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Abstract

The identification of depositional conditions and stratigraphical position of glacigenic deposits in the Napekéw area
is important for the genetic and stratigraphical interpretation of Quaternary deposits in the central part of the Holy
Cross Mountains, as well as for a revision of the course and extent of Middle Polish (Saalian) glaciations. These de-
posits comprise a series of diamictons which occur between sandy-gravelly deposits. Based on results of macro- and
microscopic sedimentological investigations, analysis of heavy mineral composition, roundness and frosting of quartz
grains, as well as OSL dating, this complex must have formed during the Odranian Glaciation (Drenthe, Saalian, MIS
6). Sandy-gravelly deposits are of fluvioglacial and melt-out origin. Diamictons represent subglacial traction till. Their
facies diversity is a result of variations in time and space, complex processes of deposition and deformation, respon-
sible for their formation at the base of the active ice sheet. This glacigenic depositional complex was transformed by
erosion-denudation and aeolian processes in a periglacial environment during the Vistulian (Weichselian, MIS 5d-2).
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1. Introduction

Glacigenic deposits in the central part of the
Holy Cross Mountains are poorly known as far as
environmental conditions and depositional process-
es as well as stratigraphical position are concerned.
Publications on Pleistocene glaciations in this area
do not contain explicit descriptions of their course
but do provide disputable views on their extent,
the resultant relief and deposits, or style of degla-
ciation (see e.g., Czarnocki, 1927, 1931; Walczowski,
1962, 1968; Lamparski, 1970; Lyczewska, 1971, 1972;
Filonowicz, 1972, 1976, 1980; Rézycki, 1972a, b;
Kosmowska-Sufczyriska, 1972; Radlowska & My-
cielska-Dowgiatto, 1974; Liszkowski, 1976; Myciels-
ka-Dowgialto, 1978; Lindner, 1978, 1980, 1984, 2004;
Kowalski et al., 1979; Kowalski, 1988). Such highly

divergent views have resulted in inconsistent ge-
netic and stratigraphical interpretations of glaci-
genic deposits in this region (e.g., Sottysik, 1998,
2002; Ludwikowska-Kedzia, 2000; Ludwikows-
ka-Kedzia & Pawelec, 2011; Ludwikowska-Kedzia
et al., 2013). Detailed documentation of conditions
and processes underlying Quaternary depositional
environments in the central part of the Holy Cross
Mountains is further hindered by the fact that the
forms of glacial relief are weakly visible, which is
usually attributed to the destructive role of erosion
and denudation processes operating under perigla-
cial conditions. Moreover, the influence of sub-Qua-
ternary surface relief on the course of glaciations in
this region is poorly understood.

In the present paper we report the results of
detailed investigations of glacigenic deposits near
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the village of Napekow in the Kielce-Lagow Val-
ley (Fig. 1). They are represented by two series of
sandy-gravelly deposits separated by two diamic-
ton beds. The purpose of this study is to identify the
conditions of deposition and determine the strati-
graphical position of these deposits.

2. Study area

The outcrop of glacigenic deposits is situated
in the central part of the Holy Cross Mountains, in
the Kielce-tagéw Valley (50°49'N, 20°54'E), about
20 km to southeast of Kielce, near the village of
Napekéw (Fig. 1A, B), in the Kielce-Lagow syn-
clinorium of the Palaeozoic core of the Holy Cross
Mountains (Czarnocki, 1957; Znosko, 1962) and in
the Kielce Fold Zone (Konon, 2008) (Fig. 1C). The
sub-Quaternary bedrock of the Kielce-Lagéw Valley
comprises Lower Devonian sandstones, Upper De-
vonian carbonates (limestones and dolomites) and
Lower Carboniferous claystones and siltstones with
greywacke interlayers (Filonowicz, 1969, 1976).
The valley is surrounded in the north and south by
the Lysogoéry and Brzechowskie and Ortowinskie
Ranges, respectively, which are composed most-
ly of Cambrian sandstones, quartzites and shales
(Filonowicz, 1969, 1976). Mineralogical features of
these weathered Palaeozoic (and also Mesozoic and
Paleogene-Neogene) rocks in the Holy Cross Moun-
tains, i.e., especially the composition of the group
of resistant minerals, were inherited by Quaternary
sediments deposited in a range of environments, in-
cluding a glacial one (Ludwikowska-Kedzia, 2013).
This phenomenon is typical of Quaternary deposits
in the Kielce-Lagéw Valley.

The deposits studied occur within the ero-
sion-denudation spur between the Belnianka River
and its right-bank tributary (Fig. 2A). The depos-
its are 1.5-2.4 m thick, and are exposed along two,
near-perpendicular faces in an abandoned sandpit
(Fig. 2B). They are represented by diamictons and
sandy-gravelly deposits. Diamictons form part of
a moraine with strongly denuded surface (Filonow-
icz, 1976), which reaches 290-295 m a.s.l. (Fig. 2C).
These Pleistocene deposits are an example of the
“upland facies” (Czarnocki, 1950), as distinguished
in the Holy Cross Mountains, which occurs on Pal-
aeozoic bedrock elevations, in contrast with “valley
facies”, which are found in bedrock depressions.

The age of these deposits is disputable, despite
the fact that they are related to the period of South
Polish (Cromerian Complex) glaciations (e.g., Fi-
lonowicz, 1972, 1976, Kowalski et al., 1979; Lind-
ner, 1984, 2004), i.e., Sanian1(Glacial B, Cromerian,

MIS16) and Sanian? (Elsterian, MIS12) (Fig.1A) and
/or Middle Polish (Saalian) glaciations (Filonowicz,
1980), i.e., Krznanian (Saalian, MIS8) and/or Odra-
nian (Drenthe, Saalian, MI1S6).

3. Methods

The series studied is exposed in the 15-m-long
face I (oriented N-S) and 10-m-long face II (oriented
E-W) so that deposits may be observed along two
transects. Three sections (a, b, and ¢ were investi-
gated in face I, and two (d and e) in II (Fig. 2B).

Field work included: (1) a detailed lithological
analysis, (2) measurements of deposit structure,
(3) sediment sampling for analyses of textural and
micromorphological features. Lithofacies were la-
belled according to the codes of Miall (1978, 1985),
inclusive of subsequent modifications (Zieliniski &
Pisarska-Jamrozy, 2012) (Table 1).

Three oriented and undisturbed samples of
sediment were collected for micromorphological
analysis. These samples were taken using Kubiena
boxes sized 7/10/6 cm. All samples were orient-
ed in a vertical and parallel plane to the direction
of movement. Next, the samples were impregnat-
ed with a polyester resin according to the method
described by Brewer (1964), and thin sections were
prepared. Thin sections were analysed under an op-
tical microscope (Olympus BX-51) under plane-po-
larised light so as to identify the texture and struc-
ture of skeleton grains of sediment as well as under
cross-polarised light in order to identify oriented
domains of fine silt and clay (plasmic fabric). The

Table 1. Lithofacies code symbols used in this study

Code Texture
B boulder

G gravel

GS  sandy gravel

S sand

SG  gravelly sand

SD  diamictic sand

DS  sandy diamicton

DM muddy (clayey) diamicton
Structure

m massive

h horizontal stratification

1 low-angle (<15°) cross-stratification

p planar cross-stratification

d deformed
‘ Diamicton framework ‘

(m,)  matrix-supported, rare clasts (<15%)
(m,)  matrix-supported, common clasts (15-50%)
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Fig. 3. General view of the glacigenic deposit sequence: A - face I/exposure a, with location of samples taken for mi-
crostructural analyses (sample 1,3); B - face I/exposure b; C - face I/exposure c, with location of sample taken for
microstructural analyses (sample 2); D - face II/exposure d
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analysis was conducted at low magnification (rang-
ing from x10 to x100), which is helpful for structural
interpretation. Higher magnifications make it possi-
ble to observe individual grains. Samples were de-
scribed adopting the structural terminology of van
der Meer (1993), Menzies (2000) and Carr (2004).

