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The glaciomarginal zone in front of the Opava Moun tains (East ern Sudetes) shows com plex re lief. This re lief re sulted dur ing the Pleis to -
cene in glaciomarginal sed i men ta tion that dif fered from sed i men ta tion in low lands. Sedimentological anal y sis was car ried out on de pos -
its of the Odranian Gla ci ation, when the Scan di na vian ice sheet reached its max i mum ex tent in the East ern Sudetes fore land. Three sites
in the fore land of the Opava Moun tains, sit u ated in the up per reaches of the Troja River val ley, were ex am ined. It ap pears that the sed i -
men ta tion was con trolled pri mar ily by the re lief of the sub stra tum, and changed with the po si tion of the ice front. Glaciomarginal fans of
dif fer ent size formed in the Troja River val ley, which was par al lel to the ice sheet front. They passed dis tally into the val ley outwash
plain, the for ma tion of which was also in flu enced by moun tain rivers, the role of which though changed with time. Oc ca sion ally, wa ter
flowed from ice-dammed lakes in neigh bour ing val leys into the Troja River val ley.
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INTRODUCTION

The Scan di na vian ice sheet reached the fore land of the
Sudetes  (S Po land) sev eral times dur ing the Pleis to cene (An -
ders, 1939; Jahn, 1960; Walczak, 1966, 1972; Badura et al.,
1998). The re lief of the area con trolled the di rec tion of ice sheet 
ad vance, and also con sid er ably in flu enced the sed i men tary
con text and thus the pre vail ing sed i men ta tion pro cesses. The
sed i men tary con di tions in the fore land of the Opava Moun tains 
(which form part of the Sudetes) are dealt with here. The de -
pos its in ves ti gated are lo cated in the Troja River val ley, i.e. in
the south east ern part of the Głubczyce Pla teau (Fig. 1), and
were de pos ited dur ing the Odranian Gla ci ation. The de pos its
were ex am ined at three sites in the up per reaches of the val ley
(Fig. 2). They re cord de po si tion in dif fer ent mor pho log i cal sit -
u a tions con di tioned by the ice sheet front that ad vanced to its
max i mum ex tent.

Re search on the glaciogenic de pos its of the Głubczyce Pla -
teau was ear lier car ried out by Jahn (1968). His study con -
cerned the stra tig ra phy of the de pos its and the palaeogeo -

graphic evo lu tion of the pla teau dur ing the Qua ter nary. Badura
et al. (1994, 1996a, b) car ried out geo log i cal map ping there. 

The close con nec tion be tween the evo lu tion of the
glaciomarginal zone and the bed rock mor phol ogy in moun tain
and foremountain re gions has been re ported by many re search -
ers (e.g. Walczak, 1957, 1969, 1970, 1972; Jahn, 1960, 1968,
1969; Szponar, 1974, 1986; Szczepankiewicz, 1984). The
pres ent study fo cuses on this con nec tion, with em pha sis on
sedimentological anal y sis — an ap proach not com monly used
in the ear lier stud ies. The new re search was car ried out at sev -
eral sites in the Sudetic fore land, mostly in a strati graphic and
palaeogeographic con text (cf. Brodzikowski and Van Loon,
1984; Krzyszkowski 2001; Krzyszkowski and Allen, 2001;
Krzyszkowski and Karanter, 2001). 

METHODS AND TERMINOLOGY

In the three ex po sures stud ied, sed i men tary lithofacies were 
dis tin guished us ing Miall’s (1978) lithofacies code, mod i fied
by Zieliński (1992) (Ta ble 1). In the fa cies-as so ci a tion code,



the main lithofacies with lower fre quency of oc cur rence have
been placed be tween brack ets. A two fold or, in some com pli -
cated cases, three fold di vi sion of depositional units has been
used, with a dis tinc tion of lithofacies, fa cies as so ci a tions and
se ries. Three classes of thick ness are used: thin units (up to
6 cm), in ter me di ate units (6 to 30 cm) and thick units (more
than 30 cm). The var i ous sym bols used in the di a grams are ex -
plained in Fig ure 3.

REGIONAL SETTING

The Opava Moun tains are a small part of the east ern
Sudetes (Fig. 1), com posed of Car bon if er ous rocks. The higher
parts are sit u ated 500–900 m a.s.l., whereas the mar ginal parts
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Fig. 1. Ex tent of the Up per Odra Lobe (solid grey line)
 and the lo ca tion of study area

G. P. — Głubczyce Pla teau, R. P. — Rybnik Pla teau  

T a  b l e  1

Lithofacies code sym bols used
in this study

Grain-size codes 

G gravel

GS sandy gravel

SG grav elly sand

S sand

D diamicton

Codes for sed i men tary struc ture 

m mas sive struc ture

h hor i zon tal strat i fi ca tion

r rip ple coss-lam i na tion

l low-an gle cross-strat i fi ca tion

p pla nar cross-strat i fi ca tion

t trough cross-strat i fi ca tion

Fig. 3.  Sym bols used in Fig ures 4B, 6B and 8B

Fig. 2. Re lief of the south ern part of Głubczyce Pla teau
and lo ca tion of the sites

1 — Włodzie nin site, 2 — Lewice site, 3 — Zopowy site
(heavy dashed line shows ap prox i mate po si tion of ice sheet
mar gin dur ing its max i mum ex tent)



have an el e va tion of 400–500 m a.s.l., pass ing NE-wards into
the Głubczyce Pla teau, which is com posed mainly of Late Mio -
cene strata that are over lain by Pleis to cene de pos its. The
Głubczyce Pla teau was ice-cov ered dur ing the Sanian and
Odranian glaciations (Środoń, 1957; Lewandowski, 1988;
Badura et al., 1996a). The de pos its of the Odranian Gla ci ation
are some times ex posed, but com monly oc cur un der a loess
cover of Vistulian age (Badura et al., 1994). The in cised sur -
face of the pla teau de scends to wards the N-NE from
280–300 m a.s.l. to 220–240 m a.s.l.

