
1. Introduction

The initial mineral composition of a fluvial 
sediment undergoes numerous modifications, 
eventually changing the assemblages inherited 
from the source materials into a mineral assem-
blage of its own (e.g. Cordier et al., 2004; Weltje 
& Von Eynatten, 2004; Scheiderman & Chen, 
2007; Thamo-Bozso & Kovacs, 2007; Yang et 
al., 2009). Analysis of the heavy-mineral as-
semblage of fluvial deposits can help to recon-

struct palaeogeographic changes (Van Loon, 
1972/1973), to determine the character of the 
fluvial processes (Weckwerth & Chabowski, 
2013) and of the depositional environment 
(Thamo-Bozso & Kovacs, 2007). This becomes 
difficult, however, when the material is de-
rived from different sedimentological environ-
ments, for instance if a fluvial valley becomes 
invaded by an ice-sheet carrying material from 
several remote areas (Racinowski, 2008, 2010). 
Insight into the initial mineralogical composi-
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tion of the source material is therefore of ut-
most importance for the analysis of changes in 
the heavy-mineral composition of fluvial sed-
iments during transport and after deposition. 
Neglecting this aspect may lead to misinterpre-
tations of the modification processes and their 
effects (Batemann & Catt, 2007).

Three provinces can be distinguished in 
Quaternary sediments of Poland on the basis 
of their mineral content; the differences in the 
mineral content depend on the extent of the 
Pleistocene ice sheets and on the exposure of 
pre-Quaternary rocks (Racinowski, 2008). The 
first province, with a  well recognisable min-
eral composition, comprises the northern ar-
eas of the country (lakelands and lowlands), 
which are almost completely covered by gla-
cial and fluvioglacial sediments with a miner-
alogy inherited from the Scandinavian source 
rocks (see also Woronko et al., 2013). The sec-
ond province is constituted of highlands and 
old mountains with surficial pre-Quaternary 
rocks covered in the past by Scandinavian 
ice sheets, where the minerals originate from 
both glacigenic sediments and the substratum. 
The recognition of the various sources of the 
various mineral assemblages is difficult. The 
third province comprises the areas that were 
not covered by Scandinavian ice sheets, i.e. the 
Carpathians and the Sudetes, where the min-
erals originate only from the substratum and 
form well recognisable assemblages.

Racinowski (2010) claims that the source 
material of Pleistocene clayey tills and sandy/
gravely sediments, whatever their genetic and 

historical background, have a similar mineral-
ogy, determined by the Scandinavian materi-
al that was transported and deposited by the 
ice sheets. The origin and lithostratigraphy of 
Quaternary deposits can consequently not be 
reconstructed unambiguously; the mineral as-
semblages can at best support other results of 
textural or structural analyses. It is therefore 
important to unravel how heavy–mineral as-
semblages can be affected by the various pro-
cesses in different depositional environments.

2. Objectives

The objective of the present study was to 
analyse the heavy–mineral assemblages in the 
Pleniglacial (Vistulian, North Polish Complex, 
Weichselian, MIS 3-2) fluvial sediments of the 
Luciąża and Belnianka River valleys (Table 1), 
which represent valleys of the same order, but 
which are situated in different morphogenet-
ic zones of Poland (Starkel, 2008). The Luciąża 
basin is located in the Łódź region – of the Pol-
ish Lowland (an old glaciated zone), and the 
Belnianka River runs in the Holy Cross Moun-
tains (highlands and old mountains) (Fig. 1B).

The Pleniglacial deposits of both rivers 
indicate a  similarity in structure and also in 
some textural features (Wachecka-Kotkowska 
& Ludwikowska-Kędzia, 2007). The analyses 
of the Pleniglacial sediments should therefore 
show whether it is possible to unravel how, 
and in how far, modification processes affect-
ed the heavy-mineral assemblages of the flu-

Table 1. Comparison of the geomorphological and lithological features in the Luciąża and the Belnianka River valleys.

