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In this pa per an at tempt is made to iden tify the depositional en vi ron ment of glacigenic de pos its from the cen tral part of the
Holy Cross Moun tains (Kielce–£agów Val ley). In this area, the pri mary gla cial re lief is very poorly vis i ble, mainly due to its
mod i fi ca tion by sub se quent de nu da tion pro cesses. The study is based on de tailed sedimentological (macro- and
microstructural) anal y sis of the de pos its. The bot tom part of the de pos its con sists of grav elly and sandy fa cies. They are
over lain by diamicton fa cies, with a small pro por tion of sandy fa cies. Clayey/silty fa cies oc cur in mi nor quan ti ties. The in ves ti -
ga tions in di cate that these de pos its rep re sent an ice-mar ginal en vi ron ment. Lo cal stag na tion of the ice sheet lobe was con -
trolled by the geo log i cal struc ture of bed rock (karstified and faulted lime stones) and the fea tures of a fos sil val ley. The
ice-mar ginal depositional en vi ron ment is in di cated by the pre dom i nance of sed i ment-grav ity flow de pos its, a low pro por tion
of sorted de pos its, as well as the interfingering/al ter nat ing of mass flow de pos its and waterlain de pos its. De for ma tion oc cur -
ring in the de pos its is of grav i ta tional or i gin. They also show traces of periglacial pro cesses. The de pos its con sti tuted an
ice-mar ginal mo raine (dry end mo raine with lim ited top o graphic ex pres sion). Micromorphological anal y ses pro vided data for
ge netic iden ti fi ca tion of the de pos its, and al lowed the in fer ence about rhe ol ogy of de po si tion and de for ma tion pro cesses.
How ever, in some cases, they did not al low un equiv o cal ge netic clas si fi ca tion of the de pos its. The re sults of pre sented in -
ves ti ga tions con firm the opin ion that de tailed and com plete ex pla na tion of de posit or i gin re quires both micromorphological
anal y ses and mac ro scopic field sedimentological and struc tural stud ies.
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INTRODUCTION

In the Holy Cross Moun tains, par tic u larly in its cen tral part,
the Pleis to cene glacigenic de pos its are poorly un der stood, both
in re spect of modes of de po si tion and stra tig ra phy. Un til now, it
has been as sumed that the de pos its are re lated to the South Pol -
ish Glaciations (San 1 and San 2 = Cromerian and Elsterian)
and/or to the Mid dle Pol ish Glaciations (Saalian; Czarnocki,
1950; Walczowski, 1962, 1964; Filonowicz, 1969, 1978, 1980;
£yczewska, 1971; Ró¿ycki, 1972a, b; Kowalski et al., 1979;
Lindner, 1984, 2004; Kowalski, 1988, 1995, 2002). It is dif fi cult to
de ter mine ac cu rately the re la tion ship be tween the Qua ter nary
de pos its and the geo mor phol ogy, be cause the periglacial de nu -
da tion and weath er ing pro cesses have re sulted in con sid er able
mod i fi ca tion of the Pleis to cene gla cial land scape.

The main aim of this pa per is to iden tify the depositional en -
vi ron ment of the Pleis to cene de pos its from the cen tral part of

the Holy Cross Moun tains, based on de tailed sedimentological,
lithofacies, macro- and microstructural anal y ses. Pre vi ous
petrographic and min er al og i cal anal y ses of these de pos its in di -
cated their glacigenic or i gin (Ludwikowska-Kêdzia and
Pawelec, 2011). Scan di na vian er rat ics have been found in
these de pos its. More over, the com po si tion of heavy min eral as -
sem blage is typ i cal of tills in Po land (cf. Racinowski, 2008,
2010), i.e. with the fol low ing or der of main min er als: G-Am-Z
(K-St; gar nets-am phi boles-zir con; ac com pa nied by kyan ite and 
staurolite; Ludwikowska-Kêdzia, 2013).

The pa per re fers to the cur rent sci en tific dis cus sion on the
pos si bil ity of iden ti fi ca tion of glacigenic de pos its based on
microstructural anal y sis. In ves ti ga tions of tills have an im por -
tant po si tion in microstructural sedimentological stud ies. They
have re sulted in the iden ti fi ca tion of struc tures typ i cal of
glacigenic diamictons (e.g., Van der Meer, 1993; Hiemstra and
Van der Meer, 1997; Men zies, 2000; Hiemstra and Rijsdik,
2003; Kilfeather et al., 2008). The in ves ti ga tions con cern mostly 
the re la tion ship be tween ma trix and skel e ton grains, and al low
the in fer ence about rhe ol ogy of de pos its – based on the de -
scrip tion of de for ma tions (duc tile, brit tle and com plex) as well as 
micro struc tures formed by pore-wa ter. The re sults of sub se -
quent in ves ti ga tions in di cate that not in di vid ual micro struc tures
are di ag nos tic but rather their co in ci dence in sep a rate till types

* Corresponding author, e-mail: margludwik@gmail.com

Received: August 26, 2013; accepted: June 27, 2014; first
published online: November 3, 2014



(Hiemstra and Rijsdijk, 2003; Men zies and Zaniewski, 2003;
Phillips, 2006; Van der Meer et al., 2011). Mod ern re search on
the subglacial till micromorphology mostly aims to de ter mine
ice dy nam ics (e.g., Hiemstra and Van der Meer, 1997; Men -
zies, 2000; Ev ans and Hiemstra, 2005).

The sig nif i cance of in di vid ual micro struc tures is still dis -
cussed but it is com monly ac cepted that the sedimentology of
de pos its may be fully de ter mined if mac ro scopic ob ser va tions
are sup ple mented with mi cro scopic stud ies (e.g., Bertran and
Texier, 1999; Ruszczyñska-Szenajch et al., 2003; Phillips,
2006; Van der Meer et al., 2011).

STUDY AREA

The in ves ti ga tions were con ducted in field sec tions sit u ated 
in the cen tral part of the Holy Cross Moun tains, near the vil lage
of M¹chocice Kapitulne (15 km NW of Kielce; Fig. 1A), in the
Kielce–£agów Synclinorium of the Pa leo zoic core (Fig. 1A).
The synclinorium is ex pressed in the to pog ra phy by the vast de -
pres sion of the Kielce–£agów Val ley (Wróblewski, 1977).

The Qua ter nary sed i ments are un der lain by Up per De vo -
nian dolomites and lime stones as well as Lower Car bon if er ous
shales form ing to gether the Miedziana Góra Syncline
(Filonowicz, 1969; Konon, 2008; Fig. 1B). Wa ter per me abil ity of 
the Up per De vo nian rocks is me dium (to low) but lo cally lime -
stones have high per me abil ity (Pra¿ak, 2012). The Car bon if er -
ous rocks are char ac ter ized by low per me abil ity. Re lief of the
Qua ter nary base ment in the bot tom of the Kielce–£agów Val ley 
is vari able. In the area in ves ti gated in de tail, the Up per De vo -
nian rocks form a lo cal high re lated in part to the line of
transversal el e va tion (Kowalczewski, 1963), and prob a bly to
the neotectonic up lift of the Pa leo zoic bed rock (Kowalski, 1995; 
Fig. 1B).To the south, this high bor ders on a de pres sion of the
Pa leo zoic bed rock, which is prob a bly of karst or i gin. It was
formed within the Mid dle and Up per De vo nian lime stones and
dolomites, which were cut by nu mer ous faults. Lithological sus -
cep ti bil ity of the bed rock to the de vel op ment of karst phe nom -
ena is en hanced here by rock frac tures. The vary ing de gree of

frac tur ing is due to the tec tonic ac tiv ity in the study area
(Pra¿ak, 2012).

