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During the Elsterian Glaciation, the Scandinavian Ice Sheet, before reaching its maximum extent, advanced over the moun-
tainous foreland of Southern Poland, which was characterized by a substrate of increasingly varied relief. One such area was
the hilly Rybnik Plateau of the southern part of the Racibérz—Os$wigcim Basin, located directly north of the Ostrava Basin and
Moravian Gate, where the ice sheet advanced far south and formed a large lobe. In this study, till from the taziska site, lo-
cated in southern part of the Rybnik Plateau, was analysed and interpreted. The till was deposited at the top of an W-E ori-
ented ridge composed of Neogene clays. The study indicates that a high basal water pressure occurred at the base of the ice
sheet, favouring a basal mechanism of ice sheet movement. Till fabric and kinematic structures indicate that ice flowed eas-
ily from the west over the ridge, parallel to its axis. Reconstructed patterns of ice flow direction reflect an ice sheet that was
characterized by a strong spatially varied dynamics. The Odra Valley was the main corridor of fast flowing ice to the Ostrava
Basin, from where ice was distributed radially in different directions. The second corridor of actively flowing ice was probably
located in the Ruda palaeovalley to the north of the Rybnik Plateau. In the central part of the Rybnik Plateau, ice flow was re-
stricted. This less dynamic ice sheet behaviour resulted mostly from the much higher location of the area. This study indi-
cates that the large morphological and lithological variations of the ice sheet substrate induced varied frictional resistance,
producing a spatially varied stress field within the ice sheet. This generated active zones of streaming ice adjacent to more
passive zones. Potential switching between neighbouring active zones transporting ice towards the ice sheet margin is pos-
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tulated.
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INTRODUCTION

Although the Scandinavian Ice Sheet reached its greatest
extent in Central Europe during the Elsterian (Sanian) Glaciation
(Mojski, 2005), relatively little is known about its glaciological
characteristics and dynamics. This is due to the fact that deposits
of the Elsterian Glaciation are obscured by overlying younger de-
posits, and appear on the surface only locally, mainly in the fore-
land of the Sudetes and Carpathian mountains of southern Po-
land. Two Elsterian till units were described from the Sudetes
foreland (Krzyszowski and Ibek, 1996; Badura and Przybylski,
1998; Krzyszkowski and Karanter, 2001). The Saalian till is un-
derstood to have a similar extent. Therefore, differentiating tills of
different glaciations from each other is at times problematic (cf.
Czubla, 2013). This problem does not exist at the Carpathian
foreland, where tills are known from a few sites of the
Sandomierz Basin, the Racibérz—Oswiecim Basin and the
Carpathian Foothills  (Klimaszewski, 1952; Jahn, 1952;
Wojtanowicz, 1985; Butrym et al., 1988; Lewandowski, 1988;
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Nitychoruk, 1991; Lanczont, 1997; Wojcik, 2003; Wojcik et al.,
2004; Salamon and Wojcik, 2010; Salamon, 2014b, 2016a).
These tills are generally correlated with one glaciation, although
different opinions exist about their age, i.e. Sanian Il (Marine Iso-
tope Stage 12) or Sanian | (MIS 16) have been proposed (cf.
Lindner, 2001; Marks, 2005; Mojski, 2005). All of these studies
are mainly concerned with issues of stratigraphy and of regional
palaeogeography. Detailed sedimentological analyses of the till
and interpretation of subglacial conditions have only rarely been
undertaken (e.g., Salamon, 2016a).

This paper deals with the t.aziska site, which provides infor-
mation on the dynamics of the marginal part of the Scandina-
vian Ice Sheet during the Elsterian Glaciation, at the western-
most part of the Carpathian foreland (Fig. 1). The site is located
at the southernmost sector of the Raciborz Basin, in the region
of the Rybnik Plateau. The location of the site is specific, lying
directly north from the Moravian Gate, i.e. the morphological
depression separating the Sudetes and Carpathian Mountains,
where a large topographically-controlled lobe formed (cf.
Macoun and Kralik, 1995; Ruzi¢ka, 2004; Mojski, 2005). There-
fore, the study site can provide important information about the
ice behaviour and its spatial distribution within the entire
Moravian Gate, where the ice sheet was characterized by many
oscillations (Macoun and Kralik, 1995; Rizicka, 2004; Nyvlt et
al., 2011). Prior to reaching the margin of the mountains, the ice
sheet advanced over a substrate of increasingly varied relief
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Fig. 1A — location of the study area and extent of the Scandinavian Ice Sheet during the Elsterian Glaciation (white dashed line)
based on Mojski (2005); B — relief map of the immediate area of the Laziska site; C — simplified geological cross-section through the
Odra Valley and southern part of the Rybnik Plateau (based on Drozd and Trzepla, 2006); D — morphological profile of the ridge

studied

and lithology, which must have significantly affected the ice flow
(cf. Salamon, 2016a). At the Laziska site the till was deposited
over Miocene clay. This type of ice sheet substrate was typical
of a large part of the Rybnik Plateau.

The purpose of this article is: (a) to define and interpret the
sedimentary and structural characteristics of the till within the
taziska site, (b) to identify subglacial conditions in the area of the
southern part of the Rybnik Plateau, (c) to reconstruct ice flow di-
rections within the ice sheet, (d) to determine the relationship be-
tween ice flow and the topography of the substrate. All these ele-
ments help understand the pattern of ice distribution and ice
sheet dynamics in the study area. They also provide a broader
perspective on the discussion of Pleistocene ice sheet behav-
iour, particularly in areas with strongly varied substrate relief.