Similarities Differences

Teracces/ 
river levels

the Pleniglacial erosion/accumulation 
levels originated at the same time and 
under periglacial  conditions

valley developed on:

a Palaeozoic substratum 
(Belnianka)

Wartanian (Saalian) glacial 
surface   (Luciąża)

Deposits

both deposits consist of  two parts, 
separated by an erosional surface: 
a silty/sandy lower part and 
a sandy top part; 
thickness up to 18 m

different thicknesses; proportions depending on local 
conditions (widening/narrowing of the valleys)

several genetic processes involved 
(fluvial, slope, aeolian); 
fluvioperiglacial cover

various proportions of deposits of different origin, 
depending on local conditions
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vial deposits in the two river valleys that have 
a  different background regarding their mor-
phology and glaciation history.

3. Methods

Transparent heavy minerals from the above 
fluvial sediments were analysed for the 100–
250 µm fraction, using standard samples of 
~700 grains, of which ~300 were transparent. 
Bromoform was used as a  separation liquid. 
From the Kłudzice Nowe profile in the Luciąża 
River valley, 10 samples were analysed (Table 
2), whereas 18 samples from the Słopiec Szla-
checki profile near Daleszyce in the Belnianka 
river valley were analysed (Table 3).

The results were compared with the 
heavy-mineral assemblages from Wartanian 
deposits in both river valleys (15 samples) 
that formed the local source material for the 
Pleniglacial sediments under study; the results 

were also compared with the mean content of 
the main transparent heavy minerals in Qua-
ternary deposits in Poland (Table 4) as ana-
lysed by Racinowski (2010).

For each sample, the weathering index 
(WI) was calculated following Racinowski & 
Rzechowski (1969) (see also Mycielska-Dow-
giałło, 1995, 2007; Ludwikowska, 2013; Mar-
cinkowski & Mycielska-Dowgiałło, 2013):

W=(SR/R)NR

where W = weathering index, SR = percentage 
of semi-resistant minerals (apatite, epidote, 
garnet, sillimanite), R = percentage of resistant 
minerals (zircon, rutile, tourmaline, staurolite, 
kyanite), and NR = percentage of non-resistant 
minerals (amphibole, pyroxene, biotite, chlo-
rite).

This formula describes the transformation 
of the heavy-mineral assemblage as a result of 
weathering.

Fig. 1. Location of the study area.
A: Maximum extent of Pleistocene glaciations in Poland (after Marks, 2011). Early Pleistocene: N = Narewian (= 
Menapian), Ni = Nidanian (= Cromerian complex, Glacial A); Middle Pleistocene: S1 = Sanian 1 (= Cromerian com-
plex, Glacial B), S2 = Sanian (= Elsterian) 2, Li = Liwiecian (= Saalian, Fuhne), K = Krznanian (= Saalian, glacial 
episode in Poland,, O = Odranian with secondary stadial of W = Wartanian (= Saalian, Drenthe, Warthe); Late Pleis-
tocene: Vistulian (= Weichselian), with LGM = Last Glacial Maximum, L = Leszno phase, Pz = Poznań phase, Pm = 
Pomeranian phase, G = Gardno phase.
B: Morphogenetic zones (modified after Gilewska, 1991; Starkel, 2008). 1 = mountains; 2 = intramontaneous basins; 
3 = uplands and old mountains; 4 = transitional area of upland/old-glacial relief; 5a = area glaciated before the War-
tanian (MIS 6, Late Saalian); 5b = area glaciated during the Wartanian; 6a = area glaciated during earlier stages of 
the Vistulian (= Weichselian, MIS 2) (with outwash plains); 6b = area covered by ice during the Pomeranian phase 
of the Vistulian.
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4. Study areas

As the study is aimed at assessing differ-
ences in fluvial heavy-mineral assemblages as 
a  result of differences in source material and 
local conditions, these aspects are dealt with in 
the following sections.

4.1. Locations

The Luciąża River valley is located in cen-
tral Poland, SE of the Łódź region (Turkowska, 
2006), on the border of the Polish Lowland and 
Highland (1.7‰ stream gradient). The Luciąża 
river starts at 245 m a.s.l., at the foot of the Góra 
Chełmo (323 m a.s.l.) in the Radomsko Hills 
area (Przedbórz Highland, part of the Polish 
Highland). After 48 km, it flows into the Pilica 
River (Vistula basin), on the Piotrków Plateau 
(Mazovia Lowland, part of the Polish Low-
land) at 166 m a.s.l. The average height of the 
catchment area is ca 200 m a.s.l.