The Qua ter nary in the Kielce–£agów Val ley is rep re sented
by sur face de pos its highly vari able in li thol ogy (clays, sands,
grav els, tills), or i gin and age (e.g., Filonowicz, 1969, 1980;
£yczewska, 1971; Ludwikowska-Kêdzia, 2000; Kowalski, 2002; 
So³tysik, 2002; Ludwikowska-Kêdzia et al., 2006). 

The site un der study is sit u ated at 280–290 m a.s.l., on the
NE slope of a ero sional-de nu da tion spur (Fig. 2). This is also
the west ern side of the mod ern val ley of the Lubrzanka River.
Its fos sil val ley in the study zone has asym met ric sides cut in
De vo nian lime stone. The west ern side is low, long, gently in -
clined and cov ered with loose de pos its, while the east ern side is 
higher and steep (rock wall; Fig. 2B).

The in ves ti gated site is a 50 m long sandpit wall cut ting
trans versely (from N to S) the  ero sional-de nu da tion spur and
the ad ja cent part of the Vistulian ter race of the Lubrzanka River
val ley (Fig. 2B). About 3 m thick glacigenic de pos its are ex -
posed over a dis tance of about 30 m in the high est part of the
sandpit. The walls of glacigenic de pos its, with the W–E ori en ta -
tion and north ern as pect, were stud ied in de tail.

METHODS

Field work in cluded: (1) a geo log i cal and geomorphological
sur vey, (2) a de tailed sedimentological anal y sis of pro files, and
(3) sed i ment sam pling for grain-size and mi cro scopic anal y ses.
Lithofacies were la belled ac cord ing to the codes of Miall (1978,
1985), and Krüger and Kj³r (1999), con sid er ing later mod i fi ca -
tion (Zieliñski and Pisarska-Jamro¿y, 2012; Ta ble 1). The ge -
netic code ac cord ing to Miall (1985) with some mod i fi ca tion was 
also ap plied (Ta ble 2). In ad di tion to the in ves ti ga tions in the ex -
po sure, two bore holes were drilled (nos. 1, 2; Fig. 2B on the
cross-sec tion), and ar chived bore holes were also used (no. 3;
Fig. 2B).

Silty/sandy de pos its and diamictons were sam pled for
microstructural anal y ses. Six un dis turbed sam ples were taken
in a ver ti cal sec tion from the sur face with the W–E ori en ta tion,
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Fig. 1. Location of the study area in relation to: A – tectonic units (after Czarnocki, 1957) and orographic units
 (after Wróblewski, 1977) of Holy Cross Mountains, B – tectonic sketch (after Filonowicz, 1980; Kowalski, 1995)



in clined along the side of the Lubrzanka River val ley (Fig. 3A).
The sam ples were im preg nated with poly es ter resin ac cord ing
to the method de scribed by Brewer (1964) and Stoops (2003).
The then-pre pared thin sec tions were 76 mm ´ 50 mm ́  25 µm
in size. They were ana lysed un der an op ti cal mi cro scope at up
to 20´ mag ni fi ca tion.

ANALYSIS OF THE DEPOSITS

The ex posed glacigenic de pos its over lie a se ries of lac us trine
de pos its fill ing the fos sil val ley of the Lubrzanka River (Fig. 2B).

The fol low ing nine main depositional units have been dis tin -
guished in the ex po sure (Fig. 3): gravels, sandy gravels and sands 
(unit I), diamictons with clayey ma trix (unit II), silty sand lay ers (unit
III), silty/sandy com plex (unit IV), de tached lump of diamictic grav -
els (unit V), diamictons with sandy ma trix (unit VI), grav elly pave -
ment and sandy/clayey brec cia (unit VIIa,b), fis sure struc ture-fill ing 
sands (unit VIII), and silty/clayey diamictons (unit IX).

UNIT I

The lithofacies are rep re sented by gravels, sandy gravels,
and me dium- and coarse-grained sands (Fig. 3). Gravels (Gm)
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Fig. 2A – lo ca tion of gla cial de pos its in the M¹chocice site in the geomorphological sketch 
of the study area (af ter Ludwikowska-Kêdzia and Pawelec, 2011; Ludwikowska-Kêdzia,
2013), or i gin and age of de pos its (af ter Filonowicz, 1968); B – geo log i cal cross-sec tion
through the Lubrzanka River val ley and the study site
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Fig. 3. Glacigenic deposits in the M¹chocice site: A – photograph of the exposure, B – lithological sketch, 
C – sedimentological logs (after Ludwikowska-Kêdzia, 2013, modified)

Sm – lithofacies code; SU – lithogenetic code see Tables 1 and 2; I – unit; c+s – clay and silt, s – sand, g – gravel



and sandy gravels (GSm) are char ac ter ized by mas sive struc -
ture. These de pos its lat er ally grade into and are sep a rated by
mas sive sands (Sm), lo cally with hor i zon tal lam i na tion (Sh) or
low-an gle cross-strat i fi ca tion (Sl). There are also zones of ho -
mo ge neous sand (with out clay par ti cles), dis tin guished by a
lighter col our. Bound aries be tween the beds are un even. Wa -
ter-es cape struc tures, re sem bling dish and pil lar struc tures, are 
vis i ble in the de pos its.

Their col our (in dry de posit) is dis tinc tively white due to a
high pro por tion of the Mio cene de tri tal and coralline al gal lime -
stones as well as the Me so zoic si li ceous chalk and lime stones.
Most of gravel grains (also the frag ments of Scan di na vian
rocks) have smooth sur faces and rounded edges.

The unit I suc ces sion is lo cally char ac ter ized by in verse
grad ing. In places, the top part of unit I is brown and en riched in
the silty/clayey frac tion ce mented by iron com pounds.
Cell-shaped struc tures, filled with grav elly sand, oc cur in this
part.

In ter pre ta tion. Lithofacies Gm, GSm and Sm (Sh, Sl) were 
formed in the en vi ron ment of gen er ally high and vari able flow
en ergy. The oc cur rence of wa ter-es cape struc tures may in di -
cate fast sed i ment de po si tion (Gradziñski et al., 1986).

The Gm (GSm), Sh and Sl lithofacies may have formed at
the tran si tion from subcritical to super criti cal flow (up per-stage
plane-bed; Zieliñski, 1998). They may rep re sent shal low,
ephem eral cur rents of sheet-flood type (Miall, 1977) and/or
meltstreams. These de pos its might have been spread
subaqueously as flows. There fore the Gm (GSm), Sm as so ci a -
tion fa cies may have been re sulted from sec ond ary pro cesses - 
sub aque ous cohesionless de bris flows. These flows can also
orig i nate by the fail ure of cohesionless ma te ri als on sub aque -
ous slopes (Benn and Ev ans, 2010). The fol low ing de posit fea -
tures in di cate this type of flows: in verse grad ing (lo cally), mas -

sive struc ture, thin beds with sheet ge om e try, lack of ero sional
con tacts be tween the beds.

UNIT II

Ma trix-sup ported diamicton DMm(m1) is grey and mas sive
(Figs. 3, 4 and 5A). The ma trix con sists mostly of clay. It con -
tains grav els and sin gle boul ders, up to 35 cm across (Fig.4). It
oc curs in the form of three beds, 5–25 cm thick, sep a rated by
silty sands (unit III). In the prox i mal part, the diamicton beds are
close-packed (com pact) while in the dis tal part they are loosely
packed, plas tic ally stretched, and oc cur in the form of lobes and
flow folds. These diamictons pinch out in dis tal di rec tion, with
the ex cep tion of the low er most bed, which forms a syncline and
interfingers with de formed mas sive silty/sandy de pos its
(unit IV). Duc tile de for ma tion oc curs in the top part of unit II. The 
up per bed of the clayey diamicton is dis con tin u ous. It is com -
posed of ir reg u lar frag ments. Diapiric forms and folds oc cur in
this zone. Thick ness of the de formed de pos its is small (about
0.3–1.0 m).