The Osobłoga River that flows from the moun tains di vides
the Głubczyce Pla teau into two parts. The pres ent study was car -
ried out on the SE part of the pla teau (Fig. 2). The Troja and
Psina rivers jointly form a small river sys tem run ning par al lel to
the moun tain range. The axes of their val leys run to the SE
(Fig. 2), to wards the Odra River val ley. Dur ing the Odranian
Gla ci ation, these two rivers flowed prob a bly within one wide
val ley, which only in its up per sec tion was di vided into two de -
pres sions, sep a rated by a hill com posed of Car bon if er ous rocks.
In the opin ion of Jahn (1968), this val ley was a zone of SE-di -
rected glaciomarginal drain age par al lel to the ice front. 

The ice sheet in vaded the study area from the NE. The ex act 
po si tion of the max i mum ex tent of the ice sheet in this part of
the Głubczyce Pla teau is un known, be cause end mo raines are
ab sent and bore hole data are am big u ous. It is, how ever, more
or less ac cepted that the ice sheet reached the slopes of the
Opava Moun tains (Badura et al., 1996a, b).

DESCRIPTION AND INTERPRETATION
OF THE SITES INVESTIGATED 

The three sites un der study are sit u ated in the up per reaches
of the Troja River val ley, sev eral kilo metres apart from each
other (Fig. 2). The de pos its ex am ined rep re sent slightly dif fer -
ent stages of glaciomarginal de po si tion of the fi nal phase of the
max i mum ice sheet ad vance. 

WŁODZIENIN SITE

The Włodzienin site is sit u ated at the wa ter shed be tween
the val leys of the Troja and Psina rivers, on the val ley side of a
small left-bank trib u tary of the Troja River (Fig. 4A). 

LITHOFACIES CHARACTERISTICS

The grav elly-sandy and sandy de pos its in this ex po sure,
with a till on top, con sti tute six fa cies as so ci a tions (Fig. 4B).
Glaciogenic de pos its are cov ered by thin bed of loess. The to tal
ex posed thick ness is about 12 m.

The low er most fa cies as so ci a tion (1) — GSp, GSt, (Gh, Sh, 
Sp) — con sists of fine-grained gravel and sandy gravel form -
ing thick units with pla nar cross-strat i fi ca tion (GSp) (Fig. 4B).
Thick grav elly and grav elly-sandy lithofacies with trough
cross-strat i fi ca tion (GSt) are also com mon. Units of hor i zon -
tally strat i fied grav els (Gh) are less fre quent. Sandy lithofacies
with hor i zon tal strat i fi ca tion (Sh) and pla nar cross-strat i fi ca -
tion (Sp) also oc cur, but are of sec ond ary im por tance. The ori -

en ta tion of the cross-bed ding in di cates palaeocurrents that
flowed to wards the ESE (Fig. 4B). Grav els are dom i nated by
quartz clasts (about 40%). Car bon if er ous sand stones con sti tute
28%. Crys tal line rocks, in clud ing both Scan di na vian and
Sudetes ma te rial, con sti tute about 10%.

Fa cies as so ci a tion (2) — Sh, (Sr, Sm) — is com posed of
fine-grained sand, mostly with hor i zon tal lam i na tion (Sh)
(Fig. 4B). Thin (3–6 cm) interlayers of sand with rip ple cross-
 lam i na tion (Sr) and mas sive sand (Sm) oc cur spo rad i cally.

Fa cies as so ci a tion (3) — St — con sists of a coset of ex -
tremely large trough struc tures with thick nesses reach ing
1–1.5 m and widths of about 20–25 m (Fig. 4B). It is com posed
of coarse- and me dium-grained sands, some times with an ad -
mix ture of fine-grained grav els. The thick ness and width of this 
lithofacies de crease lat er ally (to 50–70 cm and 4–6 m, re spec -
tively). The axes of the thick trough struc tures have an
ESE–WNW ori en ta tion.

The thin fa cies as so ci a tion (4) — GSp — which is found on 
top of fa cies as so ci a tion (3), con tains sev eral beds of sandy
gravel with pla nar cross-strat i fi ca tion and thick nesses of
20–40 cm (Fig. 4B). This as so ci a tion is char ac ter ized by dip di -
rec tions of cross-strata al most op po site to those mea sured in the 
un der- and over ly ing de pos its. They in di cate north wards —
run ning palaeocurrents (Fig. 4B).

Fa cies as so ci a tion (5) — Sp, (Sh, St, Sr) — is dom i nated by 
lithofacies of fine- to coarse-grained in ter me di ate sand lay ers
with pla nar cross-strat i fi ca tion (Sp). In ter me di ate units of sand
with hor i zon tal strat i fi ca tion (Sh), trough cross-strat i fi ca tion
(St) or rip ple strat i fi ca tion (Sr) are less fre quent. The cross-
 strat i fi ca tion in di cates that palaeocurrents flowed to wards the
S-SW (Fig. 4B).