The Belnianka River valley is a typical small 
valley, situated in the central part of the Holy 
Cross Mountains. Its length is 34 km (11.04‰ 
stream gradient) and its springs are located 
at 455.23 m a.s.l., on the southern slope of the 

Łysogóry range (612.3 m a.s.l.). It enters the 
Lubrzanka River at 235.2 m a.s.l. The average 
height of the catchment area is 316.25 m a.s.l., 
indicating an upland character.

Both the Belnianka and the Luciąża Rivers 
occupy third-order valleys that belong to the 
Nida basin and Pilica basin respectively (Vis-
tula 1st order basin). Both valleys are situated 
in the periglacial zone of the last ice sheet (Fig. 
1A): the Luciąża basin is located approx. 150–
200 km away from the line indicating the ice 
extent during the Last Glacial Maximum line 
(LGM), whereas this is approx. 300 km for the 
Belnianka basin. Their distances to the max-
imum ice extent during the Odranian Warta 
stadial are different: the pre-Belnianka valley 
was situated in the periglacial zone of the War-
tanian ice sheet, whereas the pre-Luciąża val-
ley was overridden by it (Fig. 1A).

4.2. Geology and geomorphology

The base of the Vistulian pre-Luciąża val-
ley consists of deposits that accumulated dur-
ing the Middle Polish Complex (MIS 6, Late 
Saalian, Odra glaciation, Warta stadial) (Fig. 
2). The retreat of the Wartanian ice sheet led to 

Fig. 2. Schematic geomorphology of the lower Luciąża River valley.
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the formation of two separate valleys, an upper 
one directed to the south and a lower one to the 
north; both are associated with glaciomarginal 
outwashes, often along the valleys of the time, 
on fault lines (Wachecka-Kotkowska, 2006). 
The glaciomarginal 3rd level at 10–15 m above 
the valley floor developed during the glacial 
episode. During the early Pleniglacial, the Do-
bryszyckie Hills (Wartanian morainic hillocks) 
in the middle part of the area became incised; 
a single valley, similar to the present, then orig-
inated because two small valleys became inter-
connected (Wachecka-Kotkowska, 2004). The 
Vistulian elements are the 2nd (high) level/ter-
race (Pleniglacial; 2–6 m above the valley floor) 
and the 1st (low) fluvial terrace (Late Vistulian, 
1.5–2 m above the valley floor).

The Belnianka River valley lies in the central 
part of the Palaeozoic core of the Holy Cross 
Mountains, where the present-day relief strict-
ly reflects the geology (Wróblewski, 1977; Lud-
wikowska-Kędzia, 2000). The area consists of 
alternating expansion zones (often with river 
basins) and narrowings (gaps, with Palaeo-
gene-Neogene bases) (Ludwikowska-Kędzia, 
2000). This is particularly visible in the frag-
ment of the valley within the Chęciny-Kli-

montów anticlinal zone and the area of 
Smyków–Słopiec Szlachecki (Fig. 3).

The relief and the Quaternary sediments of 
the Belnianka River, which owe their charac-
teristics to the glacial cycle, have been strongly 
transformed by denudation under periglacial 
conditions, particularly after the disappearance 
of the Sanian 2 ice sheet (South Polish Complex, 
Elsterian). In the section of the valley under 
study, three to four terrace levels can be distin-
guished. The level of middle Pleniglacial accu-
mulation (260 m a.s.l.; 2.5–10 m above the valley 
floor) is exposed in a 10-m profile where erosion 
undercut the Belnianka River near Słopiec Szla-
checki. The profile is representative and allows 
a palaeogeographical reconstruction of the val-
ley. The middle Pleniglacial erosional and ero-
sional/accumulation lower terraces (250–258 m 
a.s.l.; 1.2–2 m above the valley floor) are locally 
present, among other places in the vicinity of 
Niwy Daleszyckie. They are usually adjacent to 
the Holocene terrace and are locally covered by 
Holocene fluvial sediments. The Pleniglacial lev-
el and terraces are asymmetrical in the Belnianka 
river valley section under study. The right level 
terrace (Słopiec profile) has probably been ele-
vated tectonically and takes a larger area.

