
Geo log i cal Quar terly, 2014, 58 (4): 779–794
 DOI: http://dx.doi.org/10.7306/gq.1176

Basal till and subglacial con di tions at the base of the Up per Odra ice lobe 
(south ern Po land) dur ing the Odranian (Saalian) Gla ci ation

Tomasz SALAMON1, *

1 Uni ver sity of Silesia, Fac ulty of Earth Sci ence, Bêdziñska 60, 41-200 Sosnowiec, Po land

Salamon, T., 2014. Basal till and subglacial con di tions at the base of the Up per Odra ice lobe (south ern Po land) dur ing the
Odranian (Saalian) Gla ci ation. Geo log i cal Quar terly, 58 (4): 779–794, doi: 10.7306/gq.1176

The ob jec tive of this con tri bu tion is de tail char ac ter is tics of the basal till and the con di tions at the base of the Up per Odra ice
lobe. The lobe was formed in a foremountain area. Its cen tral part was a Niemodlin Plain and the W part of the Racibórz Ba -
sin, sur rounded by ar eas that have a much more var ied re lief. Par tic u lar at ten tion is paid to the con di tions at the ice sheet
base, gen er at ing the dy nam ics of gla cier move ment. The study is based on anal y sis of the basal till. Three sites with basal till
ly ing on dif fer ent types of sub stra tum (typ i cal for the study area) are pre sented. The basal till of the Up per Odra ice lobe is
char ac ter ized by spa tial vari a tions. Dif fer ent in ten si ties of its de for ma tion in di cate that large lat eral dif fer ences in con di tions
oc curred in the lobe sub stra tum. The li thol ogy con trolled the rate of basal wa ter pres sure, and thus the strength of both the
subglacial sed i ments  and the ice-bed cou pling. Var i ous strain rates in the till pro files in di cate that the con di tions at the ice
sheet base also changed with time. The ice sheet was highly mo bile, even on the coarse-grained sub stra tum. The low per -
me abil ity of the Qua ter nary sub stra tum, and the rel a tively small thick ness of the Qua ter nary sands and grav els re sulted in a
high wa ter pres sure at the ice sheet base. The move ment of the Up per Odra ice lobe was con cen trated in the basal zone of
the ice sheet. The main mech a nisms of mo tion were slid ing and de for ma tion of the subglacial sed i ments. The de for ma tion
oc curred in re stricted ar eas only, and did not have a per va sive char ac ter.
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INTRODUCTION

Dur ing the Odranian (Saalian) Gla ci ation the Scan di na vian
Ice Sheet ad vanced to the area of the Sudetes Moun tains and
the Mid dle Pol ish Up lands, which formed a mor pho log i cal bar -
rier. In the zones of open vast ar eas, like large river val leys
(Odra River val ley, Wis³a River val ley), the ice sheet formed dis -
tinct lobes. One of these lobes (the Up per Odra ice lobe) was
de vel oped in the south ern part of the Silesian Low land through
which the ice sheet ad vanced to the zone of the Moravian Gate, 
the area sep a rat ing the Sudetes from the Carpathians (Fig. 1).
The Up per Odra ice lobe was formed in a foremountain area,
but its cen tral part was a re gion with rel a tively low re lief. Just in
its south ern pe riph ery, higher-ly ing ar eas oc curred with more
sig nif i cant re lief con trast. Un doubt edly the lobe de vel op ment
was de ter mined by to pog ra phy. The ques tion is what con di tions 
oc curred at the ice sheet base, and whether they fa voured the
for ma tion of the lobe. This prob lem needs a com plex ap proach
to de ter mine the con di tions at the gla cier bed. Ge netic iden ti fi -
ca tion of till is there fore es sen tial for the proper as sess ment of
the subglacial con di tions and the dy namic state of the ice sheet.

It is known that the move ment of gla ciers may re sult from
both in ter nal ice de for ma tion and basal mo tion (Pat er son, 1994; 
Benn and Ev ans, 2010). In the case of warm-based gla ciers,
the ice de for ma tion rep re sents only a small per cent age of the
over all bal ance of their move ment (Boulton and Jones, 1979;
Al ley et al., 1986, 1987; Blankenship et al., 1986; Boulton and
Hind marsh, 1987; Clarke, 1987; Iverson et al., 1995). Much
more im por tant are the mech a nisms gen er ated at the con tact of 
the ice with the sub stra tum, i.e. the subglacial sed i ment de for -
ma tion or basal slid ing (Boulton and Jones, 1979; Boulton and
Hind marsh, 1987; Brown et al., 1987; Clarke, 1987; Pat er son,
1994; Benn and Ev ans, 2010). It is es sen tial to real ise that
these mech a nisms could oc cur not only on rigid bed rock (cf.
Weerteman, 1957; Kamb, 1970), but also on soft, un con sol i -
dated sed i ments, which con sti tuted most of the Pleis to cene ice
sheets sub strate. As a re sult, subglacial pro cesses likely greatly 
in flu enced the ice-mass dis tri bu tion in the for mer ice sheets, in -
clud ing their growth and de cay dur ing gla ci ation cy cles, and
thus the re la tion be tween palaeoglacier sys tems and the global
cli mate (Al ley, 1991; Clark, 1994; Hughes, 1996; Mar shall,
2005).

De spite the sig nif i cant prog ress in the re search of basal tills
made over the last three de cades, still some not fully re solved
is sues re main, par tic u larly the scale of subglacial sed i ment de -
for ma tion and its role in the de vel op ment of for mer ice sheets.
Ac cord ing to the “soft de form ing-bed” model, many re search ers 
as sume that in ar eas built of un con sol i dated sed i ments, the
main mech a nism of gla cier mo tion was con tin u ous, per va sive
de for ma tion of subglacial sed i ments (Boulton and Jones, 1979;
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Be get, 1986; Hicock et al., 1989; Hart et al., 1990; Al ley, 1991;
Hart and Boulton, 1991; Boulton, 1996; Clark and Walder,
1994; Van der Meer et al., 2003; Ev ans et al., 2006; Men zies et
al., 2006). How ever, this con cept does not al ways ap ply. For
ex am ple, rapid move ment of Ice Stream B in West Antarctica
was ini tially at trib uted to the pres ence of thick, un con sol i dated,
strongly sat u rated de formed de pos its at the ice sheet base (Al -
ley et al., 1986, 1987), but sub se quent stud ies have shown that
the basal move ment of the ice stream is con cen trated within
only a very thin layer of sub strate (cf. Engelhardt and Kamb,
1998; Tulaczyk et al., 1998). Brown et al. (1987) pointed out
that the Puget Lobe of the Pleis to cene Cordilleran Ice Sheet
moved mainly by slid ing and that only lo cal de for ma tion was
caused by clasts plough ing the sub strate. A sim i lar con cept
was pre sented by Piotrowski and Kraus (1997), Piotrowski and
Tulaczyk (1999) and Piotrowski et al. (2001) for the Scan di na -
vian Ice Sheet. They doubt the pres ence of con tin u ous per va -
sive de for ma tion at the ice sheet base, and as sume that its
move ment was mainly due to basal slid ing. In a later model, soft 
subglacial beds were pre sented as a mo saic of de form ing and
sta ble spots; the in ten sity of de for ma tion var ied in both time and 
space (Piotrowski et al., 2004). Con cepts of spa tially var ied gla -
cier bed char ac ter is tics have been de scribed also by other au -
thors (see Knight, 2002; Van der Meer et al., 2003; Larsen et
al., 2004, 2007; Stokes et al., 2007; Narloch et al., 2012, 2013;
Tylmann et al., 2013). The dif fer ences in as sess ment of the role 
and scale of subglacial de for ma tion are largely due to the dif fer -
ent rhe o log i cal mod els for the be hav ior of basal till, i.e. vis cous
rhe ol ogy (Al ley, 1991, 2000; Hind marsh, 1997) or the plas tic
rhe ol ogy model (Kamb, 1991; Hook et al., 1997; Iverson et al.,
1998; Tulaczyk et al., 2000, 2001; Tulaczyk, 2006). This com -
plex, global is sue as pect is still not fully re solved. The o ret i cal
con sid er ations on this topic have been men tioned in many
works (cf. Murray, 1997; Boulton et al., 2001; Bennett, 2003;
Men zies, 2012).

