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In this paper an attempt is made to identify the depositional environment of glacigenic deposits from the central part of the
Holy Cross Mountains (Kielce–£agów Valley). In this area, the primary glacial relief is very poorly visible, mainly due to its
modification by subsequent denudation processes. The study is based on detailed sedimentological (macro- and
microstructural) analysis of the deposits. The bottom part of the deposits consists of gravelly and sandy facies. They are
overlain by diamicton facies, with a small proportion of sandy facies. Clayey/silty facies occur in minor quantities. The investigations indicate that these deposits represent an ice-marginal environment. Local stagnation of the ice sheet lobe was controlled by the geological structure of bedrock (karstified and faulted limestones) and the features of a fossil valley. The
ice-marginal depositional environment is indicated by the predominance of sediment-gravity flow deposits, a low proportion
of sorted deposits, as well as the interfingering/alternating of mass flow deposits and waterlain deposits. Deformation occurring in the deposits is of gravitational origin. They also show traces of periglacial processes. The deposits constituted an
ice-marginal moraine (dry end moraine with limited topographic expression). Micromorphological analyses provided data for
genetic identification of the deposits, and allowed the inference about rheology of deposition and deformation processes.
However, in some cases, they did not allow unequivocal genetic classification of the deposits. The results of presented investigations confirm the opinion that detailed and complete explanation of deposit origin requires both micromorphological
analyses and macroscopic field sedimentological and structural studies.
Key words: glacigenic deposits, ice-marginal environment, macro- and microstructures, Pleistocene, Holy Cross Mountains,
Poland.

INTRODUCTION
In the Holy Cross Mountains, particularly in its central part,
the Pleistocene glacigenic deposits are poorly understood, both
in respect of modes of deposition and stratigraphy. Until now, it
has been assumed that the deposits are related to the South Polish Glaciations (San 1 and San 2 = Cromerian and Elsterian)
and/or to the Middle Polish 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 difficult to
determine accurately the relationship between the Quaternary
deposits and the geomorphology, because the periglacial denudation and weathering processes have resulted in considerable
modification of the Pleistocene glacial landscape.
The main aim of this paper is to identify the depositional environment of the Pleistocene deposits from the central part of

* Corresponding author, e-mail: margludwik@gmail.com
Received: August 26, 2013; accepted: June 27, 2014; first
published online: November 3, 2014

the Holy Cross Mountains, based on detailed sedimentological,
lithofacies, macro- and microstructural analyses. Previous
petrographic and mineralogical analyses of these deposits indicated their glacigenic origin (Ludwikowska-Kêdzia and
Pawelec, 2011). Scandinavian erratics have been found in
these deposits. Moreover, the composition of heavy mineral assemblage is typical of tills in Poland (cf. Racinowski, 2008,
2010), i.e. with the following order of main minerals: G-Am-Z
(K-St; garnets-amphiboles-zircon; accompanied by kyanite and
staurolite; Ludwikowska-Kêdzia, 2013).
The paper refers to the current scientific discussion on the
possibility of identification of glacigenic deposits based on
microstructural analysis. Investigations of tills have an important position in microstructural sedimentological studies. They
have resulted in the identification of structures typical of
glacigenic diamictons (e.g., Van der Meer, 1993; Hiemstra and
Van der Meer, 1997; Menzies, 2000; Hiemstra and Rijsdik,
2003; Kilfeather et al., 2008). The investigations concern mostly
the relationship between matrix and skeleton grains, and allow
the inference about rheology of deposits – based on the description of deformations (ductile, brittle and complex) as well as
microstructures formed by pore-water. The results of subsequent investigations indicate that not individual microstructures
are diagnostic but rather their coincidence in separate till types
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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)

(Hiemstra and Rijsdijk, 2003; Menzies and Zaniewski, 2003;
Phillips, 2006; Van der Meer et al., 2011). Modern research on
the subglacial till micromorphology mostly aims to determine
ice dynamics (e.g., Hiemstra and Van der Meer, 1997; Menzies, 2000; Evans and Hiemstra, 2005).
The significance of individual microstructures is still discussed but it is commonly accepted that the sedimentology of
deposits may be fully determined if macroscopic observations
are supplemented with microscopic studies (e.g., Bertran and
Texier, 1999; Ruszczyñska-Szenajch et al., 2003; Phillips,
2006; Van der Meer et al., 2011).

STUDY AREA
The investigations were conducted in field sections situated
in the central part of the Holy Cross Mountains, near the village
of M¹chocice Kapitulne (15 km NW of Kielce; Fig. 1A), in the
Kielce–£agów Synclinorium of the Paleozoic core (Fig. 1A).
The synclinorium is expressed in the topography by the vast depression of the Kielce–£agów Valley (Wróblewski, 1977).
The Quaternary sediments are underlain by Upper Devonian dolomites and limestones as well as Lower Carboniferous
shales forming together the Miedziana Góra Syncline
(Filonowicz, 1969; Konon, 2008; Fig. 1B). Water permeability of
the Upper Devonian rocks is medium (to low) but locally limestones have high permeability (Pra¿ak, 2012). The Carboniferous rocks are characterized by low permeability. Relief of the
Quaternary basement in the bottom of the Kielce–£agów Valley
is variable. In the area investigated in detail, the Upper Devonian rocks form a local high related in part to the line of
transversal elevation (Kowalczewski, 1963), and probably to
the neotectonic uplift of the Paleozoic bedrock (Kowalski, 1995;
Fig. 1B).To the south, this high borders on a depression of the
Paleozoic bedrock, which is probably of karst origin. It was
formed within the Middle and Upper Devonian limestones and
dolomites, which were cut by numerous faults. Lithological susceptibility of the bedrock to the development of karst phenomena is enhanced here by rock fractures. The varying degree of