Fig. 3. Schematic geomorphology of the middle Belnianka River valley.
1 = Palaeozoic bedrock; 2 = denudation surface within slope deposits; 3 = Middle-Polish glaciation levels; 4 = Mid-
dle Pleniglacial accumulation terraces; 5 = Middle Pleniglacial erosional terraces; 6 = Late Vistulian accumulation 
terraces; 7 = Holocene valley floor; 8 = slopes of terraces; 9 = river bed; 10 = alluvial fans; 11 = denudation valleys; 
12 = dunes; 13 = peatbog; 14 = fault; 15 = Słopiec profile.
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Fig. 4. Some features of the Pleniglacial sediments at the Kłudzice Nowe profile in the lower Luciąża River valley.
A: Sedimentological characteristics; B: heavy-mineral composition; C: weathering index after Racinowski & 
Rzechowski (1969); D: codes after Miall (1978, 1985), as modified by Zieliński & Pisarska-Jamroży (2012): 1 = mas-
sive silt; 2 = horizontally laminated silt; 3 = silty sand, silt and sandy silt with horizontal lamination; 4 = silty sand, 
silt and sandy silt with flasers; 5 = ripple-cross laminated sand and sandy silt; 6 = sand, sandy silt and silty sand with 
horizontal lamination; 7 = sand with horizontal lamination; 8 = massive sand; 9 = deformed sand; 10 = low-angle 
cross-stratified sand; 11 = through cross-bedded sand; 12 = gravelly sand with horizontal stratification; 13 = massive 
gravely sand and sandy gravel; 14 = fining- and coarsening-upward sequence; 15 = deformations; 16 = erosional 
contact; 17 = large-scale erosional surface; 18 = ice-wedge cast; 19 = rhythmite.
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Fig. 5. Some features of the Pleniglacial sediments at the Słopiec Szlachecki profile in the middle Belnianka River valley 
(for explanations, see Fig. 4).
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Detailed investigations of the Pleniglacial 
sediments were carried out at Kłudzice Nowe. 
That site is located in the lower, narrow part 
of the Luciąża River valley, in a meander un-
dercut of the 2nd high level near Przygłów (5 
km NE of Sulejów), where sediments were en-
countered to a depth of 3.5 m (Fig. 2). For com-
parison with the Luciąża River valley, a 10-m 
exposure was chosen in the erosional under-
cut of the Belnianka valley level (named ’high 

terrace’ after Łyczewska, 1971) at Słopiec Szla-
checki near Daleszyce (Fig. 3).

4.3. Characteristics of the Pleniglacial 
sediments

The similarity of the structural and textur-
al characteristics of the sediments building the 
terraces in the river valleys of the periglacial 

Fig. 6. Mean composition of the transparent heavy minerals of the Luciąża valley (A) and Belnianka valley (B) and of 
the Vistulian valleys in northern Poland (C) after Racinowski (2010).
I = alluvium; II = basement of the Pleniglacial alluvium.
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uplands and lowlands is clear from the example 
of the Luciąża and Belnianka Rivers (Table 1; 
Figs 4, 5). In both valleys, the fluvial sediments 
are characterised in their vertical profiles by 
repeated phases of accumulation and a duality 
in the succession of the deposits (Ludwikow
ska-Kędzia, 2007; Wachecka-Kotkowska, 2007; 
Wachecka-Kotkowska & Ludwikowska-Kęd-
zia, 2007). The lower profiles are represented 
by middle Pleniglacial finer deposits, a  silty/
sandy unit (Mz = 4–7 F), badly and extremely 
badly sorted material (s1 =1.27–2.82), accumu-
lated in a low-energy environment (Sk1 = 0.16–
0.69). The main lithofacies, Fh, Sh, FSh and SFh 
(Figs 5, 6), indicate deposition in an overbank 
area and/or a shallow lake.

