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Abstract: Surface analysis of detritus from a modern fluvial environment can be a useful tool in understanding various
weathering and transport processes; the results of which are applicable in the provenance and environmental interpretations
of ancient sedimentary rocks. In this study, we provide a report on the microtextural and geochemical relationships within
detrital garnets hosted in modern fluvial sediments. Garnets from seventeen heavy-mineral concentrates taken from
the Stransky potok brook were analysed by optical microscopy, scanning electron microscopy, Raman spectroscopy, and
electron microprobe to obtain information on their provenance and surface microtextural development. The results show
that detrital almandines (1) Almg;, ,,Sps,, ,;Prp,, ;sGrs, ;And, | and (2) Almg, ,,Prp s ,,Sps, (Grs, ;,And, , were primarily
sourced in local Variscan crystalline basement rocks, such as metagranite (diatexite) with gneiss xenoliths. A large part
of recycled almandine was likely derived from the Permian Stranany Formation (Fm.) and/or Triassic Luzna Fm.
siliciclastic rocks. Almandine recorded various transport traces, such as conchoidal fractures, arcuate and straight steps,
V-shaped cracks and crescentic percussion marks formed in the (a) contemporary Variscan basement and (b) older fluvial
environments. Chemically-induced features, such as facets developed on first-cycle almandines are a remnant after
corrosion caused by acid solutions — resorption in the garnet rims interacted with other minerals during metamorphic
events in the Mala Fatra Mountains, and the solution crevasses developed considerably on recycled grain surfaces
formed by intrastratal dissolution. The investigation of detrital garnet in the recent stream of the Mal4 Fatra Mts. revealed
(paleo)environmental and depositional conditions of sedimentation.
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Introduction

Garnets are rock-forming in several common low-to-high
grade metamorphic lithologies and are also present as acces-
sory minerals in a wide range of igneous rocks. Garnet is
therefore a common constituent of clastic detritus and is tra-
ditionally used in provenance research (Morton et al. 2005;
Mange & Morton 2007; Morton et al. 2012; Krippner et al.
2014,2015; Suggate & Hall 2014; Tolosana-Delgado et al. 2018;
Hong et al. 2020; Schonig et al. 2021; Naidu et al. 2024); how-
ever, its precise discriminatory potential is occasionally com-
plicated. Some studies noticed that geochemical composition
of detrital garnet can be closely related to grain size, and this
can affect provenance considerations (e.g., Krippner et al.
2015, 2016). Garnet is a moderate-stable heavy mineral and
can degrade quickly by prolonged stay in the soil (Embrechts
& Stoops 1982; Velbel 1984; Salvino & Velbel 1989; Ando et
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al. 2012). A compositional control on garnet diagenetic stabi-
lity is also known and relates to a decrease in the Ca content of
bulk garnet samples with burial depth and an increase in Fe
content (Morton & Hallsworth 2007). Because Mn and Mg
contents in that example remained unchanged, this could indi-
cate higher diagenetic vulnerability of Ca-rich garnets, such as
grossular, andradite, and uvarovite (Morton & Hallsworth
2007). Significant destruction of detrital garnet can occur even
in the first sedimentary cycle in a fluvial environment (Bénova
et al. 2024b). In view of these facts, it is necessary to continue
the detailed investigation of garnet.

Based on the study by Malusa’s et al. (2016), the heavy-
mineral content of detrital fluvial sediment produced in pro-
ximal catchments sensitively reflects source rock fertility if
the heavy-mineral spectrum is not modified during transport
or deposition. However, many factors, such as hydraulic sor-
ting, grain shape, geochemistry, density, size, weathering grain
stage, climate conditions, grain texture, transport medium,
recycling (Morton et al. 2005; Morton & Hallsworth 2007;
Garzanti et al. 2008, 2009, 2018; Feil et al. 2024), and separa-
tion approach (Vermeesch 2004; Chew et al. 2020; Stutenbecker
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et al. 2024) may significantly affect the resulting heavy-
mineral concentrates.

