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ABSTRACT:

Vdaény, M. and Michalik, J. 2023. Provenance of quartz debris in the Central Western Carpathians at the
end of the Triassic, as indicated by cathodoluminescence colours. Acta Geologica Polonica, 73 (1), 103—114.
Warszawa.

Lithic fragments including quartz grains occur infrequently in the shallow-marine limestone sequence of the
Fatra Formation deposited in the tensional intra-shelf depression of the Central Western Carpathians during the
Rhaetian. Nevertheless, their study can bring data answering questions of sources, palacogeodynamic arrange-
ment, and processes at the end of the Triassic. In this study, we examined optically the cathodoluminescence
(CL) colours of single quartz grains from the Kardolina section (Tatra Mts, Slovakia). These colours reveal a
dominance of grains derived from regionally metamorphosed and plutonic rocks. Grains of hydrothermal and
pegmatite origin are less frequent. Some of the quartz grains show recycled cement rims suggesting at least a
second cycle origin. This sedimentary basin was situated near to the passive margin formed by the Variscan
consolidated terrains of the Vindelician Highlands. Our study of the CL colours of quartz grains contributes to
the elucidation of the nature of the rocks of the vanished Vindelician mountain belt.

Key words: Aeolian quartz grains; Cathodoluminescence; Provenance; Fatra Formation; Zliechov
Basin; Uppermost Triassic; Slovakia.

INTRODUCTION

The end of Triassic time saw the major transition
from an arid type of climate to a humid monsoonal
regime (Michalik et al. 2010). Rapid breakup of the
vast Pangaea supercontinent was accompanied by
accelerated weathering of newly elevated areas, by
intensification of river transport, and by deposition of
weathered rock products in basinal systems.

During these times, the Carpathian part of the
northern Tethyan shelf was also influenced by input of
terrestrial debris from the hinterland. In emerged ar-
eas, terrestrial Carpathian Keuper deposits were cov-
ered by the Rhaetian Tomanova Formation composed

of lacustrine to palustrine black silty shales rich in
kaolinite and plant fragments, intercalations of quartz
sandstones with dinosaur footprints, and sphaerolitic
iron ores (Michalik et al. 1976, 1988; Niedzwiedzki
2005, 2011; Lintnerova et al. 2013). The overlying
Lower Jurassic Dudziniec Formation consists of shal-
low-marine sandy limestones.

The Zliechov Basin, located further to the south,
was submerged by a shallow sea basin with sedimen-
tation of the bioclastic limestones of the Fatra For-
mation. The benthic fauna comprises Rhaetian index
foraminifers (Triasina hantkeni), bivalves (Rhaeta-
vicula contorta), corals (Retiophyllia paraclathrata),
brachiopods (Austrirhynchia cornigera), and other
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Text-fig. 1. Simplified map showing the location of the studied Kardolina section in the Tatra Mountains (modified from Michalik ez al. 2010).

organic remnants (Gazdzicki et al. 1979; Michalik
et al. 2007, 2013; Cerfiansky et al. 2020). The Fatra
Formation was covered by the Hettangian marine
shales of the Kopieniec Formation.

Sedimentological study indicates a relatively
low content of small quartz grains (2—4%) in the
Fatra Formation limestones pointing to low inten-
sity of river transport in a dry climate. More abun-
dant quartz grains occur in outcrops in the Tatra
Mts (from 3 to 16%, in some beds up to 39%), and
these suggest the palacogeographic proximity of this
area to periodical fluvial clastic transport routes
(Michalik et al. 2013). Irregular distribution of very
fine-grained quartz derived from distant extraba-
sinal sources evokes the question of the origin and
input of this quartz dust, and of the palacogeody-
namic model of the adjacent land.

However, conventional petrographic analy-
sis could hardly help in this respect. We therefore
turned to the more sophisticated cathodolumines-
cence (CL) microscopy. Indeed, CL reveals many
features which are invisible with the petrographic
microscope (e.g. Sippel 1968; Matter and Ramseyer
1985). Grains of quartz of diverse origin can be
characterised on the basis of their CL colour and
used in provenance studies (e.g. Zinkernagel 1978;
Marshall 1988; Gotze 1996; Boggs 2009). Thereby,
the CL is a powerful technique and has potential
in solving problems of sediment provenance (e.g.
Omer 2015; Sales de Oliveira et al. 2017; Leila et
al. 2018).