fracturing is due to the tectonic activity in the study area
(Pra¿ak, 2012).
The Quaternary in the Kielce–£agów Valley is represented
by surface deposits highly variable in lithology (clays, sands,
gravels, tills), origin and age (e.g., Filonowicz, 1969, 1980;
£yczewska, 1971; Ludwikowska-Kêdzia, 2000; Kowalski, 2002;
So³tysik, 2002; Ludwikowska-Kêdzia et al., 2006).
The site under study is situated at 280–290 m a.s.l., on the
NE slope of a erosional-denudation spur (Fig. 2). This is also
the western side of the modern valley of the Lubrzanka River.
Its fossil valley in the study zone has asymmetric sides cut in
Devonian limestone. The western side is low, long, gently inclined and covered with loose deposits, while the eastern side is
higher and steep (rock wall; Fig. 2B).
The investigated site is a 50 m long sandpit wall cutting
transversely (from N to S) the erosional-denudation spur and
the adjacent part of the Vistulian terrace of the Lubrzanka River
valley (Fig. 2B). About 3 m thick glacigenic deposits are exposed over a distance of about 30 m in the highest part of the
sandpit. The walls of glacigenic deposits, with the W–E orientation and northern aspect, were studied in detail.

METHODS
Field work included: (1) a geological and geomorphological
survey, (2) a detailed sedimentological analysis of profiles, and
(3) sediment sampling for grain-size and microscopic analyses.
Lithofacies were labelled according to the codes of Miall (1978,
1985), and Krüger and Kj³r (1999), considering later modification (Zieliñski and Pisarska-Jamro¿y, 2012; Table 1). The genetic code according to Miall (1985) with some modification was
also applied (Table 2). In addition to the investigations in the exposure, two boreholes were drilled (nos. 1, 2; Fig. 2B on the
cross-section), and archived boreholes were also used (no. 3;
Fig. 2B).
Silty/sandy deposits and diamictons were sampled for
microstructural analyses. Six undisturbed samples were taken
in a vertical section from the surface with the W–E orientation,
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Fig. 2A – location of glacial deposits in the M¹chocice site in the geomorphological sketch
of the study area (after Ludwikowska-Kêdzia and Pawelec, 2011; Ludwikowska-Kêdzia,
2013), origin and age of deposits (after Filonowicz, 1968); B – geological cross-section
through the Lubrzanka River valley and the study site

inclined along the side of the Lubrzanka River valley (Fig. 3A).
The samples were impregnated with polyester resin according
to the method described by Brewer (1964) and Stoops (2003).
The then-prepared thin sections were 76 mm ´ 50 mm ´ 25 µm
in size. They were analysed under an optical microscope at up
to 20´ magnification.

The following nine main depositional units have been distinguished in the exposure (Fig. 3): gravels, sandy gravels and sands
(unit I), diamictons with clayey matrix (unit II), silty sand layers (unit
III), silty/sandy complex (unit IV), detached lump of diamictic gravels (unit V), diamictons with sandy matrix (unit VI), gravelly pavement and sandy/clayey breccia (unit VIIa,b), fissure structure-filling
sands (unit VIII), and silty/clayey diamictons (unit IX).

ANALYSIS OF THE DEPOSITS

UNIT I

The exposed glacigenic deposits overlie a series of lacustrine
deposits filling the fossil valley of the Lubrzanka River (Fig. 2B).

The lithofacies are represented by gravels, sandy gravels,
and medium- and coarse-grained sands (Fig. 3). Gravels (Gm)
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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
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Table 1

Table 2

Lithofacies code symbols used in this study
Code

Texture

B

boulder

G

gravel
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Lithofacies code symbols used in this study
Code
SG
TU/SS

Genesis
sediment gravity flow
turbidity current and/or suspension settling

GS

sandy gravel

SF

sheet flow

GD

diamictic gravel

SW

slope wash

sand

GP

gravelly erosional pavement (fluvial/aeolian)

SG

gravelly sand

SU

sandy upper plane bed

ST

silty sand

S

GSD
T
TS
M

diamictic sandy gravels
silt
sandy silt
mud (clay)

TM

muddy (clayey) silt

DS

sandy diamicton

DM

muddy (clayey) diamicton
Structure

m
(m1)

sive structure, thin beds with sheet geometry, lack of erosional
contacts between the beds.

massive
matrix-supported; clast poor (<15%)

h

horizontal stratification/lamination

l

low-angle (<15°) cross-stratification

d

deformed

and sandy gravels (GSm) are characterized by massive structure. These deposits laterally grade into and are separated by
massive sands (Sm), locally with horizontal lamination (Sh) or
low-angle cross-stratification (Sl). There are also zones of homogeneous sand (without clay particles), distinguished by a
lighter colour. Boundaries between the beds are uneven. Water-escape structures, resembling dish and pillar structures, are
visible in the deposits.
Their colour (in dry deposit) is distinctively white due to a
high proportion of the Miocene detrital and coralline algal limestones as well as the Mesozoic siliceous chalk and limestones.
Most of gravel grains (also the fragments of Scandinavian
rocks) have smooth surfaces and rounded edges.
The unit I succession is locally characterized by inverse
grading. In places, the top part of unit I is brown and enriched in
the silty/clayey fraction cemented by iron compounds.
Cell-shaped structures, filled with gravelly sand, occur in this
part.
Interpretation. Lithofacies Gm, GSm and Sm (Sh, Sl) were
formed in the environment of generally high and variable flow
energy. The occurrence of water-escape structures may indicate fast sediment deposition (Gradziñski et al., 1986).
The Gm (GSm), Sh and Sl lithofacies may have formed at
the transition from subcritical to supercritical flow (upper-stage
plane-bed; Zieliñski, 1998). They may represent shallow,
ephemeral currents of sheet-flood type (Miall, 1977) and/or
meltstreams. These deposits might have been spread
subaqueously as flows. Therefore the Gm (GSm), Sm association facies may have been resulted from secondary processes subaqueous cohesionless debris flows. These flows can also
originate by the failure of cohesionless materials on subaqueous slopes (Benn and Evans, 2010). The following deposit features indicate this type of flows: inverse grading (locally), mas-