In this paper, the surface microtextural features and chemi-
cal composition of the detrital garnet from modern fluvial
sediments are discussed with the objective of providing con-
straints on its origin in source rocks, as well as its utility as
an indicator of transport processes in the fluvial environment.
The research has a relatively local character when considering
the analysis of sediments taken from an approximately 9 km-
long section of the Stransky potok brook located in the crystal-
line massif of the Mala Fatra Mts. in the Western Carpathians
(Fig. 1). Nevertheless, this type of area is ideal for investiga-
ting the behaviour of garnets in a fluvial environment, as well
as in relation to the local water-flow conditions. The findings
can be beneficial for the evaluation of the detritus nature from
the ancient sediments/sedimentary rocks and for the correct
identification of transport conditions, which are “imprinted”
into the heavy-mineral surfaces. In other words, surface fea-
tures on detrital minerals are crucial for inferring the paleo-
environmental conditions. Their morphology, abrasion degree,
and various microtextural patterns can reveal transport history,
sedimentary processes, and the energy levels of the deposi-
tional environment (Garzanti et al. 2015; Nascimento et al.
2022; Ma et al. 2024). Garnet appears especially promising
in this regard (e.g., Bonova et al. 2024a,b; Delgado et al.
2025).

Geological and geomorphological framework
of the study area

Geologically, the Mala Fatra Mts. are an integral part of the
Tatric megaunit belonging to the Inner Western Carpathians
(Hok et al. 2019) and are located in the northern-western part
of Slovakia (Fig. 1A). Their crystalline basement consists of
relatively large, monotonous granitoid pluton with compli-
cated poly-phase evolution (Kamenicky et al. 1987; Broska et
al. 1997, 2022; Dianiska et al. 2002; Faryad & Dianiska 2003;
Hrdlicka 2006; Kurylo & Broska 2025) and diverse high-
grade metamorphic rocks, such as paragneisses, migmatites,
amphibolites, and amphibolite gneisses (Geological map
2008; Fig. 1B). The Variscan (353+5—342+3 Ma) age of the
Mala Fatra Mts. granitoids was established by U-Pb zircon
dating (Shcherbak et al. 1990; Hrdlicka 2006; Broska &
Svojtka 2020; Kohut & Larionov 2021; Broska et al. 2022).
Some crystalline rocks contain garnet. Almandine garnet occurs
in granodiorite (metagranite, diatexite: Almg ; Prp,, ,,Sps,
Grs, i; Hrdlicka 2006), in garnet—sillimanite paragneiss
(Almg, ;sPrp,s 5,Sps, (Grs, ;), and in garnet—clinopyroxene
amphibolite (Alm, Prp,, ,Sps, sGrs,; ,5; Méres & Hovorka
1989; Janak & Luptak 1997; Hovorka et al. 2008). Faryad &
Dianiska (2003) described andradite-rich garnets (Adry, .,
Grs,, y,schorlomite+morimotoite, |,) in various granitoids as
a product of their post-magmatic cooling. Hrdlicka (2006)
confirmed a similar composition of secondary garnet (Grs, s,
Adr,, 4,Scho, ;) in tonalite. The crystalline basement is locally
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covered by the Late Paleozoic, Mesozoic, and Cenozoic sedi-
mentary rocks.

The study area is located in the north-western part of the
Velka Luka segment within the Stransky potok brook catch-
ment (Fig. 1A-C), in which tonalite commonly transits to
granodiorite and includes local lenses of gneisses and amphi-
bolite (Geological map 2008). In addition, spinel and olivine-
bearing metaultramafite (without garnet) was documented
on the top of the Velkd Luka segment (Hovorka et al. 1985;
Korikovsky et al. 1998). The sedimentary succession cover in
the Stransky potok brook catchment area is represented by the
Permian Stranany Formation (Fm). and Lower Triassic Luzna
Fm.; both consist of siliciclastic rocks. Provenance of these
formations have been discussed in numerous studies. While
the Straflany Fm. siliciclastics were derived from local crystal-
line basement rocks (Vozarova & Vozar 1983, 1988); the
source for the Luzna Fm. sedimentary rocks is still unclear
(Fejdiova 1985; Hok 1989; Misik & Jablonsky 2000; Vozarova
et al. 2003).