The sandy de pos its are over lain by a sandy-silty diamicton
Dm (6) about 5–6 m thick (Fig. 4B). Its basal con tact is sharp.
A thin layer (15–25 cm) of grey, strat i fied diamicton is pres ent
in the lower part. It is over lain by 2.5–3 m of brown, mas sive
diamicton, in which lo cally a sys tem of small oblique frac tures
and sets of shear planes, mostly of P and R type, is pres ent, ori -
ented in NE–SW. The fab ric shows a strongly pre ferred ori en -
ta tion of clasts (Fig. 4B). The mas sive diamicton is capped by a
layer of light brown diamicton about 3 m thick. This strongly
weath ered de posit is usu ally mas sive, but lo cally has a lam i -
nated struc ture. In ter ca la tions of gravel and sand-rich dia -
micton, with cha otic ori en ta tion of clasts, are found at sev eral
places in the ex po sure. 

INTERPRETATION OF THE SEDIMENTARY ENVIRONMENT
AND PALAEOGEOGRAPHY

The de pos its of fa cies as so ci a tion (1) were formed by a
tem po rarily high-en ergy braided river with var i ous types of
chan nel-bed re lief. The thick lithofacies GSp in di cates a mod -
er ately deep chan nel dom i nated by trans verse bars with dis tinct 
progradational fronts accreting dur ing floods (cf. Smith 1971;
Miall 1977, 1996; Cant 1978). The grav elly lithofacies with
trough cross-strat i fi ca tion (GSt) formed in the thal wegs, where
the cur rent ve loc ity was the high est. Un der con di tions of
high-en ergy dis charge, the chan nel bed was eroded, and the re -
sult ing troughs were filled with gravel when flow com pe tence
de creased (cf. Siegenthaler and Huggenberger, 1993; Slat er,
1993). Gravel sheets were de pos ited from crit i cal and super -
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Fig. 4. A — to pog ra phy of the study area with the Włodzienin site lo ca tion (ar rowed);
B — sed i men tary logs from the Włodzienin site

For ex pla na tions see Fig ures 2, 3 and Ta ble 1



criti cal cur rents in shal lower zones of the chan nels (the or i gin
of lithofacies Gh). The sandy lithofacies rep re sent de po si tion
dur ing stages of lower wa ter in the main chan nels, or flood
stages in sec ond-rank chan nels.

The thick ness of the lithofacies in di cates that they were de -
pos ited in a river with high dis charge. There fore, they do not
seem to be de pos its of the Troja River. How ever, the Osobłoga
River was dammed by the ice sheet a dozen kilo metres to the
NW of the site (Figs. 2 and 5A). Its wa ters very prob a bly over -
flowed the low wa ter shed and ran through the Troja–Psina val -
ley sys tem at the time. Such an or i gin is sup ported by the
eastwards di rec tion of the palaeocurrents, and by the
petrographic com po si tion of the gravel, which in cludes mostly
ma te rial de rived from the Osobłoga River catch ment area, i.e.
Car bon if er ous sand stones. The pres ence of crys tal line rocks
sug gests that the river sys tem was also fed by gla cial wa ter. The 
sed i ments were prob a bly de pos ited while the ice sheet ad -
vanced in the val ley area.

Fa cies as so ci a tion (2) re flects a dis tinct change of depo -
sitional en vi ron ment. The pre dom i nantly hor i zon tally strat i fied 

fine-grained sands (Sh) were de pos ited by very shal low cur -
rents un der up per-stage plane-bed con di tions. The wide ex tent
of this lithofacies in di cates de po si tion from sheetflows. This
prob a bly oc curred on a dis tal glaciomarginal fan (Zieliński and
Van Loon, 1999, 2000) prograding over an al lu vial plain
(Fig. 5B). The wa ters of the Osobłoga River then prob a bly no
lon ger flowed into the Troja–Psina val ley.

The over ly ing fa cies as so ci a tion (3) of the very thick
lithofacies St rep re sents com pletely dif fer ent hy dro dy namic
con di tions. Lithofacies St formed in a deep zone in a chan nel
with high-en ergy cur rents. The ero sion/ac cu mu la tion struc -
tures prob a bly rep re sent sets of large dunes. Com pa ra ble, 1 m
thick, lithofacies St have been de scribed by, among oth ers,
Gibling and Rust (1987), who also re lated them to large 3-D
dunes. This sug gests a very large size of the chan nel and great
power of the cur rents. In my opin ion, the gen e sis of the St unit
was, how ever, some what dif fer ent, viz. by sed i men ta tion dur -
ing one or sev eral flood ep i sodes in the Troja–Psina val ley.
Many re search ers re late this type of lithofacies with the de pos -
its formed in the main sand-bed chan nels of braided sys tems

(Cant, 1978; Zieliński and Van Loon,
2003) be cause they must re sult from
strong fluc tu a tions in dis charge, typ i -
cal of the proglacial river en vi ron -
ment (Miall, 1978; Cant and Walker,
1978; Brodzikowski and Van Loon,
1991). The thick ness of the trough
struc tures and their oc cur rence be -
tween the lithofacies as so ci a tions rep -
re sent ing shal low cur rents of low
power and com pe tence in di cate that
fa cies as so ci a tion St was rather the re -
sult of allogenic (non-gla cial) pa ram -
e ters in a very large flu vial sys tem.
The de pos its are pre sum ably re lated
to pe ri odic drain age events of an ice-
 dammed lake in the neigh bour ing val -
ley of the Osobłoga River. Af ter the
in ter val when this river ran to wards
the SE through the Troja–Psina val ley 
(Fig. 5A), the ad vanc ing ice sheet
blocked the nar row zone of the low
wa ter shed be tween these two val leys
(Fig. 5B), and a terminoglacial lake
started to form in the ice-dammed val -
ley of the Osobłoga River. How ever,
ice front os cil la tions in this zone
prob a bly caused in ter mit tent sud den
re leases of lake wa ter, which then
flowed into the Troja–Psina val ley
(Fig. 5C).