In the lower bed, the long axes of clasts and boul ders
(megaclast) are par al lel to the di rec tion of lo cal ma te rial trans -
port. Two sin gle megaclasts are vis i ble, i.e. of gran ite (Fig. 4A,
B) and de tri tal lime stone (Fig. 4C, D). The gran ite boul der has
stoss-lee form and there is a prow in front of it (Fig. 4B). Its bot -
tom part, par tially plunged into the diamicton, is an gu lar in con -
trast to the smoothed and rounded up per sur face. Fresh traces
of break ing off and crush ing are vis i ble on the prox i mal wall of
the boul der. The lime stone boul der is elon gated, flat topped,
with pol ished up per and lower sur faces (facetted clast) on which 
elon gated grooves with rounded edges are vis i ble (Fig. 4D).

Mi cro scopic anal y sis re veals poorly sorted ma te rial with nu -
mer ous skel e ton grains (Fig. 5B and Ta ble 3 – sam ple 1). The
silt grains are pre dom i nantly an gu lar to subangular in shape,
while the larger sand grains are more edge-rounded. The ma trix 
is com posed of silt grains with clay ma te rial. Clay-rich zones are 
vis i ble in the ma trix. The voids are mainly of pla nar void type.
The ma trix has clear mar ble struc ture, where the de posit con -
sists of a num ber of spher i cal ag gre gates that be have like ball
bear ings (Van der Meer, 1993; Fig. 5C). There are abun dant
flow tail and ro ta tion struc tures (Fig. 5D), small wa ter-es cape
struc tures and grain clus ters (with crushed grains in places;
Fig. 5E). Dis tinct pla nar shear struc tures have not been found.
Only in dis tinct lineation is vis i ble in the ma trix. Insepic plas mic
fab ric gen er ally dom i nates but, in places, the clay-rich zones
form coat ings around the skel e ton grains (poorly de vel oped
skelsepic plas mic fab ric). A cer tain ori en ta tion is vis i ble along
the di rec tion of bed rock in cli na tion. Long axes of coarser skel e -
ton grains are sim i larly ori ented along this di rec tion, form ing
flow tail micro struc tures in places. Clay-rich zones and voids
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Code Tex ture

B boul der

G gravel

GS sandy gravel

GD diamictic gravel

S sand

SG grav elly sand

ST silty sand

GSD diamictic sandy grav els

T silt

TS sandy silt

M mud (clay)

TM muddy (clayey) silt

DS sandy diamicton

DM muddy (clayey) diamicton

Struc ture

m mas sive

(m1) ma trix-sup ported; clast poor (<15%)

h hor i zon tal strat i fi ca tion/lam i na tion

l low-an gle (<15°) cross-strat i fi ca tion

d de formed

T a  b l e  1

Lithofacies code sym bols used in this study

Code Gen e sis

SG sed i ment grav ity flow

TU/SS tur bid ity cur rent and/or sus pen sion set tling

SF sheet flow

SW slope wash

GP grav elly ero sional pave ment (flu vial/ae olian)

SU sandy up per plane bed

T a  b l e  2

Lithofacies code sym bols used in this study



de crease in am pli tude along the di rec tion of bed rock in cli na tion. 
Fe/Mn stain ing is fre quent.

In ter pre ta tion. The oc cur rence of flow struc tures in the dis -
tal parts of the diamictons in di cates that the ma te rial re leased
from melt ing ice was re de pos ited in the form of flows (cf. Ev ans
and Hiemstra, 2005). Clayey ma trix of the diamictons and the
oc cur rence of lobes and flow folds are di ag nos tic for sed i ments
de pos ited as a re sult of dense, co he sive flow named flow
(Nemec and Steel, 1984), high-strength flow (Shultz, 1984),
true mass flow (Pierson, 1985), i.e. slow flow oc cur ring as
mostly lam i nar move ment. It is also con firmed by depositional
con tact be tween the diamicton and the un der ly ing se ries of
sandy/grav elly de pos its (Kasprzak and Kozarski, 1984;
Lachniet et al., 1999).

The fea tures of the megaclasts in di cate the pro cesses of
crush ing and abrad ing oc cur ring in a subglacial trac tion zone
(e.g., Boulton, 1978; Krüger, 1984; Ev ans et al., 2006; Benn
and Ev ans, 2010), or trans port in de form ing layer (Benn and
Ev ans, 1996). How ever, the sit u a tion of megaclasts in the stud -
ied de pos its (on the sur face of thin diamicton bed) in di cates that 
they were melted out at the ice base and trans ported over a
short dis tance on the flow sur face. Co he sive flows are char ac -
ter ized by high com pe tence (Pierson, 1985). Trans port and sta -
bi li za tion of the gran ite megaclast is re corded as a vis i ble prow
in the diamicton in front of the boul der. In the subglacial zone,
the oc cur rence of sim i lar prows in di cates the plough ing of the
soft bed (e.g., Boulton, 1978; Krüger, 1984; Ev ans et al., 2006).

De for ma tion struc tures oc cur ring in the mid dle and up per
beds of the clayey diamicton are prob a bly of com plex or i gin.
They are postdepositional, load-cast struc tures due to fast
aggradation of the over ly ing sandy/silty diamicton (unit VI) and
sub se quent sub si dence re sult ing from per ma frost thaw. The

grain size con trast of sandwiched de pos its and pe ri od i cally wa -
ter-sat u rated ground in periglacial con di tions fa voured the de -
vel op ment of these struc tures (cf. GoŸdzik, 1973;
Vandenberghe, 1988). De for ma tion of the diamicton’s up per
bed could not be caused by sea son ally ad vanc ing ice sheet be -
cause diapiric forms could not keep a ver ti cal po si tion un der
subhorizontal pres sure ex erted by it. They all would have been
bended (cf. Ruszczyñska-Szejnach, 1998).

Mi cro scopic anal y sis does not al low un equiv o cal ge netic in -
ter pre ta tion of the de posit. The ob served co in ci dence of micro -
struc tures may in di cate both co he sive flow and till formed in a
submarginal zone.

Turbate grain ar range ment is in dic a tive of ro ta tional move -
ments of grains in subglacial shear re gime (Van der Meer,
1993, 1997; Hiemstra, 2001; Hiemstra and Rijsdijk, 2003).
How ever, the turbates may only then be con sid ered di ag nos tic
for a subglacial till where they are closely re lated to pla nar shear 
struc tures. Dis tinct pla nar shear struc tures are ab sent in the
stud ied de pos its. This fact in di cates that these de pos its well
rep re sent a mass move ment de posit, in which flow was the pre -
dom i nant de for ma tion mode (cf. Hiemstra and Rijsdijk, 2003).
Turbate struc tures are found in clayey de pos its of de bris flow.
For ma tion of these struc tures in such de pos its is ex plained by
mix ing dur ing flow trans port (Lachniet et al., 2001; Men zies and
Zaniewski, 2003; Phillips, 2006). How ever, it can not be ex -
cluded that the de posit is a till formed in a submarginal en vi ron -
ment, un der sea son ally chang ing cli mate con di tions. The shear 
in di ca tors were not pre served ow ing to su per im posed and pos -
si bly youn ger frost pro cesses as well as pro cesses re lated to
pore-wa ter move ment (cf. Ev ans and Hiemstra, 2005).