REGIONAL SETTING

The study area is located in the southern part of the Rybnik
Plateau, which constitutes the highest part of the Raci-

borz—Oswiecim Basin. This area is also noticeably elevated
above the adjacent Ostrava Basin to the south, which continues
towards the SW into the Moravian Gate (Fig. 1). The Rybnik
Plateau is a hilly, upland area reaching over 300 ma.s.l. and it is
dissected by river valleys up to 50 m deep. Towards the SE, the
Raciborz—Oswiecim Basin passes into the Silesian Foothills of
increasingly varied topography, and these form the foreland of
the Silesian Beskid Mountains (Fig. 1), i.e. one of the ranges of
the Western Carpathian Mountains. The axial part of the study
region is the Odra Valley, which separates the Rybnik Plateau
from the Gtubczyce Plateau, the hilly upland of the Eastern
Sudetes foreland (Fig. 1A).

The taziska site is located in the marginal part of the Rybnik
Plateau, a few kilometres to east of the Odra Valley (Fig. 1B).
The Rybnik Plateau is bordered to the south by the Olza River
Valley, which is a right-bank tributary of the Odra River. Both
rivers form the vast alluvial plain of the northern part of the
Ostrava Basin. The southern part of the Rybnik Plateau is dis-
sected by the Lesnica River, which flows southwards from the
central part of the plateau, and joins with the Olza River
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(Fig. 1B). The southern, W-E oriented section of the interfluve
ridge between the Olza and Lesnica valleys (Fig. 1B) reaches a
height of 250-260 m a.s.l. and rises above the Olza valley at a
height of approximately 40-50 m (Fig. 1D). The study site is lo-
cated on this interfluve ridge. It is situated just north of the axis
of the ridge near its top and reaches a height of 255 m a.s.I.

The Racibérz—Oswiecim Basin is part of a foredeep basin
mainly filled with Neogene clay deposits. In the Rybnik Plateau
region, these deposits reach a thickness of about 200-300 m
and overlie Carboniferous horsts, which locally reach the sur-
face (Kotlicka and Kotlicki, 1979). The interfluve ridge studied is
composed of Miocene clay. The hill is covered by a thin layer of
Quaternary deposits, mainly comprising glacial till lying directly
on the clayey substrate. The till is locally overlain by glaciofluvial
sands up to a few metres thick (Fig. 1C).

Only one unit of Elsterian till was recognized in the central
and eastern parts of the Rybnik Plateau (Karas-Brzozowska,
1963; Klimek, 1972; Lewandowski, 1988). Glaciotectonically
deformed moraine ridges, which occur in the adjacent southern
part of the Glubczyce Plateau (Opava Hilly Land in the Czech
Republic) to the west, record a few ice-marginal oscillations
(Macoun and Kralik, 1995; Nyvlt et al., 2011). In the Eastern
Sudeten Mountains, Elsterian till was observed at a height of
over 380 m (Hanacek and Nyvlt, 2009). This till is found at simi-
lar heights in the Silesian Foothills (Salamon, 2014b). The Odra
Valley and Gtubczyce Plateau together with the northern part of
the Ostrava Basin were also covered by an ice sheet during the
Saalian glaciation (Lewandowski 1988; Macoun and Kralik,
1995; Badura and Przybylski, 2001; Ruzi¢ka, 2004; Nyvlt et al.,
2011; Tyracek, 2011; Salamon 2014a, 2015a, 2016b).

METHODS

The taziska site was exposed for a short time as a result of
work related to the construction of the A1 motorway. The
sedimentological and structural features of the till and underly-
ing clayey deposits of the substrate were investigated in detail.
The investigations included analyses of lithofacies properties,
till fabrics, orientation of kinematic structures, and till petrogra-
phy. Clast macrofabric data were collected by measuring the
orientations (strike and dip directions) of the a-axes of at least
30 elongated pebbles with a minimum a-axis of 1 cm and an
a-axis/b-axis ratio of at least 1.5. The samples were measured
at vertical intervals of 20 to 30 cm. The results are shown as
rose, contour and point diagrams, which are based on the
Schmidt equal-area grid developed with the StereoNet pro-
gram. The eigenvalues (S; and S3) and eigenvector (v) were
calculated for each sample (Mark, 1973, 1974). Analyses of till
petrography were performed on samples of at least 300 parti-
cles ranging from 5 to 10 mm in diameter.

RESULTS

LAZISKA SITE

The deposits were exposed in the two opposite walls of the
excavation for the motorway, with heights of 6-8 m and lengths
of 150 m. Two separate units of Quaternary deposits resting di-
rectly on Neogene clays were distinguished (Figs. 2 and 3A), the
lower of which, a till, is overlain by glaciofluvial sands. The latter
are locally intercalated or overlain by diamictic deposits (Fig. 2).