UNIT II

Matrix-supported diamicton DMm(m1) is grey and massive
(Figs. 3, 4 and 5A). The matrix consists mostly of clay. It contains gravels and single boulders, up to 35 cm across (Fig.4). It
occurs in the form of three beds, 5–25 cm thick, separated by
silty sands (unit III). In the proximal part, the diamicton beds are
close-packed (compact) while in the distal part they are loosely
packed, plastically stretched, and occur in the form of lobes and
flow folds. These diamictons pinch out in distal direction, with
the exception of the lowermost bed, which forms a syncline and
interfingers with deformed massive silty/sandy deposits
(unit IV). Ductile deformation occurs in the top part of unit II. The
upper bed of the clayey diamicton is discontinuous. It is composed of irregular fragments. Diapiric forms and folds occur in
this zone. Thickness of the deformed deposits is small (about
0.3–1.0 m).
In the lower bed, the long axes of clasts and boulders
(megaclast) are parallel to the direction of local material transport. Two single megaclasts are visible, i.e. of granite (Fig. 4A,
B) and detrital limestone (Fig. 4C, D). The granite boulder has
stoss-lee form and there is a prow in front of it (Fig. 4B). Its bottom part, partially plunged into the diamicton, is angular in contrast to the smoothed and rounded upper surface. Fresh traces
of breaking off and crushing are visible on the proximal wall of
the boulder. The limestone boulder is elongated, flat topped,
with polished upper and lower surfaces (facetted clast) on which
elongated grooves with rounded edges are visible (Fig. 4D).
Microscopic analysis reveals poorly sorted material with numerous skeleton grains (Fig. 5B and Table 3 – sample 1). The
silt grains are predominantly angular to subangular in shape,
while the larger sand grains are more edge-rounded. The matrix
is composed of silt grains with clay material. Clay-rich zones are
visible in the matrix. The voids are mainly of planar void type.
The matrix has clear marble structure, where the deposit consists of a number of spherical aggregates that behave like ball
bearings (Van der Meer, 1993; Fig. 5C). There are abundant
flow tail and rotation structures (Fig. 5D), small water-escape
structures and grain clusters (with crushed grains in places;
Fig. 5E). Distinct planar shear structures have not been found.
Only indistinct lineation is visible in the matrix. Insepic plasmic
fabric generally dominates but, in places, the clay-rich zones
form coatings around the skeleton grains (poorly developed
skelsepic plasmic fabric). A certain orientation is visible along
the direction of bedrock inclination. Long axes of coarser skeleton grains are similarly oriented along this direction, forming
flow tail microstructures in places. Clay-rich zones and voids
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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

decrease in amplitude along the direction of bedrock inclination.
Fe/Mn staining is frequent.
Interpretation. The occurrence of flow structures in the distal parts of the diamictons indicates that the material released
from melting ice was redeposited in the form of flows (cf. Evans
and Hiemstra, 2005). Clayey matrix of the diamictons and the
occurrence of lobes and flow folds are diagnostic for sediments
deposited as a result of dense, cohesive flow named flow
(Nemec and Steel, 1984), high-strength flow (Shultz, 1984),
true mass flow (Pierson, 1985), i.e. slow flow occurring as
mostly laminar movement. It is also confirmed by depositional
contact between the diamicton and the underlying series of
sandy/gravelly deposits (Kasprzak and Kozarski, 1984;
Lachniet et al., 1999).
The features of the megaclasts indicate the processes of
crushing and abrading occurring in a subglacial traction zone
(e.g., Boulton, 1978; Krüger, 1984; Evans et al., 2006; Benn
and Evans, 2010), or transport in deforming layer (Benn and
Evans, 1996). However, the situation of megaclasts in the studied deposits (on the surface of thin diamicton bed) indicates that
they were melted out at the ice base and transported over a
short distance on the flow surface. Cohesive flows are characterized by high competence (Pierson, 1985). Transport and stabilization of the granite megaclast is recorded as a visible prow
in the diamicton in front of the boulder. In the subglacial zone,
the occurrence of similar prows indicates the ploughing of the
soft bed (e.g., Boulton, 1978; Krüger, 1984; Evans et al., 2006).
Deformation structures occurring in the middle and upper
beds of the clayey diamicton are probably of complex origin.
They are postdepositional, load-cast structures due to fast
aggradation of the overlying sandy/silty diamicton (unit VI) and
subsequent subsidence resulting from permafrost thaw. The

grain size contrast of sandwiched deposits and periodically water-saturated ground in periglacial conditions favoured the development of these structures (cf. GoŸdzik, 1973;
Vandenberghe, 1988). Deformation of the diamicton’s upper
bed could not be caused by seasonally advancing ice sheet because diapiric forms could not keep a vertical position under
subhorizontal pressure exerted by it. They all would have been
bended (cf. Ruszczyñska-Szejnach, 1998).
Microscopic analysis does not allow unequivocal genetic interpretation of the deposit. The observed coincidence of microstructures may indicate both cohesive flow and till formed in a
submarginal zone.
Turbate grain arrangement is indicative of rotational movements of grains in subglacial shear regime (Van der Meer,
1993, 1997; Hiemstra, 2001; Hiemstra and Rijsdijk, 2003).
However, the turbates may only then be considered diagnostic
for a subglacial till where they are closely related to planar shear
structures. Distinct planar shear structures are absent in the
studied deposits. This fact indicates that these deposits well
represent a mass movement deposit, in which flow was the predominant deformation mode (cf. Hiemstra and Rijsdijk, 2003).
Turbate structures are found in clayey deposits of debris flow.
Formation of these structures in such deposits is explained by
mixing during flow transport (Lachniet et al., 2001; Menzies and
Zaniewski, 2003; Phillips, 2006). However, it cannot be excluded that the deposit is a till formed in a submarginal environment, under seasonally changing climate conditions. The shear
indicators were not preserved owing to superimposed and possibly younger frost processes as well as processes related to
pore-water movement (cf. Evans and Hiemstra, 2005).
Marble-bed structure may result from an initial subglacial
compression, by the gradual upward progression of
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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
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Table 3
Summary of micromorphological characteristics in this study