Mar ble-bed struc ture may re sult from an ini tial subglacial
com pres sion, by the grad ual up ward pro gres sion of
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Fig. 4. Megaclasts in the lower part of the clayey diamicton (unit II):
 A – granite, B – limestone, C – stoss-lee forms and prow in front of the granite boulder-clast, 

D – typical wear patterns on the actively transported limestone-clast
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Fig. 5. Diamicton with clayey matrix (sample 1/unit II; Table 3) – micromorphological images

A – sample location for microstructural research; B – poorly sorted material with numerous skeleton grains and clay-rich zone, visible
orientation in the distribution of skeleton grains and voids – along the flow direction; C – matrix with marbled appearance; D – turbate

structure; E – grain cluster with crushed grains; PPL – plane polarised light



subhorizontal shears, brecciation and ro ta tion of ag gre gates
(Van der Meer, 1993). This view is sub stan ti ated by the in situ
pro duc tion of crushed grains (Hiemstra and Van der Meer,
1997). Mar ble-bed and turbate struc tures are formed un der dif -
fer ent subglacial con di tions. In the opin ion of some re search -
ers, the zone of shear ing can change from the mar ble-bed con -
fig u ra tion to one that con sists of ro ta tional struc tures and a
skelsepic plas mic fab ric (Van der Meer et al., 2003). There is
also a view that mar ble-bed and turbate struc tures are formed
in re verse or der. The pro cess of mar ble-bed for ma tion de stroys 
turbate and lin ear struc tures by break ing them apart, when
shear is the dom i nant de form ing fac tor, and wa ter pres sures
are not high (Kilfeather et al., 2008).

Mar ble-bed struc ture is also de scribed and even con sid -
ered as di ag nos tic for de bris flow de pos its (Men zies and
Zaniewski, 2003). Crushed grains are also found in both de bris
flow de pos its (e.g., Bertran and Texier, 1999) and subglacial till. 
In the case doc u mented by Hiemstra and Van der Meer (1997),
the co-oc cur rence of mar ble-bed struc ture and in situ crushed
grains is con sid ered as re sult ing from pulsed wa ter move ment
with al ter nat ing wet and dry con di tions. Such co-oc cur rence
may in di cate the for ma tion of de pos its at the con tact with the
gla cier.

Small wa ter-es cape struc tures re cord pore-wa ter move -
ment – when the de posit be came drained and con sol i dated.

UNIT III

The above-de scribed beds (unit II) are sep a rated by silty
sand interlayers (STm; unit III; Figs. 3 and 6A). These
interlayers have a vary ing thick ness (from 5 to 15 cm) and hor i -
zon tal ex tent reach ing over 3 m. They par tially sur round the
megaclasts. The lay ers sep a rat ing the lower beds of the

diamicton (unit II) oc cur in places as thin (up to 5 cm thick) very
com pact lenses. Their thick ness in creases (to 35 cm) and com -
pact ness of ma te rial de creases up wards. The layer un der ly ing
the up per bed (oc cur ring in diapiric forms) of the diamicton
(unit II) is also de formed.

Mi cro scopic anal y sis re veals lam i na tion in the de pos its
(Fig. 6B and Ta ble 3 – sam ple 2). The al ter nat ing laminae of
diamicton, silt and sand are of ten sep a rated by ero sional sur -
faces. The con tacts be tween the diamicton and silt lay ers are
loaded in places (Fig. 6C). The ma trix-sup ported mas sive
diamicton is char ac ter ized by a high clay con tent. The grains
are subangular to rounded in shape. Peb ble struc tures oc cur.
The sandy laminae are lo cally graded. Hor i zon tal lam i na tion is
vis i ble in places in the silty laminae (Fh). Fis sures and voids
have been found in this de posit. Voids in the diamicton are
mainly ves i cles and vughs, while pack ing voids oc cur in sandy
and silty laminae. Nu mer ous wa ter-es cape struc tures (dishes
and pil lars) are note wor thy (Fig. 6D, E). Fe/Mn stain ing is found.

In ter pre ta tion. The interlayers of dis tinctly silty sands
(intersurge lay ers – sensu Nemec and Steel, 1984) are in ter -
preted as de rived from flu vial flow, usu ally of sheet flow type
(Law son, 1982; Zieliñski, 1993) cov er ing the en tire sur face of
debrite. Dur ing freez ing, the pore-wa ter is squeezed off and
forms a shal low and quite fast stream (Law son, 1982; Zieliñski,
1993; Ruszczyñska-Szejnach, 1998). The ana lysed de pos its
rep re sent the dis tal part of the flow so the thick ness of debrites
de creases and that of sed i ments de pos ited by sheet flows in -
creases along the slope in cli na tion.

Vis i ble un der mi cro scope lam i na tion is a re cord of vari able
flow en ergy. The diamicton laminae were formed by ero sion of
ma te rial from the bed rock and short ini tial trans port (see Steel
and Thomp son, 1983; Nemec and Steel, 1984). The oc cur -
rence of peb ble micro struc tures in di cates ero sion of the bed -
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T a  b l e  3

Sum mary of micromorphological char ac ter is tics in this study

The num ber of cir cles rep re sents the rel a tive strength and abun dance of fea tures from ab sent (no cir cles) to abun dant, well-de vel -
oped (three cir cles); key to tex ture: C – coarse, F – fine, M – me dium; key to skel e ton round ness: R – rounded, SA – subangular, A
– an gu lar; key to microfabric: F – flow par al lel, V – ver ti cal, D – de for ma tion par al lel; key to voids type: Ve – ves i cles, Vu – vugs, Pl
– pla nar voids, Pa – pack ing voids
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Fig. 6. Silty sand layers (sample 2/unit III; Table 3) – micromorphological images

A – sample location for microstructural research; B – lamination (alternating laminae of diamicton, silts and sands are often separated by 
erosional surfaces, numerous water-escape structures); C – loaded contact between clay-rich diamicton and silt layer; D – dish-type

water-escape structure  and horizontal lamination in silty/clayey layer; E – pillar-type water-escape structure



rock. The mas sive sands are in ter preted as the re cords of
high-en ergy flow – de pos ited from super criti cal flow in the up -
per-stage plane-bed con di tions (cf. Nemec et al., 1980;
Zieliñski and Loon, 1996). The nor mal grad ing in di cates a grad -
ual de crease of flow en ergy. The silty laminae with hor i zon tal
lam i na tion were de pos ited by low-en ergy flows. The es cape
micro struc tures are the traces of pore-wa ter move ment dur ing
drain ing and con sol i da tion of de posit, prob a bly un der the load
of over ly ing de posit.

De for ma tion struc tures vis i ble in the up per layer are of load
type. They de vel oped as a re sult of the de po si tion of the over ly -
ing sandy diamicton (unit VI), sim i larly as the above-de scribed
de for ma tions of the up per part of unit II. The vary ing thick ness
and com pact ness of the silty sand lay ers (unit III) may be also re -
lated to the over ly ing de posit load. How ever, it can not be ex -
cluded that the very com pact lower lay ers were formed in a
submarginal en vi ron ment, un der the pres sure of ice masses dur -
ing their small ad vance. In such con di tions the de pos its formed
as sand pock ets are stretched and at ten u ated, and trans formed
into sand sheets and string ers (Kessler et al., 2012).

UNIT IV

Silty/sandy com plex oc curs within the de pos its of unit I and
interfingers with the diamicton of unit II (Figs. 3, 7A and 8A). It
con sists of synclinally bended, fine sandy silt (TSm) and silty
(Tm) laminae. Grav elly lenses (Gm) are vis i ble in places
(Fig. 7B). Mas sive silts (Fm) oc cur in the top part.