The upper part of the profiles occurs above 
an erosional surface that represents ice ad-
vance during the LGM (late Pleniglacial). The 
deposits of this upper part are built of sandy 
and sandy/gravely (Mz = 1–2.5 F), well sorted 
material (s1= 0.35–1) of a higher-energy depo-
sitional environment (Sk1 = –0.25–0.25) (Figs 5, 
6). Lithofacies Sr, Sl, St and SGh are dominant 
(Wachecka-Kotkowska & Ludwikowska-Kęd-
zia, 2007). Upwards in the profile, the thick-
nesses of the sandy units increase.

The abrasion of the quartz grains (see 
Woronko, 2012) in the lower part of the pro-
files differs from that in the upper part: round-
ed matt grains constitute 70–80% in the upper 
part, whereas this value is 45–60% in the low-
er part (Mycielska-Dowgiałło, 2001; Wachec-
ka-Kotkowska & Ludwikowska-Kędzia, 2007). 
Cryogenic and unstable stratification structures 
(thermoturbations and instabiloturbations sen-
su Van Loon, 2009, respectively) are common 
(Fig. 4). The deposits of the terraces were accu-
mulated by means of several processes (fluvi-
al, slope and aeolian); for this reason they are 
commonly named ’valley levels’, so as to dis-
tinguish them from the younger, late Vistulian 
sediments, building fluvial terraces. The simi-
larity of the middle Pleniglacial structural and 
textural features of the sediments of the valley 
levels of both the upland and lowland perigla-
cial rivers results from the climatic conditions, 
which determined vectors, intensity and type 
of the depositional and geomorphological pro-
cesses in the valleys.

5. Heavy-mineral composition

As mentioned above, the Wartanian glacial, 
fluvioglacial and proglacial (periglacial) sedi-
ments in the regions of both study areas formed 
the source of the Pleniglacial fluvial deposits 
under study. The Pleniglacial sediments thus 
inherited their heavy-mineral assemblages 
from the Wartanian sediments, the heavy-min-
eral assemblages of which were therefore also 
investigated for the present study.

5.1. Wartanian glacial/fluvioglacial 
and periglacial sediments

Glacial and fluvioglacial deposits of the 
Middle Polish Complex (MIS 6, Late Saalian, 
Odranian glaciation, Warta stadial) form the 
substratum of the Luciąża valley. The Plenigla-
cial fluvial level in this valley is therefore in its 
lower part mixed up with Wartanian fluviogla-
cial deposits that originated during a phase of 
retreat of the Odranian ice sheet. At the time 
meltwater flowed to the Pilica pradolina, and 
in the lower Luciąża valley the Wartanian gla-
ciomarginal 3rd level came into being (Fig. 2).

At the Kłudzice Nowe site, only one sam-
ple from the Wartanian basement (see Fig. 2) 
was collected for heavy-mineral analysis. The 
heavy–mineral assemblage shows (Table 2, 
Figs 4, 6) an equilibrium between the semi-re-
sistant (41.6% garnet, 5.5% epidote) and the 
resistant minerals (38% zircon, 6.4% stauro-
lite, 1.9% kyanite, 1.9% tourmaline, 0.9% rutile 
and 0.9% andalusite). Non-resistant minerals 
are less common (only 1.9% amphibole). It 
proves that local, old sediments, not only of 
Pleistocene age, were reworked, transformed 
during transport and sedimentation in a  gla-
cial or fluvioglacial environment. They were 
subsequently exposed to (chemical) weathered 
during the Eemian and early Vistulian under 
different climatic conditions (from warmer to 
colder).

The basement of the Pleniglacial fluvial sed-
iments of the Belnianka valley level at Słopiec 
Szlachecki contains slope deposits of the Biel-
ińskie range, formed under periglacial condi-
tions. Their accumulation took place during 
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the Warta stadial (MIS 6, late Saalian, Odra-
nian glaciation) (Ludwikowska-Kędzia, 2007). 
The assemblages of the transparent heavy min-
erals in 14 samples show a dominance of zir-
con (21.2–63.7%) and garnet (11.8–40.1%; mean 
value 26.81%) (Table 3; Figs 5, 6) (Ludwikows-
ka-Kędzia, 2007). The zircon/garnet assembly 
is complemented by staurolite (4.85–25.6%; 
mean value 12.73%), epidote (2.5–17.5%; mean 
value 8.39%), tourmaline (1.3–10.8%; mean 
value 5.99%), andalusite (1.9–7.7%; mean val-
ue 3.2%) and kyanite (1.0–10.7%; mean value 
2.0%) (Fig. 6). No micas (biotite) were found, 
and the amounts of amphibole and pyroxene 
are negligible (mean values below 1%). Abra-
sion-resistant minerals dominate (41.3–76.4%; 
mean value 58.84%). The medium-resistant 
minerals (18.9–52%; mean value 35.76%) con-
stitute slightly less, and the non-resistant min-
erals take only a  small percentage (1.0–4.2%; 
mean value 1.36%).