A standard analysis of textural features of de-
posits according to Mycielska-Dowgiatto (2007)
(grain-size distribution, roundness and frosting
of quartz grains, and heavy-mineral composition)
was carried out. The sand and gravel material was
dry sieved using a column of Fritsch sieves with
mesh diameter every 0.5 ¢. Roundness and frost-
ing of quartz grains were analysed in sand fraction
(0.5-0.8 mm) by the Cailleux method (1942), mod-
ified by Gozdzik (1980) and Mycielska-Dowgialto
& Woronko (1998). The method combines the de-
gree of rounding in the 9-degree scale proposed
by Krumbein (1941) and the micromorphology of
quartz grains. Mineralogical analyses were done
for the 0.1-0.2 mm fraction. The light and heavy
fractions were separated in bromoform (density =
2.89 g/cm?’). Heavy minerals were analysed under
a Nikon polarising microscope at 100-200x magni-
fication. In each sample at least 300 grains of trans-
parent (non-opaque) minerals were identified. To-
gether with opaque minerals, approximately 600
grains per sample were counted. This work also
broadened the interpretation of previously pub-
lished data on heavy mineral composition of depos-
its from the Napekow site (Ludwikowska-Kedzia,
2013).

Five samples of sandy deposits were dated by
the OSL method in the Luminescence Dating Labo-
ratory at Gliwice.

4. Description and genetic interpretation
of deposits

Three series of deposits (units I-1IT) have been
distinguished at Napekow (Figs. 3, 4). Sands and
sandy gravels (unit I) are visible in the lower part of
the exposure. They are overlain by diamicton beds
(unit II): lower diamicton with clayey matrix (unit
Ila), and upper diamicton with sandy matrix (unit
IIb). Diamictons are covered by sands with grav-
el-debris layer (unit III).

4.1. Unit I. Sands and sandy gravels

Sands of unit I occur at a depth of 1.25 m, lo-
cally 1.70 m below ground level (the bottom of the

series not having been reached) (Figs. 3A-D, 4A).
The lower part of unit I consists of sand with pla-
nar cross-stratification Sp (in places with low-angle
cross-stratification SI), and sand with horizontal
stratification Sh (Fig. 4A). The upper part of unit
I consists of massive sand Sm (locally of diamictic
sand SDm) and/or massive sandy gravel GSm(S-
Gmy), locally with trough cross-stratification GSt.

The lithofacies Sp(SI) and Sh are composed main-
ly of grey and yellow sands, medium- and fine-
grained, with the content of fines up to 1-4%. These
lithofacies are 5-30 cm thick and wedge-shaped
(in places, in the bottom part of series - sheet-like).
They have distinct, sharp lower and upper bound-
aries. Scattered clasts of fine gravel are visible in
the bottom parts of the layers. The lithofacies Sm
is also composed of grey and yellow, fine-grained
sands, locally with single clasts of fine gravel. The
content of fines is up to 1%. This lithofacies is 5-25
cm thick, and its upper and lower boundaries are
deformed locally by small-scale folding and thrust-
ing (Fig. 3D). Diamictic sand SDm, with scattered
gravel clasts, occurs sporadically, in the top part of
unit . It is brown, 10-15 cm thick and massive (Fig.
3A). The sandy gravel lithofacies GSm(GSt, SGm) is
rust-coloured, 10-15 cm thick, lens-shaped, and, in
places, passes horizontally into massive sand beds
Sm (Figs. 3, 4A). The upper and lower boundaries
of lithofacies GSm(GSt, SGm) are sharp, the upper
one is deformed in places. It is a matrix-supported,
and, in places, clast-supported deposit, composed
mainly of medium-grained gravels (the maximum
diameter of clasts being 1.5 cm). Gravels of local
Palaeozoic and Mesozoic rock predominate. They
are accompanied by Scandinavian erratics - gran-
ites and gneisses. The matrix consists mostly of
coarse- and medium-grained sand as well as fine-
grained gravel. The content of fines is up to 1%. The
deposit is massive, locally with preserved traces of
trough cross-stratification GSt. It contains concen-
trations of iron hydroxides and streaks of manga-
nese compounds.

Deposits of unit I are characterised by a predom-
inance of quartz grains representing aquatic envi-
ronment, i.e.,, EM/EL and EL (68-85%) (Fig. 5A).
The content of OTHER grains is relatively high (17-
20%), while that of grains of aeolian origin (RM and
EM/RM) is extremely low (0-12%). Quartz grains
occurring in the upper part of unit I are more di-
verse with respect to their surface character.

Heavy-mineral analysis (Ludwikowska-Kedzia,
2013) indicates that these deposits are characterised
by only a slightly higher percentage of transparent
minerals (52-56%) than that of opaque minerals
(44-48%) (Fig. 5B). Heavy mineral grains are well
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the bottom of diamicton (unit ITa), with distinct orientation of clasts and shear zones (see Fig. 3D); G - Scandinavian
boulders with traces of their former presence in traction zone (smoothed and striated boulder surfaces, wedge striae,
stoss-and-lee forms), from diamicton IIb; H - sand block at contact between two diamictons (units Ila and IIb), with
partially preserved internal structure; in face II; I - deformed diapiric form of diamicton (unit IIb), and sands with
upper lamellae (unit IIT) (see Fig. 3C); J - erosional contact between sands (unit III) and diamicton (unit Ila), showing
lower lamella with accumulated iron compounds (see Fig. 3C); K - ground surface transformed by aeolian processes
(see Fig. 3D); L - Scandinavian boulders; from unit III
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mechanical destruction. Primary iron oxides with  opaque minerals, and constitute 38-40% of all iden-
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Fig. 5. Sedimentological characteristics of deposits at Napekéw: A - roundness and frosting of quartz grains; B -

heavy-mineral composition

tified heavy minerals. The percentage of secondary
iron oxides is low (5-7%). Semi-resistant minerals
- garnets and epidotes (52-56%) - predominate
in the group of transparent minerals (considered
100%) (Fig. 5B). The resistant minerals (28-30%) are
represented mainly by zircon, as well as staurolite,
tourmaline, and kyanite, while non-resistant miner-
als (16-18%) comprise amphiboles and pyroxenes.
The main heavy minerals follow the garnets >am-
phiboles>zircon (staurolite, epidotes) scheme.