Mi cro scopic anal y sis in di cates strong de for ma tion of the de -
posit (Fig. 8B and Ta ble 3 – sam ple 3). A band ing struc ture is
found – de formed lay ers of silt and clay (Fig. 8C). Dis rupted frag -

ments of laminae are vis i ble (Fig. 8D). The con tacts be tween
these de pos its are sharp, in places with the zones of clay con cen -
tra tion with com mon traces of de for ma tion. Fold de for ma tions
(Fig. 8E), ma trix lineations and small faults oc cur. Few traces of
clay dis place ment and wa ter-es cape struc tures are found.

In ter pre ta tion. De pos its of the silty/sandy com plex are a
re cord of an ephem eral lake, in which set tle ment from sus pen -
sion took place. Grav elly lenses were formed from the ma te rial
trans ported to the lake as frozen blocks re leased from the melt -
ing ice base. Mas sive silts are in ter preted as a re cord of tur bid -
ity cur rents trig gered in this lake by mix ing and thin ning of co he -
sive de bris flows (unit II; cf. Mohrig et al., 1998; Marr et al.,
2002; Talling et al., 2004).

UNIT V

The de tached grav elly/sandy lump, oval in shape, lat er ally
con tacts with the silty/sandy com plex (unit IV; Figs. 3 and 7A). It
is com posed of diamictic grav els (GDm) and diamictic sandy
grav els (GSDm). The de pos its are mas sive in struc ture and
have sandy-clayey ma trix. A higher con tent of fines is the only
dif fer ence be tween these de pos its and the grav els (Gm) and
sandy grav els (SGm) of unit I. The de tached lump con tains
frag ments of silt de posit from the top part of unit IV (Fig. 7C),
and oc ca sional clasts of clayey diamicton (unit II).

In ter pre ta tion. Diamictic grav els (GDm) and diamictic
sandy grav els (GSDm) may have been de pos ited by subaerial
de bris flow (cf. Kasprzak and Kozarski, 1984; Krüger and Kj³r,
1999; Zieliñski, 2003). The de vel op ment of these flows and
their en croach ment into the lake caused the de vel op ment of de -
for ma tions at the con tact with lac us trine de pos its (see unit IV) –
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Fig. 7A – synclinally bent com plex of silty/sandy de pos its (unit IV) and de tached lump of diamictic grav els and grav elly sands
(unit V; see Fig. 3); B – grav elly lens (in ter preted as be ing formed from the ma te rial trans ported to the lake as a frozen block re -
leased from the melt ing ice base) vis i ble in the silty/sandy com plex; C – silty in serts, ir reg u lar in shape, vis i ble in the de tached lump 
(in ter preted as the re sult of silt de posit de for ma tion caused by the en croach ment of flows into the lake) 
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Fig. 8. Silty/sandy complex (sample 3/unit IV; Table 3) – micromorphological images

A – sample location for microstructural research; B – deformed layers of silt and clay with sharp contacts, and zones of clay
concentration with common traces of deformation, fold structures and disrupted fragments of laminae; C – soft deformation in the form of 

banding structure consisting of vertical silt and clay laminae; D – disrupted silt and clay layers; E – fold deformation in a clay layer



i.e. (1) the for ma tion of a fold as a re sult of com pres sion that
can oc cur dur ing de bris flow de po si tion (Nemec, 1990), (2)
synclinal bend ing, dis rup tion and push ing of silty/sandy
laminae, and (3) for ma tion of silty and clayey diamicton in serts
in the lump.

UNIT VI

Ma trix-sup ported diamicton DSm(m1) is brown, 1.0–1.5 m
thick. Sandy-silty frac tion pre dom i nates in the ma trix (Figs. 3
and 9A). The diamicton is mas sive in struc ture, with dis con tin u -
ous streaks in places. These are silty lay ers, up to 2 cm thick,
par al lel to the in clined basal sur face of the diamicton, which oc -
cur mainly in the lower part of the diamicton. The long axes of
clasts are trans verse to the move ment di rec tion. How ever, they
are com monly ver ti cally ori en tated in the dis tal part of the de -
pos its (Fig. 3). Coars en ing-up tex ture oc curs in the lower part of 
the diamicton. Strongly weath ered (dis in te grated into grains)
frag ments of Scan di na vian rocks, with de formed shapes, are
vis i ble in the diamicton. The con tact with the diamicton of unit II
is depositional and loaded (see de scrip tion of unit II).

Mi cro scopic anal y sis re veals poorly sorted ma te rial with sin -
gle skel e ton grains (Fig. 9B and Ta ble 3 – sam ple 4). The silt
grains are pre dom i nantly subangular, while the sand grains are
rounded. The ma trix is com posed of silt and clay ma te rial. Nu -
mer ous clast-sup ported silty/sandy do mains and do mains with
clayey ma trix oc cur in the de posit (Fig. 9B). The larg est clasts
are ver ti cally ori ented. The de pos its are char ac ter ized by great
microporosity. The voids are vugs, pack ing voids (in silty/sandy
do mains) and pla nar voids or fis sures. Peb bles are quite nu -
mer ous. Both grain and ma trix lineation (Fig. 9C), and ro ta tional 
struc tures (in the do mains with clayey ma trix; Fig. 9D) are found 
in the de posit. Small wa ter-es cape struc tures also oc cur. Plas -
mic fab ric pat tern has not been ob served. It can be said that
argillasepic plas mic fab ric oc curs in places, and else where
silasepic fab ric is ob served. Pack ing voids fre quently con tain
pre cip i tated iron or man ga nese (Fig. 9E).

In ter pre ta tion. Grain-size dis tri bu tion of ma trix (high con -
tent of sand and a low pro por tion of fine frac tions) and mas sive
struc ture in di cates that the de posit is of cohesionless de bris
flow type (Eyles, 1979; Nemec and Steel, 1984; Zieliñski and
Loon, 1996; Dasgupta, 2003). It is a tran si tion type be tween de -
bris flow and grain flow – ac cord ing to the clas si fi ca tion by
Shultz (1984) it is clast-rich de bris flow. Sim i lar flows are also
called coarse-grained de bris flows. The laminae within the mas -
sive de posit are not a depositional but a deformational struc ture 
re sult ing from in tense shear ing and lam i nar flow (sheared sed i -
ment; Postma et al., 1983). Trans verse ori en ta tion of clasts’
long axes is typ i cal of the dis tal parts of grav ity flows (sim i larly
as in slope de pos its; Blikra and Nemec, 1998), while ver ti cal ori -
en ta tion of clasts in di cates a strongly wa ter-sat u rated en vi ron -
ment where elon gated boul ders slowly sink into the mov ing
clayey mass (cf. Ruszczyñska-Szenajch, 1998). The coars en -
ing-up ten dency, vis i ble in the basal part of the diamicton,
should be re lated to high shear stress in the flow “foot” (cf.
Nemec and Steel, 1984). De for ma tion of shapes of the weath -
ered Scan di na vian boul ders is a re cord of postdepositional
mod i fi ca tion of the de posit in periglacial con di tions.

Mi cro scopic anal y sis con firms that the de posit was formed
as a re sult of strongly wa ter-sat u rated flow. It is in di cated by
great microporosity and the oc cur rence of vughs and pla nar
voids (cf. Kilfeather et al., 2008). Do mains, peb bles and ro ta -
tional struc tures are fre quent in de bris flow de pos its (Lachniet
et al., 2001; Men zies and Zaniewski, 2003; Phillips, 2006). The
lack of plas mic fab ric pat tern may be the re sult of rel a tively

low-stress depositional con di tions. Silasepic and argillasepic
plas mic fab ric can be found in flow tills (Van der Meer, 1997;
Men zies and Zaniewski, 2003). De po si tion from wa ter-sat u -
rated flow is also in di cated by the lack of de for ma tion (re lated to
the flow de vel op ment) in the un der ly ing de pos its (cf. wet-type
flow de posit; Lachniet et al., 1999), in which only load-type de -
for ma tion oc curs, i.e. ver ti cal diapiric forms with out traces of
hor i zon tal dis place ment.