DEPOSITS OF THE SUBSTRATE

The glacial deposits are underlain by Neogene clay — silty
clay or rarely, clayey silt and silt (Figs. 3 and 4). The exposure
displays a 1.5 m thick upper section of the substrate deposits.
These fine-grained deposits vary in colour from blue to grey.
Their primary lamination is poorly preserved. This is because
the sedimentary structure is usually obliterated by a deforma-
tion structure of a breccia type. The deposits are broken into
subangular fragments ranging in size from a few to several milli-
metres, locally a few centimetres (Fig. 3C, D). Due to the gener-
ally poor exposure of the clays, the thickness of the layer with
deformations is not known. In some places the breccia struc-
ture was observed to a depth of at least 1 m. The breccia struc-
ture occurs especially within the clay, and is less common
within the silty sediments, which are mostly homogeneous
(Fig. 3E). Individual shear planes, or sets of small, usually
subhorizontal or slightly irregular shear planes, a few centi-
metres to a few decimetres in length, are superimposed on the
breccia structure (Fig. 3C). Longer and more regular
subhorizontal shear planes spaced a few centimetres apart are
also present locally (Fig. 4B). This is not a sedimentary feature,
though some shear planes may have initiated along the con-
tacts of poorly developed laminae. Large shear planes several
metres long were also observed in a few places. Some of these
structures are inclined and in contact with the lower surface of
the diamicton (Figs. 3D and 4A). The inclination of these large
shear planes diminishes progressively to a subhorizontal posi-
tion in a W/NW direction.

Small concentrations of dispersed gravel clasts, and more
rarely, small lenses of sandy gravels occur locally within the de-
posits underlying the till (Fig. 4C). The gravel clasts are usually
2 to 6 cm (the largest one >15 cm) in diameter and are usually
well rounded. Quartz clasts are dominant with minor amounts of
local sandstones and mudstones. Scandinavian rocks were not
observed.

DIAMICTON

The till, 2.5—4 m thick, rests on a clayey substrate (Fig. 3A,
B). This is a silty-sandy diamicton with a small gravel content.
The diamicton is mostly dark grey in colour, except its upper-
most part, which is rusty in colour. The lower boundary of the
diamicton is slightly undulating or flat (Fig. 3A). Contact of the
diamicton with the underlying deposits is generally sharp but lo-
cally it is gradational, especially where the diamicton overlies
silty deposits (Fig. 4C, D). Three units were distinguished in the
diamicton. Boundaries between successive units are
gradational (Fig. 2).

The lower unit 1 of the diamicton is up to 1 m thick and oc-
curs locally. The most important feature of this unit is numerous
inclusions of silt or silty clay. They form subhorizontal or slightly
inclined laminae, mostly from 1 to 20 cm thick and from a few
decimetres to >30 m long (Fig. 4C). Locally, laminae are very
thin and reach only a few millimetres in thickness. The infilling
sediments are macroscopically massive and homogeneous.
These laminae form strongly attenuated folds of sediment in-
corporated into the diamicton from the substrate. Many of them
represent folds completely detached from the substrate, but in
several places rooted folds also occur (Fig. 4C, D). In several
places unit 1 displays large inclusions of poorly sorted sands
and gravelly sands (Fig. 4F). These occur in both walls of the
excavation, and are spaced between 30—60 m apart. Inclusions
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Fig. 2. Schematic sedimentary logs of the Quaternary succession at the Laziska site

Lithofacies codes based on Eyles et al. (1983): Dmm — diamicton, matrix-supported, massive; Sh, SGh — sand,
gravelly sand, horizontal stratified; Fh — clay, horizontally laminated; Fm — clay, massive

occur within the basal part of the diamicton or at the contact of
the diamicton with underlying clay. The inclusions form irregular
sediment bodies with a lateral extent from 3 to 6 m and a thick-
ness from 0.3 to 0.8 m. The infilling sediments are usually de-
formed, although the scale of deformation varies. As a result,
their original sedimentary structure is poorly preserved. The in-
filling sediments are usually massive, sandy gravels in the lower
part, and sands in the upper part. Fold deformations with super-
imposed brittle deformations, i.e. numerous subhorizontal or
slightly inclined shear planes, are present within the sediments
of the inclusions (Fig. 4F). Above these inclusions, thin interca-
lations of silty clays from the substrate occur locally within the
diamicton (Fig. 4F). The diamicton of unit 1 locally reveals a
laminar structure, especially near deformation structures, but
most often the diamicton is massive. Numerous fragments of
Neogene wood occur in the diamicton. These are usually small,
but reach up to 30 cm long in the case of the largest elongated
fragment which occurs in the lower part of unit 1, and is inclined
towards the west at a angle of ~30°. Its locally polished surface
displays a few sets of small cross-cutting grooves (Fig. 4E).
Unit 2 is 2—3 m thick and comprises most of the till thickness
(Fig. 2). This is mostly a massive, homogeneous diamicton. It
contains infrequent laminar inclusions of sand (Fig. 4G). The

longest laminae continue for a distance of at least 20 m. Sandy
laminae only locally reveal small deformation structures in the
form of small inclined folds or faults (Fig. 4H). Individual
subhorizontal stringers of sand a few millimetres thick and up to
1 m long were also observed in the diamicton in a few other
places (Fig. 3E).

Unit 3 is 0.5—-1 m thick and comprises the upper part of the
diamicton. Locally, the lower part of the diamicton of unit 3 is
laminar; silty-clayey laminae, a few millimetres to 3 cm in thick-
ness, occur alternately with diamictic laminae (Fig. 5A, B). The
silty clay is brecciated and its primary structure is not preserved.
The unit contains also numerous, variously oriented sets of
shear planes and fissures. The most common are
subhorizontal shear planes. However, locally these are accom-
panied by inclined structures. Some of the shear planes are at
least a few metres in length. The upper surface of the diamicton
is eroded and locally covered with a thin gravel lag.