The number of circles represents the relative strength and abundance of features from absent (no circles) to abundant, well-developed (three circles); key to texture: C – coarse, F – fine, M – medium; key to skeleton roundness: R – rounded, SA – subangular, A
– angular; key to microfabric: F – flow parallel, V – vertical, D – deformation parallel; key to voids type: Ve – vesicles, Vu – vugs, Pl
– planar voids, Pa – packing voids

subhorizontal shears, brecciation and rotation of aggregates
(Van der Meer, 1993). This view is substantiated by the in situ
production of crushed grains (Hiemstra and Van der Meer,
1997). Marble-bed and turbate structures are formed under different subglacial conditions. In the opinion of some researchers, the zone of shearing can change from the marble-bed configuration to one that consists of rotational structures and a
skelsepic plasmic fabric (Van der Meer et al., 2003). There is
also a view that marble-bed and turbate structures are formed
in reverse order. The process of marble-bed formation destroys
turbate and linear structures by breaking them apart, when
shear is the dominant deforming factor, and water pressures
are not high (Kilfeather et al., 2008).
Marble-bed structure is also described and even considered as diagnostic for debris flow deposits (Menzies and
Zaniewski, 2003). Crushed grains are also found in both debris
flow deposits (e.g., Bertran and Texier, 1999) and subglacial till.
In the case documented by Hiemstra and Van der Meer (1997),
the co-occurrence of marble-bed structure and in situ crushed
grains is considered as resulting from pulsed water movement
with alternating wet and dry conditions. Such co-occurrence
may indicate the formation of deposits at the contact with the
glacier.
Small water-escape structures record pore-water movement – when the deposit became drained and consolidated.
UNIT III

The above-described beds (unit II) are separated by silty
sand interlayers (STm; unit III; Figs. 3 and 6A). These
interlayers have a varying thickness (from 5 to 15 cm) and horizontal extent reaching over 3 m. They partially surround the
megaclasts. The layers separating the lower beds of the

diamicton (unit II) occur in places as thin (up to 5 cm thick) very
compact lenses. Their thickness increases (to 35 cm) and compactness of material decreases upwards. The layer underlying
the upper bed (occurring in diapiric forms) of the diamicton
(unit II) is also deformed.
Microscopic analysis reveals lamination in the deposits
(Fig. 6B and Table 3 – sample 2). The alternating laminae of
diamicton, silt and sand are often separated by erosional surfaces. The contacts between the diamicton and silt layers are
loaded in places (Fig. 6C). The matrix-supported massive
diamicton is characterized by a high clay content. The grains
are subangular to rounded in shape. Pebble structures occur.
The sandy laminae are locally graded. Horizontal lamination is
visible in places in the silty laminae (Fh). Fissures and voids
have been found in this deposit. Voids in the diamicton are
mainly vesicles and vughs, while packing voids occur in sandy
and silty laminae. Numerous water-escape structures (dishes
and pillars) are noteworthy (Fig. 6D, E). Fe/Mn staining is found.
Interpretation. The interlayers of distinctly silty sands
(intersurge layers – sensu Nemec and Steel, 1984) are interpreted as derived from fluvial flow, usually of sheet flow type
(Lawson, 1982; Zieliñski, 1993) covering the entire surface of
debrite. During freezing, the pore-water is squeezed off and
forms a shallow and quite fast stream (Lawson, 1982; Zieliñski,
1993; Ruszczyñska-Szejnach, 1998). The analysed deposits
represent the distal part of the flow so the thickness of debrites
decreases and that of sediments deposited by sheet flows increases along the slope inclination.
Visible under microscope lamination is a record of variable
flow energy. The diamicton laminae were formed by erosion of
material from the bedrock and short initial transport (see Steel
and Thompson, 1983; Nemec and Steel, 1984). The occurrence of pebble microstructures indicates erosion of the bed-
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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

816

Ma³gorzata Ludwikowska-Kêdzia and Halina Pawelec

Fig. 7A – synclinally bent complex of silty/sandy deposits (unit IV) and detached lump of diamictic gravels and gravelly sands
(unit V; see Fig. 3); B – gravelly lens (interpreted as being formed from the material transported to the lake as a frozen block released from the melting ice base) visible in the silty/sandy complex; C – silty inserts, irregular in shape, visible in the detached lump
(interpreted as the result of silt deposit deformation caused by the encroachment of flows into the lake)

rock. The massive sands are interpreted as the records of
high-energy flow – deposited from supercritical flow in the upper-stage plane-bed conditions (cf. Nemec et al., 1980;
Zieliñski and Loon, 1996). The normal grading indicates a gradual decrease of flow energy. The silty laminae with horizontal
lamination were deposited by low-energy flows. The escape
microstructures are the traces of pore-water movement during
draining and consolidation of deposit, probably under the load
of overlying deposit.
Deformation structures visible in the upper layer are of load
type. They developed as a result of the deposition of the overlying sandy diamicton (unit VI), similarly as the above-described
deformations of the upper part of unit II. The varying thickness
and compactness of the silty sand layers (unit III) may be also related to the overlying deposit load. However, it cannot be excluded that the very compact lower layers were formed in a
submarginal environment, under the pressure of ice masses during their small advance. In such conditions the deposits formed
as sand pockets are stretched and attenuated, and transformed
into sand sheets and stringers (Kessler et al., 2012).
UNIT IV