UNIT VII

A grav elly pave ment (Gm; unit VIIa; Fig. 3) trun cates the de -
pos its of units IV and V. Grav els are strongly ce mented with the
iron-clayey ce ment. The long axes of grav els are ori ented
obliquely or par al lel to the ac cu mu la tion sur face.

The grav elly pave ment is cov ered with sandy/clayey brec cia 
(unit VIIb). It is a clast-sup ported bed, 0.5–0.65 m thick. Ir reg u -
lar, an gu lar, fine-sand clasts are 0.25–0.40 m in size. Sand and
grav elly sand shows low-an gle cross-strat i fi ca tion (Sl) and hor i -
zon tal strat i fi ca tion (Sh). The brec cia ma trix is clayey sand im -
preg nated with iron ox ides and hy drox ides (li mo nite and he ma -
tite).

In ter pre ta tion. In ter nal struc ture of sandy and grav elly
sand clasts (SGl, Sl, Sh) sug gests a stream flow/river or i gin of
sands, at the tran si tion from subcritical to super criti cal flow (up -
per-stage plane-bed; Zieliñski, 1998). These are chan nel de -
pos its of sand-bed braided river/stream. The gravel layer (Gm)
oc cur ring at the bot tom of the de pos its is in ter preted as an ero -
sion/de fla tion pave ment re cord ing flu vial/ae olian pro cesses.
The func tion ing of chan nel flow cre ated good con di tions for
thermoerosion pro cesses (Murton and French, 1993; French,
1996). The an gu lar shape of sandy clasts in di cates dis in te gra -
tion of the sand lay ers in the con di tions of frozen bed rock. Both
des ic ca tion and frost ac tion oc curred at that time. Sandy clasts
were dis lo cated at a short dis tance only. The clasts were ce -
mented by clayey-iron ce ment as a re sult of in fil tra tion of col loi -
dal clay and iron com pounds.

UNIT VIII

Unit VIII is rep re sented by sand fill ing a fis sure struc ture.
This fis sure, 1.0 m deep and up to 0.2 m wide (Figs. 3 and 10A), 
de vel oped in the bound ary zone of the de pos its with dif fer ent
grain-size dis tri bu tion – diamictons with clayey ma trix (unit II),
silty sand lay ers (unit III), de tached grav elly/sandy lump (unit V)
and diamictons with sandy ma trix (unit VI). The fis sure is gen er -
ally wedge-shaped. The up per part of the fis sure is wider and
fun nel-like, and the nar row lower part cuts the de tached grav -
elly/sandy lump. The whole fis sure is filled mostly with fine sand, 
which is mac ro scop i cally iden ti cal to the brecciated sands oc -
cur ring over the fis sure. The fis sure walls are ac cen tu ated by
rust brown col our of de pos its, which oc cur also be low the fis -
sure, down to the con tact with the clayey diamicton of unit II.

Mi cro scopic anal y sis re vealed that it is grain-sup ported de -
posit (gran u lar microstructure) com posed mostly of sand-sized
quartz grains ac com pa nied by silt and grav els (Fig. 10B, C and
Ta ble 3 – sam ple 5). Sand grains are rounded, while silt grains
are an gu lar. Crushed grains are also found. The de posit is
strongly po rous, with pack ing voids. Most grains are ver ti cally
ori ented. In places, un der gravel grains, con cave sandy
laminae are vis i ble (Fig. 10C). Bridged grain microstructure is
found, i.e. the oc cur rence of clayey-ferruginous con cen tra -
tions/bridges be tween grains (Fig. 10B).

In ter pre ta tion. For ma tion of this fis sure can be re lated to
postdepositional grav i ta tional pro cesses so it may be con sid -
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Fig. 9. Diamicton with sandy matrix (sample 4/unit VI; Table 3) – micromorphological images

A – sam ple lo ca tion for microstructural re search; B – poorly sorted ma te rial with sin gle skel e ton grains (zones of clast-sup ported silty/sandy
ma te rial and zones with clayey ma trix, grain lineation, ma trix lineation and turbate struc tures are vis i ble, the larg est clasts are ver ti cally ori -
ented); C – grain lineation vis i ble at the con tact of silty/sandy and clay do mains; D – turbate struc ture in the zone of silt with clayey ma trix; E –
silty/sandy zones with pack ing voids, which con tain pre cip i tated iron or manganese
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Fig. 10. Sand filling a fissure structure (sample 5/unit VIII; Table 3) and silty/clayey diamicton (sample 6/unit IX; Table 3) –
micromorphological images

A – sam ples lo ca tion for microstructural re search; B – grain-sup ported, strongly po rous de posit com posed mostly of sand-sized quartz
grains ac com pa nied by silt and grav els (clayey-ferruginous con cen tra tions/bridges be tween grains); C – ver ti cally ori ented grains and con -
cave laminae un der gravel grains; D – sharp ero sional con tact of sand with strongly ferruginous (cherry) clays (ver ti cal ori en ta tion of de pos -
its, po lyg o nal microstructure with a dense net of small fis sures oc curs in the clays); E – ball-shaped silty microaggregate in clay



ered as a grav i ta tional fis sure. How ever, it can not be ex cluded
that the fis sure was formed with the par tic i pa tion of frost pro -
cesses. The microstructure of the in fill ing – ver ti cal ori en ta tion
of grains and the oc cur rence of con cave sandy laminae un der
gravel grains – in di cates avalanching of de pos its in a dry, cold
en vi ron ment (cf. Bertran and Texier, 1999). Such fis sure fill ing
is typ i cal of wedge casts with pri mary min eral in fill ing, formed as 
a re sult of ther mal con trac tion (GoŸdzik, 1973). The oc cur rence 
of bridged grain microstructure in the sand fill ing the fis sure, as
well as rust brown col our of de pos its in the fis sure walls and un -
der it, in di cate postdepositional changes of hu mid ity re sult ing in
ground crack ing and in fil tra tion of col loi dal clay and iron com -
pounds.

UNIT IX

Ma trix-sup ported diamicton with silty/clayey ma trix (DMm)
is red-brown (cherry; Figs. 3 and 10A). It is mostly mas sive in
struc ture, lo cally with vis i ble silty/sandy thin lenses. It cov ers the 
ero sional, wavy sur face cut ting the un der ly ing de pos its (unit VI,
par tially unit VIIb; Fig. 3). At the bot toms of deeper ero sional
dis sec tions, the diamicton is char ac ter ized by a high con tent of
grav els. Their amount de creases up ward the dis sec tion in fill -
ings, and muddy (clayey) silts (TMm) oc cur there.

The con tact of this de posit and sandy/clayey brec cia
(unit VIIb) has been ex am ined un der mi cro scope (Fig. 10D, E
and Ta ble 3 – sam ple 6). It is a sharp, ero sional con tact, lo cally
with ball-shaped silty microaggregates (Fig. 10E). The clay is
strongly ferruginous and ex hib its a polygonal microstructure
with a dense net of small fis sures (Fig. 10D). Vosepic plas mic
fab ric is found in places – plasma lay ers are vis i ble on the fis -
sure walls.

In ter pre ta tion. Diamicton is a wash-slope de posit formed
by high-en ergy flow with a great con cen tra tion of sed i ment. Its
de po si tion was pre ceded by lin ear ero sion. The oc cur rence of
grav els at the dis sec tions’ bot toms in di cates that ma te rial,
which was ear lier trans ported in sus pen sion, was abruptly de -
pos ited and be come dragged ma te rial. The ball-shaped
microaggregates, vis i ble un der mi cro scope, are typ i cal of de -
pos its formed by slope wash pro cesses in clayey-silty ma te rial
(Mücher and Ploey, 1977). The po lyg o nal microstructure was
formed as a re sult of postdepositional pro cesses re lated to
pore-wa ter move ment and de posit drain ing. The vosepic plas -
mic fab ric was prob a bly formed dur ing pedogenesis. Their sed i -
men tary struc ture (lam i na tion) was par tially blurred by
pedogenesis.