The ob jec tive of this con tri bu tion is the anal y sis of the
lithological char ac ter is tics of the subglacial tills of the Up per
Odra ice lobe and rec og ni tion of the style of sed i men ta tion. The
lobe was dis tinctly matched to the re lief of the sub stra tum,
which was con firmed by its long and sin u ous mar gin and by its
di vi sion into sev eral ice sublobes (Fig. 1). The to pog ra phy must
there fore have been an im por tant fac tor in its de vel op ment, but
prob a bly not the only one. It fol lows from the di ver gent pat tern
of ice sheet move ment di rec tions (Salamon, 2012) that the ve -
loc ity of the ice flowage was high. Anal y sis of tills re flects the
con di tions in the gla cier bed and the mech a nisms of ice sheet
move ment. 

This con tri bu tion pres ents three sites where till was de pos -
ited on dif fer ent types of sub stra tum, most typ i cal for the study
area, so the de pos its un der ly ing the till, i.e. spa tial dif fer ences in 
the li thol ogy of the sub stra tum of the ad vanc ing ice sheet are
analysed. 

METHODS

The tex tural and struc tural fea tures of the Up per Odra ice
lobe basal till were stud ied. The grain size of the sed i ments was
es tab lished on the ba sis of lab o ra tory anal y ses: the siev ing
method and the areometric method of Casagrande with
Pruszynski mod i fi ca tion (Racinowski, 1973). The clast-fab ric
anal y sis was based on Krüger (1970). Mea sure ments were car -
ried out on at least 30 elon gated clasts, which lon ger axis reach -
ing a min i mum of 1 cm and a-axis to b-axis ra tio is at least
1.5–1.0. The mea sure ments were ana lysed with the StereoNet
pro gram and are pre sented on rose di a grams and con tour di a -
grams (the Schmidt equal-area grid). The eigenvalue vec tors
S1 and S3 and the pa ram e ter of iso tropy (I = S3/S1) and elon ga -
tion (E = 1 – (S2/S1)) were cal cu lated (Mark, 1973, 1974; Benn,

780 Tomasz Salamon

Fig. 1. Extent of the Upper Odra ice lobe and location of the sites under study

Main directions of ice sheet movement on the basis of Salamon (2012); 
M. G. – Moravian Gate 



1994; Benn and Ev ans, 1996). The anal y sis of the gravel frac -
tion fol lowed the stan dard petrographic pro ce dure of Pol ish
Geo log i cal In sti tute, i.e. at least 300 grains (5–10 mm in di am e -
ter) for each sam ple were iden ti fied. Lithifacies are coded with
the mod i fied code of Krüger and Kj³r (1999; Ta ble 1).

STUDY AREA

The Up per Odra ice lobe was formed in the south ern most
part of the Silesian Low land. In its max i mum ex tent, the lobe
was sub di vided into four sublobes (Fig. 1). The cen tral part of
the area oc cu pied by the lobe is the Niemodlin Plain and
Racibórz Ba sin (Fig. 1). 

The area is sit u ated at 170–200 m a.s.l. To wards the south
it passes into higher up lands with a more com plex mor phol ogy:
the G³ubczece Pla teau on the west ern side of Odra River val ley
and the Rybnik Pla teau on the east ern one. The dif fer ences in
el e va tion are 30–50 m there. The ter rain slopes gently in the
N–NE di rec tion of the G³ubczyce Pla teau, and E of the Rybnik
Plateau.

The pre-Qua ter nary base ment is built mainly of ma rine and
ter res trial sed i ments of Mio cene and Plio cene age, de pos ited in 
a zone of fore-moun tain bas ins (Fig. 2). The Mio cene de pos its
are mainly clays, silts and sands (Alexandrowicz, 1963;
Alexandrowicz and Kleczkowski, 1974; Kotlicki and Kotlicka,
1980), whereas the Plio cene sed i ments con sist of thin, iso lated
patches of sand and gravel with in ter ca la tions of silts and clays
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T a  b l e  1

Lithofacies code used to de scrip tion of
till and as so ci ated de pos its, on the

base of Krüger and Kj³r (1999)

Fig. 2. Schematic and simplified geological cross-sections trough the study area; on the basis of cross-sections to geological
maps in the scales 1:200,000 (Kotlicka and Kotlicki, 1979; Wroñski and Koœciówko, 1988) and 1:50,000 (Trzepla, 1999a, b)



(Kotlicki and Kotlicka, 1980; Badura et al., 1996, 1998). The
Qua ter nary deposits form a thin cover of a few to lo cally more
than 40 m thick (Fig. 2). In the river val leys, these are mainly flu -
vial sands and grav els. In the ar eas be tween the river val leys
mainly glaciofluvial sands and tills are pres ent. Some part of the 
study area is cov ered by loess, par tic u larly on the G³ubczyce
Pla teau.

Ac cord ing to Czech au thors (Macoun, 1985; Macoun and
Kralik, 1995), the ice sheet dur ing the Odranian (Saalian) Gla ci -
ation reached the up per part of the Odra River val ley, about
40 km SW from Ostrava, as far as dur ing the Ear lier (Elsterian)
Gla ci ation. Ac cord ing to Lewandowski (1988, 2001, 2003) and
Badura and Przybylski (2001) and Salamon (2008, 2009,
2012), the max i mum ex tent of the ice sheet was much smaller
dur ing Saalian Gla ci ation. 

SECTIONS UNDER STUDY

The Up per Odra ice lobe ad vanced over a sub stra tum with
dif fer ent lithologies. Through the main val leys, it moved over al -
lu vial sands and grav els, lo cally flu vio gla cial and glaciolimnic
de pos its. In zones be tween the val leys, the ice sheet ad vanced
over older Qua ter nary units, or im me di ately over Neo gene sed -

i ments, mainly clays, silts and sands. The till was stud ied at a
dozen or so sites lo cated in dif fer ent parts of the ice lobe. At the
three sites dealt with here (Fig. 1), the till over lies sed i ments
with dif fer ent lithologies that are char ac ter is tic for the whole
study area. 

THE NIWNICA SITE

The Niwnica site is lo cated in the NE part of the G³ubczyce
Pla teau within a rel a tively flat ter rain (230–240 m a.s.l.) at the
foot of a small hill, which slopes gently to ward the val ley of the
Nysa River (Fig. 3). In an ex ca va tion, a con tin u ous bed of till of
about 3.5 m thick is vis i ble (Figs. 3 and 4). The till rests on a
Neo gene clay that has lo cally in ter ca la tions of sand and silt.
Drill ing data from nearby re veal that a thin sandy bed ex ists
some times be tween the clay and the till.