4.1.1. Interpretation

Lithofacies Sp is a record of deposition from
hydraulic flow, i.e., from rhythmic bedload trans-
port under conditions of lower flow regime (Zie-
linski, 1998, 2014). It formed as a result of accre-

tion of sandy transverse bars in a braided channel.
The co-occurrence of lithofacies Sp and the se-
ries of wedge-shaped lithofacies with low-angle
cross-stratification SI may illustrate the transition
from the lower to upper flow regime. Transverse
bars have probably been reshaped in a braided
channel that became shallower (cf. Miall, 1980;
Zieliniski, 1993). The sheet-shaped lithofacies Sh is
typical of upper-stage plane-bed conditions, usual-
ly laid down under supercritical flow conditions. It
may be also a record of very shallow channel flows,
which resemble sheet flows, in a channel with tem-
porary variations in water supply (cf. Zielinski,
1993). Alternatively, it may record a short-lived
fluctuation of flow - in glacial environments it may
be the result of seasonal changes of ablation rate or
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shorter-term changes in discharge relating to rain-
fall. The lithofacies association Sp (SI), Sh represents
alluvium of sand-bed braided channels (rather shal-
low or gradually becoming shallower) of proglacial
(outwash?) rivers functioning under conditions of
greater water supply, e.g. due to seasonal ablation
episodes (cf. Pisarska-Jamrozy, 2006, 2007). Litho-
facies GSm (GSt, SGm) is a record of short, intensive
flood flows. This is evidenced by the preserved trac-
es of trough cross-stratification that indicate a stage
of dissection of sandy bars by small channels as
well as the existence of conditions favouring accu-
mulation of gravel sheets (cf. Miall, 1977; Zielifiski,
1993, 2014). The tabular lithofacies S, occurring in
the upper part of the series, may be interpreted as
having been deposited from suspension - probably
from high-density suspension (cf. Pisarska-Jam-
rozy, 2007). Such an interpretation is hinted at by
the poor sorting of sands, and the occurrence of fine
gravels, which are chaotically distributed through-
out. However, deformation of upper and lower
parts of this lithofacies indicate that its massive
structure may be a secondary feature that formed
by obliteration of primary structure, e.g. as a result
of deposit liquefaction. The liquefaction process
may have been triggered by a mechanical factor
(Gradzinski et al., 1986), e.g. the deposition of over-
lying diamictons (unit II). The lithofacies of diam-
ictic sand SDm with scattered gravel clasts occurs
sporadically. It may be interpreted as an indicator
of decreasing discharge and increasing suspension
density.

The horizontal diversity of lithofacies associa-
tion, found in a small area, indicates that the braided
river channel was characterised by spatial diversity
of its bottom relief and rapid changes of water level.
Sandy transverse bars formed in shallow zones of
the channel. They were sporadically washed away
during short flood flows. These flows resulted in
the deposition of gravel lithofacies. A decrease of
discharge is evidenced by diamictic sand deposi-
tion. The deformations of sands in the upper part of
unit I - small-scale thrusting, folding and shearing
- should be related to depositional conditions of
the overlying diamictons of unit II.

The fluvioglacial origin of the deposits of unit
I is indicated by the wide diversity of surface
characters of quartz grains, with a predominance
of grains representing fluvial environments (cf.
Woronko, 2001, 2012), and the predominant scheme
of the main heavy minerals - typical of fluvioglacial
sands of the Polish Lowland (cf. Racinowski, 2008,
2010), and found also in the Kielce-Lagéw Valley
(cf. Ludwikowska-Kedzia, 2013). A high percent-
age of OTHER grains may indicate post-deposi-

tional processes that affected the deposits ,in situ”
(cf. Woronko, 2012). The predominance of primary
iron oxides (ilmenite, magnetite) over secondary
ones should not be necessarily interpreted as the
result of repeated redeposition of alluvia, and as
the indicator of maturity of the detrital material (cf.
Barczuk & Nejbert, 2007). In the Holy Cross Moun-
tains it may be indicative of short transport and ac-
cessibility of weathered bedrock (Palaeozoic and/
or Mesozoic) of Holy Cross Mountains.

4.2. Unit II. Diamictons

4.2.1. Unit ITa. Lower diamicton

The lower diamicton DMm(m1) overlies the de-
formed, and erosionally truncated (in places) sands
of unit I (Figs. 3A-D, 4A-D). It occurs at a depth be-
tween 1.7 and 1.0 m, and its thickness ranges from
50 to 70 cm. Wet diamicton is of cherry colour due
to a clayey matrix (Fig. 4D), while dry it is brown.
In places, only in the dry state, structure is visible in
the form of plastically deformed laminae (light pink
and dark cherry) as well as irregular lenses and
boudins (Figs. 3B, 4C) Crushed and broken frag-
ments of breccia type occur here and there (Figs.
3A-D, 4B-C). The diamicton is clast-supported in
its lower part, composed of well-rounded gravels,
mainly coarse and very coarse (up to 4 cm). Large,
sharp-edged fragments of sandstone occur in places
(Figs. 3BA-D, 4C). In the lower part of the diamicton
these clasts form a clast pavement (Fig. 3D, 4A, E)
clearly visible in face II) with distinct clast long-ax-
is orientation (Fig. 4E). The measured azimuths of
clast longer axes suggest transport of material from
the southeast to the northwest.

In face I of the exposure, in the lower part of
the diamicton, a 15-25-cm-thick zone containing
sand lenses is evident, including the following
types: sheet (5-8 cm thick), pocket (8-10 cm thick)
and stringer (1-3 cm thick) (cf. Kessler et al., 2012)
(Figs. 3A-C, 4D). The lenses are composed of fine-
and medium-grained sand, medium sorted, yellow,
grey or brown. These sands have massive structure,
no primary structures. Most of them are deformed
by small-scale folding (asymmetrical folds) or fault-
ing (normal and reverse faults), small-scale thrust-
ing and boudinage (Figs. 3, 4B-D). The zone with
sand lenses is not visible in face II of the exposure
where the above-described clast pavement is found.

In the upper part of the diamicton the content
of gravel fraction is low. Single, sharp-edged frag-
ments of sandstone (up to 30 cm) are found. Most
of these clasts have vertically oriented long axes but
those occurring near the bottom of the diamicton
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are oriented similarly to the clasts in the clast pave-
ment. Well-rounded gravels (up to 1 cm) occur in
places.

Microscopic analysis indicates that the diam-
icton is composed of claystone clasts up to 4 mm
in diameter (Fig. 6A, B). Most of these clasts are
strongly chemically weathered, and they contain
microfissures which accentuate plate splitting. Sin-
gle clasts of fresh/unweathered claystone are also
found. Quartz grains derived from the sand and silt
fractions are present in small amounts. Claystone
clasts are predominantly angular to subangular
in shape, while the sand grains are more round-
ed along edges. The matrix is clayey. Both clay-
stone clasts and clayey matrix contain significant
amounts of iron oxides/hydroxides. The deposit is
characterised by distinct stratification/lamination
(Fig. 6C, D). Non-graded, discontinuous laminae
composed mainly of claystone clasts alternate with
laminae composed mainly of fine-grained matrix.
The contacts between them are sharp and wavy.
Some laminae are brecciated. In places the laminae
composed of claystone clasts form augen-like struc-
tures (Figs. 6E, F and 7F, G). In the deposit there
are also microfolds, both symmetrical (Fig. 6A, B)
and isoclinal, recumbent (Fig. 6G, H). The deposit
is porous. Pores of planar void type dominate but
vughs and vesicles are also found. Planar voids
are of different sizes: 1) small fissures accentuating
plate splitting of claystone clasts; 2) greater fissures
running parallel to the contacts between laminae
and to the boundaries of deformation structures, 3)
great fissures unrelated to deposit structure. Mase-
pic plasmic fabric predominates. Lattisepic and
skelsepic plasmic fabrics occur in places. The con-
tact between the diamicton and underlying sands
of unit I is distinct, erosional, and locally deformed
(Fig. 7A-G). A shear plane has been observed at this
contact (Fig. 7B) and clay clasts and layers of clay
occurring in the top of the sand unit (Fig. 7B-D).
These layers are folded, stretched and boudinaged
in places (Fig. 7C, D).