Silty/sandy complex occurs within the deposits of unit I and
interfingers with the diamicton of unit II (Figs. 3, 7A and 8A). It
consists of synclinally bended, fine sandy silt (TSm) and silty
(Tm) laminae. Gravelly lenses (Gm) are visible in places
(Fig. 7B). Massive silts (Fm) occur in the top part.
Microscopic analysis indicates strong deformation of the deposit (Fig. 8B and Table 3 – sample 3). A banding structure is
found – deformed layers of silt and clay (Fig. 8C). Disrupted frag-

ments of laminae are visible (Fig. 8D). The contacts between
these deposits are sharp, in places with the zones of clay concentration with common traces of deformation. Fold deformations
(Fig. 8E), matrix lineations and small faults occur. Few traces of
clay displacement and water-escape structures are found.
Interpretation. Deposits of the silty/sandy complex are a
record of an ephemeral lake, in which settlement from suspension took place. Gravelly lenses were formed from the material
transported to the lake as frozen blocks released from the melting ice base. Massive silts are interpreted as a record of turbidity currents triggered in this lake by mixing and thinning of cohesive debris flows (unit II; cf. Mohrig et al., 1998; Marr et al.,
2002; Talling et al., 2004).
UNIT V

The detached gravelly/sandy lump, oval in shape, laterally
contacts with the silty/sandy complex (unit IV; Figs. 3 and 7A). It
is composed of diamictic gravels (GDm) and diamictic sandy
gravels (GSDm). The deposits are massive in structure and
have sandy-clayey matrix. A higher content of fines is the only
difference between these deposits and the gravels (Gm) and
sandy gravels (SGm) of unit I. The detached lump contains
fragments of silt deposit from the top part of unit IV (Fig. 7C),
and occasional clasts of clayey diamicton (unit II).
Interpretation. Diamictic gravels (GDm) and diamictic
sandy gravels (GSDm) may have been deposited by subaerial
debris flow (cf. Kasprzak and Kozarski, 1984; Krüger and Kj³r,
1999; Zieliñski, 2003). The development of these flows and
their encroachment into the lake caused the development of deformations at the contact with lacustrine deposits (see unit IV) –
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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
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i.e. (1) the formation of a fold as a result of compression that
can occur during debris flow deposition (Nemec, 1990), (2)
synclinal bending, disruption and pushing of silty/sandy
laminae, and (3) formation of silty and clayey diamicton inserts
in the lump.
UNIT VI

Matrix-supported diamicton DSm(m1) is brown, 1.0–1.5 m
thick. Sandy-silty fraction predominates in the matrix (Figs. 3
and 9A). The diamicton is massive in structure, with discontinuous streaks in places. These are silty layers, up to 2 cm thick,
parallel to the inclined basal surface of the diamicton, which occur mainly in the lower part of the diamicton. The long axes of
clasts are transverse to the movement direction. However, they
are commonly vertically orientated in the distal part of the deposits (Fig. 3). Coarsening-up texture occurs in the lower part of
the diamicton. Strongly weathered (disintegrated into grains)
fragments of Scandinavian rocks, with deformed shapes, are
visible in the diamicton. The contact with the diamicton of unit II
is depositional and loaded (see description of unit II).
Microscopic analysis reveals poorly sorted material with single skeleton grains (Fig. 9B and Table 3 – sample 4). The silt
grains are predominantly subangular, while the sand grains are
rounded. The matrix is composed of silt and clay material. Numerous clast-supported silty/sandy domains and domains with
clayey matrix occur in the deposit (Fig. 9B). The largest clasts
are vertically oriented. The deposits are characterized by great
microporosity. The voids are vugs, packing voids (in silty/sandy
domains) and planar voids or fissures. Pebbles are quite numerous. Both grain and matrix lineation (Fig. 9C), and rotational
structures (in the domains with clayey matrix; Fig. 9D) are found
in the deposit. Small water-escape structures also occur. Plasmic fabric pattern has not been observed. It can be said that
argillasepic plasmic fabric occurs in places, and elsewhere
silasepic fabric is observed. Packing voids frequently contain
precipitated iron or manganese (Fig. 9E).
Interpretation. Grain-size distribution of matrix (high content of sand and a low proportion of fine fractions) and massive
structure indicates that the deposit is of cohesionless debris
flow type (Eyles, 1979; Nemec and Steel, 1984; Zieliñski and
Loon, 1996; Dasgupta, 2003). It is a transition type between debris flow and grain flow – according to the classification by
Shultz (1984) it is clast-rich debris flow. Similar flows are also
called coarse-grained debris flows. The laminae within the massive deposit are not a depositional but a deformational structure
resulting from intense shearing and laminar flow (sheared sediment; Postma et al., 1983). Transverse orientation of clasts’
long axes is typical of the distal parts of gravity flows (similarly
as in slope deposits; Blikra and Nemec, 1998), while vertical orientation of clasts indicates a strongly water-saturated environment where elongated boulders slowly sink into the moving
clayey mass (cf. Ruszczyñska-Szenajch, 1998). The coarsening-up tendency, visible in the basal part of the diamicton,
should be related to high shear stress in the flow “foot” (cf.
Nemec and Steel, 1984). Deformation of shapes of the weathered Scandinavian boulders is a record of postdepositional
modification of the deposit in periglacial conditions.
Microscopic analysis confirms that the deposit was formed
as a result of strongly water-saturated flow. It is indicated by
great microporosity and the occurrence of vughs and planar
voids (cf. Kilfeather et al., 2008). Domains, pebbles and rotational structures are frequent in debris flow deposits (Lachniet
et al., 2001; Menzies and Zaniewski, 2003; Phillips, 2006). The
lack of plasmic fabric pattern may be the result of relatively

low-stress depositional conditions. Silasepic and argillasepic
plasmic fabric can be found in flow tills (Van der Meer, 1997;
Menzies and Zaniewski, 2003). Deposition from water-saturated flow is also indicated by the lack of deformation (related to
the flow development) in the underlying deposits (cf. wet-type
flow deposit; Lachniet et al., 1999), in which only load-type deformation occurs, i.e. vertical diapiric forms without traces of
horizontal displacement.
UNIT VII

