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Abstract: This study is focused on the loess-like deposits accumulated on glaciofluvial fans of the
Czarny Dunajec River in the Orava Basin (Southern Poland). The deposition of these sediments
took place during three cold intervals of the Pleistocene: Wiirm, Riss, and Giinz/Mindel. So far,
the provenance and age of the deposits has not been precisely defined, even though the development
of each fan is believed to be related to the successive glacial periods in the Tatra Mountains.
Heavy minerals were studied to determine the source of the deposits. Heavy mineral analyses revealed
that zircon, tourmaline, rutile, garnet, amphibole, epidote, and apatite are the typical constituents of
the heavy mineral fraction. Abundances of heavy minerals differ in each of the Pleistocene fans of
the Czarny Dunajec River, especially the amphibole content. However, the chemical composition of
garnet, amphibole, and tourmaline is rather uniform. This research showed that mainly medium-grade
metamorphic rocks with a subordinate share of high-grade metamorphics, and granitic rocks are the
dominant source rocks of the deposits studied. Such rocks are exposed in the Western Tatra Mountains,
which most probably supplied the Orava Basin with clastic material. Change in abundances of
heavy minerals in the succession may reflect the progressive erosion of the source area. Grain-size
distribution and textural features of the sampled sediments suggest fluvial and aeolian modes of
transportation. Additionally, this study indicated that heavy minerals may be used to correlate the
loess covers in the Orava Basin.

Keywords: heavy minerals; loess-like deposits; glaciofluvial fan; Orava Basin; Western
Tatra Mountains

1. Introduction

Heavy minerals are commonly used to track the sources of deposits and transport directions,
reconstruct depositional environments, recognize the paleogeography of the source area or types of
post-sedimentary processes affecting the sediments [1].

Loess-deposits cover one-tenth of the earth’s surface [2-4], recording important information on the
paleoatmospheric patterns and climate change (e.g., [5-13]). One of the fundamental problems posed
by loess deposits is the identification of their potential source areas. It is believed that this is the first
step toward understanding how the production of the dust fraction took place, its incorporation in the
transport mode, transport and depositional conditions [2]. However, dust from different source areas
may be homogenized in the atmosphere, causing serious problems with the identification of individual
source areas [2,14-16]. In addition, determining the composition of heavy mineral assemblages in loess
is important for places where, theoretically, material supply seems to be limited by orographic barriers
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such as intramontane basins, river valleys, or similar localities, but where the geology of the catchment
area is relatively complex.

One of such examples are the loess-like deposits of unknown provenance located in the Orava
Basin in the Polish Western Carpathians. Geological, geomorphological, and paleogeographic studies
conducted in the Orava Basin (e.g., [17-28]) have reported the presence of loess-like deposits in fluvial
gravel fans, without indicating their source or age, even when each gravel horizon is chronologically
associated with one of the successive glaciations in the Tatra Mountains [29].

Furthermore, the age and spatial extent of individual glaciofluvial fans of the Czarny Dunajec River
are not precisely defined. The stratigraphic subdivision of these fans, related to subsequent glaciations
in the Tatra Mountains, has been based, so far, on their position in relation to the present-day channel
position of the Czarny Dunajec River, as well as the local lithological composition, degree of weathering
and cementation of the gravel deposits [17,22,25,26]. A new chronostratigraphic subdivision of the
Quaternary sediments and river terraces in the Orava Basin based on OSL dating was proposed by
Olszak et al. [30,31], but it applies only to deposits of the latest glaciation.

Glaciofluvial gravels in the fans of the Czarny Dunajec River consist mainly of clasts
of crystalline rocks from the Western Tatra Mountains [17,18,22,23,27,32]. The 1-3.5 m thick,
loess-like sediments covering them were deposited during three cold periods of the Pleistocene:
Wiirm, Riss, and Giinz/Mindel, and are the youngest lithostratigraphic units present in the area [33].

Contrary to the source of glaciofluvial material, the origin of grains in the aeolian loess-like
deposits remains unknown since no studies on their composition and source have been conducted so
far. It is thus interesting whether the material of the fine-grained sediments is derived only from the
crystalline rocks of the Western Tatra Mountains or also from other mountain ranges, mainly built of
flysch deposits, that surround the Orava Basin from the north.

This research was mainly aimed at the comparison of the heavy mineral composition of the
loess-like deposits from three different Pleistocene levels in the Orava Basin and the determination of
the source area(s) of the deposits. We have also tested whether heavy minerals may be a useful tool for
the correlation and identification of these sediments.

2. Study Area

2.1. Geological Structure and Relief

The Orava Basin constitutes the western part of the intramontane Orava-Nowy Targ Basin in
southern Poland. It lies at the boundary between two blocks: the Central Carpathians and the Outer
Carpathians [27,28,34-40] (Figure 1). The basin surface area is ca. 362 km?. The Orava Basin is drained
by the Czarny Dunajec River belonging to the Baltic Sea drainage system.

Geologically, the Orava Basin is a tectonic depression superimposed on three tectonic units of
various age and geological history: The Pieniny Klippen Belt (Jurassic-Eocene rocks), the Magura
Nappe (Cretaceous-lower Miocene flysch), and the Podhale Flysch (Eocene-Oligocene) [27,28,34—44]
(Figure 2).

The relief of the Orava Basin is composed of a series of extensive and flat Pleistocene fans and
Holocene terraces of the Czarny Dunajec River, dipping gently (3-5°) to the north. Three glaciofluvial
covers may be distinguished in the western part of the basin, at: 800-750 m a.s.l., 750-635 m a.s.l,
and 635-615ma.s.l. and these are correlated with the Tatra glaciations, the highest with the Giinz/Mindel,
the middle one with the Riss, and the lowest with the Wiirm (Figure 1). In Polish literature, the terms used
for the Tatra glaciations are equivalents of the Alpine glaciations: Giinz, Mindel, Riss, and Wiirm [29].
With regard to modern stratigraphy, they correspond to the following Marine Isotope Stages (MIS):
Giinz corresponds to MIS 21 to MIS 13; Mindel is commonly correlated with two different marine
isotope stages, MIS 12 and MIS 10; the Riss is paralleled by MIS 6, 8 and 10, while the Wiirm is
correlated with MIS 2-5d [45-47]. A Late Glacial alluvial fan located at altitudes of 750-600 m a.s.l. is
present in the eastern part of the Orava Basin [22,23,25] (Figure 1). The bottom of the present-day river
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channel lies at altitudes between 600 m a.s.l. (northern part of the basin) and 700 m a.s.1. (southern
part of the basin).

STRE D

D Giinz and Mindel (undivided) - Riss :I Wirm |:] Late Glacial and Holocene
III studied sites (exposures) national border

5 6 7 8 9  9.5[km]

Figure 1. Sediment sampling location and cross-section through the glaciofluvial fans of the Czarny
Dunajec River in the Orava Basin (age and extent of fans after Watycha [22,23], Baumgart-Kotarba [25],
and Chmielowska and Woronko [33]).