In the lower part of the diamicton, in the zone
where sand lenses occur, the content of grains of
fluvial origin, i.e., EM/EL and EL types altogether,
amounts to 88%, and only grains of OTHER and C
types occur (in total 12%) in association (Fig. 5A).
A greater diversity of grain types is found in the
upper part of the diamicton. The content of grains
of fluvial origin (EL and EM/EL) decreases to 61%,
while that of grains of aeolian origin (RM and EM/
RM - in total 21%) and grains of C type (6%) in-
creases.

Heavy-mineral grains occurring in the diam-
icton are poorly sorted and sharp-edged. Heavy-

mineral analysis (Ludwikowska-Kedzia, 2013) indi-

cates that opaque minerals predominate (64-82%)

(Fig. 5B). Primary iron oxides (mainly ilmenite)

dominate in the lower part of the diamicton, while

secondary iron oxides do so in the upper part. Sec-
ondary iron oxides (formed probably during py-
rite oxidation) occur as small aggregates. They are
easily crushed forming iron oxides silt. The content
of transparent minerals is low. In the lower part of
the diamicton, in the zone where sand lenses occur,
transparent minerals constitute 36%; in the main
part of the diamicton only 18%. The transparent
mineral group is composed mainly of medium-re-

sistant and non-resistant minerals (38-44% and 32-

37%, respectively), mostly garnets and amphiboles.

Resistant minerals (19-31%) are mainly zircon,

kyanite and tourmaline (Fig. 5B). The main heavy

minerals follow the garnets > amphiboles > zircon

(kyanite) scheme.

4.2.1.1. Interpretation
The diamicton has the features of a till that

formed in a subglacial environment. Following

classifications by Evans et al. (2006) and Benn &

Evans (2010), this diamicton may be interpreted as

subglacial traction till, as follows:

1. Presence of a clast pavement, indicative of
contact between ice and soft bed. This pave-
ment could have formed on the bottom of the
deformed layer by sinking of clasts into that,
as is observed in debris flows (Clark, 1991).
However, it could also have resulted from the
selective removal of matrix from the diamicton
by subglacial meltwater and moving ice. The
clasts, which remained in the upper part of the
layer, could have been buried by the accumulat-
ing diamicton (Boyce & Eyles, 2000). Measured
directional features indicate that the ice pro-
gressed locally from the southeast but these fea-
tures do not allow us to draw conclusions about
the direction of the advance of the ice-sheet/ice-
sheet lobe in the Kielce-Lagow Valley.

2. Vertical changes in structural features of the
diamicton, as well as force and style of its defor-
mation, i.e., the occurrence of sand lenses in the
lower part of the diamicton: pockets, sheets and
stringers deformed by small-scale folding or
faulting, small-scale thrusting and boudinage,
replaced upwardly by a zone of subglacial ac-
cretion and sediment thickening.

The most important subglacial process behind
the origin of sorted sands in diamictons is en-
trainment and deformation in the deforming
layer (Hart & Boulton, 1991; Phillips et al., 2008;
Benn & Evans, 2010; Phillips & Lee, 2011). This
could result from subglacial erosion of existing
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Fig. 7. Micromorphological features of contact between units I and Ila: A - thin section showing boundary between
sands (unit I) and clayey diamicton (unit IIa). Note occurrence of large fissures the course of which is unrelated
to deposit structure; shear plane occurring in the top of sands; B - clay clasts occurring in the top of sands (PPL-
plane-polarised light); C - stretched layer of clay within sands (PPL); D - boudinaged and folded layers of clay with-
in sands (PPL); E - as D in XPL - cross-polarised light; F - lens of sand forming central part of lenticular structure
of clay (PPL); G - as F in XPL
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sediments with a thickening of the deforming
layer, or stretching and elongating (boudi-
nage), or thrusting of sediments accompanied
by movement in the deforming layer (cf. Waller
et al., 2011). In each case sand deposits are sub-
jected to strong deforming forces in the subgla-
cial shear zone (Evans et al., 2006), which lead
to their separation and elongation. For example,
sand pockets, stretched and compressed, are
transformed into stringers or thin sheets. Such
types of sand lenses are commonly found in
subglacial traction tills, although they may also
be present in weakly deformed flow tills (Kess-
ler et al., 2012). The occurrence of deformation
structures, including small-scale thrusting, fold-
ing and shearing structures, suggests that the
deposit was exposed to tensional stress devel-
oping along bedding planes as well as perpen-
dicular compressional stress, and subsequently
was deformed under actively moving ice. The
process of boudinage occurs when sandy layers
become stretched and elongated during defor-
mation. Where this process is incomplete, the
layers show a narrowing or necking, and the
structure is referred to as pinch and swell (Figs.
3B, 4B). This type of structure is useful as an in-
dicator of the direction of extension within de-
formed sequences (Phillips & Lee, 2011).

3. Occurrence of diamicton fragments (in the form
of breccia?) in underlying sands, and occurrence
of shear zones in the contact zone between these
deposits suggest basal compression/squeezing
and crushing of a probably frozen substrate
by a moving glacier (Pederson, 2005; Kessler
et al., 2012). These facts also indicate the tem-
porarily increased role of subglacial water and
suggest the existence of décollement zones at
the ice-substrate contact (Evans et al., 2006; Pi-
otrowski et al., 2006; Benn & Evans, 2010).
Microstructures indicate planar movement

associated with shearing. A detailed genetic in-

terpretation, based on microfeatures observed, is
disputable because all these features (lamination,
budinage, folds, shear zone, types of plasmic fabric)
are found both in debris flows and glacial tills (cf.

Lachniet et al.,, 2001; Menzies & Zaniewski; 2003,

Phillips, 2006). However, the co-occurrence of such

features is indicative of glacial till. For example, the

lamination may be interpreted as having formed
under ductile deformation during sediment flow

- “laminar flow fabric” (according to Lachniet et

al., 1999, 2001). However, laminated deposits form

only as a result of strongly water-saturated flow,
the development of which does not cause substrate
deformation (Lachniet et al., 1999, 2001), while in

the bottom of the deposit described there is a dis-
tinct deformation zone. This deposit is interpreted
as subglacial till. Lamination in subglacial sedi-
ments forms as a result of lateral strain and second-
ary gravity loading (Hart & Roberts, 1994; Roberts
& Hart, 2005; Menzies et al., 2006). The formation
of laminated facies is possible under conditions of
low to medium deformational strain. If strain had
been higher, the stratified form would have been
obliterated, resulting in more homogeneous mas-
sive sediments (Hart & Roberts, 1994; Ruszczyns-
ka-Szenajch et al., 2003). The structure of deposits
studied (non-graded, discontinuous lamination,
recumbent folds, décollement surface at base) cor-
responds to Type 1 laminae (sensu Roberts & Hart,
2005), which are the product of primary extensional
glaciotectonics, with ductile, intergranular, shear
mechanism predominating. The occurrence of duc-
tile deformations indicates relatively saturated con-
ditions (cf. Menzies & Maltman, 1992), whilst the
incorporation of sand material into the laminated
diamictic facies is a result of the upwardly directed
hydraulic gradient (cf. Hart & Roberts; 1994, Boul-
ton et al,. 2001; Piotrowski et al., 2004a) combined
with tectonic thrusting. Sediment porosity is altered
by lateral shear, which in turn controls the structur-
al geometry of the deforming bed. It is these rheo-
logical and structural controls that impact the hy-
draulic routing of pore water; the presence of open,
interconnected fissures impacts the water content of
till (Kilfeather & van der Meer, 2008).