The gravel fraction of the till is petrographically dominated
by quartz (>40%). The second most common group constitutes
different types of local sandstones (~25%). Also important are
local wood fragments (8%). Northern (Scandinavian and the
Baltic depression) rocks occur in small frequencies (crystalline
rocks 8%, sandstones 10%, limestones 2%).
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Fig. 3A — overall view of the SE escarpment of the Laziska site; B, C — diamicton resting on Miocene, mostly
clayey substrate at the NW escarpment of the site; D — closer view of the clays with distinct breccia structure
and superimposed inclined large shear plane; E — closer view of massive silts directly underlying the diamicton

B — in the central part a 0.5 m thick layer of massive silt occurs above the clay, the thickness of silts successively dimin-
ished towards the right, silts continue and die out within the lower part of the diamicton; C — multiple generations of defor-
mation are visible within the deposits underlying the diamicton, especially within the clay, a set of shear planes are locally
superimposed on the breccia structure; E — small diamictic wedges are visible within the silts, they are inclined towards
the NW and fragmented, the individual fragments are displaced relative to each other along a few small faults
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Fig. 5A, B — Upper till unit. Note thin alternating laminae of clay and diamicton within the lower part and numerous brittle deforma-
tion structures with dominant subhorizontal shear planes; C—E — deposits overlying the diamicton. These are mainly poorly sorted
sands and gravelly sands with horizontal stratification (C, D). At (E) a package of diamictic deposits, which locally overlies the

sands, is visible

MACROFABRIC

Macrofabric analyses were carried out in the three profiles
(Fig. 6). Eight and nine samples were measured respectively in
profiles A and B, and 4 in profile C. The clast alignments gener-
ally indicate high fabric strength shown by high eigenvalues S,
which usually reach values in the range of 0.7-0.8 and, in some
cases, even greater than 0.9. Exceptions were found in two
samples of the lower part of profile A, in which the S,
eigenvalues are distinctly lower and range from 0.65-0.67. The
S; eigenvalues are low, ranging from 0.01-0.07. Clast align-
ment is mostly bimodal, rarely unimodal. It can be assumed that
the Sy and S; eigenvalues are almost constant throughout the
whole profile of the diamicton. The same applies to the azi-
muths of the mean vectors, which vary within a very small range
and indicate a main stress direction from W/WNW to E/ESE.

KINEMATIC STRUCTURE ORIENTATION

Plastic and brittle kinematic structures, which occur mainly
within the lower part of the diamicton, at the diamicton/clay con-
tact and within the clays of the substrate, were measured. These
are mostly strongly attenuated, inclined or recumbent folds. All
the structures analysed are characterized by a E/ESE conver-

<
<

gence, so their orientations are consistent with the clast fabric
(Fig. 6). The inclinations of large shear planes within the clays
underlying the till indicate a dip towards the W/NW (Fig. 3C).
Thus, they show also the same directions of principal stress.

INTERPRETATION

The tabular shape, a large lateral continuity, the presence of
Scandinavian material and numerous structural features, such
as recumbent folds and shear planes, indicate that the
diamicton resting on the Miocene clays is a basal till. The
largely obliterated primary structure of the underlying clays sug-
gests that the deposits of the substrate were deformed at the
ice sheet base. The varied types of deformation and multiple
generations of superimposed structures reflect a multi-stage
process of deformation with subglacial conditions varying over
time. Homogeneous and massive silts or clayey silts, which lo-
cally occur directly below the diamicton and are engaged in fold
structures (Figs. 3B and 4C, D), display a plastic style of defor-
mation. The most common breccia structures, occurring espe-
cially within the clays, represent more brittle-plastic sediment
behaviour. The strain in this case was distributed among the
network of numerous multiple cracks separating the sediments
into small subangular fragments, which could rotate relative to

Fig. 4A —the till overlying the clay substrate at the SE escarpment of the site. Note the large shear plane within the clay; B — distinct
subhorizontal shear planes superimposed on breccia structures; C, D — transitional lower contact of the diamicton. Numerous
folds of clayey silts incorporated into the diamicton are visible; E — large fragment of wood excavated from the lower part of the
diamicton. Note numerous cross-cutting grooves on its surface; F — deformed inclusion of gravelly sandy deposits at the
diamicton/clay contact. Ductile and brittle deformation structures are visible within the inclusion, which is composed of two bodies
of coarse-grained sediment separated by a silty clay fold incorporated from the substratum. This isoclinal fold indicates vergence
towards the E/SE. The smaller recumbent or completely detached folds of silty clay occur locally within the lower part of the inclu-
sion. Clay laminae are present within the diamicton above the inclusion; G — the two most prominent, closely spaced,
subhorizontal sandy laminae in the lower part of unit 2; H — rare deformation structures of sandy laminae
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Fig. 6. Till macrofabric of the Laziska site in vertical sections (A-C)

Location of samples in Figure 2. Note the uniform fabric within the sections. The mean vectors indicate that ice was flowing from the
northern part of the Ostrava Basin towards the east, parallel to the axis of the ridge
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each other. This is a typical effect of clay deformation, which
has been observed in many places in the study area where the
ice sheet overrode fine-grained Neogene strata (Salamon,
2014a, 2015b). The breccia structure indicates that shear
stresses were quite easily transferred from the ice sheet base
into the substrate, although in fine-grained sediments such a
process is not common (cf. Tulaczyk, 1999). This suggests that,
at least for a short period, ice/bed coupling was quite strong.
From this it follows that the amount of water in the ice sheet
base during this period may not have been large, despite the
low permeability of the substrate, otherwise water of progres-
sively increasing pressure would have quickly isolated the ice
from the bed and restricted shear transfer to the bed (cf. Iverson
et al., 1999, 2003; Fischer and Clarke, 2001). The small water
content in the ice sheet base may suggest that the breccia
structure could have developed during the initial phase of ice
sheet overriding in the study area. However, such a structure
could develop within the clay quite quickly, and so the precise
determination of the time of its origin is difficult. For the same
reasons, it is not possible to precisely determine the scale of the
finite strain of the clayey deposits. The breccia structure may be
a result of short-term deformation, and may reflect limited sedi-
ment displacement, especially in the case of the distinctly angu-
lar character of the aggregates. However, it may also effectively
mask many earlier deformation episodes, if these occurred.