A gravelly pavement (Gm; unit VIIa; Fig. 3) truncates the deposits of units IV and V. Gravels are strongly cemented with the
iron-clayey cement. The long axes of gravels are oriented
obliquely or parallel to the accumulation surface.
The gravelly pavement is covered with sandy/clayey breccia
(unit VIIb). It is a clast-supported bed, 0.5–0.65 m thick. Irregular, angular, fine-sand clasts are 0.25–0.40 m in size. Sand and
gravelly sand shows low-angle cross-stratification (Sl) and horizontal stratification (Sh). The breccia matrix is clayey sand impregnated with iron oxides and hydroxides (limonite and hematite).
Interpretation. Internal structure of sandy and gravelly
sand clasts (SGl, Sl, Sh) suggests a stream flow/river origin of
sands, at the transition from subcritical to supercritical flow (upper-stage plane-bed; Zieliñski, 1998). These are channel deposits of sand-bed braided river/stream. The gravel layer (Gm)
occurring at the bottom of the deposits is interpreted as an erosion/deflation pavement recording fluvial/aeolian processes.
The functioning of channel flow created good conditions for
thermoerosion processes (Murton and French, 1993; French,
1996). The angular shape of sandy clasts indicates disintegration of the sand layers in the conditions of frozen bedrock. Both
desiccation and frost action occurred at that time. Sandy clasts
were dislocated at a short distance only. The clasts were cemented by clayey-iron cement as a result of infiltration of colloidal clay and iron compounds.
UNIT VIII

Unit VIII is represented by sand filling a fissure structure.
This fissure, 1.0 m deep and up to 0.2 m wide (Figs. 3 and 10A),
developed in the boundary zone of the deposits with different
grain-size distribution – diamictons with clayey matrix (unit II),
silty sand layers (unit III), detached gravelly/sandy lump (unit V)
and diamictons with sandy matrix (unit VI). The fissure is generally wedge-shaped. The upper part of the fissure is wider and
funnel-like, and the narrow lower part cuts the detached gravelly/sandy lump. The whole fissure is filled mostly with fine sand,
which is macroscopically identical to the brecciated sands occurring over the fissure. The fissure walls are accentuated by
rust brown colour of deposits, which occur also below the fissure, down to the contact with the clayey diamicton of unit II.
Microscopic analysis revealed that it is grain-supported deposit (granular microstructure) composed mostly of sand-sized
quartz grains accompanied by silt and gravels (Fig. 10B, C and
Table 3 – sample 5). Sand grains are rounded, while silt grains
are angular. Crushed grains are also found. The deposit is
strongly porous, with packing voids. Most grains are vertically
oriented. In places, under gravel grains, concave sandy
laminae are visible (Fig. 10C). Bridged grain microstructure is
found, i.e. the occurrence of clayey-ferruginous concentrations/bridges between grains (Fig. 10B).
Interpretation. Formation of this fissure can be related to
postdepositional gravitational processes so it may be consid-
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Fig. 9. Diamicton with sandy matrix (sample 4/unit VI; Table 3) – micromorphological images
A – sample location for microstructural research; B – poorly sorted material with single skeleton grains (zones of clast-supported silty/sandy
material and zones with clayey matrix, grain lineation, matrix lineation and turbate structures are visible, the largest clasts are vertically oriented); C – grain lineation visible at the contact of silty/sandy and clay domains; D – turbate structure in the zone of silt with clayey matrix; E –
silty/sandy zones with packing voids, which contain precipitated 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 – samples location for microstructural research; B – grain-supported, strongly porous deposit composed mostly of sand-sized quartz
grains accompanied by silt and gravels (clayey-ferruginous concentrations/bridges between grains); C – vertically oriented grains and concave laminae under gravel grains; D – sharp erosional contact of sand with strongly ferruginous (cherry) clays (vertical orientation of deposits, polygonal microstructure with a dense net of small fissures occurs in the clays); E – ball-shaped silty microaggregate in clay
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ered as a gravitational fissure. However, it cannot be excluded
that the fissure was formed with the participation of frost processes. The microstructure of the infilling – vertical orientation
of grains and the occurrence of concave sandy laminae under
gravel grains – indicates avalanching of deposits in a dry, cold
environment (cf. Bertran and Texier, 1999). Such fissure filling
is typical of wedge casts with primary mineral infilling, formed as
a result of thermal contraction (GoŸdzik, 1973). The occurrence
of bridged grain microstructure in the sand filling the fissure, as
well as rust brown colour of deposits in the fissure walls and under it, indicate postdepositional changes of humidity resulting in
ground cracking and infiltration of colloidal clay and iron compounds.
UNIT IX

Matrix-supported diamicton with silty/clayey matrix (DMm)
is red-brown (cherry; Figs. 3 and 10A). It is mostly massive in
structure, locally with visible silty/sandy thin lenses. It covers the
erosional, wavy surface cutting the underlying deposits (unit VI,
partially unit VIIb; Fig. 3). At the bottoms of deeper erosional
dissections, the diamicton is characterized by a high content of
gravels. Their amount decreases upward the dissection infillings, and muddy (clayey) silts (TMm) occur there.
The contact of this deposit and sandy/clayey breccia
(unit VIIb) has been examined under microscope (Fig. 10D, E
and Table 3 – sample 6). It is a sharp, erosional contact, locally
with ball-shaped silty microaggregates (Fig. 10E). The clay is
strongly ferruginous and exhibits a polygonal microstructure
with a dense net of small fissures (Fig. 10D). Vosepic plasmic
fabric is found in places – plasma layers are visible on the fissure walls.
Interpretation. Diamicton is a wash-slope deposit formed
by high-energy flow with a great concentration of sediment. Its
deposition was preceded by linear erosion. The occurrence of
gravels at the dissections’ bottoms indicates that material,
which was earlier transported in suspension, was abruptly deposited and become dragged material. The ball-shaped
microaggregates, visible under microscope, are typical of deposits formed by slope wash processes in clayey-silty material
(Mücher and Ploey, 1977). The polygonal microstructure was
formed as a result of postdepositional processes related to
pore-water movement and deposit draining. The vosepic plasmic fabric was probably formed during pedogenesis. Their sedimentary structure (lamination) was partially blurred by
pedogenesis.