The occurrence of weathered claystone and
sandy substrate clasts in the diamicton suggests
that the weathered bedrock (Palaeozoic and/or
Mesozoic) and sandy-gravelly deposits of unit I
were the main source of material for diamicton for-
mation. In the study area, near Goérki Napekowskie,
in the Radlin syncline (Filonowicz, 1969, 1976), and
also in the southeastern part of the Kielce-Lagow
Valley, claystones and siltstones, as well as Carbon-
iferous clayey slates and bentonites, are exposed.
The abundance of secondary iron compounds that
have been formed during pyrite oxidation may be
explained by the probable occurrence of Carbon-
iferous rocks in the diamicton. Pyrite and ilmenite
are the commonest iron minerals in the Carbonifer-
ous bentonites (e.g., Pawlowska, 1971). Macroscop-
ic characteristics and mineral composition of the
diamicton are similar to those of Triassic clays (Ku-
bala-Kukus et al., 2013) along the northern margin
of the Holy Cross Mountains, in the belt stretching
from Starachowice, via Suchedniéw, Mniéw and
Radoszyce, to the Zarnéw area south of Opoczno
(see e.g., Wyszomirski & Galos, 2009; Wyszomirski
et al., 2006, 2010), i.e. to the north, northwest and
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northeast of the study area. From a petrographic
point of view, these clays can be distinguished by
their intensive cherry colour due to the occurrence
of hematite. The similarity of the lower diamicton
(unit Ila) to those deposits may be another indicator
of the glacial origin of diamictons, and indirectly
may reveal the direction of ice-sheet advance/ice
movement (cf. Kosmowska-Sufczyriska, 1972; Kow-
alski et al., 1979; Ludwikowska-Kedzia & Pawelec,
2011; Kubala-Kukus et al., 2013).

Poor sorting and rounding of heavy mineral
grains suggest short-lived transport, and thus sup-
port the relationship between the diamicton and
Mesozoic/Palaeozoic bedrock. It is also confirmed
by the mineral composition of the diamicton and
features of minerals, i.e., the predominance of sec-
ondary iron minerals which formed during pyrite
oxidation and occur as aggregates, as well as the
low content of transparent heavy minerals.

The predominance of grains of fluvial origin in
the diamicton indicates the erosion of sandy sub-
strate and incorporation of sand into the deforming
layer, where local deposits have been mixed with
material transported over a great distance (Boulton
et al., 2001; Benn & Evans, 2010). But, the increas-
ing content of grains of aeolian origin in the upper
part of unit Ila suggests the development of aeolian
processes which probably accompanied ice-sheet
advance. The scheme of the main heavy minerals in
the diamicton resembles that are considered to be
typical of tills in Poland (cf. Racinowski, 2010).

4.2.2. Unit ITb. Upper diamicton

The upper diamicton DSm(m,) is massive, brown
(Figs. 3, 4F). It is a matrix-supported deposit, with
a moderate content of clasts. The skeleton is formed
by well-rounded gravels, mainly medium- and
coarse-grained, granite boulders (size 30x18 cm)
with smoothed and striated surfaces, some with
wedge striae, and boulders/clasts with stoss-and-
lee forms (Fig. 4G). Sharp-edged fragments (size
30x15 cm) of sandstones occur in places. The matrix
of the diamicton is sandy, locally sandy-clayey (Fig.
4H).

In places, in face II, the diamicton contains
blocks (size 15x25 cm) composed of fine and vari-
grained sands (Fig. 3D, 4H). Sands have differ-
ent colours, and the boundary between colours is
sharp. Sands in the upper part are yellow to light
grey, and in the lower part brown to rust-coloured,
and enriched in the silty-clayey fraction. In the up-
per part of the diamicton the sand blocks are mas-
sive, oval in shape, with rounded edges. In contrast,
some blocks occurring at the boundary between the
diamictons are elongated, with uneven edges, and

with internal structure in the form of veinlets filled
with white sands preserved (Fig. 3D, 4H). Sand
blocks are oriented differently in the diamicton:
vertically, obliquely and even horizontally.

The contact between the upper (unit IIb) and
lower diamicton (unit Ila) is deformational, loaded,
in places with sharp-edged sandy blocks (Figs. 3D,
4H). The top of the upper diamicton is uneven, also
deformational, with visible diapiric forms, undula-
tions and erosional surfaces (Figs. 3A-D, 4I). The
diapiric forms are inclined from north to south (in
face I) or from east to west (in face II).

Microscopic images show a diamicton with high
grain density and low matrix or clay density. Grain
clusters are numerous (Fig. 8A, B). The silt grains
are predominantly angular to subangular in shape,
while the larger grains have more rounded edges.
Rotational structures with a diameter of 1-3 mm are
visible. Locally, they are associated with short linea-
ments, which consist of at least three aligned grains
(Fig. 8C, D). Planar voids, which are parallel to line-
ation, and crushed grains are found near these grain
lineaments. Small water-escape structures occur in
the entire deposit. The voids are mainly planar. As
mentioned above, they are locally associated with
lineaments. However, on most thin-section surfaces
they are randomly distributed. A marble structure
is observed, in which the deposit consists of a num-
ber of separate aggregates delineated by voids (cf.
van den Meer 1993) (Fig. 8A, B, E, F). There are
also pores of vugh and vesicle type. Voids and wa-
ter-escape structures are often associated with iron
staining. The deposit contains inserts of strongly
weathered claystones, similar to unit Ila (Fig. 8G,
H) described above. These inserts occur as laminae
that are strongly deformed (stretched and brecciat-
ed) in places. Plasmic fabric pattern is diverse -
masepic plasmic fabric predominates, but lattisepic
and skelsepic fabrics are also found.

In the lower part of the diamicton the content of
grains of fluvial origin, i.e.. EL and EM/EL types, is
64% (Fig. 5A), and in addition only grains of OTH-
ER (30%) and C (3%) types occur. Grains of aeolian
origin (RM and EM/RM) are found sporadically
(2%). Greater diversity of grain types is found in the
upper part of the diamicton. The content of grains
of fluvial origin (EL and EM/EL) decreases to 26%,
while grains of aeolian origin (30%) and type C (6%)
occur in greater amounts.