In the context of the above, the aim of our research
is to reconstruct parent rock assemblages of Rhaetian
aecolian quartz grains incorporated in the Fatra
Formation in the Tatra Mts (Western Carpathians,
Slovakia) (Text-fig. 1) using the CL technique. This
reconstruction will allow us to test the validity of ex-
isting palacogeographic models and thus to enhance
our knowledge of the geodynamic situation of this
area at the end of Triassic.

GEOLOGICAL SETTING

The Rhaetian Fatra Formation (Text-fig. 2) in the
small pull-apart Zliechov Basin (forming a part of
the present-day Fatric nappe structure of the Central
Western Carpathians) has attracted the attention of re-
searchers for decades (e.g. Michalik 1977; Gazdzicki
1983; Michalik 1993; TomaSovych 2004; Michalik
et al. 2013; Onoue et al. 2022). It was deposited in
a marine, shallow-water intra-platform, mainly car-
bonate setting in the Fatric Unit (Michalik 1982). The
Rhaetian age of this formation has been corroborated
by the first occurrence of foraminifers (Glomospirella
friedli and Triasina hantkeni, Gazdzicki 1983) and
brachiopods (Austrirhynchia cornigera; Tomasovych
2004). The Fatra Formation rests transgressively on
terrestrial Carpathian Keuper deposits (e.g. Michalik
1974, 1977) and is overlain with a strict contact by the
marine shales of the Hettangian Kopieniec Formation
(e.g. Tomasovych and Michalik 2000).
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Text-fig. 2. Quartz grain size (average size denoted by thick line) and percentage content of quartz grains of the Kardolina section sequence and
interpretation of depositional environment. Data marked with a grey rectangle are from Michalik ef al. (2013). Other data are new and original.
The beds discussed in this study are marked with a black rectangle. Asterisks show numbering of beds.

A 30-m-thick sequence of mixed terrigenous,
lacustrine, fluvial, and aeolian variegated, green-
ish, and violet-red dolomitic claystone with occa-
sional intercalations of pale greenish-grey clayey
dolostone, exposed in the Kardolina section in the
Belianske Tatry Mts, represents the uppermost part
of the Carpathian Keuper sequence (Text-fig. 2). The
thickness of the Fatra Formation is variable (from
25 meters to a maximum of 116 meters; Michalik
et al. 2007). It has been divided into five informal
members by Michalik (1977) and Gazdzicki et al.
(1979): the “basal member”, two “biostromatic mem-
bers”, separated by the “barren interval” of dolomite,
dolomitized limestone, and redeposited carbonate,
and the “transitional member” at the top of the Fatra
Formation sequence containing several uncommon
beds (micritic ostracodal limestones with undulating
bedding planes, coquinas with bivalves and foramin-
ifers, and ferruginous oolitic limestones).

Recently, eighteen sedimentary cycles attributed
to short eccentricity (100 ka) periodicities were dis-

tinguished in the Kardolina section (Michalik et al.
2007, 2010, 2013). This section represents the most
complete outcrop of the Fatra Formation (Text-fig. 2),
deposited in a more rapidly subsiding part of the ba-
sin. It shows a more complete stratigraphy of the
“basal member”, comprising here three different cy-
cles.

1. The lowermost cycle is consisted of thinning-
and fining-upward (65 to 20 cm) grey biomicrite con-
taining dispersed quartz grains (0.005 to 0.2 mm in
diameter) and numerous ostracod tests. Higher up,
the dolomicrosparite content increases (up to 9%)
and fragments of plants become abundant. Dolostone
layers are followed by 330-cm-thick brown clay-
stone interval. Fine clastic laminae in Beds -4, -3
and in the “zero beds” contain numerous foramini-
fers (Agathammina austroalpina), suggesting sedi-
mentation in low-energy environment, most likely on
tidal flats. Clastic quartz particles are rare and rather
small, bearing signs of wind, not of river transport.
Biodetrital limestone is followed by brown claystone
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and this is intercalated by dolostone layers with bone-
bed type surfaces.