2.2. Source Areas

The Orava Basin may be sourced from several directions, however the most important source
areas are located to the south (within the Central Carpathians) and to the north (within the Outer Flysch
Carpathians). The Tatra part of the Central Carpathians is built of igneous rocks (granitoids), Paleozoic
metamorphic rocks (gneisses, crystalline schists, amphibolites), and Mesozoic sedimentary rocks
(mainly carbonates) [39,48-50]. Mesozoic (mainly limestones and marls) and Paleogene (sandstones
and shales) sedimentary rocks compose the Pieniny Klippen Belt [20]. Between the Tatra Mountains
and the Pieniny Klippen Belt, folded and overthrusted Mesozoic rocks are overlain by a synclinorium
built of sandstone-shale series representing the Podhale Flysch (Eocene-Oligocene) [51] (Figure 2).
The Outer Carpathians are situated to the north of the Pieniny Klippen Belt, mostly in the region covered
by the Beskidy Mountains ranges. They are mainly built of Upper Jurassic to lower Miocene flysch
deposits, which are folded and overthrusted as a series of stacked nappes (e.g., [51,52]). The Magura
Nappe covers the largest area and lies adjacent to the Pieniny Klippen Belt. It was folded between the
Eocene [53] and the Miocene [54,55] (Figure 2).
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|:| Magura Flysch (sandstones and shales; Paleogene-Neogene)

- Pieniny Klippen Belt (limestones, shales and marls; Jurassic-Cretaceous)

I:I Orava - Nowy Targ Basin (gravels, sands, mudstones and shales; Neogene-Quaternary
- Podhale Flysch (sandstones and shales; Paleogene)

Tatra Mountains:

- limestones, marls, shales; Cretaceous-Triassic

- limestones, dolomites, shales; lowermost Triassic

- igneous and metamorphic rocks; Paleozoic

® studied sites (exposures)

Figure 2. Geological sketch-map of the Orava-Nowy Targ Basin with studied sites, after Tokarski et al. [44].

The Orava Basin is filled with Neogene freshwater sediments (fluvial and lacustrine) composed
mostly of clays with lignite intercalations, conglomerates with a clay and sand matrix, gravels and
sands [21-23,26,38,55,56]. These sediments are arranged in several sedimentary cycles. Their total
thickness reaches up to 1300 m [22,23,32]. Neogene sediments are unconformably overlain by
Pleistocene strata. These were deposited in the basin by the Czarny Dunajec River flowing from
the Western Tatra Mountains. Generally, glaciofluvial sediments (gravels and sands) from glacial
intervals and proglacial lacustrine clays from interglacial intervals were deposited in the axial part
of the basin [21]. The maximum thickness of these sediments (112 m) was noted in a borehole in
the northern part of the basin, thinning out to the south (from 30 m to 6 m) [21-23,32]. Lithological
identification of clasts in gravels from the individual fans revealed two sources of glaciofluvial clastics:
(i) The Tatra Mountains—crystalline and sedimentary rocks from this area clearly dominate in number
and volume, and (ii) the hills region (Podhale Flysch)—present in subordinate amounts as flysch
clasts; moreover, clasts of the latter location are present only within the youngest terraces and the
youngest fan (Wiirm Glaciation and the Holocene) [22,23,26,44]. The majority of the sediments are
derived from the Central Carpathian area (Tatra Mountains, Podhale Flysch trough, Pieniny Klippen
Belt) [21-23,28,55,56] (Figure 2).

2.3. Composition of Clasts from Glaciofluvial Fans of the Czarny Dunajec River Levels

The oldest sediments from the Giinz/Mindel glaciations form the topmost fan. These are difficult
to distinguish on the surface [18,24,26,57]; only in the Czarny Dunajec borehole they are separated by
interglacial clays [32]. Gravels from the terminal part of the Mindel Glaciation and the beginning of the
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new interglacial (500-400 ka) attain the maximum thickness in the borehole log [22-24]. Laterally, their
thickness varies between 2 to 15 m; coarse-grained quartzite clasts (Mz 16-32 mm) predominate in
their petrographic composition (more than 70%) [18,26]. These also include granite clasts (up to 25%),
heavily weathered and easily decomposing to clay, and quartz-feldspar grains with mica (so-called
granite groats). Vein quartz clasts are present as an admixture (up to 5%) [26] (Figure 3).

5%
25%
30% | 60% 66%
70%
Giinz/Mindel (Cimhova site) Riss (Chyzne site) Wiirm (Chochotow site)

O granitoids [Jquartzites mveinquartz @ gneisses M mica schists Mlimestones, dolomites and sandstones

Figure 3. Petrographic composition of gravels in the glaciofluvial fans of the Czarny Dunajec River,
after Kukulak [26].

The middle fan was deposited during the Riss Glaciation (300150 ka). These sediments are
composed of coarse-grained clasts and gravels chaotically embedded in sand. The clasts decrease in
size upwards and the material seems to be mostly (ca. 95%) derived from the Tatra Mountains [22].
The contribution of quartzite clasts (up to 30%) is lower than in the older sediments, while the
proportion of granites, locally only slightly weathered, increases up to 60% [26]. Gneiss and vein
quartz clasts complete their composition. Their contribution in the fan from the Riss Glaciation is up to
5% [26] (Figure 3). The thickness of gravels in this fan varies between 3 and 10 m [22].

Clasts in the sediments of the last Tatra glaciation, Wiirm (115-11.5 ka), form the youngest fan.
They mainly include granite (ca. 66%), quartzite (ca. 20%), gneiss (ca. 5%), and mica (ca. 5%), and in
smaller amounts limestone, dolostone, and flysch (ca. 4%) [23,26] (Figure 3). The predominance of
slightly weathered granite clasts is highlighted. Gravels in the Wiirm fan become sandier upwards
and pass locally into clayey sands with fine pebbles. They are covered by a continuous horizon of
loess-like deposits that were deposited, according to Watycha [23], at the decline of the last glaciation
(Dryas - Allerdd). The thickness of the whole series in this fan increases northwards from 5-10 m to
26 m. The OSL age of the higher terrace (9.5 m) in Chochotéw was determined at 46.5+ 3.9 ka, which is
within Marine Isotope Stage 3 (MIS 3) [30].

The top cover of each Pleistocene fan of the Czarny Dunajec River constitutes loess-like deposits,
in which the proportion of the silt fraction (63-4 um according to the Udden-Wenthworth grain
scale [58,59]) is significant (41% on the average, up to 82.3%) [33,60]. The thickness of the loess-like
deposits locally varies between 1 m and 3.5 m (1.5-2.0 m on the average) [22,23,25,33].

Regardless of their age, the fans covered by silty sediments are always similar in structure.
They include laminated silty-sandy sediments, forming Fm—>FSm rhythmites or massive silts (Fm).
Massive silts (Fm) occur on the flat top surfaces of the fans. Laminated sediments (FSh) are present
mainly in the fans from the Giinz/Mindel and Wiirm glaciations [33]. The loess-like deposits directly
overlie gravels with clasts 33 mm to 128 mm in size on the average and massive sandy gravels
(Gm, GSm). Initial stages of weathering are discernible in the basal parts of the analyzed sections in
the form of clays rich in highly weathered granite clasts, while the top parts contain silts homogenized
by weathering [33]. The absolute age of the loess-like deposits has not been determined yet. TL-dating
of two clay samples near Chyzne (Riss fan) (146 + 40 ka and 110 + 15 ka) suggests that they may be of
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Pleistocene age [25]. The upper age limit of the loess-like deposits may be indicated by conventional
radiocarbon ages of the peat base (the oldest at 8960 + 80 BP; [61,62]) in the peat bogs situated directly
on the deposits studied.