The over ly ing de pos its of fa cies
as so ci a tion (5) were de pos ited in a
sand-bed braided river of mod er ate
en ergy. Small trans verse bars (the or i -
gin of lithofacies Sp) were the main
el e ments of the sys tem. Lithofacies St 
re cords megaripples de vel op ing in
deeper parts of the chan nel, whereas
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Fig. 5. Palaeo ge ogra phy of the glaciomarginal zone in the sur round ings of the Włodzienin site

Study site is ar rowed; de tailed ex pla na tion is in the text   



lithofacies Sh re flects plane-bed and shal lower, super criti cal
cur rents. The rip pled cosets (Sr) were de pos ited dur ing
low-wa ter stages. The dom i nance of south wards run ning
palaeocurrents in di cates a gla cial wa ter sup ply. The de pos its of
this as so ci a tion are there fore in ter preted to rep re sent the prox i -
mal part of a glaciomarginal fan (Fig. 5D).

The fa cies as so ci a tions (2) and (5) form a suc ces sion re -
flect ing the progradation of glaciomarginal fans into the
Troja–Psina val ley, which was in ter rupted by phases when wa -
ter of a terminoglacial lake in the ice-dammed val ley of the
Osobłoga River en tered the Troja–Psina val ley af ter hav ing
over flowed the low wa ter shed be tween both val leys. The en -
ergy level of the wa ter cur rents on the fans was not very high,
so that pri mar ily sandy de pos its ac cu mu lated in the foreland of
the ice sheet.

Extraglacial rivers in the south ern part of the catch ment
area shifted sys tem at i cally to wards the south ern sides of the
val ley (Fig. 5D), and ran spo rad i cally through the area di rectly
in front of the ice sheet. This is in di cated by lithofacies as so ci a -
tion (4), within which cross-strat i fi ca tion in di cates that
palaeocurrents flowed to wards the N.

The pro file is topped with a diamicton (6) that can be ex -
plained rea son ably only as a gla cial till. This sup ports the in ter -
pre ta tion of ice sheet ad vance in the area of the Troja–Psina
val ley. The lower part of the diamicton is a basal till re lated to
ac tive ice, as in di cated by frac tures and shear planes re sult ing
from hor i zon tal stress, and the strongly pre ferred ori en ta tion of
the clasts. The up per part of the diamicton is a flowtill. Its de po -
si tion was the re sult of co he sive flows of ab la tion ma te rial from 
the ice sheet sur face (cf. Law son, 1981, 1989). The in ter ca la -
tions of lay ers with a higher gravel con tent re flect mass flows
of lower den sity and flu vial redeposition (cf. Ruszczyńska-
 Szenajch, 1982; Hubert and Filipov, 1989; Kozarski, 1990;
Blair and McPherson, 1994). The de po si tion of the flowtill oc -
curred dur ing re ces sion of the ice.

LEWICE SITE

The Lewice site is sit u ated about 5 km WSW of the
Włodzienin site (Fig. 2). The sandpit is lo cated within a flat
area that is sev eral hun dred metres wide and strongly dis sected, 
at 290–300 m a.s.l., at the foot of the hills bor der ing the Troja
River val ley in the SW (Fig. 6A). Badura et al. (1996a, b) de -
scribed this flat area as a kame ter race.

LITHOFACIES CHARACTERISTICS

Sandy and sandy grav elly de pos its with a to tal thick ness of
about 15 m are ex posed in the sandpit. Two se ries of de pos its
are dis tin guished (Fig. 6B). 

In se ries 1, two fa cies as so ci a tions are dis tin guished
(Fig. 6B). The first as so ci a tion (1a) — Sp, Sh, (Sl, St, SGp) —
con sists of me dium- and coarse-grained sands, lo cally fine-
 grav elly sands form ing mostly lithofacies of in ter me di ate
thick ness with pla nar cross-strat i fi ca tion (Sp). Sands with hor i -
zon tal strat i fi ca tion (Sh) are slightly less fre quent. Sands with
low-an gle pla nar cross-strat i fi ca tion (Sl) and trough cross-
 strat i fi ca tion (St) are of sec ond ary im por tance.

A finer-grained fa cies as so ci a tion (1b) — Sh, Sr — also oc -
curs in se ries 1 (Fig. 6B), but has a lim ited ex tent. It is com -
posed mainly of fine-grained sand. The as so ci a tion is dom i -
nated by hor i zon tally lam i nated lithofacies (Sh) of in ter me di ate 
thick ness. This fa cies con tains also cosets with trough
cross-lam i na tion (Sr). Lithofacies Sp, Sl and St are rare.