2. Grey biomicrites to calcarenites containing fre-
quent mollusc and brachiopod shells (occasionally
with distorted geopetal fillings). There are erosional
marks and load casts on the layer bases, and grada-
tion of fragments occurs frequently, suggesting an
origin in distal tempestite lobes laid on a soft marly
bottom. During the sedimentation of this cycle, in-
tensive storm activity seems to have been a typical
feature of the environment.

3. This fining- and thinning-upward cycle (12 m
thick) of dark brown aleuritic marl and argillaceous
limestone contains abundant subangular quartz
grains (0.02 to 0.03 mm) indicating aeolian transport.
Sea storms, which dominate this part of the sequence,
were subsequently replaced by terrestrial dust storms
bringing fine quartz debris.

Higher up, the major part of the Fatra Formation
sequence bears signs (mollusc shells, crinoid ossi-
cles, foraminifers, and other fully-marine fauna) of
a stabilised marine regime. The terrigenous quartz
grain fraction and the ferruginous content increase
upwards. They record the 100 ka periodicity of mon-
soon-like maxima of terrigenous flux (Michalik et al.
2007, 2010). The contact with overlying non-carbon-
ate shaly Kopieniec Formation is sharp.

In this study, we concentrated on the nature of the
peculiar “aeolianite” beds (Text-fig. 2), which indicate
not only a changeable climate at the beginning of the
marine Fatra Formation transgression, but also show
the petrographic character of the emerged Vindelician
Land yielding fine clastic material brought into the
marine basin as it formed.

SAMPLE MATERIAL AND METHODS

The Kardolina section belongs to the Bujaci par-
tial nappe (a part of the Krizna Nappe) and it is situ-
ated on a steep western slope (the Husar Hill) of Mt
Lendacka Pélenica (NNE of the village of Tatranska
Kotlina) in the Belianske Tatry Mts (GPS coordi-
nates: N49°14'997" and E20°18'894"; Text-fig. 1). In
this well-exposed, 122-m-thick section, we concen-
trated on its lower part (the “aeolianite cycle”, Beds
12 to 14) (Text-fig. 2), where 15 sedimentary rock
samples were taken and macroscopically described.

From all samples, polished thin sections were
prepared for microscopic study. To document the
mineral composition and microscopic texture of the
different studied rock types, polarising microscopy
was carried out using a ZEISS AXIO Scope.Al.

Photomicrographs were obtained with a digital cam-
era (Axiocam 105 color) coupled with AxioVision
SE64 Rel. 4.9.1 Software.

The CL microscopy was performed on nine car-
bon-coated thin sections using a hot-cathode lumi-
nescence microscope (lumic Simon-Neuser HC5-LM)
at the Department of Lithospheric Research, Faculty
of Earth Sciences, Geography and Astronomy,
University of Vienna. This microscope allowed the
observation of a relatively large area of the same
sample in luminescent, plane-polarised, and cross-
polarised light. The system was operated with a beam
energy of 14 kV and a beam current of 0.25—-0.30 mA
at a vacuum of 1.0E-5 mbar. Luminescence images
were captured during CL operations by means of a
digital high-sensitivity camera (CCD Kappa PS 4/40)
equipped with the Kappa Camera Control: DX40C-
285GE software package. The exposure time for re-
cording CL images was about 1-4 s. CL spectra were
not recorded, because no spectrograph was attached
to the CL microscope. Therefore, CL colours were
established visually. Interpretation of luminescence
mineralogical observations was complemented by
comparison with plane-polarised and cross-polarised
transparencies of the same field of view.

GENERAL PETROGRAPHY OF
THE STUDIED ROCKS

Three main rock groups were identified within
the samples studied: dark grey fine detrital argil-
laceous limestones (Text-fig. 3a, b), dark brown al-
euritic marlstones (Text-fig. 3c, d), and dark grey
carbonate mudstones (Text-fig. 3e, ).