3. Material and Methods

Material for the heavy mineral analyses was collected from the loess-like deposits in three study
sites (Chochotéw, Chyzne, and Cimhova) representing three glaciofluvial fans of the Czarny Dunajec
in the Orava Basin, each corresponding to a different age (Figure 1). The sampled material was
unconsolidated sediment. A total of 19 samples were analyzed, collected in vertical sections of natural
exposures of the alluvial fans along the Czarny Dunajec River valley. In each exposure, material
was collected from each recognized lithofacies. When there was no mesoscopically visible change
in sediment in vertical section (massive structure), the samples were collected every 10-20 cm along
the section.

The grain size analysis was carried out using a dry sieving (for grains coarser than 63 pm) and
laser diffraction using Fritsch’s laser particle analyzer Analysette 22 (for grains finer than 63 um) [33].
The parameters used to describe the grain-size distribution such as: average size, sorting, skewness,
median, kurtosis, and mode were obtained according to the Folk and Ward method [63] and the
method of moments using Gradistat 5.11pl software [64]. Values of statistical parameters are presented
in phi unit. All parameters and content of each fraction of loess-like deposits were calculated based on
data from Chmielowska and Woronko [33].

The clastic material was cleaned with water to remove clay particles and sieved. Because of poor
sorting, fraction distribution and different skewness between the sampled sites, a narrow fraction
range of 0.06-0.10 mm was used for heavy mineral separation, which eliminates the effects of hydraulic
sorting. This fraction best represented the heavy mineral distribution and allowed to make comparative
analyses between the sampled sites. Heavy minerals were separated by the gravity method using
sodium polytungstate with a 2.9 g/cm® density. Optical analysis was carried out on grain mounts in
Canada balsam in two rounds according to the ribbon method [65]. To obtain statistically representative
frequencies of transparent minerals, at least 300, non-micaceous, non-carbonate grains were counted
in the first round. In the second round, 300 opaque and transparent mineral grains were counted to
obtain the relative proportion of these two mineral groups (Table S1).

Zircon morphology was determined in three samples from each terrace based on counting of at
least 100 grains in each sample in reference to the visual scale of Powers [66].

The chemical composition of garnet, tourmaline, and amphibole grains was studied in polished
and carbon-coated grain mounts using a Cameca SX-100 electron microprobe (EMP) operating in
a wavelength dispersion (WDS) mode, at the Joint-Institute Analytical Complex for Minerals and
Synthetic Substances of the University of Warsaw. WDS analytical conditions were as follows: 15 kV
accelerating voltage, 20 nA beam current and a focused beam. The following, synthetic and natural
mineral standards were used for calibration: Si, Ca and Mg (diopside), Al (orthoclase), Cr (Cr,O3),
Ti (rutile), Fe (Fe;O3), Mn (rhodonite), and Na (albite). Single-spot analyses were performed in the
centers of the grains.

The contents of B, H and Li were not measured in tourmaline grains. Instead, they were calculated
using stoichiometric constraints, assuming B = 3 apfu (atoms per formula unit), OH + F = 4 apfu,
Li= 15— (T + Z + Y) and that all iron is Fe>*. The structural formula calculations were normalized to
31 anions. The calculation method ignores oxy-tourmaline species and causes that the exact contents
of non-measured elements and accordingly the calculated cation amounts are not precise (especially
LiO and HpO amounts are likely overestimated), however the obtained results are sufficient for
the provenance interpretations of the sediments (e.g., [67,68]). The amphiboles were classified by
applying the Amphibole Classification Excel Spreadsheet [69], following the set of recommendations
by Hawthorne et al. [70]. Probabilities for garnet source rocks were calculated using the formulas
provided by Tolosana-Delgado et al. [71].
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4. Results

4.1. Grain-Size Distribution

In the Chocholéw site, the grain-size distribution is polymodal and characterized by negative
skewness and poor or very poor sorting (Table 1). Silt-size grains dominate with the mean content of
48.4%. The content of the sand fraction is 27.5%, clay —16.3% and gravel -7.6% (Figure 4). The proportion
of sand and gravel fractions diminishes toward the base of the section, respectively from 31.17% and
15.3% (Choch_1. depth 0.2 m) to 26.1% and 6.2% (Choch_6. depth 1.3 m). Furthermore, the content of
silt-size grains increases from 41.4% at the top to 47.9% at the base (Figure 4).

Chochotéw site

Choch_1 ‘ ‘ | ‘ |
Choch_2 ‘ ‘ | | I
Choch_3 ‘ ‘ | ]
Choch_4 ‘ ‘ | h
Choch_5 ‘ ‘ | ‘ I
Choch_6 \ \ ] ]_
0 20 40 60 80 100 %
Chyzne site
Chyz_ 11 i i ]
Chyz_2- ‘ ‘ ’ ‘ i
Chyz_3 ‘ ‘ ’ ‘
R | | | —
0 20 40 60 80 100 %
Cimhova site
B e e s
Ci 21 : | |
Ci_31 | | | |
Ci_41 | | | |
Ci_51 | | | |
Ci_61 : | ;
Ci_71 | | :
Ci_81 | | | |
Ci 91
0 20 40 60 80 100 %

mgravel sand ©silt mclay

Figure 4. Grain-size composition of the loess-like deposits in study sites. Data on the content of each
fraction are from Chmielowska and Woronko [33].
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Table 1. Statistical grain-size parameters (Folk & Ward method [63] and method of moments) of loess-like deposits in the study sites.