All abrasion-resistant minerals have round-
ed grains, which indicate, in combination with 

the high zircon percentage, that the material 
underwent numerous sedimentation/erosion 
cycles. The garnet grains are mostly colourless, 
surficially corroded, showing pits and other 
traces of chemical weathering (cf. Van Loon & 
Mange, 2007). The high proportion of opaque 
minerals (34.3–79.7%; mean value 48.35%) 
proves that the material has been subjected to 
chemical weathering.

The above results suggest an environment 
in which the sediments underwent washing, 
aeolian activity, intensive chemical weathering 
and physical abrasion time and again. This is 
supported by the low values of the weather-
ing index, which vary from 0.27 to 3.97 (Fig. 5) 
(Ludwikowska-Kędzia, 2007).

5.2. Heavy minerals from the Pleniglacial 
fluvial deposits in the Luciąża valley

The heavy-mineral assemblages in the sed-
iments from the Kłudzice Nowe profile in the 

Table 2. Heavy minerals of the Pleniglacial alluvium of the Luciąża valley in the Nowe Kłudzice profile (see also Figs 
4, 6A).

Sample number 1 2 3 4 5 6 7 8 9 10 11*

Number of grains 528 570 577 475 488 552 484 470 558 592 570

Opaque heavy  minerals (%)   35.6 39.5 42.9 32.6 40.4 48.4 31.6 36.2 38.2 42.2 43.2
glauconite 0 0 0 0 0 0 0 0 0 0 0
carbonate 0 0 0 0 0 0 0 0 0 0 0
Transparent 
heavy minerals (%)

64.4 60.5 57.1 67.4 59.6 51.6 68.4 63.8 61.8 57.8 56.8

Transparent heavy minerals (total calculated as 100%)
amphibole 1.5 3.5 1.3 2.7 2.6 2.8 16.6 4.0 5.8 2.3 1.9
pyroxene 0.4 0.4 0.4 0.6 1.5 0.9 1.4 0.3 0.7 0.6 0
biotite 0 0 0 0 0 0 0 0 0 0 0
chlorite 0 0 0 0 0 0 0 0 0 0 0
epidote 6.3 6.5 6.4 6.9 11.9 9.3 12.1 10.7 5.1 8.8 5.5
garnet 44.1 63.6 45.3 62.6 51.1 44.9 30.2 45.3 52.2 63.8 41.7
tourmaline 3.9 4.3 5.6 4.7 6.7 1.4 6.1 4.8 5.8 2.3 1.9
zircon 22.6 9.6 29.2 10.9 10.8 23.4 18.1 16.0 13.0 8.2 38.0
rutile 0.4 0.4 0.3 0.5 0.5 0.4 0.3 0 0 0 0.9
kyanite 2.2 2.0 0.9 0.9 2.1 2.8 2.6 2.3 3.6 0.6 1.9
staurolite 15.4 7.0 8.7 7.8 9.3 11.2 9.1 13.3 10.9 10.5 6.4
andalusite 0.7 0.9 0.7 0.9 1.0 1.0 0.4 1.0 0.7 0.6 0.9
sillimanite 0.7 0 0 0.6 0 0.5 0.4 0.3 1.1 0 0
other 0    0.9  0.4 0.3 0.4 0 0.8 0.3 0.4 0.3 0
unidentified 1.8 0.9 0.8 0.6 2.1 1.4 1.9 1.7 0.7 2.0 0.9