PALAEOGEOGRAPHICAL INTERPRETATION

In ter pre ta tion of depositional en vi ron ment. The de pos -
its (units I–VI) form a lithofacies com plex with the fol low ing fea -
tures in di cat ing its de po si tion in a glaciomarginal en vi ron ment:
(1) the pre dom i nance of sed i ment-grav ity flow de pos its de pos -
ited (subaerially and subaqueously) by co he sive and
cohesionless de bris flows (flow tills, diamictic grav els; units II,
V, VI) as well as tur bid ity cur rents (silty/sandy com plex; unit IV),
(2) a small pro por tion of well-sorted de pos its (grav els and
sands; units I, III), (3) the interfingering/al ter nat ing of sed i -
ment-grav ity flow de pos its and glaciofluvial (in bore holes),
waterlain de pos its (cf. Boulton, 1971; Law son, 1979, 1982;
Ruszczyñska-Szenajch, 1982; John son, 1990; Zieliñski, 1992,
2003; Kozarski, 1995; Zieliñski and Loon, 1996; Krzyszkowski
and Zieliñski, 2002; Kasprzak, 2003; Terpi³owski, 2003, 2008;
Pisarska-Jamro¿y, 2006).

De pos its of units VII–IX were formed in a periglacial en vi -
ron ment. They were de pos ited in ero sional dis sec tions (units
VII, IX) and grav i ta tional-cryo genic fis sures (unit VIII). A more
de tailed de scrip tion of depositional con di tions was pos si ble
based on the anal y sis of their tex tural fea tures. In the case of
sandy brec cia (unit VIIb), in ter nal struc ture of sandy clasts con -
firms a flu vial (chan nel) or i gin of sands, while the anal y sis of
heavy min er als – se lec tive en rich ment in gar nets
(Ludwikowska-Kêdzia, 2013) – in di cates an ae olian/flu vial en vi -
ron ment (Mycielska-Dowgia³³o, 2007). Tex tural fea tures of
quartz grains – round ness and sur face mor phol ogy – in di cate
an ae olian en vi ron ment. These sands are rec og nized as
fluvio-ae olian de pos its (Kasse et al., 2003). Sim i lar de pos its
have been in ter preted as fluvioperiglacial de pos its (cf.
£yczewska, 1971). The ac cu mu la tion of these de pos its oc -
curred in a river val ley where the al lu via were sup plied with
wind-trans ported grains. Dunes and cover sands were the
source ar eas of aeolisated sands, which were ac ti vated by de -
nu da tion and flu vial pro cesses (cf. Woronko, 2012). Ground
crack ing as well as in fil tra tion of col loi dal clay and iron com -
pounds (units VII, VIII) may in di cate mod i fi ca tion of de pos its in
a periglacial en vi ron ment.

The stud ied de pos its con sti tuted an ice-mar ginal mo raine.
Stud ies of ice-mar ginal mo raine ridges of mod ern gla ciers in di -
cate that they are formed from de formed bed rock and ice-con -
tact de pos its as a re sult of dump ing, squeez ing, push ing and
glaciotectonic de for ma tion pro cesses (e.g., Ev ans and
Hiemstra, 2005; Benediktsson et al., 2009; Rob erts et al., 2009; 
Krüger et al., 2010; Benn and Ev ans, 2010). The com plex of
glacigenic de pos its near M¹chocice has no fea tures of such
mo raines. The de posit de for ma tions were in ter preted as mostly 
load-cast struc tures. How ever, it can not be ex cluded that a
small ad vance of the ice front oc curred in the early stage of the
mar ginal zone de vel op ment. It may have caused the com pac -
tion of the lower beds of the diamicton (unit II) and silty/sandy
interlayers (unit III).

The suc ces sion of de pos its near M¹chocice and the type of
depositional pro cesses sug gest ac cu mu la tion at a stationary
gla cier mar gin that cre ates good con di tions for the for ma tion of
ice-mar ginal mo raines com posed of weakly de formed ice-con -
tact de pos its, which are de pos ited by mass flows (flow tills) and
glaciofluvial pro cesses (Benn and Ev ans, 2010).

In the Kielce–£agów Val ley, the lo cal stag na tion of the ice
front was forced by the geo log i cal struc ture and re lief of the
bed rock be cause it con sists of per me able lime stones and
dolomites (i.e., karstified and ad di tion ally faulted rocks), and
zones of ex posed non-karstified rocks. The pres ence of these
karstified rocks caused the es cape of subglacial wa ter by a sys -
tem of un der ground chan nels. They drained wa ter into a zone
of karst de pres sions, the lo ca tion of which was con trolled by
tec tonic fac tors. The stag na tion of the ice front was also fa cil i -
tated by the fact that the ice sheet lobe passed from the zone of
solid rocks (hard bed rock) to the fos sil val ley de pres sion filled
with loose de pos its (soft bed rock). Such lithological-struc tural
con di tions fa voured the stag na tion of the ice and for ma tion of
“dry ice mar gins”, and de ter mined the lo ca tion of the end mo -
raine fans (cf. Krzyszkowski and Zieliñski, 2002). Thus, iso lated 
fans were formed along the ice mar gins of such type. It was
caused by a lim ited ma te rial sup ply.

In the low lands of North ern Po land, where the Weichselian
gla ci ation re lief is pre served, such mo raines are named “ab la -
tion end mo raines” (Kozarski, 1995), “gla cial end mo raines”
(Ruszczyñska-Szenajch, 1982) and “end mo raine fans”
(Krzyszkowski and Zieliñski, 2002). In gen eral, they are formed
by the ab la tion of supraglacial ma te rial, short trans port and its
de po si tion at the ice front. Con se quently, flow tills interfinger
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Fig. 11. Model of deposition of glacigenic deposits in the M¹chocice site

A – val ley de pres sion as a lac us trine depositional ba sin, be fore gla ci ation; B – ad vance and sta -
bi li za tion of ice sheet, fill ing of the lake with de pos its, ini ti a tion of mo raine ma te rial de po si tion in
the ice-front zone; C – deglaciation, de po si tion of mo raine ma te rial, for ma tion of lo cal end mo -
raine; D – inter gla cial ero sion and ac cu mu la tion, re ac ti va tion of flu vial pro cesses in the val ley; E
– co ex is tence of de nu da tion and flu vial pro cesses un der periglacial con di tions



with glaciofluvial de pos its (Zieliñski and Loon, 1996).
Krzyszkowski and Zieliñski (2002) dis tin guish three types of
end mo raines: type A – mass flow de posit-dom i nated ice-mar -
ginal fans, type B – mass flow and waterlain de posit-dom i nated
ice-mar ginal fans, and type C – waterlain de posit-dom i nated
ice-mar ginal fans. They are mo raines that formed in the con di -
tions of un con strained sed i men ta tion at the mar gins of ice
sheets. The ana lysed de pos its near M¹chocice are dif fi cult to
be clas si fied as a sin gle type of end mo raine (may rep re sent an
in ter me di ate type be tween type A – end mo raine, and a prox i -
mal part of type B), be cause the de vel op ment of glacimarginal
fan was spa tially lim ited by the ex is tence of asym met ric val ley
cut in the Pa leo zoic bed rock. There fore, the ice-mar ginal mo -
raine near M¹chocice should not be mor pho log i cally equated
with end mo raines (sensu Krzyszkowski and Zieliñski, 2002)
de scribed in the mod els of ice sheet de po si tion in a low land
zone. There is a sim i lar ity in the lithological and lithodynamical
char ac ter is tics that de ter mine the clas si fi ca tion of the ana lysed
de pos its as a mar ginal mo raine.