The dominant component of the argillaceous
limestones is carbonate mud. In this extremely fine-
grained carbonate mud, various shell fragments of
different sizes are embedded (Text-fig. 3a, b). Two
principal types of fragments are present. At first,
there are fragments with a regular, layered structure.
These are shells which have been preserved in their
original calcite composition. Further, there are pieces
of originally aragonite shells, in which the metastable
aragonite has just been replaced by calcite sparite.
The pelitic matrix of the argillaceous limestones con-
tains a sporadic silty admixture consisting of angular
quartz grains (0.04 to 0.1 mm).

The aleuritic marlstones or marly siltstones are
made up of angular fine fragments of clastic material
(mainly quartz, rarely mica flakes) and a clay matrix
with an abundant carbonate admixture (Text-fig. 3c,
d). Frequent angular quartz grains attaining diam-
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Text-fig. 3. Selected thin-section photomicrographs of the studied sedimentary rocks showing characteristic fabrics and component distribu-

tions. a, b — argillaceous limestones with micritic matrix (calcimudstones); crinoids (white arrows) and bivalves (black arrows) are present;

¢, d — aleuritic marlstones/marly siltstones containing windblown silt-sized quartz grains; e, f — carbonate mudstones with micritic matrix

(calcimudstones) crossed by sparry calcite-filled veins; rare small bioclasts (white arrows) can be seen. All pictures are taken in transmitted
light, with parallel nicols.

eters of 0.02 to 0.08 mm suggest aeolian transport.
Aecolian deposition is indicated by the narrow size
range of the grains, good overall sorting, winnow-
ing out of fine particles, and angular to subangu-
lar shapes of all quartz grains. In these rocks, the
stratification is characterised by different grain size,
colour, and composition of the laminae. Calcite shell
fragments were observed very rarely.

Finally, with a few indistinct bioclasts visible,
the carbonate mudstones studied are almost com-
pletely made of carbonate mud (Text-fig. 3e, f). In
general, these rocks contain less than 10% allochems.
Furthermore, they are cut by thin veins of pale cal-
cite. According to Folk’s classification (Folk 1959,
1962), our carbonate mudstones represent fossilifer-
ous micrite.
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Text-fig. 4. Luminescence (a, c, and e) one polariser (b, d, and f) pairs of the studied argillaceous limestones with very dark blue or grey to
bluish black quartz grains (circled in white). For explanation of provenance significance of the observed CL colours, see Cathodoluminescence
Colours of Quartz Grains.

CATHODOLUMINESCENCE COLOURS
OF QUARTZ GRAINS

Samples with lower carbonate contents (mainly
aleuritic marlstones/marly siltstones) and CL colours
in quartz unaffected by post-depositional processes
(differential compaction, solution, and cementation)
were chosen for the CL study. In this study, the distri-
bution of randomly found quartz grains with diverse
CL colours was used as a guide for their source rocks.

Generally, the CL study reveals very dark blue

(grey) to bluish black, green, brown, and bright and
medium blue to violet luminescence of quartz grains
(Text-figs 4, 5, 6). All these quartz types are pre-
sented and discussed next.

Most of the quartz particles (more than 90%)
show very dark blue or grey to bluish black CL
colours (Text-figs 4, 5, 6). In fact, these particles
do not appear to be luminescent. Presumably, the
loss of the luminescence may reflect cleaning of
the quartz lattices from trace elements and defects
(see also Ramseyer 1983). Non-luminescent quartz
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Text-fig. 5. Luminescence (a, ¢, and e) one polariser (b, d, and f) pairs of the studied aleuritic marlstones/marly siltstones. Very dark blue (grey)

to bluish black quartz grains are dominant. However, some quartz grains (circled in white) display green, brown, and bright and medium blue to

violet CL colours. Quartz grains with cement rims can also be noticed. For explanation of provenance significance of the observed CL colours,
see Cathodoluminescence Colours of Quartz Grains.