8 of 23

Study Sites Folk&Ward Method [in phil Method of Moments [in phi] Sediment Classification
Sample/Depth  Mean  Sorting Skewness Kurtosis Median Mode Mean  Sorting Skewness Kurtosis S le T Textural G Sediment Name
(m) [Mz] [o1] [Skiq] (Kg) [Dsol 1 2 3 (xg) (0] [Skel (Ko) ample Type extural Group
Polymodal, .
Choch_1/0.2 3.668 3.801 —0.226 0.801 4.423 —2.250 5.248 0.750 3.585 3.675 —0.141 1.887 Very Fine Sand gravelly mud
Poorly Sorted
Polymodal, .
Choch_2/0.4 3.935 4.010 —0.278 0.951 4.581 5248 0.750 -0.249 3.648 3.913 —0.455 2.373 Very Fine Sand gravelly mud
Very Poorly Sorted
Choch_3/0.6 4.674 3.435 0.235 0.839 5.279 1249 5751 0750  4.683 3.257 0.332 2.110 Polymodal, Very C Mud 11 d
ChoChOléW/wﬁrm och_. / . 3 . —U.. R .. —1.. . . 3 B —U. . Poorly Sorted ery Loarse u gravelly mus
Polymodal,
Choch_4/0.8 5.242 3.234 -0.279 1.031 5.885 6249 -1.249 1.249 5.380 3.011 -0.566 2.542 Coarse Mud gravelly sandy mud
Poorly Sorted
Polymodal,
Choch_5/1.1 5.326 2.842 -0.163 1.146 5.611 5751 0.750 2.749 5.336 2.712 —-0.406 2.627 Coarse Mud gravelly sandy mud
Poorly Sorted
Polymodal,
Choch_6/1.3 5112 3.426 —-0.401 0.855 6.143 6.249  0.750 2.749 5197 3.263 -0.596 2214 Coarse Mud gravelly mud
Poorly Sorted
. Polymodal,
Chyz_1/0.08 4.331 2.916 —0.268 1.227 4.937 4.748 -1249 2749 4.499 2.743 -0.381 2.789 Very Coarse Mud gravelly mud
Poorly Sorted
. Polymodal, .
Chyz_2/0.15 3.085 3.519 -0.277 0.824 4.139 -1.749 4748 2749 3.364 3.329 -0.136 2.043 Poorly Sorted Very Fine Sand gravelly mud
Chyzne/Riss
. Polymodal,
Chyz_3/0.24 4.383 3.321 -0.212 0.888 4.907 5751 2749 1.249 4.244 3.211 -0.195 2155 Very Coarse Mud gravelly mud
Poorly Sorted
. Polymodal,
Chyz_4/0.35 4.277 3.041 —-0.174 1.146 4.689 4748 2749 -1.249 4303 2.893 —-0.154 2495 Very Coarse Mud gravelly mud
Poorly Sorted
= Trimodal,
Ci_1/0.15 5.094 2.224 0.345 1.351 4.496 4249 2749 5751 5.069 2.205 0.443 3.300 Coarse Mud sandy mud
Poorly Sorted
. Polymodal, .
Ci_2/0.2 6.116 2.428 -0.107 0.879 6.325 4249 6749 7753 6.031 2.446 -0.301 2.801 Medium Mud gravelly sandy mud
Poorly Sorted
.. Polymodal,
Ci_3/0.3 5.723 2.089 0.297 0.955 5.223 4748 7753 3249 5706 2.196 0.143 2.891 Coarse Mud sandy mud
Poorly Sorted
= Trimodal,
. Ci_4/0.4 5.645 2.053 0.388 1.037 4.992 4748  7.753 - 5.686 2.147 0.241 3.059 Poorly Sorted Coarse Mud sandy mud
Cimhova/Giinz/Mindel oorly Sorte
Ci_5/0.5 5769  1.885 0215 1.218 5462 4748 7753 2749 5715 1920 0277 3487 Bimodal, Coarse Mud sandy mud
Moderately Sorted
Ci_6/0.7 5743 2179 0.128 1114 5505 4748 7753 2749 5682 2190  —0.005  3.157 Bimodal, Coarse Mud sandy mud
Poorly Sorted
. Bimodal, .
Ci_7/0.9 6.364 1.727 0.327 0.858 5.994 4748 7.753 - 6.409 1.693 0.729 2.685 Medium Mud mud
Moderately Sorted
= Trimodal,
Ci_8/1.1 5.637 2.218 0.091 1.024 5.507 5248 3249 7.753 5.666 2.138 0.205 2.726 Coarse Mud sandy mud
Poorly Sorted
Ci 93 5344 2246 0.085 0.947 5280 5248 3249 2249 5395 2157 0313 2.630 Polymodal, Coarse Mud sandy mud

Poorly Sorted
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The loess-like deposits in the Chyzne site are characterized by poor sorting and negative skewness
of the grain-size distribution. The sediments have polymodal grain-size distribution (Table 1). Silt-size
grains predominate with a mean content of 48.9%, while the mean content of the sand fraction is 30.8%
and of clay fraction —9.7%. The proportion of the silt fraction changes from 59.8% at the top to 49.9% at
the base in favor of sand from 25.5% at the top to 32.9% at the base of the section (Figure 4).

In the loess-like deposits of the Cimhova site, the grain-size distribution is polymodal and they
have positive skewness, with the exception of sample Ci_2 (depth 0.2 m), where this parameter is
negative. Furthermore, sample Ci_6 (depth 0.7 m) the skewness values is negative for method of
moments but for graphical method is positive (Table 1). The value of the mean size (Mz) slightly
varies in section and the loess-like deposits in the Cimhova site are characterized by poor sorting
(Table 1). The silt fraction predominates with the average value of 66.3%. The mean contribution of the
additional fractions is 17% for sand and 16.1% for clay. The contribution of silt-sized grains decreases
toward the base from 65.7% (depth 0.15 m) to 58.9% (depth 1.3 m). In turn, the content of the sand
fraction slightly increases downwards (Figure 4).

4.2. Heavy Mineral Data

Zircon, tourmaline, rutile, garnet, hornblende, epidote, and apatite are present in all samples.
Sillimanite, staurolite, chlorite, chromium spinel, monazite, and brookite are much less abundant or
occur in trace quantities (Figure 5 and Table 2). Within each species, irregularly broken, rounded,
and euhedpral grains are present, especially when zircon, tourmaline (Figure 6A-D), and garnet are
considered. Several stages of advanced corrosion are visible on hornblende and garnet (Figure 6E-G).
Some apatite grains display corrosion, indicating slightly acidic conditions (Figure 6H). Corrosion and
various shapes of minerals are typical for all studied terraces regardless the depth at which they occur.
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Figure 5. Heavy mineral frequencies and provenance indices for the study deposits in the Orava Basin.
Abbreviations: Zrn, zircon; Tur, tourmaline; Rt, rutile; Grt, garnet; Amp, amphibole; Sil, sillimanite;
St, staurolite; Ep, epidote; Ap, apatite; Cr-Spl, chromium spinel; Chl, chlorite; Mnz, monazite;
Brk, brookite; ZTR, zircon-tourmaline-rutile index; GZi, garnet-zircon index; RuZi, rutile-zircon
index; HM wt%, weight percent of the heavy fraction. Indices calculated according to Morton and
Hallsworth [72]).