Stages of de posit se quence for ma tion. The in ves ti gated
glacigenic depositional se quence de vel oped in sev eral stages
(Fig. 11). Its de po si tion in the pre-Lubrzanka River val ley de -
pres sion was pre ceded by the ex is tence of a lake (Fig. 11A), as
ev i denced by the se ries of silts with silty/sandy interlayers,
which is iden ti fied in bore holes (Fig. 2B). The ac tion of
proglacial wa ter dur ing the ice sheet lobe ad vance is re corded
as the se ries of sands (in ves ti gated in bore holes) and grav -
elly/sandy de pos its (unit I; Fig. 11A, B). These de pos its also
may have been spread subaqueously. The stag na tion of the ice 
front (“dry ice mar gins” forced by lithological-mor pho log i cal
con di tions) cre ated fa vour able con di tions for mass flow
(subaerial and sub aque ous; Fig. 11B, C). The ex tent of ac tiv ity
of such pro cesses was lim ited by the small size of the val ley,
and vary ing height and in cli na tion of its fos sil sides. The pro -
cesses ter mi nated on the SE flank of the val ley. Ma te rial re -
leased from the ice was de pos ited as co he sive de bris flow de -
pos its (flow tills of unit II). Shal low sheet flows were ac tive on
flows lobes (unit III). In places, the flows were de pos ited in an
ephem eral lake (prob a bly frag ments of a dis ap pear ing lake, be -
ing filled with de pos its), form ing the sub aque ous, flow se -
quence of de pos its (units IV, V). Pro gres sive warm ing re sulted
in the melt ing out of ma te rial and its ac cu mu la tion on the ice
sur face. This supraglacial sed i ment was then re de pos ited by
cohesionless de bris flows (flow tills of unit VI).

The ana lysed se ries of fan de pos its bear traces of mod i fi ca -
tion by sub se quent de nu da tion and ae olian pro cesses act ing
un der gla cial and periglacial con di tions (Fig. 11D, E). They
eroded and de nuded the top part of the se ries and changed the
orig i nal gla cial landform. The fluvio-ae olian pro cesses de pos -
ited the gravel pave ment and fine sands, which were then
trans formed into the brec cia (unit VII). The fis sure struc ture
(unit VIII) was formed in a dry cold en vi ron ment as a re sult of
grav i ta tional pro cesses or frost weath er ing (ground crack ing).
The iron pre cip i tates, formed un der re duc ing con di tions, in di -
cate pe ri od i cally chang ing wa ter ta bles and sat u ra tion of the
ground. They oc cur in the grain frac tures and in the zones of
grain size change. The com monly found iron-man ga nese
micronodules were formed dur ing slow pen e tra tion of air into
the wet ma trix con tain ing Fe2+ and Mn2+ (Todisko and Bhiry,

2008). Micro struc tures in di cat ing in fil tra tion and de po si tion of
col loi dal frac tion are also found. The illuvial pro cesses are con -
trolled by the tex ture and drain age con di tions. They are mostly
as so ci ated with snow melt ing and ground-ice thaw (Har ris and
Ellis, 1980). The diamicton with silty/clayey ma trix (unit IX), oc -
cur ring on the ero sion sur face, is a re cord of in tense
slope-wash de vel op ment, which was fa voured by pe ri od i cal
thaw of per ma frost in the periglacial en vi ron ment (cf. French,
1996; Pawelec, 2011).

CONCLUSIONS

The in ves ti ga tions, based ex clu sively on sedimentological
(macro- and microstructural) anal y sis, al lowed the iden ti fi ca tion
of depositional en vi ron ment of the de pos its un der study, though 
it was not pos si ble to use geomorphological cri te ria.

The de pos its rep re sent an ice-mar ginal en vi ron ment, as in -
di cated by the pre dom i nance of sed i ment-grav ity flow de pos its
(de pos ited by co he sive and cohesionless de bris flows, tur bid ity
cur rents), a small pro por tion of sorted de pos its, as well as the
interfingering/al ter nat ing of mass flow de pos its and waterlain
de pos its.

Lo cal stag na tion of the ice sheet lobe and the course of pro -
cesses in the glaciomarginal zone were con trolled by the per -
me able bed rock com posed of karstified and faulted lime stones, 
as well as by its re lief (oc cur rence of the fos sil val ley with asym -
met ric sides). These con di tions con trib uted to the for ma tion of
“dry ice mar gins”. 

The de pos its may rep re sent an ice-mar ginal mo raine fan.
Its de vel op ment was spa tially lim ited by the ex is tence of asym -
met ric val ley dis sec tion in the bed rock. How ever, this fan
should not be mor pho log i cally equated with “end mo raine fans”
oc cur ring in low land zones, al though there is a sim i lar ity in the
lithological and lithodynamical char ac ter is tics.

The glacigenic depositional se quence de vel oped in sev eral
stages. Glaciofluvial de pos its were de pos ited in the then-ex ist ing 
lake. The stag na tion of the ice front cre ated fa vour able con di -
tions for mass flow. Co he sive de bris flows were formed, and
shal low sheet flows were ac tive on the flow lobes. The de pos its
were lo cally de pos ited in an ephem eral lake (prob a bly frag ments
of a dis ap pear ing lake). Pro gres sive warm ing re sulted in melt ing
out of ma te rial on the ice sur face, for ma tion of supraglacial
melt-out till and de vel op ment of cohesionless de bris flows. The
de for ma tion of glacigenic de pos its is of load ing or i gin.

The se ries of glacigenic de pos its bear traces of mod i fi ca tion 
by de nu da tion pro cesses act ing un der periglacial con di tions.
The grav elly pave ment is a re cord of thermoerosional ac tiv ity of
flow ing wa ter. Brecciated de pos its sup plied with ae olian grains
are a re cord of fluvio-ae olian pro cesses. The fis sure struc ture
was formed in a dry en vi ron ment as a re sult of grav i ta tional pro -
cesses and/or frost weath er ing (ground crack ing). The pe ri od i -
cal wa ter-sat u ra tion of the ground (re sult ing from thaw of the
per ma frost ac tive layer) is in di cated by the oc cur rence of
micronodules and ferruginous pre cip i tates and the traces of col -
loi dal frac tion in fil tra tion. Wash-slope pro cesses are re corded
as the ero sional sur face cov ered by wash-slope de pos its.

Micromorphological stud ies pro vided data for ge netic iden ti fi -
ca tion of the in ves ti gated de pos its. Anal y ses of bulk po ros ity,
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pore types and de for ma tion struc tures al lowed the in fer ence
about rhe ol ogy of de po si tion and de for ma tion pro cesses, and
the de ter mi na tion of pro cesses re lated to pore-wa ter move ment.
How ever, any un equiv o cal ge netic clas si fi ca tion of the de pos its
was not al ways pos si ble based on the micromorphological anal y -
sis. The set of micro struc tures, iden ti fied in the clay-rich
diamicton with low po ros ity – turbate, mar ble, and in dis tinct pla -
nar shear struc tures, is not di ag nos tic be cause such co in ci dence 
of microsturctures is found in both de bris flow de pos its and
subglacial tills. The re sults of the in ves ti ga tions con firm the opin -

ion that de tailed and com plete ex pla na tion of the de posit or i gin
re quires both micromorphological anal y ses and mac ro scopic
field sedimentological and struc tural stud ies.
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