The sub stra tum is lo cally de formed. Large-scale de for ma -
tion struc tures oc cur in the west ern part of the ex po sure
(Fig. 4A). The Neo gene clay and sand with the till atop are de -
formed. The clay forms an an ti cli nal fold in clined to ward the
W–SW, whereas the sand is en closed in a synclinal struc ture.
The dip of the fold axis is approx. 35–45°, but im me di ately un -
der the till it grad u ally be comes subhorizontal. The fold axis dips 
to ward 240–260°.
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Fig. 3. Generalized sediment log and clast fabrics at the Niwnica site

Other explanations see Table 1

https://gq.pgi.gov.pl/article/view/7481
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Fig. 4. Till at the Niwnica site

Sec tions in all pho to graphs ori ented ap prox i mately par al lel to the for mer ice sheet move ment di rec tion, which was from left to
right; A – glaciotectonic de for ma tion in the SW part of the site; B – sharp con tact of the till with un der ly ing clay; C – sand laminae
(ar rows) vis i ble along the con tact sur face; D – de for ma tion struc tures in the clay bed just be low the till, in the cen tral part of the
photo a mar ble-like struc ture is vis i ble (an gu lar clay clasts a dozen or so milli metres in di am e ter touch each other), in the up per
part, the clay clasts are much smaller (a few milli metres), rounded and dis persed in the mas sive clay ma trix (ar rowed); E –
melange of strongly de formed clay and sand be low the till



LITHOFACIES DESCRIPTION

The till is a sandy, ma trix-sup ported diamicton with brown
col our. The av er age sand con tent in the ma trix is more than
55%. The av er age amounts of silt and clay are about 20 and
24%, re spec tively. The sandy frac tion in creases up wards from
43 to 63%, whereas the silt and clay per cent ages in crease
down wards (silt: from 16 to 26%, clay: from 21 to 31%). 

The ba sis of the till is com monly flat and the con tact with the
un der ly ing clay is sharp (Fig. 4B). Im me di ately be low the till, the 
pri mary sed i men tary struc tures in the clay are not pre served.
De for ma tion struc tures are vis i ble there in a layer of at least
30–50 cm thick. The whole layer has a mar ble-like struc ture
and is built of clayey, more or less spher i cal, ag gre gates
(clasts) of up to sev eral milli metres (Fig. 4D). An gu lar ag gre -
gates form the clast-sup ported tex ture in the lower part of the
layer. Their size de creases up wards. In the up per, ma trix-sup -
ported part of the layer, the more ovally shaped ag gre gates
reach 1–3 mm in size, be ing scat tered in a ho mo ge neous, mas -
sive clay ma trix (Fig. 4D). 

The sand in the con tact zone be tween the clay and the till is
built of subhorizontal laminae of a few milli metres thick
(Fig. 4B, C). The sand laminae are usu ally lat er ally ex ten sive,
but dis con tin u ous and in some places they are ab sent. Most
com monly it is a poorly sorted sand, some times with an ad mix -
ture of fine gravel. Lo cally, in the con tact zone, sands of sev eral
decimetres thick are also pres ent. Some times they form
small-scale struc tures with a trough shape. In other places they
form, to gether with un der ly ing clay, a melange with nu mer ous
de for ma tion struc tures (Fig. 4E). 

The con tact of the till with the un der ly ing sed i ments has a
slightly dif fer ent na ture in the zone of large-scale glaciotectonic
struc tures. A folded sand with a stretched clay layer atop is
pres ent un der the till. The thick ness of the clay layer is about
20 cm, grad u ally di min ish ing to wards the SW, where it wedges
out in the lower part of the till (Fig. 4A). The till has a mas sive
struc ture. Oc ca sion ally, thin subhorizontal string ers of sand or
grav elly sand oc cur in the lower part of the till. In the mid dle part
some larger lenses with dis tinct traces of hor i zon tal stretch ing
are pres ent. The up per part of the till is coarser. There are nu -
mer ous in clu sions of sorted sed i ments, mainly ovally shaped
sand lenses. Ir reg u lar lenses of gravel with out dis tinct bound -
aries are also vis i ble.

The clast fab ric is char ac ter ized by a very low spread of
data (S1 = 0.635–0.881; S3 = 0.013–0.035). The pa ram e ter of
iso tropy is very low too (I = 0.013–0.046), whereas the pa ram e -
ter of elon ga tion (E) is high or very high. In the lower part of the
diamicton, E = 0.650; in the mid dle part it reaches its max i mum
(E = 0.890–0.909). In most cases the dis tri bu tion is unimodal. 

Petrographic anal y sis of the gravel shows that quartz is the
most fre quent (38%); the group of Sudetes crys tal line rocks
forms more than 30% and Scan di na vian rocks (mainly crys tal -
line) con trib ute approx. 7%. 

INTERPRETATION

The re la tion of the large-scale de for ma tion struc tures with
the over ly ing till, i.e. be tween the co-di rec tional ax ial sur faces of 
the folds in the Neo gene de pos its and the a-axes of the clasts in 
the till, in di cates a glaciotectonic or i gin of the de for ma tions.
They were de vel oped in a zone with lat er ally dif fer ent
lithologies. The mar ginal part of the sandy lithosome acted as a
com pres sion zone. The lo cal stress con cen trated there and
con se quently clay fold struc tures were formed. The up per parts
of the folds be came stretched out at the base of the mov ing ice
sheet. It is pos si ble that the de for ma tions were ini ti ated at the

front of the ad vanc ing ice sheet and af ter wards de vel oped
subglacially. Such de for ma tion struc tures were prob a bly com -
mon for a palaeoenvironmental sit u a tion where the ice sheet
ad vanced im me di ately over Neo gene sed i ments. This sub stra -
tum was char ac ter ized in many places by a mosaic-like pattern
of two lithologies, viz. clays and sands.

The clay over lain by till dis plays dis tinct traces of de for ma -
tion. The mar ble-like struc ture of the clay close to the till base is
a char ac ter is tic fea ture. Struc tures of this type are of ten rec og -
nized in till with a high con tent of clay (Hiemstra and Van der
Meer, 1997; Van der Meer, 1997; Van der Meer et al., 2003). A
net work of small frac tures was formed in the over loaded clay.
The inter-frac ture ag gre gates were ro tated due to hor i zon tal
stress. They evolved from the larger, an gu lar el e ments which
are vis i ble at a deeper po si tion, to well-rounded ones dis persed
in a ho mo ge neous clayey ma trix di rectly un der the till. The vari -
abil ity of the ver ti cal struc ture of the clay re veals a dis tinct gra di -
ent of the strain rate and in creas ing in ten sity of shear ing to -
wards the ice sheet bed (Iverson et al., 2003). The small thick -
ness of the de formed ho ri zon was partly a re sult of the
fine-grained char ac ter of the de posit. The lack of a grain frame -
work was the main rea son for the lim ited down ward trans fer of
the shear stress (Tulaczyk, 1999). As a re sult, the clay was in -
ten sively de formed only in a thin layer (<20 cm) di rectly be low
the ice sheet base. More over, the very low clay per me abil ity
pre vented the down ward pen e tra tion of basal melt wa ter into the 
sub stra tum. It caused a rapid in crease in wa ter pres sure at the
base of the ice sheet and re duced the strength of the ice-bed
cou pling. As a con se quence, basal slid ing was trig gered, and
si mul ta neously the in ten sity of the subglacial shear ing was re -
duced (cf. Brown et al., 1987; Iverson et al., 1994, 1995; Fischer 
and Clarke, 2001).