Heavy-mineral analysis (Ludwikowska-Kedzia,
2013) indicates that the deposit is characterised by
only a slightly higher percentage of transparent
minerals (55-58%) than that of opaque minerals
(42-45%) (Fig. 5B). Grains of transparent heavy
minerals are poorly sorted and poorly rounded,
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Fig. 8. Micromorphological features of unit ITb: A - diamicton with high grain density and low matrix or clay density.
Note randomly scattered open planar voids (PPL - plane-polarised light); B - as A in XPL - cross-polarised light;
C - rotational structure associated with short lineaments, and crushed grains (PPL); D - as C in XPL, visible planar
voids filled with anisotropic material, and associated with lineaments; E - marble bed microstructure - aggregates

delineated by voids (PPL); F - as E in XPL; G - clayey insert in diamicton, occurring as laminae that are stretched
and brecciated in places (PPL); H - as G in XPL.
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with fragments of other minerals, joined within
a primary rock. Grains of opaque minerals have
similar features. They are very irregular in shape,
and have a diverse composition. Some of them are
easily crushed forming fine silt. Rounded grains of
ilmenite occur in small amounts. The mineral com-
position in the lower and upper part of the diam-
icton is different (Fig. 5B). Semi-resistant minerals
(47%), represented by garnets and epidotes, pre-
dominate in the lower part. The amounts of other
groups are similar: resistant minerals, represented
mainly by zircon, make up 28%, and non-resistant
ones, represented mainly by amphiboles, 5% (Fig.
5B). Resistant minerals (47%), mainly zircon, pre-
dominate in the upper part of the diamicton where
the content of semi-resistant garnets and epidotes is
high as well (40%). The content of non-resistant min-
erals, i.e. amphiboles, is the lowest (13%). Opaque
minerals are represented mainly by secondary iron
oxides, the content of which ranges from 24 to 28%.
The amount of primary iron oxides is low (14-21%).
The main heavy minerals follow the garnets > am-
phiboles > zircon (epidotes) or zircon > garnets >
amphiboles scheme.

4.2.2.1. Interpretation

The high degree of deposit homogenisation, the
occurrence of Scandinavian erratics with features
indicating their former presence in traction zone
(i.e., erratics are elongated and flat, with smoothed
and striated surfaces, wedge striae, and stoss-and-
lee forms) (cf. Kriiger, 1984; Benn, 1995), and micro-
structural features indicate subglacial conditions of
formation.

Microscopic analysis indicates that the deposit
studied is characterised by both brittle and ductile
deformation. Turbates and necking structures are
indicative of grain rotation and squeeze flow of
sediment between grains under moist conditions,
while microshears and crushed grains suggest mi-
croshearing and grain fracturing occurring under
well-drained conditions (Menzies, 2000; Larsen et
al., 2006). The presence of both types of microstruc-
tures in subglacial tills may be indicative of tempo-
ral and/or spatial changes in pore-water pressure
within the till matrix (e.g., Hiemstra & van der
Meer, 1997; Hart, 2006; Piotrowski et al., 2006, Men-
zies & Brand, 2007; Menzies, 2012). Turbate grain
arrangements are indicative of rotational move-
ments of grains (van der Meer, 1993, 1997; Hiem-
stra, 2001; Hiemstra & Rijsdijk, 2003). They are lo-
cally associated with short lineaments of grains and
planar voids, which may suggest the development
of subglacial shear (Hiemstra & Rijsdijk, 2003). The
occurrence of clayey inserts indicates the process of
cannibalisation of the substrate. However, the oc-

currence of turbates, occasionally associated with
short lineaments, does not indicate a systematic or
pervasive subglacial shear regime (Evans & Hiem-
stra, 2005). Skeletal grain orientations do not seem
to have been influenced by planar void orientations
in most thin sections. This indicates that most pla-
nar voids are fractures rather than shear planes.
This inference is supported by the fact that planar
voids in most thin sections are randomly rather
than preferentially oriented in response to a unidi-
rectional shear stress field (cf. Hiemstra & Rijsdijk,
2003; Menzies, 2012). Marble bed structures formed
under different subglacial conditions. The zone of
shearing can change from the marble bed configu-
ration, to one that consists of rotational structures
and skelsepic plasmic fabric (van der Meer et al,,
2003). There is also a view that marble bed and tur-
bate structures formed in reverse order. The process
of marble bed formation destroys turbate and line-
ar structures by breaking them apart, when shear is
the predominant deforming factor, and water pres-
sures are not high (Kilfeather et al., 2008). Moreo-
ver, it is possible that the fractures occurring in the
deposit in part formed during desiccation and frost
processes in the till after deposition. To summarise,
the co-occurrence of microstructural features in the
deposit studied indicates subglacial till formed un-
der conditions of changes in pore-water pressure
within the till matrix. Such conditions are typical
of tills formed in the submarginal environment, in
which the shear indicators are obliterated owing to
superimposed processes connected with pore-wa-
ter movement, conditioned by climate (cf. Evans &
Hiemstra, 2005).

The deformational nature of the diamicton bot-
tom is interpreted as being due to loading caused
by materials being released by melting (cf. Evans
et al.,, 2006, Benn & Evans, 2010). The occurrence
of sand blocks with preserved internal structure
at the boundary between the diamictons may also
indicate subglacial melting of material torn by ice
sheet from a frozen substrate. The deformation in
the top of the diamicton took place under uncertain
conditions. The visible diapiric forms, undulations
and oval-shaped, massive sand blocks (resembling
drop structures) should be related to unstable den-
sity stratification - depositional or non-depositional
(cf. Butrym et al. 1964; Dzutynski, 1966; Anketell
et al., 1970; Cegta & Dzutynski, 1970; Harris et al.,
2000). The formation of depositional systems with
unstable density stratification was favoured by the
contact of the diamicton with sands (deposits sus-
ceptible to liquefaction), melting of ice sheet, and
probable occurrence of permaforst in the substrate
that hindered water infiltration and resulted in peri-
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odic, strong water-saturation of deposits. Non-dep-
ositional unstable density systems could also have
formed in the deposits studied, mainly during per-
mafrost melting (Butrym et al., 1964; Harris et al.,
2000).

The visible inclination of the diamicton diapiric
form and stretching of its upper part in the sands
(face A) are indicators of conditions under which
these deformations, triggered by unstable density
stratification, formed. They could be the result of
lateral pressure exerted by e.g., flowing water fric-
tion, or by gravitational slope processes where de-
posits occur on a slope.

The mineral composition of the diamicton, and
the roundness and frosting of quartz grains in it,
are typical of tills in Poland (cf. Racinowski, 2010;
Woronko, 2012). The very poor rounding of min-
erals, their occurrence in the form of aggregates
and the presence of xenoliths of the lower diam-
icton (unit Ila) suggest glacial erosion of the lower
diamicton, connection of the upper diamicton with
Palaeozoic and Mesozoic bedrock, and short-lived
transport of material. Sandy material occurring in
the upper diamicton was probably deposited by su-
pra- and/ or inglacial meltwater.

In the upper part of the diamicton a high con-
tent of grains of the EM/RM type was found. This
suggests favourable conditions for the develop-
ment of short-lived aeolian processes synchronous
with diamicton material supply. The considerable
amount of transparent resistant heavy minerals,
secondary iron oxides, and grains of OTHER type
indicate that the deposit was subjected to in situ
post-depositional weathering processes.

4.3. Unit III. Sands with gravel-debris layer

Deposits of unit III occur on the ground sur-
face and cover the diamicton series. They consist of
three lithofacies: massive sand Sm, massive gravel/
debris G-Bm and deformed sand Sd (Fig. 3A-D).

Lithofacies Sm is composed mainly of yellow
medium- and fine-grained sands with single grav-
el clasts. Its thickness ranges from 30 to 50 cm. The
contact of sands with the underlying diamicton
(unit IIb) is deformational. The sands are covered
by or pass horizontally into gravel-debris deposits
G-Bm (Fig. 3D, 4K-L) and are composed of medium
and coarse, well-rounded gravels and sharp-edged
debris (6-15 cm in diameter).