Se ries 2 con sists of some what coarser-grained de pos its that
form two fa cies as so ci a tions (Fig. 6B). In the lower fa cies as so -
ci a tion (2a) — Sh, SGh, (GSm, Sl) — me dium- and coarse-
 grained sands and grav elly sands with hor i zon tal strat i fi ca tion
(Sh, SGh) are the most fre quent. The sandy lithofacies are dom -
i nated by 15–30 cm thick units. The lithofacies SGh are usu ally
thin ner (5–10 cm). In ter ca la tions sev eral centi metres thick of
fine-grained gravel also oc cur in the sands. To gether they form
fin ing-up rhythms. Thin (up to 10 cm) lithofacies of mas sive
sandy gravel (GSm) and lithofacies of in ter me di ate thick ness,
con sist ing of grav elly sand and sand with low-an gle cross-strat -
i fi ca tion (Sl) are of sec ond ary im por tance. Rare lithofacies of
mas sive gravel (Gm) with thick nesses of 30–50 cm, are found
in the up per part of the as so ci a tion. Sandy lithofacies with pla -
nar cross-strat i fi ca tion (Sp) and trough cross-strat i fi ca tion (St,
SGt) are of mi nor im por tance.

The thin fa cies as so ci a tion (2b) — Sp, Sh, (Sl, GSm, St) —
that is pres ent in the up per most part of the se ries, is char ac ter -
ized by a smaller grain size and thin ner units (Fig. 6B). It con -
sists mainly of me dium-grained sand. Lithofacies with pla nar
cross-strat i fi ca tion (Sp) and hor i zon tal strat i fi ca tion (Sh) dom i -
nate. Lithofacies with low-an gle pla nar cross-strat i fi ca tion (Sl), 
lithofacies with trough cross-strat i fi ca tion (St) and thin
lithofacies of mas sive sandy gravel (GSm) oc cur as sec ond ary
com po nents.

The dip az i muths of cross-strat i fi ca tions were mea sured in
sev eral parts of the sec tion. They in di cate a great vari abil ity of
palaeocurrent di rec tions, from SW to E (Fig. 6B). In the lower
se ries, the SE di rec tion dom i nates, whereas the di rec tions vary
from SW to SSE in the up per se ries.

Petrographic anal y ses of gravel from the lower and up per
parts of the pro file did not show sig nif i cant dif fer ences. Quartz
is pre dom i nant (39–42%). Crys tal line rocks, from both Scan di -
na via and the Sudetes, make up about 20%. Car bon if er ous
(Culm) sand stones are some what less fre quent (15–18%).
Other rock types reach only a few per cent.

INTERPRETATION OF THE SEDIMENTARY ENVIRONMENT
 AND PALAEOGEOGRAPHY

The de pos its of the lower se ries, de vel oped as fa cies as so ci -
a tion (1a) were de pos ited by a rel a tively shal low braided river
sys tem with many shoals (lithofacies Sh) and small trans verse
bars (lithofacies Sp, SGp), which were of ten eroded to lower
forms (lithofacies Sl). Sin u ous megaripples (cosets St) de vel -
oped lo cally in the zones of the main gullies. 

Fa cies as so ci a tion (1b) was formed un der con di tions of
lower en ergy. Lithofacies Sh was de pos ited from very shal low
cur rents of a tran si tional re gime, whereas lithofacies Sr was
formed in the lower part of the lower flow re gime. These sed i -
ments were prob a bly de pos ited in a sec ond-rank chan nel of the
braided system. 
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Fig. 6. A — to pog ra phy of the study area with the Lewice site lo ca tion (ar rowed); B — sed i men tary logs from the Lewice site

For ex pla na tions see Fig ures 2, 3 and Ta ble 1



Se ries 1 was de pos ited in a val ley outwash plain in the up -
per reaches of the Troja River val ley (Fig. 7A). Thus, they were 
prob a bly as so ci ated with a typ i cal sand-bed braided river flow -
ing along the val ley axis, ap prox i mately par al lel to the sup -
posed ice sheet front. This sys tem thus func tioned as an
ice-mar ginal river. This is con firmed by di rec tions of
palaeoflows (Fig. 6B).

In the up per se ries, fa cies as so ci a tion (2a) is char ac ter ized
by some what higher en ergy and shal lower cur rents. The pre -
dom i nant lithofacies of sand and grav elly sand with hor i zon tal
strat i fi ca tion (Sh, SGh) was de pos ited by super criti cal
sheetfloods un der up per-stage plane-bed con di tions. The thin
sandy/grav elly rhythms rep re sent brief floods con trolled by cy -
clic ab la tion (cf. Klimek, 1972; Olsen and Andreason, 1995;
Zieliński and Van Loon, 1999). The lithofacies of mas sive
sandy grav els (GSm) and grav els (Gm) formed dur ing high-en -
ergy floods. In the first stages of these floods, wa ter cov ered a
wide area and the river bed was flat. The lithofacies Sh, SGh
and GSm were de pos ited as thin sheets. Flat mid-chan nel bars
with out dis tinct progradational fronts were the par ent forms of
lithofacies Sl. Lo cally, in some what deeper zones, dunes were
formed (the or i gin of lithofacies St, SGt). The sed i ments of this
as so ci a tion were de pos ited in shal low, wide chan nels, in which 
the pre dom i nant cur rents were sim i lar to sheetfloods. Rare,
low-re lief forms oc curred lo cally on the bot toms of these chan -
nels. The sec ond fa cies as so ci a tion (2b) was as so ci ated with
some what more channelized flows, as in di cated by the larger
fre quency of lithofacies Sp, which rep re sents trans verse bars.

