. Previous fragmentary and
random observations seem to suggest that the observed glacial
morpholineament systems are oriented like similar systems in
other, even remote areas (e.g. Pi¹tkowska, 2003).

Further detailed regional studies, including of glacial linear
landforms of various ice sheets, should explain whether the
system orientation is variable and strictly dependent on local
directions of ice sheet movement, or whether it depends on a re-
gional or even global stress field as, for example, in the case of
the so-called “planetary joint” (common joint, original joint). It
is also necessary to explain the mechanism of the formation and
preservation of such a spatially oriented and ordered crevasse
system within Pleistocene ice sheets in terms of the commonly
accepted palaeo-ice stream pattern theory, in particular with re-
gard to the last glaciation (see Marks, 2002).

Glaciotectonic deformations. The ability to define local
directions of ice sheet movement from the spatial orientation of

compressional glaciotectonic deformations is less controver-
sial. It seems that the tangential stress of the ice sheet on depos-
its subjected to deformation directly influenced the shape of de-
formations. The situation is more complicated if we take into
considerations pre-existing fissure surfaces (joint net) in the ice
sheet, along which local movements of the ice body could oc-
cur. The Kronowo esker was transected by strike-slip faults ori-
ented obliquely to the accurately determined folding stress. The
ice sheet push, exerted on deposits filling a crevasse that trends
obliquely to the direction of this push, probably caused the
crack to curve. Individual ice sheet blocks advanced not in the
same direction as the main ice mass, but moved along crack
surfaces, as was the case with strike-slip faults.

Prior to deglaciation, temporary reactivation of the stag-
nant ice sheet took place in the Kronowo region. It resulted in
glaciotectonic compressional deformation of the crevasse-fill
(esker deposits). Analysis of the orientation of these deforma-
tions allowed determination of the folding direction of ice
sheet movement from NNW towards SSE. The comparison of
this direction with the assessed direction of ice sheet move-
ment during the ice advance allowed determination of
changes in the direction of ice sheet movement at this site dur-
ing the entire Main Stadial of the Vistulian Glaciation. The
change in the azimuth of the ice sheet movement vector is 10�

(or as much as 20–30�, if rotation occurred). Initally, the ice
sheet advanced from the north, and during the final phase
from NNW towards SSE.

Despite some uncertainties, it is striking that the directions
of ice sheet movement, obtained as a result of numerous, accu-
rate measurements taken during both geomorpholodical and
glaciotectonic analysis, are very similar.

These results should be treated as simplified and prelimi-
nary. They are based on regular patterns obtained during de-
tailed field studies. Further investigations should take into
account that local changes in directions of ice sheet movement,
caused by various factors, can explain such regularities on a re-
gional scale. The concept of relating morpholineaments to a
system of original crevasses in the ice body, as well as conclu-
sions on the direction of ice sheet movement inferred from the
net orientation, also requires fundamental theoretical study of
the mechanics of ice sheets.
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