grains have an authigenic origin (e.g. Zinkernagel
1978; Ramseyer ef al. 1988; Gotze 1996; Boggs
2009). However, the petrographic features of these
studied quartz grains (their overall morphology)
clearly exclude that they are diagenetically grown.
Matter and Ramseyer (1985) observed bluish black
luminescence in plutonic quartz crystals which have
been plastically deformed. According to these au-
thors, the change from the original blue to this dull
colour represents the effect of a reduced intensity of

luminescence. Further, and this is also our case, this
type is most abundant in geologically old sedimen-
tary rocks. According to the atlas of Sawatzky and
Pe-Piper (2012), quartz grains displaying very dark
blue or grey luminescence are derived from quartz
veins of metapelites, low-grade metamorphic rocks
(quartzites), or high-pressure metamorphic rocks (fo-
liated metasandstones). Therefore, we suppose that
the studied quartz grains of this first type could have
originated in these source rocks.
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Text-fig. 6. Luminescence (a, ¢, and e) one polariser (b, d, and f) pairs of the studied aleuritic marlstones/marly siltstones. There is a domi-

nance of very dark blue (grey) to bluish black quartz grains. A few quartz grains (circled in white) are green, brown, and bright and medium

blue to violet. Quartz grains with cement rims are also present. For explanation of provenance significance of the observed CL colours, see
Cathodoluminescence Colours of Quartz Grains.

A part of the quartz grains (about 5%) show a
typical green CL colour (Text-figs 5a, e, 6a, e). This
short-lived green luminescence colour clearly in-
dicates a relationship with the crystal structure of
these quartz grains and is probably stimulated by
positively charged trace elements (H* or Li*) stored
in structural channels parallel to the c-axis of the
crystals (see also Matter and Ramseyer 1985). For
example, Gotze et al. (2001) suggest that the short-
lived bottle-green or blue CL in a-quartz is another
conspicuous feature of quartz CL and is typical of

quartz crystallised from hydrothermal solutions. In
addition, Gotte and Richter (2006) report that the CL
properties of hydrothermal quartz are highly variable
and may reflect disequilibrium conditions during
crystal growth. Nevertheless, many authors demon-
strate that short-lived green luminescing quartz
grains are of hydrothermal and pegmatite origin (e.g.
Gotze and Zimmerle 2000; Boggs and Krinsley 2006;
Augustsson and Reker 2012; Sawatzky and Pe-Piper
2013). Thus, we also assume such an origin for this
second group of the studied quartz grains.
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Several quartz grains (about 2%) display brown
luminescence (Text-figs 5a, e, 6). This brown CL
colour can be related to lattice defects induced by
twinning, mechanical deformation, particle bom-
bardment, or rapid growth (see also Ramseyer et al.
1988; Gotze et al. 2001). Zinkernagel (1978) reported
that quartz grains with brown luminescence are de-
rived from metasediments, metamorphosed igneous
rocks, some contact metamorphic rocks, and re-
gionally metamorphosed rocks. Subsequently, many
workers concluded that brown luminescent quartz is
typical of regionally low to medium grade metamor-
phosed rocks (e.g. Matter and Ramseyer 1985; Gotze
1996; Boggs and Krinsley 2006; Sales de Oliveira et
al. 2017). These rocks could represent the potential
sources for this group of the studied quartz grains.

A few quartz grains (about 2%) show bright and
medium blue to violet CL colours (Text-figs 5, 6).
These luminescence colours are probably caused by
different kinds of lattice defects (see also Matter and
Ramseyer 1985) and/or high amounts of titanium and
low iron contents (see also Sprunt 1981). According
to Augustsson and Bahlburg (2003), bright blue lu-
minescence of quartz is generated by crystallisation
at high temperatures and fast cooling. These quartzes
usually appear in volcanic rocks or rocks affected by
contact metamorphism. Also, with lower crystallisa-
tion temperatures and slower cooling, the cathodo-
luminescence signal of quartz is less intense, and
the particles usually appear dark blue. This type is
frequent in plutonic rocks, due to their slower cool-
ing rates than those of volcanics (Augustsson and
Bahlburg 2003). Moreover, it is generally assumed
that a wide variation of luminescence colours from
blue through mauve to violet is typical of felsic plu-
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tonic quartz, quartz phenocrysts in volcanic rocks,
and high-grade metamorphic quartz (e.g. Boggs and
Krinsley 2006; Boggs 2009; Augustsson and Reker
2012; Sawatzky and Pe-Piper 2013). Thus, our blue
to violet luminescing quartz grains could be derived
from plutonic igneous, volcanic, and high-grade met-
amorphic rocks. However, the contribution from vol-
canic rocks can be excluded because our studied blue
to violet quartz grains display dark-CL streaks and
patches, which is the most characteristic feature of
plutonic quartz crystals (see also Boggs 2009).