The lim ited thick ness of the lithofacies and the some what finer
grain size sug gest a lower cur rent en ergy.

Se ries 2 was prob a bly de pos ited on a glaciomarginal fan
that prograded over an outwash plain (Fig. 7B). The tab u lar
lithofacies Sh, SGh and GSm, typ i cal of sheetflow-dom i nated
fans (cf. Heward, 1978; Abdullatif, 1989; Blair and McPhe -
rson, 1994; Zieliński and Van Loon, 1999, 2000), pre vail in
this se ries. More over, the di rec tional data in di cate that cur rents
ran most com monly per pen dic u lar to the front of the ice sheet,
not par al lel to it as they had done ear lier. The more channelized
cur rents of the up per as so ci a tion could be the re sult of in ci sion
of the fan sur face dur ing re treat of the ice. 

The sed i ments at this site must have been de pos ited some -
what later than those at the Włodzienin site, prob a bly when the
ice sheet was near its max i mum ex tent. They rep re sent a sys tem 
of fans pass ing dis tally into the val ley outwash plain that
stretched along the ice sheet front (Fig. 7B). Such a sit u a tion
makes it pos si ble to in ter pret these de pos its mor pho log i cally as
kame ter races, as sug gested by Badura et al. (1996a, b).

ZOPOWY SITE

The Zopowy site is sit u ated in the up per reaches of the
Troja River val ley (Figs. 2 and 8A), at the foot of a hill sep a rat -
ing the val leys of the Troja and the Łącznik (a trib u tary of the
Psina River). The hill, com posed of Early Car bon if er ous sand -
stones and mudstones, reaches 312–324 m a.s.l. It is cov ered
with loess that lo cally, on the NE slopes of the hill, is un der lain
by till (Badura et al. 1994). The sandpit is lo cated within a small 
area 295–300 m a.s.l., at the foot of a con cave slope.

LITHOFACIES CHARACTERISTICS

Sandy and grav elly de pos its with a to tal thick ness of
10–12 m di rectly over lie the hard-rock sub stra tum that forms the
floor of the ex ca va tion. Nu mer ous frag ments of these rocks are
found as clast in the over ly ing sands, es pe cially in their lower
part. Three fa cies as so ci a tions are dis tin guished (Fig. 8B).

The low est fa cies as so ci a tion (1) — Sh, SGh, (Gm) — is
dom i nated by a sand lithofacies of in ter me di ate thick ness, with
hor i zon tal strat i fi ca tion (Sh) (Fig. 8B). These poorly sorted me -
dium- or coarse-grained sands of ten al ter nate with thin (up to
sev eral centi metres) units of grav elly sand (SGh), form ing fin -
ing-up se quences. Poorly sorted, fine-grained, usu ally ma -
trix-sup ported mas sive grav els (Gm) are less fre quent. Their
ma trix con sists of sand. The mean thick ness of lithofacies Gm
is 10–20 cm (max i mum 50 cm). Just like the sandy lithofacies,
most units have a tab u lar shape and a wide hor i zon tal ex tent.
In di vid ual lithofacies of gravel-rich sandy/silty diamicton form 
rare el e ments of this as so ci a tion. They form lenses with thick -
nesses of up to 50 cm and widths of a dozen or so metres. Silty
sand (lithofacies SFh) oc curs also rarely.

The over ly ing fa cies as so ci a tion (2) — Sp, Sh, (Sl, St) —
con tains thin (usu ally less than a few centi metres) sand litho -
facies with hor i zon tal strat i fi ca tion (Sh) and sand lithofacies of
in ter me di ate thick ness, with pla nar cross-strat i fi ca tion (Sp)
(Fig. 8B). Sand lithofacies (up to 15 cm thick) with low-an gle
cross-strat i fi ca tion (Sl) and (St) oc cur less fre quently.
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Fig. 7. Palaeo ge ogra phy of the glaciomarginal zone
in the sur round ings of the Lewice site

De tailed ex pla na tions is in the text, 
for other ex pla na tions see Fig ure 5



The up per most fa cies as so ci a tion (3) — Gm — is com -
posed of con sid er ably coarser-grained de pos its (Fig. 8B). It
con sists of very poorly sorted, usu ally ma trix-sup ported mas -
sive grav els. The ma trix con sists of sands with an ad mix ture of
fine-grained gravel and some silt. These de pos its form a bed
2 m thick. Clasts of sev eral centi metres pre vail, but some reach
over 25 cm. The round ness of the coarse clasts var ies strongly.
Most com mon are clasts with sharp edges; slightly rounded
clasts con sist of Car bon if er ous sand stones. The rest of the
clasts are usu ally well rounded and of var i ous petrographic
com po si tions. The lower bound ary of this as so ci a tion is lo cally 
de formed, show ing a con vo luted na ture.

The dip az i muths of the cross-strata were mea sured only
within the mid dle as so ci a tion. They in di cate a wide spread of

cur rent di rec tions, from W to E. The mean di rec tion is 178°.
Quartz (35%) and lo cal Car bon if er ous sand stones (24%)

dom i nate the gravel in the lower as so ci a tion, but crys tal line
rocks also con sti tute a rather large group (20%). In the up per -
most as so ci a tion, Car bon if er ous sand stones dom i nate the
coarse gravel. In finer frac tions, the con tent of sand stones is

slightly lower, whereas the per cent age of quartz and crystalline
rocks is higher.