Shear planes superimposed on brecciated clays indicate a
more brittle response of sediments to applied stress. This may
suggest an increase in the shear strength of the sediments. The
development of shear planes could have been promoted locally
by a greater concentration of clay in some primary laminae.
This conclusion refers especially to the regular, subhorizontal
shear planes (Fig. 4B). Their correlation with the primary lami-
nation suggest a rather restricted intensity of clay deformation.
The timing of shear plane development is also difficult to estab-
lish. It may be related to a much later phase when the clays
were overlain by till. However, the only confident assertion is
that they were formed later than the breccia structure. Particu-
larly interesting are the largest shear planes located below the
till (Figs. 3C and 4A) which reflect a completely non-plastic be-
haviour of the clay. The failure of the sediments along a distinct
decollement, located at some depth below the diamicton, may
indicate a progressive stiffness of clays, which experienced
stronger compaction.

The source of the gravel clasts occurring within the clays
below the till is problematic in interpretation. Salamon (2015b)
interpreted individual pebbles in similar positions to be the result
of clasts sinking into the substrate after previously being lodged
at the till/substrate contact. In this case, such an interpretation
seems unlikely because the gravels form distinct concentra-
tions or even small inclusions. Moreover, although a glacial ori-
gin of gravels cannot be excluded, the lack of northern material
within these deposits does not favour such an interpretation. In
turn, the highly-rounded clasts and dominant quartz and local
sandstones may suggest that the gravel is associated with a re-
sidual Pliocene or Early Pleistocene alluvial cover deposited in
front of the mountains. Remnants of such deposits are known
from the fore-mountain area of Southern Poland and also from
the Rybnik Plateau (Makowski, 1936; Klimek, 1972). In this
case, the gravels may occur close to their original position or
were transported for some distance in a subglacial deformation
horizon.

The gradational lower contact of unit 1, and numerous de-
formation structures such as recumbent and inclined folds, and
the laminae of underlying sediments incorporated from the sub-
strate to the till, reflect the process of subglacial shearing (cf.
Hart and Boulton, 1991; Hart and Roberts, 1994; Roberts and

Hart, 2005; Lee and Phillips, 2008). The laminae are the result
of a strong attenuation of folds initiated at the diamicton/clay
contact as a result of local compression (cf. Boulton, 1996;
Boulton et al., 2001; Van der Wateren, 2002). The layered
structure of the diamicton occurring above is a tectonic foliation
and reflects more intense deformation in the upper part of the
subglacial shear zone (Van der Wateren et al., 2000). These
deformation structures reflect a vertical succession of strain
typical of classic deformation till (cf. Benn and Evans, 1996;
Van der Wateren et al., 2000; Van der Wateren, 2002).

Large inclusions of sands and gravelly sands that occur at
the diamicton/clay contact or in the lower part of the diamicton
most probably reflect deposition from subglacial flows. The in-
clusion infills probably record a distributed-canal drainage sys-
tem, which developed at the ice sheet base (cf. Clark and
Walder, 1994; Walder and Fowler, 1994; Ng, 2000; Salamon,
2015b). The canal sediments are deformed as a result of
subglacial shearing. Folds with superimposed sets of numer-
ous shear planes within the sands indicate the brittle-plastic na-
ture of deformation. Quite well-preserved sandy inclusions sug-
gest, in general, a restricted intensity of deformation and finite
strain. However, silty laminae within the diamicton just above
the inclusions are the result of much stronger folding and further
stretching of silt folds, which were incorporated into the
diamicton in the vicinity of canal lithosomes.

The deformed nature of the diamicton is consistent with the
wood component within the diamicton (Fig. 4E). This material,
with low resistance to glacial abrasion, is unlikely to be pre-
served in such good condition following very high basal friction.
The inclined position of the clast also does not indicate a lodge-
ment process from the sliding ice base. Furthermore, sets of
cross-cutting grooves at the clast surface indicate at least a few
episodes of clast rotation, such as is likely to have taken place
within a deformation horizon. The till fabric from two lower sam-
ples of profile A may support shearing processes occurring
within the till. The S; eigenvalues of 0.65-0.67 indicate moder-
ate clast arrangement, which is typical of deformation Htill
(Dowdeswell and Sharp, 1986; Hart, 1994; Benn and Evans,
1996; Hicock et al., 1996). However, in profiles B and C fabric
strength is much higher (S; approx. 0.8). This may indicate that
deformation was spatially restricted, an interpretation that is
supported by the lateral extent of unit 1.