Lithofacies Sd consists of yellow (white in plac-
es) sands with thin, rust-brown, iron-rich laminae
(up to 2 cm thick), and an iron-rich layer (10-15
cm thick) at the bottom (Figs. 3C, 4I). The degree

of bending of laminae decreases upwards, and in
the near-surface zone they run horizontally. Sands
between the laminae display a massive structure.
This lithofacies is 50-70 cm thick. Its contact with
the diamictons of unit I is sharp and erosional. Ero-
sional dissections, in places filled with brown, mas-
sive silty sand, are visible in the top of lithofacies
Sm and Sd (Fig. 3C).

Lithofacies Sd is characterised by a predomi-
nance of quartz grains of aeolian origin of EM/RM
type (74%) (Fig. 5A). The content of typical aeolian
grains RM is low (4%). The content of grains of flu-
vial origin (EL and EM/EL) is only 7%, while grains
of OTHER type constitute 15%.

The mineralogical composition of the heavy frac-
tion is characterised by a predominance of transpar-
ent minerals (71%) (Ludwikowska-Kedzia, 2013)
(Fig. 5B). Grains of both transparent and opaque
minerals are very well sorted and well rounded.
Opaque minerals are represented mainly by prima-
ry iron oxides - ilmenite and magnetite - constitut-
ing 27%, while the content of secondary iron oxides
is only 1.6%. Semi-resistant minerals (58 %) - mainly
garnets and epidotes - predominate in the group
of transparent minerals. Resistant minerals, repre-
sented mainly by zircon and staurolite, constitute
28%. The content of non-resistant minerals, i.e., am-
phiboles and pyroxenes, is 13% (Fig. 5B). The main
heavy minerals follow the garnets > amphiboles >
zircon (staurolite, epidotes) scheme.

4.3.1. Interpretation
These deposits may be interpreted as having

been transported and deposited by glacial meltwa-

ter. Gravel/debris material was released from the
ice, together with water during ice-sheet stagna-
tion/decay(?).

With respect to properties and proportions of
heavy minerals, these deposits resemble the sands
of unit I. However, they show the following fea-
tures of periglacial transformation:

1. A predominance of quartz grains of the EM/RM
type, the occurrence of well-rounded and sorted
heavy-mineral grains as well as the scheme of
main heavy minerals, which is typical of dune
deposits (cf. Mycielska-Dowgialto, 1995, 2007;
Racinowski, 2010; Woronko, 2012). It provides
a record of the relatively brief impact of aeolian
processes (cf. Mycielska-Dowgiatto, 1996, 2001;
Woronko, 2001, 2012). The sandy lithofacies Sd,
Sm represent aeolian sand cover.

2. A near-surface accumulation of coarse-grained
deposits G-Bm as a result of frost-heave process-
es. These deposits were exposed by aeolian pro-
cesses as deflation pavement (Fig. 4K).
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3. A deformational and erosional contact between
these deposits and underlying diamictons - the
first one is a record of the existence of depo-
sitional or non-depositional unstable density
stratification system in periglacial conditions,
the latter indicating erosion of the glacigenic
deposit cover. The erosional dissection, visible
in the top of the exposure, was filled with silty
sand, which was washed out (and blown) not
only from the sands of unit III but also from
diamictons of unit II.

4. The occurrence of rust-coloured laminae and
layers with accumulated iron compounds in
the sands Sd, which must have been relat-
ed to weathering processes. Laminae of such
type, named illuvial bands (Prusinkiewicz et
al., 1998), illuvial clay lamellae (Johnson et al.,
2008) or lamellae (Rawling, 2000; Holliday &
Rawling, 2006; Bockheim & Hartemink, 2013),
are commonly found in sandy soils in a varie-
ty of environments (especially often in dunes
and outwash plains). They can have geological
(depositional) or pedologic origin (argilluvia-
tion, frost migration), or they may form both by
geological and pedological processes (Rawling,
2000). It is probable that in this particular case
the lamellae may reflect concurrent deposition
of sand and pedogenesis under conditions of
permafrost decay.

5. Depositional conditions of strata

The deposit complex studied is a record of fluvi-
oglacial and glacial deposition as well as postglacial
transformation under periglacial conditions.

The accumulation of sandy and gravelly de-
posits (unit I) preceded the stage of ice-sheet/ice-
sheet lobe(?) advance, representing a fluvioglacial
environment of a shallow, sand-bed braided riv-
er. “Older” alluvia, and weathered local bedrock,
were the source of material transported by this riv-
er. The river channel was characterised by an un-
dulating bed relief and rapid changes of water lev-
el. Transverse sand bars, formed in shallow zones
of the channel, were washed out during short flood
flows.

The advancing ice sheet encroached on the area
of fluvioglacial accumulation, in which permafrost
processes occurred. The ice sheet eroded and de-
formed local bedrock, and this caused mixing and
homogenisation of deposits, both local and trans-
ported over a long distance. The diamictons (unit
II) formed under subglacial conditions during the
same glacial episode. They are interpreted as sub-

glacial traction till (cf. Evans et al., 2006; Benn &
Evans, 2010). The diamictic material was released
directly from the substrate and/or from the ice,
and then homogenised, completely or to some
extent, by different subglacial processes of depo-
sition, deformation and melting. These complex,
subglacial processes of deposition and deformation
were variable in time and space (e.g., Dreimanis,
1989; van der Meer et al., 2003; Evans et al., 2006;
Piotrowski et al., 2004b, 2006; Benn & Evans, 2010).
Their variability was conditioned, among other
things, by the diverse relief of the sub-Quaternary
surface (cf. Lamparski 1970; Lindner & Ruszczyns-
ka-Szenajch, 1977), the co-occurrence of soft and
hard substrates with different lithology (cf. Evans
et al,, 2006), changes in ice-sheet/ice-sheet lobe
thickness (e.g., R6zycki, 1972a), or the occurrence
of permafrost. These conditions could have result-
ed in one place in the detachment of ice from the
substrate and formation of stratified diamicton,
and in the development of deformational layer
only in an other (cf. Evans et al., 2006; Benn & Ev-
ans, 2010; Kessler et al., 2012; Narloch et al., 2012,
2013). It seems that the depositional conditions of
the deposits studied from the Kielce-Lagéw Valley
are similar to those described in the model of sub-
glacial till formation by several deposition-defor-
mation processes (Piotrowski et al., 2004b, 2006),
varying in time and space. Therefore, the resultant
subglacial tills may be of different facies, although
formed and deposited during the same glacial ep-
isode.