INTERPRETATION OF THE SEDIMENTARY ENVIRONMENT
 AND PALAEOGEOGRAPHY

The sands and grav elly sands with hor i zon tal strat i fi ca tion
(Sh, SGh) that dom i nate the lower fa cies as so ci a tion (1) and the 
ac com pa ny ing mas sive grav els (Gm) were de pos ited by shal -
low, super criti cal flows. The large hor i zon tal ex tent of these
lithofacies in di cates that the de pos its formed thin sheets in
streams that ran over wide ar eas. The cur rent in ten sity changed
rather of ten, as in di cated by the sev eral centi metres thick
rhythms (SGh-Sh). The sed i ments of lithofacies SGh were de -
pos ited dur ing flood peaks, whereas those of lithofacies Sh rep -
re sent wan ing flood stages. The gravel sheets formed dur ing
floods with the high est en ergy. The sheet-like shape of the units 
within the lower fa cies as so ci a tion sug gests an or i gin on a small 
fan dom i nated by sheetflows (cf. Krüger, 1997; Moreno and
Romero-Segura, 1997).

Relationship between morphology and glaciomarginal deposition in the foreland area of the Opava Mountains 151

Fig. 8. A — to pog ra phy of the study area with the Zopowy site lo ca tion (ar rowed);
B — sed i men tary logs from the Zopowy site

For ex pla na tions see Fig ures 2, 3 and Ta ble 1



The fan sed i ments were de pos ited at the dis tal side of the
hill form ing the wa ter shed be tween the val leys of the Troja and
the Psina rivers, which prob a bly also marked the max i mum ex -
tent of the ice sheet in this part of the val leys (Fig. 9A). This hy -
poth e sis is sup ported by the lack of till un der the glaciofluvial
de pos its. The fan was fed by supraglacial melt wa ter. The ad -
mix ture of lo cal rocks in di cates that also de bris washed out
from slope cov ers was also re de pos ited on the fan. Lobes of
flowtill oc ca sion ally also reached the fan, as in di cated by the

oc cur rence of diamicts. How ever, these diamicts were usu ally
re worked by streams.

Fa cies as so ci a tion (2) in di cates an en vi ron men tal change
into more channelized flows within a small braided river with
mid-chan nel trans verse bars (lithofacies Sp) that were washed
out dur ing floods (lithofacies Sh, Sl), and with some what
deeper zones for the main cur rent, where megaripples de vel -
oped (lithofacies St). A con sid er able amount of chan nel sed i -
ment is of ten found in the cen tral parts of al lu vial fans
(McGowen and Groat, 1971; Abdullatif, 1989; Zieliński and
Van Loon, 1999, 2000). How ever, the change of sed i men ta tion 
style is in this case not re lated with de po si tion in an other part of
the fan, be cause fan ac cre tion prob a bly stopped si mul ta neously 
with the first phase of ice sheet re treat. Ab la tion wa ters stopped
over flow ing the mar ginal hill but still ran along the Troja River
val ley from the NW (Fig. 9B). This in ter pre ta tion is strongly
sup ported by palaeocurrent mea sure ments. Due to aggradation
that took place in the val ley, the fan was built up by de pos its of
a small braided river (Fig. 9B).

The suc ces sion is topped with the grav elly fa cies as so ci a -
tion (3), which was de pos ited from a high-en ergy hyper -
concentrated cur rent (lithofacies Gm). This is in di cated par -
tic u larly by the coarse grain size of the de pos its, their con sid -
er able thick ness, the lack of grad ing, the lo cally clast-sup -
ported char ac ter, and the rather low con tent of fines. The cha -
otic ori en ta tion of clasts, the mas sive struc ture of the de posit,
and the con vo lu tion struc tures at the con tact with the un der ly -
ing sands in di cate very sud den de po si tion from a strongly
over loaded stream. A high com pe tence of the cur rent is in ter -
preted from the size of the larg est clasts (over 25 cm). Sim i lar
de pos its are known from the fore land of Ice lan dic gla ciers,
where they form dur ing megafloods of jökulhlaup type
(Maizels, 1989, 1997; Rus sell and Maren, 1999). The sud den
and sig nif i cant in crease of cur rent en ergy may have been due
to the same con di tions that were as so ci ated with the St as so ci -
a tion at the Włodzienin site. The sud den de po si tion from a
strong cur rent, in com bi na tion with the pre dom i nance of lo -
cal, sharp-edged ma te rial, sug gests that the de pos its were
formed dur ing drain age phases of the glaciomarginal lake that 
prob a bly ex isted in the ice-dammed val ley sys tem of the
Osobłoga River and its trib u tar ies, NW of the Troja River val -
ley. The val leys of the Hrazova (a small trib u tary of the
Osobłoga River lo cal ized west wards from the Troja val ley)
and Troja rivers are now sep a rated by a low wa ter shed (Fig. 2) 
so that drain age can have taken place eas ily. Ac cord ing to this
sce nario, wa ters from the lake over flowed this bar rier and
flowed along the ice front to wards the SE, into the Troja River 
val ley (Fig. 9C). The regolith on top of the wa ter shed was
prob a bly washed away and pro vided the ma jor ity of the grav -
els that were de pos ited in the Troja River val ley. Sand stones
and mudstone clasts are only slightly rounded be cause they
were trans ported over just a short dis tance.