Minerals 2020, 10, 445 10 of 23
Table 2. Abundances of heavy minerals and provenance indices in the loess-like deposits of the Orava Basin.
Samples oP Zrn Tur Rt Grt Amp Sil St Ep Ap CrSpl Chl Mnz Brk ZTR RuZi GZi counts HM wt%
Gi_1 38.3 15.1 13.0 19.3 39.5 0.8 0.0 3.8 0.4 1.3 3.4 25 0.0 0.8 47 56 72 338 0.7
Ci2 431 14.7 18.3 19.1 35.1 2.8 0.0 1.6 1.6 0.4 2.0 3.6 0.0 0.8 52 56 70 351 0.6
Gi_3 44.2 11.9 18.6 18.6 40.4 0.9 1.2 1.2 2.0 0.6 2.0 2.0 0.0 0.6 49 61 77 344 0.7
Ci4a 380 12.9 16.7 15.0 43.3 0.0 0.4 43 1.3 0.0 1.3 43 0.0 0.4 45 54 77 333 0.8
Guinz/Mindel ¢ 5 439 113 209 157 413 04 00 26 26 00 30 22 00 00 48 58 79 330 0.7
Ci_6 404 19.0 17.5 17.5 33.8 1.5 0.0 2.7 1.1 0.0 3.4 2.7 0.0 0.8 54 48 64 363 0.7
Gi7 524 10.5 222 20.6 31.9 1.6 0.0 2.8 0.0 0.0 3.2 7.3 0.0 0.0 53 66 75 348 0.7
Ci8 587 13.8 29.8 239 18.8 1.8 0.0 2.8 0.9 0.0 2.8 3.7 0.0 1.8 67 63 58 318 0.4
Ci9 592 16.5 25.7 27.4 20.9 0.4 0.0 2.2 0.4 0.0 3.5 2.6 0.0 0.4 70 62 56 391 0.4
Chyz_1 519 171 20.1 26.1 8.4 8.7 1.3 4.7 2.7 0.7 4.0 1.7 1.3 3.3 63 60 33 314 0.9
Riss Chyz_2 67.7 30.9 11.2 22.7 9.0 6.4 0.4 3.9 2.6 0.0 3.9 2.1 1.3 5.6 65 42 23 333 1.0
Chyz_3 49.1 31.4 19.2 26.4 3.8 5.0 0.0 2.7 3.1 0.0 2.3 0.4 1.1 4.6 77 46 11 361 1.1
Chyz_4 58.0 324 18.9 26.5 3.8 4.6 0.4 34 5.0 0.4 1.7 0.0 0.8 2.1 78 45 10 338 0.8
Choch_139.8 15.0 57 7.1 23.6 41.1 0.7 0.0 2.1 3.2 0.7 0.0 0.4 0.4 28 32 61 350 1.3
Choch_230.6 49 59 24 13.2 62.0 24 1.0 29 24 1.5 0.0 0.0 1.5 13 33 73 305 1.1
Wiirm Choch_336.8 3.2 4.8 3.2 9.6 70.5 1.0 1.0 29 1.9 1.0 0.0 0.3 0.6 11 50 75 314 0.4
Choch_440.0 12.4 9.2 13.7 35.3 18.3 2.6 2.0 3.3 0.0 1.3 0.0 0.0 2.0 35 53 74 353 0.2
Choch_532.7 7.9 2.2 6.4 15.4 61.4 2.2 0.7 3.0 0.0 0.4 0.0 0.0 0.4 16 45 66 367 0.8
Choch_631.1 9.1 5.0 11.2 24.0 37.6 2.5 1.7 1.2 5.8 0.4 0.0 0.0 1.7 25 55 73 342 0.6

Abbreviations: Ci, Cimhova site; Chyz, Chyzne site; Choch, Chochotéw site; OP, opaque minerals; Zrn, zircon; Tur, tourmaline; Rt, rutile; Grt, garnet; Amp, amphibole; Sil, sillimanite;
St, staurolite; Ep, epidote; Ap, apatite; Cr-Spl, chromate-spinel; Chl, chlorite; Mnz, monazite; Brk, brookite; ZTR, zircon-tourmaline-rutile index: GZi, garnet-zircon index; RuZi, rutile-zircon

index; HM wt%, weight percent of the heavy fraction. Indices calculated according to Morton and Hallsworth [72].
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Figure 6. Examples of the morphologies and corrosion of the studied minerals: (A) euhedral
tourmaline; (B) rounded tourmaline; (C) euhedral zircon; (D) rounded zircon; (E) uncorroded
amphibole; (F) corroded amphibole with dissolution bays; (G) corroded garnet; (H) corroded apatite
with hack-saw terminations. Scale bars are 0.1 mm.

Heavy mineral assemblages in sediments of the uppermost (oldest) Giinz/Mindel fan in the
Cimhova site are generally composed of garnet (up to 43%), which is accompanied by ultrastable
zircon (10-19%), tourmaline (13-30%), and rutile (15-27%). Other minerals occur in amounts usually
not exceeding 3% each. The ZTR index (zircon + tourmaline + rutile; [73]) is rather moderate and
reaches 54% on average. Very high here is also the GZi index (56-79%). The contribution of opaque
minerals is rather moderate, with the mean value of 46% (Figure 5 and Table 2).

The middle Riss fan (Chyzne site) is characterized by the dominance of ultrastable minerals.
An increase in zircon (up to 31%) is noticeable when comparing to the older Giinz/Mindel fan in the
Cimhova site. The ZTR index in these sediments is very high and reaches 78%. Compared to the older
Glinz/Mindel fan, the garnet content is low and does not exceed 9%, but amphibole slightly increases
up to 9%. Staurolite, sillimanite, and epidote have a low contribution in the Riss fan, however higher
than in the older fan. The GZi index is the lowest of the three fans, varying between 10% and 33%,
while the RuZi index varies from 42 to 60% (mostly around 45%). The sediments are characterized by
the highest ratio of opaque minerals among the three fans (mean value 57%) (Figure 5 and Table 2).

Heavy mineral frequencies of the lowermost (youngest) Wiirm fan (Chochotéw site) clearly differ
from the two older fans. These are dominated by amphibole (18-70%), accompanied by garnet (10-35%),
and smaller amounts of sillimanite, epidote, staurolite, and apatite, which usually do not exceed
3% each. The Chocholow site deposits are characterized by the lowest ZTR index (21% on average),
the high and relatively uniform GZi index (61-75%), and RuZi index from 32 to 55%. The proportion
of opaque minerals is the lowest among the three fans (mean value 35%) (Figure 5 and Table 2).

Three main zircon morphological types were distinguished within the zircon population: rounded,
subrounded, and euhedral. Their distribution differs between the sampled deposits. Rounded and
subrounded grains prevail in all studied samples. Euhedral zircon in the oldest deposits of the Cimhova
site ranges from 29 to 39%, in the middle fan its contents are slightly higher (35-40%), while in the
youngest Chochotéw site the content of euhedral zircon is the lowest (16-23%) (Figure 7).
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Figure 7. Abundances of morphological types of zircon in the studied deposits from the Orava Basin.

Despite the differing contributions of heavy minerals, the chemical composition of
provenance-sensitive minerals is very similar in all studied fans.

The garnet population is dominated by almandine (mostly in the range 50-70 mol%), which is
mostly accompanied by grossular and pyrope (up to 29 mol% and to 24 mol%, respectively). Individual
garnets display the spessartine content up to 15 mol%, while andradite and uvarovite are usually low
(<3 mol%). Spessartine reaches up to 38 mol% in one grain. This garnet chemical composition and
diversity is typical for all three studied garnet populations (Figure 8 and Table 3).