The massive structure of unit 2 is difficult to interpret. A lack
common deformation structures and a generally high fabric
strength do not indicate intense shearing in a thick deforming
bed. High S; eigenvalues which additionally are relatively con-
stant and vary within a small range throughout the till, may re-
flect a process of successive accretion of deposits merely from
the thin deformation horizon (Larsen et al., 2004). This may be
confirmed by a high fabric strength, which is not typical of a thick
deformation till (cf. Dowdeswell and Sharp, 1986; Hart, 1994;
Clark, 1997). A strong fabric would actually indicate restricted
possibilities for clast rotation (cf. Hart et al., 2009). Locally, a
very high fabric strength (S; > 0.9) suggests very high strain
within the ice sheet base and may indicate that sediments were
lodged from a sliding ice base. Sand stringers, especially the
long subhorizontal laminae, probably record subglacial water
flow in a thin film along the ice/bed contact surface (Brown et al.,
1987; Piotrowski and Tulaczyk, 1999; Munro-Stasiuk, 2000;
Wysota, 2002; Piotrowski et al., 2006; Salamon, 2015b). This
reflects very high subglacial water pressure, which was equal to
or even higher than the overburden ice pressure. These condi-
tions could have favoured basal sliding (cf. Brown et al., 1987;
Piotrowski and Tulaczyk, 1999; Piotrowski et al., 2001; Narloch
et al., 2012, 2013). The rarity of sandy laminae may indicate
that subglacial flow through the water film occurred episodically,
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Oswiecim

Fig. 7. Ice flow direction at the study area based on directional data fyom: the Laziska site; the Konczyce site (Salamon, 2016a);
the Wieszczeta site (Salamon, 2001); and the Swigtoszowka site (Salamon, 2014b)

or that most of the deposits connected with such flow events are
not preserved because of later shear episodes. Based on the
described features, unit 2 is interpreted as traction till (Evans et
al., 2006).

Unit 3 is also interpreted as a basal till. In this case, the rare
silty clay laminae are particularly interesting. Most probably
they are the result of deposition from suspension, from a thin
column of water in subglacial cavities. They indicate temporal
local separation of the ice from the bed. This process reflects a
very high basal water pressure in the ice sheet base balancing
overburden pressure. Conversely to the previous period, water
was locally stored at the ice sheet base. Accumulation of silty
clay from suspension was intermittent, with the deposition of
diamictic laminae released from the ice sheet base. This type of
succession, especially the well-preserved silty clay laminae,
may indicate deposition during temporal ice sheet stagnation.
The brecciated structure and numerous subhorizontal shear
planes reflect the brittle deformation of previously deposited
sediments and indicate a change of ice sheet behaviour. How-
ever, when the ice sheet was again active, its dynamics was
rather restricted. Brittle behaviour of the sediments in response
to the applied stress may indicate a stronger compaction of the
diamicton.

DEPOSITS ABOVE THE DIAMICTON

The remainder of the succession within the taziska site is
poorly exposed. The upper surface of the diamicton is overlain
by 3—-6 m of poorly-sorted sands and gravelly sands (Fig. 5C).
These deposits are mostly horizontally stratified or massive
(Fig. 5D). In a few places, the sands are intercalated with thin
beds of diamictic sand or sandy silt. The diamictic sands or
sandy diamictons up to 1.5 m thick occur locally above the
sands (Fig. 5E). These represent glaciofluvial sediments de-
posited from shallow sheet flows most probably at the surface
of a terminoglacial fan. The diamictic sediments were inter-
preted as flow tills. The whole unit was deposited after ice sheet
recession and may record later ice margin oscillation or a youn-
ger (Saalian) glaciation.

DIRECTIONAL DATA FROM OTHER SITES

Directional data measured within Elsterian till are also known
from a few other sites (Salamon, 2001, 2014b, 2016a). The near-
est is the Konczyce site, located about 20 km towards the SE, a

few kilometres in front of the margin of the Silesian Foothills. The
ice sheet advanced over an open area of fore-mountain alluvial
fan. The till from the site is characterized by very high fabric
strength; Sy is usually higher than 0.8 (Salamon, 2016a). Mean
azimuths indicate ice flow direction from NW to SE (Fig. 7). Simi-
lar orientations were recorded from other kinematic structures
such as folds. The Wieszczeta and Swietoszéwka sites are lo-
cated farther SE in the area of the Silesian Foothills (Fig. 7). Two
till units reported at the Wieszczeta site are correlated with ice os-
cillation in the zone of the foothills margin (Salamon, 2001).
Mean azimuths of clasts towards the east, within the lower till, in-
dicate that ice flowed through the narrow valley from the larger
Vistula Valley. In the upper till the clast fabric indicates a gener-
ally similar direction of ice flow, i.e. towards the SE, probably over
the marginal hill of the foothills. At the Swigtoszéwka site, which
is located much farther south, the fabric was not measured, how-
ever, mesoscale fold structures are generally oriented towards
the south.

DISCUSSION
ICE FLOW DIRECTIONS

Itis commonly accepted that clast orientation reflects the di-
rection of the main stress exerted on the sediments by moving
glaciers (cf. Dowdeswell and Sharp, 1986; Hicock and
Dreimanis, 1992; Hart, 1994; Evans et al., 2006). A-axes of
clasts are usually oriented parallel to the stress field direction
(cf. Hooyer and Iverson, 2000). However, Taylor's model
(1923) of clast rotation described also transverse orientation.
This type of clast arrangement may occur specifically within till
deposited within a compressional stress field regime (e.g.,
Boulton, 1970; Mark, 1974; Allen, 1984). This shows that sedi-
ment response to the applied stress may be complex (cf. Carr
and Rose, 2003). More unequivocal data, which may directly in-
dicate the direction of ice flow, is provided by kinematic struc-
tures with a distinct dip and orientation, such as recumbent folds
(Van der Wateren et al., 2000). Based on the uniform orienta-
tion of till fabric and numerous kinematic structures at the
t aziska site, it can be concluded that the mean vectors of clast
a-axes correspond with the main direction of the acting stress,
and thus reflect real ice flow direction. All directional data from
the taziska site indicate that ice flowed generally from the west,
from the northern part of the Ostrava Basin. Such a pattern of
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flow direction is particularly important because the till is located
at the top of a ridge. This indicates that ice was flowing above
this elongated subglacial obstacle, parallel to its axis. The val-
ues of mean vectors vary in a very narrow range throughout the
entire vertical profile of the till and indicate an almost constant
direction of ice flow during progressive till accretion.