Huge floods caused by sud den drain age of dammed lakes
oc cur in many re gions (cf. Clarke et al., 1984; Sturm et al.,
1987; Maizels, 1993; Rudoy and Baker, 1993). Many ex am ples 
are found in moun tain ar eas where ad vanc ing gla ciers dam trib -
u tary val leys (cf. Hew itt, 1982; John son and Kasper, 1992). 
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Fig. 9. Palaeo ge ogra phy of the glaciomarginal
zone in the sur round ings of the Zopowy site

Study site is ar rowed; 
de tailed ex pla na tion is in the text



DISCUSSION AND CONCLUSIONS 

The three sites un der study show the de vel op ment of a
glaciomarginal zone in mor pho log i cally dif fer ent fore-moun -
tain ar eas. The de po si tion in the Troja–Psina val ley started
when the ice sheet over flowed the lo cal wa ter shed sep a rat ing
the south ern part of the pla teau from the north ern one. The ice
sheet ad vanced from the NE, per pen dic u lar to the val ley axis.
The re lief of the gla cial fore land was the main fac tor con trol -
ling the de vel op ment of the glaciomarginal zone. The style of
sed i men ta tion var ied with the chang ing po si tion of the ice front 
with re spect to the var i ous mor pho log i cal el e ments. Ini tially,
the river net work un der went strong trans for ma tion: in val leys
per pen dic u lar to the ice front and in clined to ward the ice sheet,
drain age be came blocked and terminoglacial lakes formed,
whereas rivers in val leys par al lel to the ice front con tin ued
flow ing along the ice front. Next, the evo lu tion of the
glaciomarginal zone was con trolled by the mor phol ogy of the
val leys them selves. Due to the wa ter-level rise in the dammed
lakes and to the rather low wa ter sheds be tween the val leys,
melt wa ter cur rents could flow from one val ley to an other. In
some cases, these cur rents had a tor ren tial char ac ter, par tic u -

larly when ther mal ero sion of the ice sheet bar rier took place by 
the wa ters of the dammed lakes, which were warmed during
summer. When the ice barriers in the watershed area failed,
sudden high-energy currents resulted.

The glaciomarginal fans that formed in the val ley in front of 
the ice sheet passed dis tally into val ley outwash plains. Dif fer -
ent types of fans formed, two types be ing prom i nent (Ta ble 2).
The first type in cludes forms where, in the prox i mal part, wa ter
fol lowed shal low chan nels with few mid-chan nel bars, whereas 
sheetfloods dom i nated in the dis tal part. This is char ac ter is tic of 
larger al lu vial fans with a gen tle slope (McGowen and Groat,
1971; Abdullatif, 1989). This type was found at the Włodzienin 
site. The sec ond type of fan is rep re sented by small forms, com -
pletely dom i nated by sheetflood de pos its, as found at the
Zopowy and Lewice sites. 

The mor pho log i cal dif fer ences be tween the fans re sulted
from dif fer ences in size of the feed ing supraglacial streams
(dis charge, par ti cle load, du ra tion of de po si tion), and from dif -
fer ent po si tions of the fans with re spect to the re lief of the sub -
stra tum. The fan at the Włodzienin site was formed on a wide
val ley floor when the ice sheet front was in its north ern part.
The fan at the Lewice site was formed near the ice front dur ing
its max i mum ex tent, within a con sid er ably smaller ac com mo -
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T a  b l e  2

Com pi la tion of the most im por tant el e ments de ter min ing the char ac ter is tics
 of glaciomarginal fans in the study area



da tion space, which was lim ited by the south ern walls of the
val ley. The fan at the Zopowy site was formed at the dis tal side
of a hill that stopped the ice sheet.

The fans are char ac ter ized by rhyth mi c sed i ments that re -
flect short ab la tion rhythms. This is the most ob vi ous within
smaller forms, due to al ter na tions of coarser-grained (mostly
gravel or sandy gravel) and some what finer-grained (mostly
sand) lithofacies (Zopowy and Lewice). The fans are also char -
ac ter ized by a lack (or scar city) of diamictons which are typ i cal
of the ice-con tact en vi ron ment (Ruszczyńska-Szenajch, 1982;
Kozarski, 1990; Zieliński and Van Loon, 1999). The fans dealt
with here there fore be long to the fairly rare cat e gory of
glaciomarginal fans com posed al most ex clu sively of melt wa ter 
de pos its (com pare the clas si fi ca tion by Krzyszkowski and
Zieliński, 2002). 

As the ice ad vanced, the zone of glaciofluvial de po si tion in
the Troja–Psina River val ley be came in creas ingly nar rower
(re sult ing in a re duc tion of the ac com mo da tion space). This
trig gered a higher rate of fan aggradation in the south ern part of 

the val ley (Lewice site), where glaciofluvial de po si tion reached 
a level that was about 15–20 m higher than in the mid dle part of
the val ley (Włodzienin site).

The di rect in flu ence of rivers on the de vel op ment of the
glaciomarginal zone in the val ley un der study was fairly in sig -
nif i cant. Ex cept for sud den oc cur rences of cur rents flow ing in
from the neigh bour ing val leys, the lo cal rivers ran along the
val ley outwash plain only spo rad i cally, form ing thin al lu vial
units. This was due to the small sizes of the catch ment ar eas and 
to the low cur rent power of the Troja River and its trib u tar ies
run ning from the slopes of the Opava Mountains.
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