Prp B Chochotéw Prp

@ Chyzne
A Cimhova

¢ Tatra Mts garnet

Alm Sps  Alm Grs

Figure 8. Composition of garnets from the UHP/HP metamorphic conditions in the
“pyrope-almandine-grossular” classification diagrams (according to Aubrecht et al. [74] and references
therein; Méres et al. [75]): field A—garnet compositions from the UHP/HP conditions; field B—garnet
compositions from granulite and eclogite facies conditions; field Cl—transitional field of garnet
compositions from high amphibolite to granulite facies conditions; field C2—garnet compositions from
amphibolite facies conditions (this field includes also garnet from blue schists, skarns, serpentinites,
igneous rocks, etc.). la—garnet from UHP eclogites, garnet—peridotites and kimberlites; 1lb—garnet
from UHP eclogites; 2—garnet from HP eclogites and HP mafic granulites; 3—garnet from HP felsic and
intermediate granulites; 4—garnet from gneisses metamorphosed under P-T conditions transitional to
the granulite and amphibolite facies; 5—garnet from amphibolites metamorphosed under P-T conditions
transitional to the granulite and amphibolite facies; 6—garnet from gneisses metamorphosed under
amphibolite facies conditions; 7—garnet from amphibolites metamorphosed under amphibolite facies
conditions. Location of garnet spots from the Tatra Mountains based on analyses of Gaweda et al. [76]
and Janak et al. [77,78].
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Table 3. Representative analyses of garnet from the studied sites.

Label Chochotow Chyzne Cimhova
[wt%] 1 2 3 4 1 2 3 4 1 2 3 4
5i0, 3674 3736 3612 3792 3707 38.09 3833 3743 3737 3797 3836 3811
Aly,O3 21.08 2064 2034 2132 2107 2110 2116 21.22 2079 21.30 2135 2143
Cr,03 0.19 0.09 1.81 0.07 0.65 0.00 0.66 0.15 0.06 0.01 0.14 0.85
TiO, 0.03 0.15 0.04 0.06 0.16 0.07 0.21 0.14 0.03 0.06 0.07 0.08
MgO 2.33 1.44 0.57 6.08 0.95 4.37 297 1.25 2.73 2.48 5.14 3.32
CaO 127 1073 021 2.00 8.01 888 1064 822 091 8.17 3.29 6.98
MnO 251 0.67 1617  0.58 5.26 0.46 5.26 0.46 0.91 0.58 0.31 741
FeOxot 36.23 2846 2598 3205 27.06 2756 2202 31.61 3791 3054 3213 2374
Total 100.37 99.54 101.24 100.07 100.22 100.53 101.25 100.47 100.71 101.10 100.78 101.91
Garnet End-Members [mol%]

Almandine 81 62 59 69 61 57 47 70 84 66 70 51
Andradite 0 2 0 1 0 3 1 0 1 1 0 0
Grossular 3 29 0 4 21 22 27 23 2 22 8 17

Pyrope 9 6 2 24 4 17 12 5 11 10 20 13

Spessartine 6 2 38 1 12 1 12 1 2 1 1 16

Uvarovite 1 0 1 0 2 0 2 0 0 0 0 3

Tourmaline populations are also characterized by an uniform chemical composition. Tourmalines
display X-site vacancy (Xvac) values typically lower than 0.5, which classify them to the alkali primary
group. Only a few grains featured by Xvac values above 0.5 belong to the X-vacant group [68].
The dominating divalent cations in the Y-site position of the tourmaline structure are Fe and Mg, whose
amounts, and accordingly the Mg/(Mg + Fe) ratio values, vary in a very broad range from below 0.2 to
over 0.8. Consequently, the predominant number of tourmaline represents the schorl-dravite series
(Figure 9 and Table 4). The fluoride ion, Ti, and the calculated Li contents in all tourmalines do not
exceed 0.3 apfu. The remaining Mn, Cr, V, and Zn contents are very low and mostly do not exceed 0.04
apfu (Table 4).

Al

Al Fe s Al,,Mg.,
B Wirm (Chochotow)

® Riss |, Il (Chyzne)

A Ginz, Mindel (Cimhova)

Figure 9. Provenance diagrams for tourmalines from the studied deposits: 1—Li-rich granitoids,
pegmatites and aplites; 2—Li-poor granitoids, pegmatites and aplites; 3—hydrothermally altered,
granitic rocks; 4—Al-rich metapelites and metapsammites; 5—Al-poor metapelites and metapsammites;
6—Fe3*-rich quartz-tourmaline rocks, calc silicates and metapelites; 7—Ca-poor ultramafites;
8—metacarbonates and metapyroxenites [65].
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Table 4. Representative analyses of tourmaline from the studied sites.
Locality Chyzne Chochotow Cimhova
[wt%] 1 2 3 4 1 2 3 4 1 2 3 4

SiO, 3470 36.18 3531 3594 3726 3686 3556 36.65 3585 3592 36.69 35.79
TiO, 0.19 0.53 1.12 0.87 0.33 1.71 0.72 1.42 0.64 0.78 0.28 0.77
Al,O3 3248 3092 3329 3397 30.65 29.65 3475 2999 2949 3413 3351 34.54
V,03 0.03 0.00 0.06 0.18 0.00 0.09 0.05 0.08 0.07 0.04 0.13 0.09
Cr,03 0.09 0.06 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.13 0.12 0.00
FeO 13.43 9.97 7.92 6.54 5.04 3.27 6.66 3.08 10.43 6.91 10.87 8.75
MgO 2.17 5.68 5.68 6.27 888 1039 565 1001 6.11 5.98 3.53 4.26
CaO 0.08 0.16 0.96 0.89 0.09 2.30 1.13 241 0.38 0.84 0.02 0.33
MnO 0.29 0.03 0.03 0.00 0.00 0.02 0.00 0.00 0.03 0.05 0.03 0.08
ZnO 0.13 0.10 0.00 0.00 0.00 0.04 0.00 0.00 0.01 0.20 0.00 0.16
Na,O 2.35 2.66 1.70 1.76 2.94 1.63 1.58 1.53 2.46 2.06 1.44 1.92
KO 0.05 0.00 0.02 0.00 0.00 0.03 0.05 0.01 0.01 0.04 0.00 0.02
F 0.03 0.31 0.21 0.35 0.05 0.09 0.11 0.23 0.11 0.22 0.31 0.29
H,O* 3.53 3.47 3.56 3.54 3.65 3.68 3.65 3.59 3.52 3.62 3.51 3.55
B,O5 * 1027 1049 1061 10.75 1066 1078 10.73 1071 1034 10.78 10.60 10.68
Li,O* 0.15 0.13 0.25 0.29 0.34 0.40 0.37 0.46 0.10 0.33 0.15 0.30
O=F 0.01 0.13 0.09 0.15 0.02 0.04 0.05 0.09 0.04 0.09 0.13 0.12

Total 99.95 10055 100.64 10120 99.87 100.96 100.96 100.06 99.46 101.94 101.05 101.39

structural formula based on 31 anions (O. OH. F)