In addition to the above, some of the quartz grains
(about 1%) have relict cement rims (Text-figs 5a, e, 6a,
c). These recycled quartz cement overgrowths prob-
ably indicate reworking of older sedimentary rocks
and thus an at least second cycle origin (see also Gotte
and Richter 2006). However, it is difficult to prove
which grains are of primary and which of secondary
origin because of the quartz size. Quartz grains are so
small here that they all may represent just fragments
of larger secondary as well as primary pieces.

Finally, no red luminescing quartz grains have
been observed during the CL study. Therefore, we do
not assume derivation from any volcanic rocks.

PROVENANCE STUDY

The CL study shows a dominance of quartz par-
ticles of regional metamorphic and plutonic origin.
Also, this study reveals that the sedimentary rock
samples contain a smaller population of quartz grains
with possible hydrothermal and pegmatite origins.
Presumably, this higher variability of quartz grains
reflects a large catchment area providing material for
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Text-fig. 7. Palacogeographic map of the Late Triassic showing the approximate location of the sedimentary site of the Fatra Formation (modi-
fied from Lintnerova et al. 2013; Onoue et al. 2022).
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the depositional basin. This area could be also small
but diverse in rock types. Quartz grains with cement
rims indicate that they are at least second-cycle and
they probably contribute to the higher variability in
the source rocks. In addition, the CL study shows
that red luminescent quartz particles with a potential
volcanic origin are absent.

Because we did not record any population of par-
ticles from volcanic sources, we exclude deposition
in, or close to, a convergent plate tectonic margin
associated with volcanism. The dominance of quartz
particles that obtained their CL characteristics during
metamorphic or plutonic conditions can be expected
from active tectonic margins with no volcanism or
from passive margins. Sedimentary rocks deposited
along passive continental margins can be expected
to be dominated by quartz particles of metamorphic,
plutonic, and recycled affinities. Consequently, the
sedimentary rocks studied were probably deposited
in a passive margin environment and fed by sources
from the old continental interior.

The above mentioned findings coming from
the CL study are in accordance with the palaeo-
geographic model used by Michalik (1994), Feist-
Burkhardt et al. (2008), Lintnerova et al. (2013),
Cernansky et al. (2020), and Onoue et al. (2022).
Thus, we also assume that the studied quartz grains
could have originated in the rocks of the Vindelician
Highlands (Text-fig. 7). Products of volcanic activity
from the Mid-Atlantic Rift have not been recorded.
It might also be added that the arid interior along the
northern Tethyan coast rimmed by the Vindelician
Range has been formed in rain shadow, being iso-
lated from summer monsoonal rains. On the other
hand, winter winds brought fine dust from desert
plains of the Germanic Basin across the highlands
towards the south-east.

CONCLUSIONS

The studied “aeolianite” beds at the base of the
Fatra Formation (Western Carpathians, Slovakia) in-
dicate both a changeable dry climate at the beginning
of the marine Fatra Formation transgression and the
petrographic character of the emerged Vindelician
Land, which represented the source area of fine
clastic quartz grains brought, as it formed, into the
marine Zliechov Basin. By using CL microscopy,
the sedimentary rocks studied show several different
quartz types reflecting a variable provenance with
regional metamorphic, plutonic, hydrothermal, peg-
matite, and sedimentary source rocks. Products of

volcanic activity from the Mid-Atlantic Rift can be
excluded. Thus, in respect of their tectonic setting,
the sedimentary rocks were deposited in a passive
margin environment.
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