SUBGLACIAL CONDITIONS AT THE CLAY RIDGE STUDIED

The lack of large glacitectonic deformation structures and a
basal till deposited generally under high basal water pressure
conditions indicate that the studied ridge of the southern part of
the Rybnik Plateau did not provide significant resistance for the
advancing ice sheet, despite the fact that it constituted a distinct
topographic obstacle. The characteristics of the ice/bed rela-
tionship were conditioned by a clayey substrate with very low
permeability, which, due to a continuously high basal water
pressure, restricted the transfer of shear stress to the substrate
and even occasionally favoured the ice decoupling from the bed
(cf. Iverson et al., 1994, 1995, 2003; Fuller and Murray, 2000).
The breccia structure of the sub-till clay is somewhat excep-
tional, and indicates restricted water content at the ice sheet
base during the first phase of ice sheet overriding the ridge
studied. However, it is most likely that this episode was very
short-lived. The development of the distributed-canal system
evacuating excess water from the ice sheet base indicates the
quick increase and release of basal water pressure. This fol-
lows from the location of sandy gravely inclusions at the
diamicton/clay contact or within the lower part of the diamicton.
The development of the subglacial drainage system, which effi-
ciently reduced subglacial pore-water pressure, could have initi-
ated the process of clay compaction as well as stiffness and
subsequently brittle deformation. Shear planes within the clay
reflect occasionally stronger coupling of the ice with the bed.
However, rare sandy laminae and stringers within unit 2, which
are correlated with flow associated with the water film, indicate
that generally high basal water pressure conditions prevailed at
the ice sheet base. The study case is similar to that described
from another part of the Raciborz—Oswiecim Basin for the
Saalian Glaciation, where a subglacial obstacle may even have
favoured ice sheet sliding (Salamon, 2015b). However, in this
case, episodes of ice/bed separation were less prominent.

ICE DISTRIBUTION WITHIN THE MORAVIAN GATE LOBE

Considering the fact that during the Elsterian Glaciation the
ice sheet reached the margins of the Sudetes and Carpathian
Mountains, it seems that the flow of the ice from north to south
was generally unimpeded. However, this study indicates that af-
ter reaching a more varied substrate topography, the ice flow
became more complex. The directional data collected allows a
broader conclusion about the distribution of ice at the study area
and in its wider vicinity. The data from the taziska site are par-
ticularly important. The eastern direction of ice flow indicates
that ice was supplied to the study area not directly from the
north, across the Rybnik Plateau, but most probably from the
neighbouring Odra Valley (Figs. 7 and 8B). Such an inferred ice
flow pattern suggests that this relatively narrow corridor consti-
tutes the main transit zone of ice to the whole area of the
Moravian Gate. Ice flowed through the Odra Valley probably as
a narrow ice stream towards the northern area of the Ostrava
Basin, from where it was further radially distributed in different
directions, successively filling the morphological depression of
the Ostrava Basin and later the entire Moravian Gate. The ice
distribution probably was similar to that of modern piedmont

glaciers, although the ice did not flow down but advanced gen-
erally over flat or a slightly reversely inclined surface. Direc-
tional data from the Konczyce site (Salamon, 2016a) indicate
that ice was spreading far towards the SE (Fig. 7). Itis also pos-
sible that the ice that reached the Wieszczeta site, located in
the more eastern part of the Silesian Foothills (Fig. 7), also
flowed over the same pathway and was supplied from the
northern part of the Ostrava Basin. A divergent style of ice distri-
bution reflects a large ice supply and suggests that ice flow
through the Odra Valley could be relatively fast.

THE INFLUENCE OF THE HILLY AREA OF THE RYBNIK PLATEAU ON ICE
SHEET BEHAVIOUR

The eastern direction of ice flow established at the taziska
site shows some relationship between the topography and the
pattern of ice distribution. Ice flow direction, parallel to the axis
of the elongated study ridge, indicates that it did not constitute a
substantial barrier for the ice sheet, which moved over the hill
quite easily. Almost all the directional data indicate that ice was
constantly flowing over the hill from the same direction. This
specific ice flow pattern recorded at the southern margin of the
Rybnik Plateau allows one to indirectly infer ice sheet dynamics
for the rest of the Rybnik Plateau. This is because the
subglacial conditions interpreted from the Laziska site theoreti-
cally could also be expected at other parts of the hilly area of the
Rybnik Plateau, where the till was mostly deposited over a
clayey substrate. However, despite the Neogene clays of the
substrate, which created high basal pressure conditions favour-
ing rapid basal movement, the flow of the ice in this area was
rather characterized by low dynamics. In this case, the ice
would easily and quickly flow across the whole Rybnik Plateau
from north to south. Instead, the concentration of ice flow within
the Odra Valley suggests that this lowland corridor, filled with
coarser grained alluvial sediments, generally produced lower
flow resistance than the elevated hilly plateau composed of
clays. Inferred low ice sheet mobility in much of the Rybnik Pla-
teau area probably resulted from the fact that the more northern
part of the plateau was located at a higher level (~40-50 m in
comparison to the taziska site). The till within the neighbouring
north palaeovalley of the Ruda River rests >100 m lower in
comparison to the clay substrate of the highest part of the
Rybnik Plateau (cf. Kleczkowski et al. 1972). Such large varia-
tions in height caused the ice to be concentrated within the sur-
rounding valleys. The Ruda palaeovalley probably constituted
the axial part of the second corridor of quickly flowing ice
(Fig. 7), through which ice was distributed from the northern
part of the Racibdrz Basin towards the O$wiecim Basin and far-
ther into the Carpathian Foothills.