Geomorphologically, the Stransky potok brook catchment
area is located from the Krizava elevation (1457 m a.s.l.) in
the east, to the western part of the village of Poluvsie, near
the confluence of the Stransky potok and Rajcianka brooks at
394 m a.s.1. The studied catchment is delimited by 1180-m and
1015-m high escarpments around its northern boundary, and
elevations of 1304-m and 1006-m are found on its southern
boundary. The highlands in the eastern part of the study area
correspond with uplifted granitoid pluton and metamorphic
basement rocks, whereas the western part forms an anticline
(the Kozol anticline; for details, see Rakus & Hok 2003;
Havrila & Olsavsky 2015) with a core of the Permian for-
mations rimmed by the Triassic siliciclastic rocks (Fig. 1B).
The surrounding confluence is filled by Quaternary proluvial,
deluvial, and fluvial sediments.

Methods
Sampling

Seventeen samples of modern fluvial sediments were
taken at relatively regular intervals in the Stransky potok
brook from its source almost to its confluence with the
Kuneradsky potok brook. The sampling locations are listed in
Table 1 and depicted in Fig. 1B. Samples weighing approxi-
mately 2.5 kg were taken, then finely-panned to obtain the
heavy-mineral concentrates. The concentrates were then stu-
died under a LEICA MS80 stereomicroscope. We focused
mainly on garnet and partially on amphibole. After the sample
quartering, randomly-selected grains of different sizes, shapes,
and colours were separated for further morphological, micro-
textural, and geochemical study. Samples of surrounding
potential source rocks intended for comparative purposes were
evaluated macroscopically in the entire stream profile; some
of them intended for a microscopic study were taken from the
centre of the Stransky potok brook channel (MFB-12A-D;



SURFACE MICROTEXTURES ON DETRITAL ACCESSORY GARNETS IN THE FLUVIAL ENVIRONMENT 139

18°0.0'E

20°0.0°E 2290.0°E HRONIC UNIT (PovaZie Nappe)
) —

Ramsau dolomites and Gutenstein limestones - Middle Triassic

TATRIC UNIT (Kozol Succession)
Slavikova dolina Fm. (claystones, organodetritic limestones) and Gresten beds
(claystones, sandstones) - Early Jurassic

Carpathian Keuper (sandstones, slaystones), Ramsau dolomites, Gutenstein Lms.,
Werfen beds (variegated claystones), LuZna Fm. (quartzites) - Triassic

E Straftiany Fm. (sandstones, conglomerates) - Permian

50°0.0'N

N,0°0.0S

Crystalline complexes of the Velka Luka Massif
I:I tonalite zone - biotite-bearing tonalites (granodiorites) - Visean

|:| nebulite zone - granitoids with indinstic fabric and inhomogenities

:| amphibolites
I:l garnet-biotite paragneisses

48°0.0'N

N,0"008F

18°0.0°F 20°0.0°E 22°0.0°F I:l biotite paragneisses
LEGEND I:l pegmatites and aplites
QUATERNARY
I:I fluvial sediments: loamy-gravelly sediments of flood plains - Holocene - homblende peridofites (see Krizava 1457 m a.s.1.)
- organic sediments: peats (upland bogs) - Holocene GENERAL EXPLANATIONS
I:I proluvial sediments: loamy-sandy gravels - Late - Middle Pleistocene % geological boundaries: a) observed, b) inferred
deluvial-fluvial, deluvial-polygenetic and deluvial sediments: undivided 3 . . ;
outwash (rainwash) and slope loams, loamy-stony debris, landslides - faults: a) observed, b) covered; c) thrust lines
Quaternary undivided ’
~~ lonit
PODTATRANSKA SKUPINA GROUP mylonfle zones
:I Huty Fm. (claystones, sandstones) - Middle Eocene - Early Oligocene El landslides