*	 basement, fluvioglacial level according to Wachecka-Kotkowska, 2007;  mean value.
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Luciąża valley are dominated by minerals with 
an average resistance to chemical weathering 
(42.7–72.6%), especially garnet (30.2–65.2%), 
with a significant proportion of resistant min-
erals (22.5–50%) (Table 2; Figs 4, 6). The most 
important are zircon (8.2–38%), staurolite 
(6.4–15.4%), epidote (5.1–12.1%), amphibole 
(1.3–5.8%; 16.6 % in sample #7), tourmaline 
(1.4–6.7%) and kyanite (0.9–3.6%). Non-resist-
ant minerals are much less frequent (1.7–18%). 
Biotite and chlorite have not been separated. 
Rutile, andalusite and sillimanite occur in mi-
nor amounts, up to 1%. The sediments of the 
Pleniglacial fluvial level above the erosional 
contact with the Wartanian fluvioglacial de-
posits contain more amphibole, pyroxene, epi-
dote, garnet, tourmaline and staurolite than 
the older ones.

The large percentage of garnet, which is me-
dium-resistant to mechanical destruction, sug-
gests a fluvial environment (cf. Morton et al., 
2013), in which relative enrichment of garnet 
took place. However, given the strong aeolian 
influence (mat and roundness), it seems that 
this relative enrichment of garnet took place 
not only in a  fluvial environment, but also 
– and perhaps primarily – in an aeolian one. 
This is supported by the lack of micas, which – 
due to their habit – form thin plates and which 
have a low specific weight. It thus seems that 
the sediments were repeatedly reworked and 
affected by wind (Barczuk & Mycielska-Dow-
giałło, 2001). These sands are enriched in heavy 
minerals with a  higher hydraulic equivalent 
and a  larger resistance to weathering (Raci-
nowski, 2008).

Among all samples from Kłudzice, sam-
ple #7 (3.25 m depth) in particular shows an 
interesting heavy-mineral assemblage (Table 
2). It has the largest proportion of amphibole 
and pyroxene (18%), epidote (12.2%), minerals 
that are highly resistant to chemical weather-
ing and mechanical abrasion, whereas the pro-
portion of garnet is the smallest (30.2%). Struc-
tural and textural (grain size) analysis of the 
sediments indicates a  strong erosion, due to 
a higher energy level, resulting in the supply of 
’fresh’ fluvial material, with a different miner-
al composition. This explains the highest value 
(21.0) of the weathering index for this sample. 

The lower this index, the larger the proportion 
of resistant materials, i.e. the more favourable 
the conditions for selective reworking of the 
fluvial deposits and for depriving them of less 
resistant minerals.

The vertical succession of the sediments 
shows cycles in the weathering index (1.79–
21%), which suggests varying energy levels of 
the fluvial environment.

Comparison of the assemblages of the trans-
parent heavy minerals of the Luciąża sediments 
with those elaborated for fluvial and fluviogla-
cial deposits of Poland as a whole (Racinowski, 
2010) (Table 4, Fig. 5) indicates a  strong sim-
ilarity in the type of assemblages of the min-
erals and their quantitative characteristics. In-
tense aeolian processes occurred all over the 
Polish Lowlands, in all morphogenetic zones, 
and this resulted in relative enrichment of gar-
net (cf. Barczuk & Mycielska-Dowgiałło, 2001).

5.3. Heavy minerals from the Pleniglacial 
fluvial deposits in the Belnianka valley

The heavy–mineral assemblages of the mid-
dle Pleniglacial sediments in the Belnianka val-
ley at Słopiec are different, but homogeneous, 
which is indicative of sedimentation within 
a  short time. The assemblages are dominated 
by minerals resistant to mechanical destruction 
(58.6–82.6%), mainly staurolite (14.8–35.6%), 
zircon (12.4–31.3%), tourmaline (6.5–24.5%), 
with a much lower content of andalusite (1.1–
6.7%), kyanite (1.1–7.2%) and rutile (0–3.3%) 
(Table 3, Figs 5, 6). There is a  comparative-
ly large proportion of garnet (6.6–25.8%) and 
semi-resistant minerals (12.2–32.6%, consist-
ing of 1.1–6.7% andalusite and 4.3–10.3% epi-
dote). Modestly unstable minerals (0.1–7.9%) 
are represented by biotite (0–3.3%), amphibole 
(0–6.3%) and pyroxene (0–2.2%). The mineral 
compositions within the nearly 10-m level of 
the sediments is homogeneous and suggests 
a strongly weathered source of fluvial depos-
its, which is confirmed by the weathering-in-
dex values, which range from 0.1 to 3.06.