The very high wa ter pres sure at the gla cier's base is ev i dent 
from the sand de pos its at the con tact be tween the till and the
clay. They in di cate ep i sodes of subglacial wa ter flow. The ef fec -
tive pres sure had to reach a value close to zero. The de pos its
re leased from the basal ice dur ing ice sheet slid ing be came
liquified and were subsequenly trans ported by the melt wa ter (cf. 
Boulton and Dobbie, 1993). The shape of the sand struc tures in
the con tact zone in di cates that the wa ter flow took place
through a sys tem of in ter con nected, very slight cav i ties or in
slightly larger dif fuse ca nals. The ge netic con nec tion of lam i nar
struc tures of sorted de pos its in basal till with subglacial wa ter
flows has been proved by many au thors (Brown et al., 1987;
Piotrowski and Kraus, 1997; Piotrowski and Tulaczyk, 1999,
Munro-Stasiuk, 2000; Fuller and Murray, 2000; Wysota, 2002,
2007; Piotrowski et al., 2006; Lesemann et al., 2010). Af ter the
flow had stopped, the rate of the ef fec tive basal pres sure in -
creased so much that the strength of the ice-bed cou pling for a
short time again be came higher than the strength of the
subglacial de pos its. At this phase the subglacial de for ma tion
took place, at least lo cally. This is ex pressed by the oc cur rence
of sands folded to gether with clays of the sub stra tum (Fig. 4E).

In con trast to the clay, there is no dis tinct ev i dence of in -
tense de for ma tion in the over ly ing till. Its flat base sug gests that
no sig nif i cant mix ing of diamicton with clay oc curred. Mix ing
took place only lo cally, in zones where large con trasts of strain
ex isted due to dif fer ent lithologies in the sub stra tum. The de -
pos its un der went fold ing and thrust ing there. The clast ori en ta -
tion does not in di cate an in crease of the strain rate to ward the
top of the bed ei ther, which is char ac ter is tic for de for ma tion till
(Benn and Ev ans, 1996). The fab ric is rather characteritic of
lodge ment till (cf. Hart, 1994; Hicock and Fuller, 1995; Hicock et 
al., 1996) and melt-out till (cf. Law son, 1979). Only in the low er -
most part of the layer the fab ric is com pa ra ble with that of de for -
ma tion till. Only some de for ma tion struc tures in the form of hor i -
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zon tally stretched in clu sions of sorted sed i ments within the mid -
dle part of the till in di cate de for ma tion. How ever, their pres er va -
tion in the till sug gests a not so high rate of subglacial shear ing.
The lower part of the unit is a basal till de pos ited from the base
of a slid ing ice sheet. Prob a bly the till was only pe ri od i cally sub -
jected to a weak strain, al though the pore-wa ter pres sure di -
rectly af fect ing the strength of the subglacial de pos its was per -
ma nently very high, be cause of the clayey sub stra tum. Un der
such con di tions, the lack of in tense de for ma tion may there fore
in di cate that the shear stresses were not trans ferred to the till,
but interceped by a wa ter film on the ice-bed con tact (see
Iverson et al., 1994, 1995). In this way the ice was sep a rated
from the sub stra tum, and ice sheet slip took place. Few
subhorizontal sand laminae pre served in the lower part of the till 
con firm this view. Prob a bly they were formed as a re sult of
subglacial flows.

The up per part of the diamicton, which is char ac ter ized by
nu mer ous, oval or ir reg u lar in clu sions of sorted sed i ments, is
in ter preted as a melt-out till. The till was de pos ited at the base
of a stag nant ice sheet as a re sult of its pas sive melt ing. The in -
clu sions of gravel and sand were prob a bly de rived from drain -
ing of the base of the stag nant ice or, al ter na tively, they are
traces of en gla cial drain age (e.g., Shaw, 1982; Munro-Stasiuk,
2000). The larger grain size of the till also sug gests a melt-out
or i gin (Dreimanis, 1989).

THE BIA£A SITE

The Bia³a site is lo cated in the north ern part of the
G³ubczyce Pla teau (Fig. 1), approx. 1 km NW from Bia³a City.
The ter rain slopes to wards the NE and is cut by the val leys of
small rivers; there fore the area has a hilly re lief. The cul mi na -
tions of the ter rain in the vi cin ity of the site reach a height of
240–250 m a.s.l. The ex po sure un der study is sit u ated at an al -
ti tude of 238 m a.s.l. At this site the till over lays sands with a
thick ness of a few to more than twenty metres, cov er ing the
fine-grained Neo gene de pos its.

LITHOFACIES DESCRIPTION

The till ex posed at the site is un der lain by sev eral metres of
fine-grained glaciofluvial sands. The till is 4–5 m thick; it con -
sists of two beds (B1 and B2; Fig. 5). The till is cov ered by a thin
layer of loess.

The un der ly ing sand is char ac ter ized by nu mer ous de for -
ma tion struc tures, among which the most com mon are
subhorizontal shear plains (Y-type), and low-an gle shear plains
(P- and R-type; Fig. 6C). Rare boudins of coarser sand and
small over thrown folds are pres ent. In some places the pri mary
depositional struc tures of the sand are com pletely de stroyed.
The de formed zone be low the till base is up to sev eral
decimetres thick.
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Fig. 5. Schematic sediment log and clast fabrics at the Bia³a site

For explanations see Figure 3 and Table 1



The con tact be tween the till of unit B1 and the un der ly ing
de pos its is gradational (Fig. 6A–C). Nu mer ous till wedges ex -
tend from the till base into the sand. In the lower part of the till,
many sand lenses and boudins are pres ent. Sand oc curs also
in the form of laminae, giv ing lo cally a lam i nar struc ture to the
till. This unhomogeneous diamicton passes gradationally up -
wards into a mas sive one (Fig. 6B). Unit B1 is some 2 m thick. It
is a grey ma trix-sup ported diamicton with a small amount of
gravel. The com po si tion of the ma trix is, on av er age, 48% sand, 
25% silt and 27% clay. In the lower part of the unit, the
diamicton is more sandy (55% of sand). The con tent of sand
grad u ally de creases up wards to 45%. The con tent of clay in -
creases to ward the top of the unit, from 20 to 30%.

The clast fab ric is highly aligned (S1 = 0.692–0.741; S3 =
0.073–0.123). It is also con firmed by low val ues of iso tropy (I =
0.099–0.175) and high val ues of the elon ga tion pa ram e ter (E =
0.692–0.765). The mean vec tors are ori ented NW–SE. The
clast ori en ta tion var ies rel a tively lit tle (Fig. 5).

Mea sure ments of the ki ne matic struc tures in the un der ly ing
sand and in the basal part of the till in di cate slightly dif fer ent ori -
en ta tions, i.e. N/NE–S/SW. 

Unit B2 is about 2 m thick (Fig. 5). This rust brown diamicton 
is a bit more sandy, with sand con sti tut ing 60%. The silt and
clay frac tions con trib ute 18 and 22%, re spec tively. The amount
of sand grad u ally de creases up wards. Unit B2 is struc tur ally
sim i lar to Unit B1. In its lower part a layer of 30–60 cm thick with
nu mer ous sandy struc tures is pres ent (Fig. 6C, D). They form
elon gated lenses or string ers, some times turned into small
boudins. All these struc tures are in clined to ward the NE. Up -

wards they be come thin ner and give the diamicton a struc ture
of very thin subhorizontal lam i na tion, which grad u ally dis ap -
pears and passes into a mas sive one. In other places the sandy 
diamicton with sand and sandy-grav elly intraclasts is an equiv a -
lent. The intraclasts have var i ous shapes, usu ally lens-like,
from centi metres to decimetres in size; they are dis persed in the 
strongly inhomogeneous till with nu mer ous, ir reg u lar sand
streaks and laminae. In the re main ing part the B2 diamicton is
ho mo ge neous and mas sive. Due to the in fre quent oc cur rence
of gravel-sized clasts only few fab ric mea sure ments were per -
formed. Gen er ally, the axes of the clasts are ar ranged con sis -
tently with the di rec tion of the de for ma tions in the un der ly ing
lam i nated diamicton in the lower part of the unit, i.e. NE–SW.