The cover of diamictons by sands and sandy
gravels (unit III) should be related to periodic ac-
tivity of meltwater during ice-sheet stagnation and
probable decay (cf. Kriiger et al., 2010). The surface
of glacial accumulation, formed in this way, was
conducive to the development of deformations (cf.
Jahn, 1951; French, 1996), which is connected with
the existence of depositional and non-depositional
unstable density stratification systems. With time
this surface was subjected to erosion-denudation
and aeolian processes, and recorded the results of
postglacial climate changes. During a gradual cli-
mate change towards more severe conditions (re-
sulting in lower infiltration rates due to ground
freezing and subsequent permafrost development)
the accumulation surface was dissected as a re-
sult of activation of denudation processes. Later,
during permafrost degradation, conditions be-
came favourable for the infilling of the dissections
with deposits, among others cover sands, which
formed due to activation of aeolian processes (cf.
Kasse et al., 2003; Turkowska, 2006; Gozdzik, 2007;
Woronko, 2012).
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6. Chronostratigraphy

Four samples of fluvioglacial unit I were OSL
dated at 147.0+/-8.1 ka (GdTL-1462), 189.0+/-1.1
ka (GdTL-1459), 209.0+/-1.2 ka (GdTL-1463), and
251.0+/-1.8 ka (GdTL-1461) (Fig. 9). Results ob-
tained indicate that these deposits formed during
the Middle Polish Complex (Saalian). More pre-
cisely, according to Lindner & Marks (2012), it was
the period including the Lublinian Interglacial
(Saalian, Schoningen, MIS 7) and Odranian Glacia-
tion (Saalian, Drenthe, MIS 6). The OSL dating ob-
tained for the cover sands of unit I1I, i.e. 47.8+/-3.2
ka (GdTL-1460), indicates that they belong to the
North Polish Complex, Vistulian Glaciation, Mid-
dle Plenivistulian (Weichselian, MIS 3).

Based on results of OSL dating, and according to
current stratigraphy of the Pleistocene in the Holy
Cross region (Lindner, 2004), braided rivers depos-
ited the alluvia of unit I under interglacial condi-
tions of the Lublinian Interglacial (Schonningen,
Saalian MIS 7) and under periglacial conditions of
the Odranian Glaciation (Drenthe, Saalian, MIS 6).
The textural features of these deposits indicate their
fluvioglacial origin. These inter/periglacial condi-
tions were conducive to the redeposition of older
fluvioglacial/fluvial alluvia of the South Polish
Complex (Cromerian) and formation of inter/per-
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iglacial series of fluvial deposits. However, in this
case we could expect more “weathered”, and above
all wind-blown, deposits (cf. Gozdzik, 2001; My-
cielska-Dowgialto, 2001; Woronko, 2012). Deposits
of unit I do not have such features. Maturity of the
detrital material of unit I, which is visible in fea-
tures of mineral spectrum of these alluvia, was not
solely a result of their repeated redeposition. The
source deposits for these alluvia were, among other
things, weathered Palaeozoic, Mesozoic and Paleo-
gene-Neogene rocks of the Holy Cross Mountains.
The newly formed alluvia inherited the features of
mineral composition from those rocks.

The sandy deposits and gravel-debris layer of
unit III record the release of glacial material from
melting ice during ice-sheet stagnation/decay, but
mainly of erosion-denudation transformation of in-
herited glacigenic deposits in the Middle Plenivis-
tulian (Interpleniglacial) (Weichselian, MIS 3). The
interpretation of structural and textural features of
these deposits corresponds to their stratigraphic po-
sition, which has been determined based on results
of OSL dating. They formed in a period that was
initially characterised by a predominance of erosion
at the valley bottoms. A dense net of small denu-
dation valleys developed even in areas with small
differences in elevation. Subsequently followed the
stage of especially intensive wash processes (e.g.,
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Dylik, 1972; Turkowska, 2006). The disappearance
of permafrost is indicated by the deformational
contact between these deposits and the underlying
diamictons, and the occurrence of iron-rich lamel-
lae as a sign of geological-pedological processes.
A high content of aeolian grains in these deposits
indicates an intensification of aeolian processes un-
der periglacial conditions.

Based on OSL dating obtained for the sandy
deposits of units I and III, the diamicton series of
unit II should be linked to the Odranian Glaciation
(Saalian, Drenthe, MIS 6). Such a conclusion about
the age of unit II is at variance with the extent of
the Odranian ice sheet in the Holy Cross region (cf.
Lindner, 2004; Lindner & Marks, 2012) (Fig. 1A)
because it indicates the occurrence of this ice sheet
on the southern flank of the Lysogéry mountain
range. However, it does correspond to an opinion
expressed by several researchers who studied the
Pleistocene palaeogeography in the central and
south-eastern part of the Holy Cross Mountains,
and who assumed that the ice sheet of the Middle
(Saalian) Glaciation (treated as a single glacial epi-
sode at the time) reached further south and extend-
ed across the Kamienna River valley, and even the
Lysogory (among others: Czarnocki, 1927, 1931; Ko-
tariski, 1959; Walczowski, 1968; Kosmowska-Suf-
czynska, 1972; Filonowicz, 1980). However, the re-
sults of the present study which question the origin
and age of tills in the Holy Cross Mountains do not
stand alone (cf. Sottysik, 1998, 2002). They seem
to be all the more probable because the extremely
long-lasting and severe conditions of the Saalian
(e.g., Bard et al., 2002) favoured the maintenance of
the maximum extent (from pre-160 ka) of the Eur-
asian ice sheets during the Late Saalian (160-140
ka) (e.g., Colleoni et al., 2009). That is why the issue
of the extent of the Odranian ice-sheet lobes in the
Holy Cross Mountains needs further, detailed litho-
genetic and lithostratigraphical studies of glacigen-
ic deposits in the region.

7. Conclusions

Structural and textural features of the deposit
complex studied indicate that it records a glacial
and postglacial cycle. The occurrence of subgla-
cial tills overlying fluvioglacial sands and gravels
points to the existence of ice cover in the area of the
Kielce-tagow Valley (central part of the Holy Cross
Mountains). The occurrence of an erosion-denuda-
tion surface in the top of glacigenic deposits indi-
cates their transformation under postglacial (inter-
glacial-interstadial?) / periglacial conditions.

Facies diversity of subglacial tills dating from
the same glacial episode resulted from the fact
that they formed at the base of active ice deposi-
tion-deformation processes that varied in time and
space. These processes were conditioned mainly by
the diverse relief of the sub-Quaternary surface in
the Kielce-tagéw Valley, and thereby the spatially
varying arrangement of hard and soft substrates,
and the occurrence or absence of permafrost.

The cover of diamictons by sandy and
sandy-gravelly deposits should be related to accu-
mulation of melt-out material. Such conditions led
to deformation of glacigenic deposits due to the for-
mation of depositional and non-depositional unsta-
ble density stratification systems. The transforma-
tion of the deposit complex was completed under
periglacial conditions by complex, erosion-denuda-
tion and aeolian processes.

Mineralogical and petrographical features of
the deposits, as well as the degree of rounding and
frosting of quartz grains, confirm the genetic rela-
tionship of the deposits studied with the sub-Qua-
ternary bedrock, glacial environment and perigla-
cial transformation conditions.

The OSL ages obtained for these deposits cor-
respond with the genetic and palaeoenvironmen-
tal interpretation of their structural and textural
features. It suggests that the complex of glacigenic
deposits formed partially at the end of the Lublin-
ian Interglacial (Saalian, Schoningen, MIS 7), gen-
erally - during the Odranian Glaciation (Saalian,
Drenthe, MIS 6), and transformed under perigla-
cial conditions during the Vistulian Glaciation, i.e.
in the Middle Plenivistulian (Weichselian, MIS 3).
This stratigraphic position of the diamictons is in-
consistent with the commonly accepted Pleistocene
palaeogeography of the Holy Cross region (with
the extent of the Odranian ice sheet). The results of
the present study indicate the need for continued
detailed research on the origin and age of glacigenic
deposits in the central part of the Holy Cross Moun-
tains, and have an impact on the issue of the extent
and course of Pleistocene glaciations.
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