B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000

T: Si 5874 5998 5785 5811 6.074 5940 5761 5945 6.028 5788 6.016 5.823
Al 0126  0.002 0215 0.189 0.000 0.060 0239 0.055 0.000 0212 0.000 0.177
Z: Al 6.000 6.000 6.000 6.000 5889 5572 6.000 5.679 5844 6.000 6.000 6.000
Mg 0.000 0.000 0.000 0.000 0.111 0428 0.000 0.321 0.156 0.000 0.000 0.000
Y: Al 0354 0.039 0214 0.285 0.000 0.000 0.397 0.000 0.000 0271 0475 0.447
Ti 0.024 0.066 0.138 0.106 0.040 0.207 0.088 0.173 0.081 0.095 0.034 0.095
\Y 0.004 0.000 0.007 0.024 0.000 0.011 0.006 0.010 0.009 0.006 0.017 0.011
Cr 0.012 0.008 0.000 0.000 0.000 0.009 0.000 0.000 0.000 0.016 0.015 0.000
Fe3* 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mg 0548 1404 1386 1510 2.048 2.067 1365 2099 1376 1436 0863 1.033
Mn 0.042 0.004 0.004 0.000 0.000 0.003 0.000 0.000 0.004 0.007 0.005 0.010
Fe2* 1902 1.382 1.085 0.884 0.687 0440 0902 0418 1466 0931 1491 1.191
Zn 0.017 0.012 0.000 0.000 0.000 0.005 0.000 0.000 0.001 0.023 0.000 0.019
Li* 0.100 0.087 0.166 0.190 0.225 0.257 0242 0300 0.064 0215 0.100 0.194
X: Ca 0.015 0.028 0.168 0.154 0.015 0398 0197 0420 0.068 0.146 0.003 0.057
Na 0770 0.855 0541 0551 0929 0509 0497 0481 0.801 0.644 0456 0.606
K 0.011 0.000 0.005 0.000 0.000 0.006 0.010 0.001 0.002 0.009 0.000 0.004

catsum 18796 18.883 18714 18.705 19.018 18913 18.704 18.902 18.898 18.798 18.475 18.667
Xvac 0204 0.117 0286 0295 0.056 0.087 029 0.098 0130 0202 0541 0.333
OH 3986 3.839 3889 3821 3972 3957 3944 3.885 3944 3890 3.837 3.849
F 0.014 0.161 0111 0.179 0.028 0.043 0.056 0.115 0.056 0.110 0.163 0.151

Name Schorl Dravite Dravite Dravite Dravite Dravite Dravite Dravite Schorl Dravite Foitite Schorl

* calculated value.

The analyzed amphiboles belong to the (OH, F and Cl)-group and the calcium subgroup. They are
represented by magnesio- or ferro-hornblende (Figure 10 and Table 5). Only two amphiboles from the

Chyzne site represent cummingtonite from the Mg-Fe-Mn subgroup (Table 5).
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Figure 10. Composition and classification of the amphibole grains studied [69]. Data on minerals from
rocks of the Tatra Mountains come from Gaweda et al. [76] and Janak et al. [77,78]).

Table 5. Representative amphibole composition from the Chochotéw and Chyzne sites and amphibole
composition from the Cimhova site.

Studied Locality Chochotéw Chyzne Cimhova
[wt%] 1 2 3 4 5 1 2 3 4 5 1
5i0, 45.04 47.94 44.01 47.56 50.16 51.94 46.51 5230  46.31 54.84 44.24
TiO, 0.99 0.86 1.07 1.03 0.69 0.41 0.93 0.15 1.03 0.04 0.64
AL O3 11.85 8.67 11.32 8.88 7.35 5.66 10.87 0.72 10.00 0.80 12.08
CrO3 0.06 0.08 0.12 0.08 0.03 0.38 0.02 0.00 0.07 0.01 0.02
MnO 0.25 0.28 0.27 0.28 0.24 0.25 0.28 0.77 0.30 0.57 0.44
FeO 12.05 12.61 16.72 13.02 10.56 5.23 11.31 1753  13.61 22.84 13.17
Fe, O3 * 3.75 2.45 1.88 1.33 1.57 3.13 2.72 8.47 2.34 0.00 213
ZnO 0.00 0.00 0.07 0.06 0.06 0.00 0.17 0.00 0.01 0.04 0.00
MgO 10.88 11.99 8.54 11.88 14.14 17.98 12.04 1935 1093 1753 10.66
CaO 10.68 11.33 11.55 11.79 11.76 11.44 11.35 116 11.35 0.86 11.89
Na,O 1.11 0.86 0.99 0.79 0.65 1.12 1.14 0.01 0.98 0.04 1.24
K,O 0.33 0.30 0.57 0.40 0.30 0.09 0.25 0.00 0.45 0.00 0.62
H,O* 2.05 2.06 2.01 2.06 2.09 213 2.07 2.05 2.04 2.07 2.03
Total 99.05 99.44 99.11 99.14 99.58 99.75 99.65 102.51  99.41 99.64 99.16
Group OH, F, Cl
Subgroup Ca Ca Ca Ca Ca Ca Ca Mg-Fe-Mn Ca Mg-Fe-Mn Ca
Species Mg-Hbl Mg-Hbl  Fe-Hbl  Mg-Hbl Mg-Hbl Mg-Fe-Hbl Mg-Hbl Cum  Mg-Hbl Cum Mg-Hbl

* calculated value. Abbreviations: Cum—cummingtonite; Fe-Hbl—ferro-hornblende; Mg-Hbl—magnesio-hornblende;
Mg-Fe-Hbl—magnesio-ferri-hornblende.

5. Discussion

Provenance Interpretation

The composition of the heavy mineral assemblages generally suggests a metamorphic origin,
which is indicated by the large amounts of garnet, hornblende, epidote, and also staurolite and
sillimanite. There is a clear change in the heavy mineral assemblages between the studied loess-like
covers. The oldest one (Cimhova site) is composed of ultrastable minerals and garnet accompanied by
small contents of amphibole.

The content of amphibole and epidote increases in the middle fan and dominates among the
heavy minerals in the youngest cover of loess-like deposits. Such pattern of heavy mineral distribution
may be the result of several processes. First, it must be noted that the Cimhova site is characterized
by the largest contribution of the silt and clay fraction among the three studied sites. Such grain-size
distribution may favor concentration of dense and small-sized heavy mineral types such as zircon
and rutile (see e.g., [1,79]). Besides, factors other than grain-size could have influenced the heavy



Minerals 2020, 10, 445 16 of 23

mineral composition. These may include gradual erosion of the source area, or chemical corrosion
and dissolution of unstable minerals in older sediments. Deposits building the oldest cover were
exposed to weathering processes for a longer period than the younger ones. Therefore, the removal
of less resistant minerals, such as amphibole, cannot be excluded. Thus, the final heavy mineral
frequencies in the sampled deposits may be the result of several factors: sorting, chemical dissolution,
and source lithology.

The lithology and location of the source area may be tracked by analyzing the heavy mineral
assemblage and the chemical composition of provenance-sensitive minerals. The presence of garnet,
tourmaline, and amphibole indicates an origin mainly from metamorphic rocks of metapelitic and
metapsammitic type (Figures 8-10). Calculated probabilities exceed 0.99 for a metamorphic origin
of the analyzed garnets. Among metamorphic garnet, the highest probabilities indicate provenance
from the amphibolite-facies group (probabilities exceeding 0.70), which refers to mica and garnet-mica
schists and amphibolites. There are also a few grains, mostly from the Cimhova site, whose composition
suggests an origin from metamorphics of eclogite- (referring to eclogite xenolites, mafic and UHP
eclogites) or granulite-facies groups (developed based on metasedimentary, UHT, felsic and other
granulites) (Figure 11). The classification scheme in Figure 8 also suggests a similar provenance.
Tourmaline derives generally from Al-rich and Al-poor metasediments. Only a few grains display
provenance from Li-poor granitic rocks (Figure 9).
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Figure 11. Box plot showing the distribution of the calculated probabilities for the studied
garnet provenance regarding source rock and facies groups. Probabilities calculated according
to Tolosana-Delgado et al. [71].