Among the gravel par ti cles quartz pre dom i nates (38%). The 
con tent of the Sudetic and Scan di na vian crys tal line rocks is
sim i lar (approx. 17%). Lo cal Car bon if er ous sand stones are less 
fre quent (about 8%). 

INTERPRETATION

The nu mer ous shear struc tures in the sed i ments un der ly ing 
the till re cord de for ma tion pro cesses in the subglacial shear
zone (cf. Benn and Ev ans, 1996; Van der Wateren et al., 2000).
The subhorizontal and low-an gle shear sur faces in di cate brit tle
de for ma tion. In turn, the small sand boudins, over turned folds
and in places com pletely de stroyed depositional struc tures of
the sed i ments in di cate lo cal duc tile shear ing. The lower part of
the diamicton was also formed un der such con di tions. Ev i -
denced are the till wedges close to the base, and the nu mer ous
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Fig. 6. Till at the Bia³a site

A, B – bot tom part of till B1, vis i ble con tact zone with tran si tional char ac ter, var ied struc tures in the ver ti cal pro file show an in creased
up ward in ten sity of de for ma tion: 1 – zone of brit tle shear ing with nu mer ous small-scale shear sur faces, 2 – zone of brit tle-plas tic
shear ing with a much larger num ber of plas tic struc tures, boudins and de tached folds, 3 – zone of plas tic shear ing; mas sive
diamicton with smaller amount of sand struc tures; sec tions ori ented obliquely to the for mer ice sheet move ment di rec tion; C, D – bot -
tom part of till B2, with a lam i nar struc ture, sand lenses and strings are slightly in clined, the thick ness and in cli na tion of the sand
struc tures di min ishes up wards, the lam i nar till grad u ally passes up wards into a mas sive till, sections ori ented ap prox i mately par al lel
to the for mer ice sheet move ment di rec tion, which was from right to left



lenses, boudins and at ten u ated string ers of sand from the sub -
strate in cor po rated in the till (see Van der Wateren, 2002). The
mas sive struc ture of the diamicton in the mid dle and up per
parts of unit B1 are prob a bly at trib ut able to more in ten sive de -
for ma tion pro cesses un der the ice sheet base, which led to the
ho mog e ni za tion of de pos its in the duc tile shear zone. Sim i lar
suc ces sions are com monly re lated to de for ma tion tills (see
Boulton and Hindmarsch, 1987; Hicock and Dreimanis, 1992;
Van der Wateren, 2002). These de pos its are char ac ter ized by a 
dis tinct gra di ent in the strain rate (Benn and Ev ans, 1996; Van
der Wateren et al., 2000), due to changes in the shear strength,
which de pend mainly on the pore-wa ter pres sure. Usu ally the
wa ter pres sure in subglacial de pos its is higher close to the ice
sheet base and con se quently the rate of sed i ment de for ma tion
is there higher too (Van der Wateren, 2002; Iverson et al.,
2003). De for ma tion or i gin of the till is also sup ported by the
higher sand con tent in its lower part, re sult ing from of shear ing
and caus ing till en rich ment with the un der ly ing sandy de pos its.
This is sup ported by the clast ori en ta tion. Sim i lar, quite low iso -
tropy and high elon ga tion val ues char ac ter ize the tills which un -
der went both brit tle shear de for ma tion and more in ten sive plas -
tic shear ing. How ever, in the sec ond case mostly a weaker
clast fabic was re ported (Dowdeswall and Sharp, 1986; Benn,
1994; Hart, 1994, 1995; Benn and Ev ans, 1996). A sim i lar
clast-fab ric pat tern was also found in lodge ment till (Hart, 1994;
Benn and Ev ans, 1996). 

The ori en ta tion of the ki ne matic struc tures in the basal part
of the till and in the un der ly ing de pos its is slightly dif fer ent than
the fab ric in the mid dle and up per parts of the till. It can be in ter -
preted that, at a time when the till in the mid dle and up per parts
of unit B1 were sub jected to shear, its lower part was al ready
out side the de for ma tion zone and formed a more sta ble ho ri zon 
(see Hart et al., 1990; Benn, 1995). The thick ness of the de -
formed bed was pre sum ably small (approx. 10–30 cm), much
smaller than the thick ness of unit B1 in its en tirety, and prob a bly 
its lower bound ary moved steadily up wards while pro gres sive
de po si tion of till, took place. Grad ual up ward mi gra tion of a de -
for ma tion zone as a re sult of ac cu mu la tion of sed i ment be neath 
the gla cier was pos tu lated also by, among oth ers, Hart and
Boulton (1991) and Larsen et al. (2004). One of the ar gu ments
that sup port this in ter pre ta tion is the sim i lar value of the clast
fab ric in the whole till pro file (cf. Larsen et al., 2004).

Unit B2 con tains in its lower part also sig nif i cant traces of
de for ma tion. Nu mer ous at ten u ated lenses and string ers of
sand were cre ated as a re sult of fold ing and stretch ing of
subglacial sed i ments in the shear zone (cf. Benn and Ev ans,
1996; Van der Wateren et al., 2000). To ward the top of the unit,
the in ten sity of de for ma tion in creases, as ex pressed by smaller
thick nesses of sorted sed i ment struc tures. Low-an gle struc -
tures in the lower part pass ing into subhorizontal sandy lam i na -
tion grad u ally dis ap pear up wards re sult ing in a mas sive
diamicton. The lam i nar char ac ter of the till and the higher sand
con tent in its lower part in di cate that in ten sive shear ing took
place at the con tact of the two lithologically dif fer ent beds. The
lam i nar diamicton is sim i lar to the glacitectonite de scribed by
Benn and Ev ans (1996) and Ev ans et al. (2006). The more fi -
nite strain can be at trib uted to the over ly ing mas sive diamicton.
Prob a bly it is the suc ces sive part of the same de for ma tion ho ri -
zon, where the more in tense plas tic shear ing close to the ice
sheet base led to sed i ment ho mog e ni za tion.

An im por tant ques tion is re lated to the or i gin of the sand in
the bot tom part of till B2. This type of sorted sed i ments within
the till has of ten been in ter preted in dif fer ent ways (e.g.,
Ruszczyñska-Szenajch, 1987; Benn and Ev ans, 1996;
Piotrowski et al., 2006). In this case it seems most prob a ble that 
this de posit was con nected with subglacial drain age. The struc -

tures of the sorted sed i ments re lated with subglacial wa ter flows 
in the de for ma tion till have been de scribed by, among oth ers,
Brown et al. (1987), Benn and Ev ans (1996), John son and Han -
sel (1999). Ini tially the sand formed a much larger and more
con tin u ous lithosome within the till, but was later sig nif i cantly
de stroyed as a re sult of shear ing.