PALAEOGEOGRAPHICAL INTERPRETATION
Interpretation of depositional environment. The deposits (units I–VI) form a lithofacies complex with the following features indicating its deposition in a glaciomarginal environment:
(1) the predominance of sediment-gravity flow deposits deposited (subaerially and subaqueously) by cohesive and
cohesionless debris flows (flow tills, diamictic gravels; units II,
V, VI) as well as turbidity currents (silty/sandy complex; unit IV),
(2) a small proportion of well-sorted deposits (gravels and
sands; units I, III), (3) the interfingering/alternating of sediment-gravity flow deposits and glaciofluvial (in boreholes),
waterlain deposits (cf. Boulton, 1971; Lawson, 1979, 1982;
Ruszczyñska-Szenajch, 1982; Johnson, 1990; Zieliñski, 1992,
2003; Kozarski, 1995; Zieliñski and Loon, 1996; Krzyszkowski
and Zieliñski, 2002; Kasprzak, 2003; Terpi³owski, 2003, 2008;
Pisarska-Jamro¿y, 2006).
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Deposits of units VII–IX were formed in a periglacial environment. They were deposited in erosional dissections (units
VII, IX) and gravitational-cryogenic fissures (unit VIII). A more
detailed description of depositional conditions was possible
based on the analysis of their textural features. In the case of
sandy breccia (unit VIIb), internal structure of sandy clasts confirms a fluvial (channel) origin of sands, while the analysis of
heavy minerals – selective enrichment in garnets
(Ludwikowska-Kêdzia, 2013) – indicates an aeolian/fluvial environment (Mycielska-Dowgia³³o, 2007). Textural features of
quartz grains – roundness and surface morphology – indicate
an aeolian environment. These sands are recognized as
fluvio-aeolian deposits (Kasse et al., 2003). Similar deposits
have been interpreted as fluvioperiglacial deposits (cf.
£yczewska, 1971). The accumulation of these deposits occurred in a river valley where the alluvia were supplied with
wind-transported grains. Dunes and cover sands were the
source areas of aeolisated sands, which were activated by denudation and fluvial processes (cf. Woronko, 2012). Ground
cracking as well as infiltration of colloidal clay and iron compounds (units VII, VIII) may indicate modification of deposits in
a periglacial environment.
The studied deposits constituted an ice-marginal moraine.
Studies of ice-marginal moraine ridges of modern glaciers indicate that they are formed from deformed bedrock and ice-contact deposits as a result of dumping, squeezing, pushing and
glaciotectonic deformation processes (e.g., Evans and
Hiemstra, 2005; Benediktsson et al., 2009; Roberts et al., 2009;
Krüger et al., 2010; Benn and Evans, 2010). The complex of
glacigenic deposits near M¹chocice has no features of such
moraines. The deposit deformations were interpreted as mostly
load-cast structures. However, it cannot be excluded that a
small advance of the ice front occurred in the early stage of the
marginal zone development. It may have caused the compaction of the lower beds of the diamicton (unit II) and silty/sandy
interlayers (unit III).
The succession of deposits near M¹chocice and the type of
depositional processes suggest accumulation at a stationary
glacier margin that creates good conditions for the formation of
ice-marginal moraines composed of weakly deformed ice-contact deposits, which are deposited by mass flows (flow tills) and
glaciofluvial processes (Benn and Evans, 2010).
In the Kielce–£agów Valley, the local stagnation of the ice
front was forced by the geological structure and relief of the
bedrock because it consists of permeable limestones and
dolomites (i.e., karstified and additionally faulted rocks), and
zones of exposed non-karstified rocks. The presence of these
karstified rocks caused the escape of subglacial water by a system of underground channels. They drained water into a zone
of karst depressions, the location of which was controlled by
tectonic factors. The stagnation of the ice front was also facilitated by the fact that the ice sheet lobe passed from the zone of
solid rocks (hard bedrock) to the fossil valley depression filled
with loose deposits (soft bedrock). Such lithological-structural
conditions favoured the stagnation of the ice and formation of
“dry ice margins”, and determined the location of the end moraine fans (cf. Krzyszkowski and Zieliñski, 2002). Thus, isolated
fans were formed along the ice margins of such type. It was
caused by a limited material supply.
In the lowlands of Northern Poland, where the Weichselian
glaciation relief is preserved, such moraines are named “ablation end moraines” (Kozarski, 1995), “glacial end moraines”
(Ruszczyñska-Szenajch, 1982) and “end moraine fans”
(Krzyszkowski and Zieliñski, 2002). In general, they are formed
by the ablation of supraglacial material, short transport and its
deposition at the ice front. Consequently, flow tills interfinger
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Fig. 11. Model of deposition of glacigenic deposits in the M¹chocice site
A – valley depression as a lacustrine depositional basin, before glaciation; B – advance and stabilization of ice sheet, filling of the lake with deposits, initiation of moraine material deposition in
the ice-front zone; C – deglaciation, deposition of moraine material, formation of local end moraine; D – interglacial erosion and accumulation, reactivation of fluvial processes in the valley; E
– coexistence of denudation and fluvial processes under periglacial conditions
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with glaciofluvial deposits (Zieliñski and Loon, 1996).
Krzyszkowski and Zieliñski (2002) distinguish three types of
end moraines: type A – mass flow deposit-dominated ice-marginal fans, type B – mass flow and waterlain deposit-dominated
ice-marginal fans, and type C – waterlain deposit-dominated
ice-marginal fans. They are moraines that formed in the conditions of unconstrained sedimentation at the margins of ice
sheets. The analysed deposits near M¹chocice are difficult to
be classified as a single type of end moraine (may represent an
intermediate type between type A – end moraine, and a proximal part of type B), because the development of glacimarginal
fan was spatially limited by the existence of asymmetric valley
cut in the Paleozoic bedrock. Therefore, the ice-marginal moraine near M¹chocice should not be morphologically equated
with end moraines (sensu Krzyszkowski and Zieliñski, 2002)
described in the models of ice sheet deposition in a lowland
zone. There is a similarity in the lithological and lithodynamical
characteristics that determine the classification of the analysed
deposits as a marginal moraine.
Stages of deposit sequence formation. The investigated
glacigenic depositional sequence developed in several stages
(Fig. 11). Its deposition in the pre-Lubrzanka River valley depression was preceded by the existence of a lake (Fig. 11A), as
evidenced by the series of silts with silty/sandy interlayers,
which is identified in boreholes (Fig. 2B). The action of
proglacial water during the ice sheet lobe advance is recorded
as the series of sands (investigated in boreholes) and gravelly/sandy deposits (unit I; Fig. 11A, B). These deposits also
may have been spread subaqueously. The stagnation of the ice
front (“dry ice margins” forced by lithological-morphological
conditions) created favourable conditions for mass flow
(subaerial and subaqueous; Fig. 11B, C). The extent of activity
of such processes was limited by the small size of the valley,
and varying height and inclination of its fossil sides. The processes terminated on the SE flank of the valley. Material released from the ice was deposited as cohesive debris flow deposits (flow tills of unit II). Shallow sheet flows were active on
flows lobes (unit III). In places, the flows were deposited in an
ephemeral lake (probably fragments of a disappearing lake, being filled with deposits), forming the subaqueous, flow sequence of deposits (units IV, V). Progressive warming resulted
in the melting out of material and its accumulation on the ice
surface. This supraglacial sediment was then redeposited by
cohesionless debris flows (flow tills of unit VI).
The analysed series of fan deposits bear traces of modification by subsequent denudation and aeolian processes acting
under glacial and periglacial conditions (Fig. 11D, E). They
eroded and denuded the top part of the series and changed the
original glacial landform. The fluvio-aeolian processes deposited the gravel pavement and fine sands, which were then
transformed into the breccia (unit VII). The fissure structure
(unit VIII) was formed in a dry cold environment as a result of
gravitational processes or frost weathering (ground cracking).
The iron precipitates, formed under reducing conditions, indicate periodically changing water tables and saturation of the
ground. They occur in the grain fractures and in the zones of
grain size change. The commonly found iron-manganese
micronodules were formed during slow penetration of air into
the wet matrix containing Fe2+ and Mn2+ (Todisko and Bhiry,
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2008). Microstructures indicating infiltration and deposition of
colloidal fraction are also found. The illuvial processes are controlled by the texture and drainage conditions. They are mostly
associated with snow melting and ground-ice thaw (Harris and
Ellis, 1980). The diamicton with silty/clayey matrix (unit IX), occurring on the erosion surface, is a record of intense
slope-wash development, which was favoured by periodical
thaw of permafrost in the periglacial environment (cf. French,
1996; Pawelec, 2011).