Because of the location of the loess-like deposits between large geotectonic units, i.e., the Tatra
Mountains to the south and the Outer Flysch Carpathians to the north, the unambiguous identification
of the source areas of clastic material is a very difficult task. It has been hypothesized that the material
derives, to a large extent, from the flysch sandstones [21]. However, the flysch sandstones building
the southern part of the Magura Nappe contain a low number of heavy mineral species comprising
ultrastable zircon, tourmaline, rutile, and various amounts of garnet with ZTR index mostly exceeding
80% (e.g., [80] and references therein). The zircon population in the Magura Nappe is largely (around
80%) represented by rounded grains. Amphibole, epidote, and other metamorphic minerals do not
occur there. In addition, metamorphic lithologies which could be a potential source for such minerals
in the Orava Basin are not exposed within the Magura Nappe. Therefore, flysch sandstones could
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be considered as a source only for the grains of ultrastable minerals. The only known source of
metamorphic and igneous rocks is located in the Tatra domain. The Tatra Mountains form a horst
structure which was exhumed in the Oligocene-Miocene [81-83]. Therefore, these mountains were
already exposed during the sedimentation of the studied loess-like deposits. Considering the Czarny
Dunajec River flow direction, it is most probable that the material derives from the western part of the
Tatra Mountains.

The pre-Alpine crystalline basement of the Tatricum is mostly dominated by Variscan granitic
rocks and a patchwork of metamorphic rocks, overlain by Mesozoic deposits (Figure 12A) (e.g., [84]).
The metamorphic basement is subdivided into two tectonic units. The lower unit is composed
of medium-grade metasediments such as mica-schists and metaquartzites. The upper unit is
built of migmatites, high-grade ortho- and paragneisses, amphibolites with garnet and eclogite
relics [77,78,85,86] (Figure 12B).

A

5 km
I

[ Paleogene sediments [0 sP:'!;c;gene sedimentary

I granitoids [ ;%w;aﬁgte’ gneiss, [ mica schist

B metamorphic
zonation " migmatite A
sillimanite s
S
[
Q.
Q.
=]
v
¥ amphibolites
— with garnet
yanite eclogite relics
[
'€ kyanite, staurolite,
2 silimanite,
5 -
kyanite-fibrolitet z garnet-bearing
K] metapelites
v
staurolite-kyanitet former flysch

Figure 12. (A) schematic geological map of the Tatra Mountains; (B) simplified succession along
the main tectonic units of the Tatra Mountains with respect to lithology and metamorphic zonation
(from Jandk et al. [78]). The yellow rectangle indicates the sampling area.

The chemical composition of garnet and amphibole from the studied sediments matches the
composition of these minerals from the Tatra Mountains (Figures 8 and 10). The gradual change in heavy
mineral frequencies between the oldest and youngest loess-like covers may reflect erosion and exposure
of deeper parts of the source area. The scheme basically reflects the generalized succession along the
main tectonic units of the Tatra Mountains (Figure 12B). Accordingly, heavy mineral assemblages
rich in garnet in the oldest deposits (Cimhova site) may derive from the upper part of the succession,
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whereas exposure of the deeper parts of the source area would deliver larger contents of amphibole first
to the Chyzne site deposits and then even a larger content to the Chochotéw site deposits (Figure 5).
Rounded and subrounded zircon grains may derive from the metapelitic and metapsammitic rocks,
where they were present as inherited grains, whereas euhedral zircon derives directly from igneous
rocks. Stubby zircon prisms with a 2:1 length:width ratio suggest that the euhedral zircon parent
rocks were of plutonic origin [87]. The GZi index is the lowest and the euhedral zircon content is the
highest in the middle fan (Figure 5 and Table 2), which suggests that erosion reached the granitic body
(Figure 12) during sedimentation of the Chyzne site deposits.

Heavy mineral analysis indicated that material was derived from the Western Tatra Mountains.
The primary source of the detritus could be older, pre-Quaternary regolith located in the Western
Tatra Mountains. This material was introduced into the glacial and glaciofluvial transport and finally
deposited by the Czarny Dunajec River in the Orava Basin (Figure 13). Loess-like deposits in the Orava
Basin could be additionally formed under long-term aeolian processes. Sand and silt-sized grains were
blown out from their exposed, barren palaeochannels beds during the whole Pleistocene [33]. Different
modes of transport may be suggested by the polymodal character of grain-size distribution of the
studied sediments [33] (Table 1). According to Smalley et al. [88] and Vandenberghe [89] the source of
loess could be locally redeposited alluvial material, primary derived from eroded glacial sediments.
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This study shows an additional advantage of the heavy mineral analyses in the study area. As it
was mentioned, many methods fail to help establishing the stratigraphic position of the loess-like
deposits. The study shows that the three loess-like covers are represented by different assemblages
of heavy minerals. Therefore, the heavy minerals may be used as an additional tool in correlation of
these sediments in the Orava Basin.

6. Conclusions

The studied loess-like deposits from the Orava Basin differ with regard to changes in heavy
mineral composition of the fans of the Czarny Dunajec River. These changes are reflected in the contents
of amphibole and epidote, which are more frequent in the younger terraces. This research succeeded to
determine the source of the loess-like deposits in the Orava Basin. Garnet and tourmaline composition
indicates their provenance from metamorphic lithologies. Additionally, garnet composition suggests
rocks of the amphibolite facies as their main sources. Some garnets may also derive from rocks of the
granulite and eclogite facies. Garnet and amphibole composition is in accordance with such minerals
occurring in the metamorphic rocks of the Western Tatra Mountains. Therefore, it may be concluded
that the metamorphic minerals in the studied terraces originated mostly from rocks of the amphibolite
facies and subordinately from high-grade eclogite or granulite facies, while euhedral zircon derived
from granitic rocks located in the Western Tatra Mountains. Flysch sandstones may be considered as
a source only for ultrastable minerals such as rounded zircon, tourmaline, and rutile.

Noteworthy is the fact that, despite the long accumulation period of the loess-like sediments,
the direction of material supply to the Orava Basin remained unchanged and thus the source of the
material stayed homogeneous. The composition of heavy minerals confirms earlier studies that the
source of the loess-like covers were local deposits accumulated earlier in the Orava Basin. The sandy
material from which heavy minerals originated was probably transported to the basin as a result of
fluvial and fluvioglacial processes from the catchment area of the Czarny Dunajec River (Western Tatra
Mountains), while silt as a result of aeolian processes operating in the intramontane basin during
periods of violent winter sand storms.

The research shows an additional advantage of the heavy mineral analyses in the study area.
As it was mentioned, many methods fail to help establishing the stratigraphic position of the loess-like
deposits. The study shows that the three loess-like covers are represented by different assemblages
of heavy minerals. Therefore, the heavy minerals may be used as an additional tool in correlation of
these sediments in the Orava Basin.
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