The till at the Bia³a site has most fea tures of a de for ma tion
till. A dis tinct vari a tion in the strain rate in the till suc ces sion in di -
cates a com plex for ma tion pro cess, evolv ing over time. The till
was de pos ited mainly as a re sult of par ti cles sta bi liz ing from the
base of the de for ma tion ho ri zon, which moved slowly up wards.
How ever, this was not a con tin u ous pro cess. It seems that the
changes in the in ten sity of the de for ma tion were strongly re lated 
with the de vel op ment of subglacial drain age. A melt wa ter flow
at the ice-bed con tact was pos si ble when the ef fec tive pres sure
in the gla cier base was close to zero. Ac cord ing to Iverson et al.
(1994, 1995, 2003) the in ten sity of subglacial shear ing de -
creases un der such con di tions as a re sult of de coup ling of the
gla cier from its bed; thus the shear stresses af fect ing the till
were sig nif i cantly re duced. Con se quently, the in ten sity of the
de for ma tion as well as the thick ness of the de for ma tion ho ri zon
had to de crease. More over, the drain age caused a tem po ral re -
duc tion of the pore-wa ter pres sure, which in turn gave rise to a
lo cal in crease in sed i ment con sol i da tion. The lo cal in crease of
sed i ment shear strength prob a bly was also de rived from the
pres ence of sand bod ies (con nected with subglacial melt wa ter
flows) within the till. The sand was not equally in ten sively
sheared as the till. Con se quently it was not com pletely mixed
with the diamicton and lo cally was pre served in the form of mac -
ro scop i cally vis i ble struc tures. 

THE G£OGÓWEK SITE

The G³ogówek gravel pit is sit u ated on the out skirts of the
town of G³ogówek, approx. 1.5 km E of the Osob³oga River val -
ley (left bank trib u tary of the Odra River). It is lo cated close to
the north ern edge of the G³ubczyce Pla teau, on the wide ac cu -
mu la tion plain that gently slopes to ward the Odra val ley (Fig. 1).
The area is built of Qua ter nary de pos its of 10–30 m thick,
mainly al lu vial gravel and sand, which cover the Neo gene suc -
ces sion.

LITHOFACIES DESCRIPTION

In the lower part of the ex po sure a mas sive gravel oc curs
(Fig. 7). A 1.5–2.0 m thick layer of sand and grav elly sand cov -
ers the lower gravel. These de pos its form a lithofacies with hor i -
zon tal, trough or pla nar cross-strat i fi ca tion. Di rec tional and
petrographic data in di cate that the sed i ments un der the till were
de pos ited by a river run ning from South. They were de pos ited
prior to the ice sheet ad vance on the vast, gently slop ing
Osob³oga River al lu vial plain. A till over lies the grav elly-sandy
sed i ments (Fig. 7). Its ero sional top is cov ered by loess.

The till in the ex po sure reaches a thick ness of up to 2 m. It is
a ma trix-sup ported sandy diamicton of rusty brown col our, with
a low con tent of gravel. The ma trix con tains on av er age 55%
sand, 25% silt and 20% clay. Lo cally a thin (1–3 cm) layer of
mas sive sand with de stroyed sed i men tary struc tures is pres ent
be low the till. The un der ly ing de pos its are com monly not de -
formed. They con tain only few low-an gle or subhorizontal shear
plains. The basal con tact is sharp and flat (Fig. 8A). Only in a
few places small till wedges and folds oc cur (Fig. 8B). The till
has a mas sive struc ture. In the lower part of the unit rare elon -
gated sand lenses are vis i ble. These struc tures are slightly in -
clined to ward the north (Fig. 8C). In the basal part of the till, an
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elon gated gran ite boul der was found (Fig. 8D). It was sit u ated
in clined into the di rec tion of the ice sheet move ment to ward the
SSE and it dipped 40°. The basal part of the till be low the boul -
der is slightly bent down wards so that the boul der does not pro -
trude from the till into the un der ly ing de pos its (Fig. 8D).

The fab ric shows a very strong ori en ta tion of the clasts. The
val ues of the vec tors are S1 = 0.740–0.870, and S3 =
0.027–0.046. The iso tropy pa ram e ter is low (I = 0.03–0.062),
whereas the elon ga tion pa ram e ter, in turn, is high (E =
0.91–0.83). The mean di rec tion of the long axis align ment is
NNW–SSE (Fig. 6). The dis tri bu tion is unimodal. 

INTERPRETATION

The flat and sharp lower bound ary, the mas sive struc ture,
and es pe cially the very high val ues of clast ar range ment sug -
gest that the diamicton is a basal till. The same fea tures, to -
gether with the low fre quency of de for ma tion struc tures in the
un der ly ing sand, sug gest lodge ment as the main pro cess of till
for ma tion. In turn, the in di vid ual at ten u ated sand lenses that are 
pres ent in the lower part of till in di cate at least lo cal de for ma tion. 
The sand lenses most prob a bly rep re sent de pos its from the
sub strate in cor po rated in the till. A small num ber of these struc -
tures sug gest that the fold ing oc curred only lo cally, or that the
in ten sity of de for ma tion was so high that the in cor po rated
sands be came com pletely mixed with diamicton (cf. Boulton,

1996; Van der Wateren, 2002). The till or i gin can also be de -
duced from the ori en ta tion of the large boul der in the basal part
of the till. The in cli na tion of the boul der in the di rec tion of ice
sheet move ment sug gests that it was ro tated as a re sult of
shear ing. In a lodge ment till, large boul ders usu ally are ori ented
subhorizontally (Hart, 1995). Be fore de tach ment from the ice,
they usu ally plough the un der ly ing de pos its (Brown et al., 1987;
Tulaczyk et al., 2001). In the case un der study, how ever, the
down ward bend ing of the lower bound ary of the till be low the
boul der sug gests rather its ver ti cal ro ta tion than plough ing
(Fig. 9). More over, the up per sur face of the boul der shows no
clear signs of abra sion as typ i cal for lodge ment till (Piotrowski et 
al., 2001). Hart (1994) claimed that the rate of clasts ar range -
ment in thin de for ma tion tills can also be very high. The same
con clu sion was reached by Hooyer and Iverson (2000) on the
ba sis of lab o ra tory ex per i ments. 

From this fol lows that an un equiv o cal iden ti fi ca tion of the till
or i gin is dif fi cult. For its for ma tion, both lodg ing and de for ma tion
pro cesses were pre sum ably im por tant. It seems that the lower
part of the till prob a bly formed a sta ble sub strate for the gla cier.
This may have been caused by the highly per me able gravel and 
sand un der neath. In this way the till could have been ef fec tively
drained, but in spite of this the basal pore pres sure was prob a -
bly high enough for at least lo cal shear-in duced de for ma tion of
a thin layer be low the base of the ice sheet. It sug gests that
gravel and sand de pos its of the sub stra tum were not suf fi cient
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Fig. 7. Schematic sediment log and clast fabrics at the G³ogówek site

For explanations see Figure 3 and Table 1



to evac u ate to tal mass of melt wa ter pro duced at the ice-bed in -
ter face. This con clu sion is sup ported by the small amount of
brit tle de for ma tion, which would be ex pected if the till had cov -
ered a well drained sub stra tum, thus preventing maintenance
of a high basal water pressure. 

DISCUSSION

SUBGLACIAL CONDITIONS AND MECHANISMS 
OF ICE SHEET MOVEMENT

The three sites un der study pro vide some clues that help re -
con struct ing the depositional and deformational con di tions
(ther mal re gime, basal pore wa ter pres sure) pres ent at the

base of the Up per Odra ice lobe. The till with few de for ma tions
and nu mer ous traces of subglacial wa ter flows at the ice-bed
con tact, and the de for ma tion till in di cate that the ice at the base
of the Up per Odra ice lobe was in the melt ing point of ice un der
pres sure (Fig. 10). Both types of till sug gest a low ef fec tive pres -
sure in the ice sheet base, as a con se quence of the high
pore-wa ter pres sure there. At least lo cally (see the Niwnica site) 
it had reached val ues equal to the over bur den ice pres sure. 