Regarding vertical changes of the 
heavy-mineral composition in the studied pro-
file, a slight increase in garnets, accompanied 
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by a  decrease in amphibole, is present in its 
subaerial part (from 3 m). This is presumably 
an aeolian effect, helped by pedogenic process-
es that relatively enriched the deposits in gar-
net and impoverished the amphibole content.

The assemblages are comparable to those 
of the Wartanian slope deposits of the Bieliń-
skie range in the Holy Cross Mountains (Lud-
wikowska-Kędzia, 2007) (Table 4, Figs 5, 6). The 
assemblages in these deposits must be inherit-
ed from pre-Quaternary, Palaeogene-Neogene, 
or even older, Palaeozoic or Mesozoic rocks ac-
cording to Racinowski (1995). The heavy-min-
eral assemblages, with a dominance of zircon, 
tourmaline, staurolite, rutile and kyanite may 
be taken as typical of the pre-Quaternary, es-
pecially from the highland zone. This is sup-
ported by mineralogical studies of the Palaeo
zoic bedrock in the Holy Cross Mountains 
(Radziszewski, 1928; Kosmowska-Ceranowicz, 
1979).

A comparison of the structure of the trans-
parent heavy minerals from the fluvial de-
posits in the Belnianka valley with the fluvial 
and fluvioglacial deposits of Poland in general 
(Racinowski, 2010) (Table 4, Fig. 6) indicates 
that the Pleniglacial deposits do not show any 
significant qualitative differences. In contrast, 
some quantitative similarities are present in 
the heavy-mineral assemblages, mainly in the 
form of the low percentages of amphibole, py-
roxene, biotite and garnet, and the high per-
centages of zircon, staurolite and tourmaline. 
This suggests that both the source deposits and 
the Pleniglacial deposits underwent intensive 
and/or persistent chemical weathering and 
numerous sedimentation/erosion cycles.

6. Conclusions

Analysis of the heavy minerals from repre-
sentative profiles of the Pleniglacial sediments 
in the Luciąża and Belnianka valleys show that 
the differences in their assemblages are large-
ly controlled by the differences in lithology of 
both areas. In the Luciąża valley, the structure 
of the heavy minerals diverse, which is typical 
for primary Quaternary fluvioglacial deposits 
in the Polish Lowlands province. In contrast, 

the heavy-mineral assemblages from the Bel-
nianka valley, representing the Highlands 
Belt province, are clearly dominated by min-
erals that are resistant to mechanical destruc-
tion, which were, apart from the much larger 
amounts of grains derived from a local fluvial 
source, inherited from the Palaeozoic, Mesozo-
ic and Palaeogene-Neogene substratum, and 
which underwent intensive chemical weather-
ing under periglacial conditions. This indicates 
a direct influence of the Pleistocene ice sheets 
on the valley system in the central part of the 
Holy Cross Mountains, but this influence was 
far too small to obscure the local mineralogical 
background.

In both valleys, the heavy-mineral assem-
blages in the fresh Pleniglacial valley levels 
record aeolian influence in the form of a  rel-
ative enrichment in garnet. This must be as-
cribed to intensive aeolian action, rather than 
to long-lived aeolian activity. The aeolisation 
in both valleys took place in a periglacial envi-
ronment, but was strongest close to the active 
front of the ice sheet; hence the larger propor-
tion of garnet in the sediments of the Luciąża 
valley, and hence also the higher concentration 
of matt grains in this valley. The increase in ae-
olian activity in the Belnianka valley may have 
been due to tectonic activity along a Palaeozo-
ic fault: elevation of the area caused lowering 
of the groundwater level, and consequently 
a dryer sedimentary surface, making the surfi-
cial sediments more prone to intensive aeolian 
influence (Jaśkowski, 1999).
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