CONCLUSIONS
The investigations, based exclusively on sedimentological
(macro- and microstructural) analysis, allowed the identification
of depositional environment of the deposits under study, though
it was not possible to use geomorphological criteria.
The deposits represent an ice-marginal environment, as indicated by the predominance of sediment-gravity flow deposits
(deposited by cohesive and cohesionless debris flows, turbidity
currents), a small proportion of sorted deposits, as well as the
interfingering/alternating of mass flow deposits and waterlain
deposits.
Local stagnation of the ice sheet lobe and the course of processes in the glaciomarginal zone were controlled by the permeable bedrock composed of karstified and faulted limestones,
as well as by its relief (occurrence of the fossil valley with asymmetric sides). These conditions contributed to the formation of
“dry ice margins”.
The deposits may represent an ice-marginal moraine fan.
Its development was spatially limited by the existence of asymmetric valley dissection in the bedrock. However, this fan
should not be morphologically equated with “end moraine fans”
occurring in lowland zones, although there is a similarity in the
lithological and lithodynamical characteristics.
The glacigenic depositional sequence developed in several
stages. Glaciofluvial deposits were deposited in the then-existing
lake. The stagnation of the ice front created favourable conditions for mass flow. Cohesive debris flows were formed, and
shallow sheet flows were active on the flow lobes. The deposits
were locally deposited in an ephemeral lake (probably fragments
of a disappearing lake). Progressive warming resulted in melting
out of material on the ice surface, formation of supraglacial
melt-out till and development of cohesionless debris flows. The
deformation of glacigenic deposits is of loading origin.
The series of glacigenic deposits bear traces of modification
by denudation processes acting under periglacial conditions.
The gravelly pavement is a record of thermoerosional activity of
flowing water. Brecciated deposits supplied with aeolian grains
are a record of fluvio-aeolian processes. The fissure structure
was formed in a dry environment as a result of gravitational processes and/or frost weathering (ground cracking). The periodical water-saturation of the ground (resulting from thaw of the
permafrost active layer) is indicated by the occurrence of
micronodules and ferruginous precipitates and the traces of colloidal fraction infiltration. Wash-slope processes are recorded
as the erosional surface covered by wash-slope deposits.
Micromorphological studies provided data for genetic identification of the investigated deposits. Analyses of bulk porosity,
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pore types and deformation structures allowed the inference
about rheology of deposition and deformation processes, and
the determination of processes related to pore-water movement.
However, any unequivocal genetic classification of the deposits
was not always possible based on the micromorphological analysis. The set of microstructures, identified in the clay-rich
diamicton with low porosity – turbate, marble, and indistinct planar shear structures, is not diagnostic because such coincidence
of microsturctures is found in both debris flow deposits and
subglacial tills. The results of the investigations confirm the opin-

ion that detailed and complete explanation of the deposit origin
requires both micromorphological analyses and macroscopic
field sedimentological and structural studies.
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