The basal till with out dis tinct de for ma tions and with nu mer -
ous traces of subglacial melt wa ter flows sug gests that the ice
sheet was mostly slid ing (see Brown et al., 1987; Piotrowski and 
Tulaczyk, 1999). Hor i zon tal laminae of sorted sed i ment in the
basal part of the till at the Niwnica site re cord the pro cess of hy -
drau lic flow in the gla cier's sole as a re sult of a very low ef fec tive 
pres sure, caus ing ice sheet flo ta tion. Sep a ra tion of the ice
sheet from its bed by a wa ter film re duced both the fric tion in the
con tact zone and the shear stress af fect ing the subglacial de -
pos its. The most ex ten sive slip prob a bly took place then.
Piotrowski and Kraus (1997) and Piotrowski and Tulaczyk
(1999) as sumed that, if the ef fec tive pres sure in the Scan di na -
vian Ice Sheet base was per ma nently low (approx. 0), ice sheet
move ment as a re sult of slid ing could oc cur all the time. 

The pres ence of de for ma tion till (the Bia³a site) in di cates
that in some ar eas the ice sheet also moved as a re sult of
subglacial shear ing of de pos its. In that case, the ice-bed cou -
pling had to be stron ger. Pre sum ably the ef fec tive pres sure
reached low val ues (which re sulted in a low shear strength of
the de pos its), but as a rule higher than zero. These con di tions
en abled the trans fer of the shear stress from the sole of the
mov ing ice sheet to the un der ly ing sed i ments and con se quently 
their de for ma tion (see Brown et al., 1987; Iverson et al., 1995,
2003; Piotrowski and Tulaczyk, 1999; Tulaczyk, 1999; Bennett,
2003). The dif fer ent scales of fi nite shear strain in the ver ti cal
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Fig. 8. Till at the G³ogówek site

Sec tions in all pho to graphs ori ented ap prox i mately par al lel to the for mer ice sheet move ment di rec tion, which was from left to right; A 
– sharp con tact of the till with the un der ly ing sandy-grav elly de pos its; B – small de for ma tion struc ture (re cum bent fold) in the con tact
zone; C – sin gle elon gated sand in clu sion in the bot tom part of the till; D – gran ite boul der in the basal part of the till, the boul der dips
into the di rec tion of ice sheet move ment, the lower bound ary of the till just be low the boul der is slightly bent down wards

Fig. 9. Scheme of potential boulder behavior 
at the ice sheet base

A – in the de for ma tion till, as a re sult of clast ro ta tion the bot tom till
sur face be low the clast is bent down wards; B – in the lodge ment till,
clast plough ing pre ceded its de po si tion, the lower bound ary of the
till be low the plough ing clast is flat



pro file of till re flect the pe ri odic vari a tion of its in ten sity. The
sands de rived from unchannelized or poorly channelized
subglacial melt wa ter flows, which were in volved in the de for ma -
tion struc tures, sug gest that pe ri od i cally con di tions of sig nif i -
cant re duc tion of de for ma tion in ten sity could ex ist at the ice
sheet base. The ef fec tive basal pres sure was then close to
zero, which could in duce basal slid ing. How ever, the drop of the 
pore-wa ter pres sure af ter an ep i sode of drain age was prob a bly
much larger than in the case of the till with few de for ma tions
and with traces of subglacial wa ter flows at the ice-bed con tact.
This in di cates that a de for ma tion till can ar chive the cy cles of
changes in strain rate, in clud ing their di min ish ing, ceas ing and
re ac ti va tion (see Boulton et al., 2001; Larsen et al., 2004;
Piotrowski et al., 2004; Narloch et al., 2012, 2013). This con clu -
sion is con sis tent with the ob ser va tions of some mod ern gla -
ciers, which in di cate tem po ral vari a tions of the basal move ment 
type: from subglacial de for ma tion to basal slid ing as a re sult of
changes in the basal wa ter pres sure (Blake et al., 1992, 1994;
Fischer and Clarke, 1994, 1997, 2001; Iverson et al., 1994,
1995; Hooke et al., 1997; Fischer et al., 1999; Hart et al., 2009).
If the wa ter pres sure at the base of the Up per Odra ice lobe fluc -
tu ated largely all the time, the just-men tioned changes of basal
move ment could oc cur of ten and even cy cli cally. How ever, it
seems that these changes can be re corded rarely in the till, due
to later de for ma tion pro cesses, which erase the sed i men tary
traces of slip phases (see Ev ans et al., 2006). 

The till at G³ogówek seems more dif fi cult to in ter pret. It can
be con sid ered as a subglacial trac tion till re sult ing from a wide
range of pro cesses, in clud ing clast lodge ment and sed i ment

de for ma tion (Ev ans et al., 2006). This ex am ple of till is very im -
por tant for the study area, be cause sim i lar quite coarse-grained 
de pos its con sti tuted mostly the ice sheet base in the ax ial part
of Up per Odra ice lobe which ad vanced through a large val ley
filled with al lu vial de pos its. The highly per me able grav -
elly-sandy sub strate sug gests that rel a tively ef fi cient drain age
of basal melt wa ter could take place there through inter gra nu lar
flow. On the other hand, the lack of dis tinct ev i dence of brit tle
de for ma tions at the G³ogówek site does not in di cate a high
stress in the subglacial sed i ments, which should have been re -
corded in the till un der high-fric tion con di tions. Pre sum ably the
basal melt wa ter pres sure was rel a tively high there, de spite the
coarse-grained tex ture of the un der ly ing sed i ments. This was
prob a bly an ef fect of the pres ence of poorly per me able sed i -
ments be low the grav elly-sandy al lu vial se ries, and prob a bly
also large quan tity of subglacial melt wa ter which has been pro -
duced at the ice bed.

The three sites dealt with in the pres ent study in di cate a
com plex pro cess of till de po si tion by the Up per Odra ice lobe.
They prove spa tial and tem po ral vari a tions of the mech a nisms
in volved in the basal ice sheet move ment. It was mainly the ef -
fect of fluc tu a tions in the subglacial pore-wa ter pres sure, which
was strongly re lated with the ge ol ogy of the ice sheet's sub stra -
tum. The re sults of this study are con sis tent with the con cept of
a mo saic char ac ter of the sub stra tum of for mer ice sheets, com -
posed of sta ble, non-de formed, mostly slid ing and de formed
patches (Piotrowski et al., 2004). It seems that, in the case of
the Up per Odra ice lobe, subglacial de for ma tion was an im por -
tant pa ram e ter for the ice sheet move ment, al though its role
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Fig. 10. Simplified diagram showing the main mechanisms of the Upper Odra ice lobe movement 
and their connection with subglacial conditions, which determine the strength of the substratum 

and the style of subglacial deposition



can not be es ti mated pre cisely. The de for ma tion did not have a
per va sive char ac ter and was prob a bly re stricted to a thin bed,
of which the thick ness was chang ing with time. 