18.74°

Longitudinal stream profile of the Stransky potok brook

1300 MFB-18

12001 MFB-17

MFB-10

MFB-12
MEB-11 MFB-13

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
distance along stream [m]

Fig. 1. A — Position of the studied area in Central Europe. B — Geological sketch map of the western part of the Mala Fatra Mts. (according
to Rakus et al. 1993; Hrdlicka 2006; Geological map 2008; Havrila & OlSavsky 2015; Broska et al. 2022) with sample locations.
C — Longitudinal stream profile of the Stransky potok brook.
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Table 1: Geographic coordinates (WGS 84) of the fluvial samples studied. Water-flow velocity and depth are also listed. ¥A comparative

sample.
Coordinates Altitude Water-flow Water-flow Depth
No. Sample m.s.1 Gravels velocity (max) velocity (cm)
GPSN GPSE -s.L Y (average)
1A MFB-Kr 49°05.751° 18°48.988° 1439 metaperidotite - — -
1 MFB-18 49°05.785° 18°48.502° 1250 0.9 0.1 10
2 MFB-17 49°05.887° 18°47.970° 1133 0.8 0.2 24.5
granodiorite
3 MFB-16 49°05.877° 18°47.692° 1060 tonalite 2.3 0.6 10
amphibolite
granodiorite
4 MFB-15 49°05.860” 18°47.333° 979 tonalite 1.7 0.4 11
amphibolite
5% MFB-1 49°05.815° 18°46.870° 900 - - -
6 MFB-2 49°05.815° 18°46.862° 897 3.5 1.2 17
7 MFB-3 49°05.978’ 18°46.527° 862 1.9 0.4 18
MFB-4 49°05.861° 18°46.335° 820 0.8 0.6 13.5
9 MFB-5 49°05.722° 18°46.050° 780 amphibolite 3.2 0.6 16
10 MFB-6 49°05.785° 18°45.657° 748 amphibolite 1.6 0.3 15.5
11 MFB-7 49°06.007° 18°45.401° 718 1.1 0.2 26
12 MFB-8 49°05.964° 18°45.012° 692 2.7 0.9 26
13 MFB-9 49°05.946° 18°44.597° 655 arkose (up to 30 cm) 1.9 0.7 15
14 MFB-10 49°05.974’ 18°44.154’ 618 sandstone 1.9 0.3 27
arkose
15 MFB-11 49°06.079° 18°43.890° 583 2.7 0.9 18.5
tonalite
16 MFB-12 49°06.137° 18°43.446’ 551 amphibolite 1.9 0.7 7
arkose
biotite paragneiss
17 MFB-13 49°06.159° 18°43.086° 524 1.5 0.6 8

MFB-6 and MFB-Kr samples). Polished thin sections were
prepared in the laboratories of the Earth Science Institute of
the Slovak Academy of Sciences in Bratislava, Slovak Repub-
lic (ESI SAS) and examined under a Leica DM 2500 P pola-
rizing microscope.

Scanning electron microscopic analysis

The TESCAN VEGA-3 XMU Scanning Electron Micro-
scope (SEM) at 20-30 kV and 1 nA at the UPJS Institute of
Physics was used for visualization of detrital grain’s surfaces.
Detrital grains from 17 fluvial samples were fixed on a double-
stick carbon sticker, and approximately 30 grains from each
sample were analysed by back scattered electron microscopy.
The frequency of various microtextures observable using
SEM was calculated by their counting on the individual grain
surfaces from all samples studied. The surface microtextures
were classified according to Mahaney (2002), Moral Cardona
etal. (2005), Krinsley & Doornkamp (2011), Vos et al. (2014),
Finzel (2017), Linnemann et al. (2018), Szerakowska et al.
(2018), Armstrong-Altrin (2020), Armstrong-Altrin et al.
(2022), and Bonova et al. (2021, 2024a,b).