FACTORS CONTROLLING ICE DISTRIBUTION IN THE STUDY AREA

The inferred ice flow pattern within the marginal part of the
Elsterian ice sheet probably evolved over time. The heteroge-
neity of the ice flow resulted from stress patterns within the ice
sheet, a consequence of spatially varied frictional resistance
between the ice and the bed. Although the most important con-
trolling factor was topography, a varied substrate lithology and
the ice margin/permafrost relationship, which determined the
strength of ice/bed coupling, may also have played a significant
role (cf. Salamon, 2014a, 2015a, 2016a). If the zones that in-
duced distinctly varied stress fields existed close to each other,
then such internal ice streams could develop within the ice
sheet. This hypothetical process is presented as a model in Fig-
ure 8. It shows that, when the ice sheet reached high topo-
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graphic barriers, its flow over them towards the south was
stopped for some time and became possible only after the ice
reached sufficient thickness. Obstructions to ice flow behind the
local barriers caused increased activity elsewhere, where the
substrate generated smaller frictional resistance. The narrow
zones of concentrated flow were developed in this way. This
process could have occurred, for example, within the northern
foreland of the Nisky Jesenik Hills (Fig. 8A, B). When the ice
sheet reached this high mountain edge, further movement of
ice towards the south was not possible. Increasing marginal
compression most probably caused ice flow reorganization in
its hinterland, and consequently, ice flow concentration within
the neighbouring Ostrava Basin. This could have caused the
ice sheet margin supply in the Nisky Jesenik sector to diminish,
while an intense and concentrated flow of ice through the Odra
Valley towards the Ostrava Basin caused the development of
the Moravian Gate lobe (Fig. 8B). Similar phenomena could
have occurred between the neighbouring valleys of the Odra
and Ruda rivers, which were supplied by separate ice streams.
The topographically restricted Moravian Gate lobe, after reach-
ing the edge of the surrounding hills, had limited possibility of
further flow towards the south. As a result, the supplying ice
stream could at the same time have ceased causing the en-
hanced activation of the Ruda ice stream, which might have be-
come the main artery through which ice was flowing towards the
large and open area of the Oswiecim Basin, and the Silesian
Foothills located farther south (Fig. 8C). Moreover, a temporal
lack of supply to the inactive part of the ice sheet could have in-
duced local ice margin recession. As a result, the ice/bed rela-
tionship had to change in this area over time. This could have
significantly changed the stress field within the ice sheet and
thus the influence on ice flow behaviour, and even could have
led to switching between adjacent streams. It is possible that
the switching between neighbouring streams might have been
repeated (Fig. 8C, E). There is no clear evidence for this pro-
cess, though a phase of passive melting and later phase of ice
sheet reactivation recorded within the upper unit of the till in
taziska site may be consistent with this phenomenon. Multiple
ice sheet readvances within the Ostrava Basin and Moravian
Gate, and especially ice sheet margin oscillation within
glaciotectonically deformed moraine ridges of the southern part
of the Gtubczyce Plateau (Opava Hilly Land; Macoun and
Kralik, 1995; Ruzicka, 2004; Nyvlt et al., 2011), may also be re-

lated to this specific ice sheet behaviour governed by a complex
ice/substrate relationship.

CONCLUSIONS

Study of till at the taziska site in the southern part of the
Racibérz—Oswiecim Basin provides information about ice distri-
bution, subglacial conditions and the dynamics of the Scandi-
navian ice sheet in the direct foreland of the mountains during
the Elsterian Glaciation.

The sedimentological and structural features of the till indi-
cate that relatively high basal pressure conditions occurred at
the ice sheet base over the clayey ridge studied, on the south-
ern part of the Rybnik Plateau. These conditions favoured basal
mechanisms of ice sheet movement and allowed for easy ice
flow over the ridge. However, the ice sheet behaviour over the
rest of the Rybnik Plateau was much less dynamic.

Reconstruction of palaeo-ice flow directions indicates that
the movement of the ice sheet in the area studied was complex.
This resulted mainly from the fact that, before reaching the mar-
gin of the mountains of southern Poland, the ice sheet was ad-
vancing over a substrate of increasingly varied relief. Large
morphological and lithological variations in the ice sheet sub-
strate induced differential frictional resistance producing a spa-
tially varied stress field within the marginal part of the ice sheet.
This allowed the formation of passive zones of ice behind signif-
icantly large morphological barriers and active zones of stream-
ing ice within the area, producing a distinctly lower flow resis-
tance.

In the topographically varied area, where more than one
preferential active zone of flowing ice (ice stream) occurred, lo-
cal oscillation of the ice sheet margin did not have to be the re-
sult of ice sheet mass balance, but may have been the conse-
quence of switching between neighbouring ice streams, alter-
nately conveying ice towards the ice sheet margin. Melting of
the passive ice zone and its intermittent lack of supply might
have induced local recession of the ice sheet margin.
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