THE INFLUENCE OF THE SUBSTRATUM'S LITHOLOGY 
ON THE LOBE DEVELOPMENT

The till de po si tion took place un der spa tially dif fer ent con di -
tions re sult ing largely from the dif fer ent types of sed i ment of the
ice sheet sub stra tum (Figs. 2 and 10). The li thol ogy of these sed -
i ments and the basal pore-wa ter pres sure, which af fected the
shear strength of the de pos its of the bed and the strength of the
ice-bed cou pling, were di rectly re lated (see Kamb et al., 1985;
Iverson et al., 1994, 1995; Piotrowski et al., 2004; Ev ans et al.,
2006). The subglacial wa ter pres sure de pended on the rate of
melt wa ter sup ply, but also on the granulometry of the sed i ments,
which in flu enced the per me abil ity of the ice sheet sub stra tum
(Boulton and Jones, 1979; Boulton et al., 2001; Piotrowski et al.,
2004; Rob erts and Hart, 2005; Piotrowski et al., 2006). In the
study area, the im pact of the sub stra tum li thol ogy on the
subglacial hy drau lic con di tions was, how ever, not al ways
straight for ward. It seems that very fine-grained sed i ments, such
as clays, which can be re garded as aquitards, had a di rect in flu -
ence. It caused an im me di ate in crease of the basal wa ter pres -
sure and trig gered slip at the base of the ice. The Up per Odra ice
lobe moved di rectly over a clayey bed only in re stricted ar eas
(Fig. 2), es pe cially in some inter-val ley re gions. In the cases
where the sed i ments at the base of the ice sheet were more per -
me able, such as in the case of sand and gravel, its re la tion ship
with the subglacial hy drol ogy and basal pore-wa ter pres sure was 
more com plex: in ad di tion to the granulometry of the de pos its
also their thick ness, lat eral ex tent and the ge om e try of the aqui -
fers were very im por tant. The out flow from these wa ter-bear ing
ho ri zons could some times take place with out prob lems, but in
other cases the basal wa ter could not flow out freely and thus be -
came stored, with con se quently an in crease in pore-wa ter pres -
sure, in spite of the their coarse-grained na ture. It ap pears from
the pres ent study that, in the zone of val leys where the ice flow
was con cen trated, prob a bly con di tions pre vailed that fa voured
the main te nance of a high subglacial wa ter pres sure. This was
caused by the pres ence of the low-per me abil ity Neo gene clay
un der the Qua ter nary sed i ments. Im por tant were also the ge om -
e try and the size, e.g. the thick ness and lat eral ex tent of the de -
pos its in the val leys; these de pos its be come thin ner to ward the
south, which caused even a fur ther in crease of the pres sure of
the subglacial wa ter. 

The pos si ble im pact of per ma frost in the study area is not
known. Its oc cur rence at the ice sheet mar gin may have sig nif i -
cantly af fected the basal wa ter pres sure through a pos si bly sig -
nif i cant re duc tion of ground wa ter out flow from thin subsurface
aqui fer ho ri zons onto the area in front of the ice sheet (see
Piotrowski, 1997; Clay ton et al., 1999; Cut ler et al., 2000; Waller 
et al., 2009; Wysota et al., 2009; Narloch et al., 2013; Szuman
et al., 2013). A sin gle wedge struc ture, which could in di cate the
pres ence of per ma frost be fore the ice sheet ad vanced, was
pres ent in the gravel un der the till at the G³ogówek site. This
makes im pact of this fac tor on the subglacial pro cesses highly
prob a ble, al though fur ther study of this is sue is re quired.

In com par i son to the ar eas of the river val leys, it seems that
in the inter-val ley ar eas, where the thick ness of the Qua ter nary
de pos its is small (Bia³a site) or where Neo gene clays are ex -
posed at the sur face (Niwnica site) even higher pres sure con di -
tions could have oc curred at the base of the ice sheet. The re -
sis tance that this sub stra tum ex erted on the ad vanc ing ice
sheet was lo cally smaller here than in the val leys, which the o -

ret i cally could have re sulted in a faster move ment of the ice
sheet. The pres ent study sug gests that it was, how ever, just the
op po site: a slightly lower rate of ice sheet move ment in the
inter-val ley area, es pe cially in the more outer zone of the lobe,
must have re sulted from the more var ied re lief of the sub stra -
tum. Con se quently, glaciotectonic de for ma tions could have de -
vel oped more fre quently; these were the re sult of fric tion
caused by mor pho log i cal ob sta cles. As a re sult, the largest
valleys remained the main pathways of the moving ice. 

An other im por tant and poorly rec og nized is sue on the study
area is the na ture of the subglacial drain age sys tem. It has be -
come clear from nu mer ous stud ies that the sub soil of the Scan -
di na vian Ice Sheet was not able to drain the to tal mass of wa ter
through the sed i ments at the base in the form of ground wa ter
flows (Piotrowski, 1997; Piotrowski et al., 2001, 2006). The
most ef fec tive drain age took place through spe cific drain age
sys tems, mainly large tun nel val leys (cf. Piotrowski, 1994; Clay -
ton et al., 1999). How ever, subglacial drain age could take also
an other forms, for in stance through a net work of smaller chan -
nels, linked cav ity sys tems or a thin wa ter layer at the ice-bed in -
ter face (Benn and Ev ans, 1996; Ev ans et al., 2006).

In the area of Up per Odra ice lobe only few large subglacial
tun nel val leys have been rec og nized, and these were al most all
con nected with older glaciations (Lewandowski, 1988). Only
one ero sive subglacial tun nel, with a sys tem of eskers cor re -
lated di rectly with the Up per Odra ice lobe, was found in the
north ern part of the study area (Salamon, 2009). An im por tant
ques tion is why no more large tun nel val leys were formed there. 
The lack of them can in di cate the pres ence of a more dif fuse
drain age sys tem in the form of linked cav i ties, ca nals or smaller
braided chan nels (see Clark and Walder, 1994; Walder and
Fowler, 1994) or sheet-like flows (see Piotrowski et al., 2001;
2006; Creyts and Schoof, 2009; Lesemann et al., 2010). It
seems that this would fa vour the lobe de vel op ment by con tin u -
ous main tain ing high-pres sure con di tions, which fa cil i tated the
rel a tively rapid flow of ice.  

The tills un der study in di cate that the con di tions at the base
of the Up per Odra ice lobe fa voured fast ice flow, sug gest ing
that the lobe was con tin u ously fed by the main ice stream
(Salamon, 2012), es pe cially that the tills were de pos ited in the
more mar ginal part of the lobe, away from the cen tral area
where a higher ice ve loc ity would be ex pected.

CONCLUSIONS

The till of the Up per Odra ice lobe is char ac ter ized by vari a -
tions in space. As a rule, the lower part of the till pro files con sists 
of a basal till with dif fer ent in ten si ties of de for ma tion, as so ci ated 
with ac tive ice movement.

The va ri ety of basal tills in di cates that a large lat eral dif fer -
en ti a tion of con di tions oc curred in the sub stra tum of the Up per
Odra ice lobe. This was largely the re sult of the vary ing li thol ogy
of the ice sheet base. The li thol ogy con trolled the basal wa ter
pres sure, and thus the strength of the ice-bed cou pling, as well
as the strength of the subglacial sed i ments them selves. The
var i ous strain rates in the till pro files in di cate that the con di tions
at the ice sheet base also changed with time; the fluc tu a tions of
the basal wa ter pres sure were probably the main reason.

The low per me abil ity of the Qua ter nary sub stra tum, built
mainly of Neo gene clays, and the rel a tively small thick ness of
the Qua ter nary sands and grav els, which con sti tute the main
aqui fers, re sulted in a high wa ter pres sure at the ice sheet base. 
Con se quently the ice sheet was highly mo bile, even on the
coarse-grained substratum.
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The move ment of the Up per Odra ice lobe was con cen -
trated at the basal zone of the ice sheet. The main mech a nisms
of basal mo tion were slid ing and the de for ma tion of subglacial
sed i ments. In ten sive subglacial de for ma tion oc curred only in
re stricted ar eas. Their in ten sity var ied with time, to gether with
changes of the effective pressure. 
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