Microchemical analysis (EMPA)
The chemical analysis of garnet taken from the fluvial sedi-

ments was performed to obtain the chemical composition,
as well as to identify the trapped mineral inclusions. Garnet

GEOLOGICA CARPATHICA, 2025, 76, 2, 137-152

geochemistry provided by JEOL JXA 8530FE wavelength-
dispersive electron probe microanalyser at the ESI SAS in
Banska Bystrica, Slovak Republic at the following conditions:
accelerating voltage 15 kV, probe current 20 nA, beam diame-
ter 2-3 um, ZAF correction, counting time 10 s on peak, 5 s on
background. X-ray lines and detection limits (in ppm) for the
standards used are: Ca (Ko, 25) — diopside, Na (Ko, 43) —
albite, Mg (Ka, 41) — olivine, Al (Ka, 42) — albite, Si (Ka, 63)
— quartz, Fe (Ka, 52) — hematite, Cr (Ko, 113) — Cr203, Mn
(Ka, 59) — rhodonite, V (Ka, 117) — ScVO4, Ti (Ka, 130) —
rutile, and Zn (Ka, 150) — willemite. The representative
chemical analyses are listed in Electronic Supplement S1.
Crystallochemical formulae were calculated by Grew’s et al.
(2013) and end-members according to Locock’s (2008) proce-
dures. In addition, we analysed the amphiboles by the same
instrument and the obtained analytical results were normalised
by Locock’s (2014) procedure and then classified according to
Hawthorne’s et al. (2012) amphibole classification. The che-
mical composition of pyroxene and spinel from metaultra-
mafite was also determined.

Raman spectroscopy

All Raman spectra were obtained using a Raman confocal
microspectrometer (Renishaw inVia, Great Britain) equipped
with a Leica upright microscope, an electrically cooled CCD
camera, and an 1800 lines/mm diffraction grating at the UPJS
Institute of Physics. The system was calibrated and monitored
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using a silicon reference (520.5 cm™) before measurements.
The laser beam operated at a wavelength of A=532 nm (Cobolt
CW DPSS laser). Spectra from detrital grains of the MFB-18
sample were recorded over the wavenumber range of 100-
4000 cm !, with the sample focused using a 100x microscopic
objective (NA 0.9; laser spot diameter ~1 pm). The spectral
resolution was 1 cm™'. The accumulation time for a single
spectrum was 10 s, with one accumulation collected for each
measurement area. Spectra from the MFB-12A sample were
recorded in two spectral regions: 100-1800 cm ™' and 2800-
4000 cm™. Collection times for Raman spectra in the low-
frequency region involved 20 accumulations of 5s each,
while the high-frequency region used 65 accumulations of
5's each. At least five measurement points were selected on
each garnet.

Longitudinal stream profile and stream-flow velocity

In order to accurately assess the influence of the Stransky
potok brook flow dynamics on the destruction of heavy-
mineral detritus better, the flow velocity and water depth were
measured in the individual sampling sites copying the longitu-
dinal stream profile from the spring (below Krizava elevation
1457 m a.s.1.) to Kunerad village (524 m a.s.l.). At each sam-
pling point, the position of which was determined by GPS,
the maximum water flow velocity at the point of the stream-
line, and the maximum depth of the transverse profile were
measured by a hydrometric wing (Global Water FP 111).
The mean flow velocity in the transverse profile of the channel
was evaluated. Hydrological measurements were carried out
once in June, 2022. The measured values are listed in Table 1.

In addition, we exported the coordinates and elevation data
to Microsoft Excel in which the longitudinal stream profile
was processed. We constructed a height longitudinal profile
(in metres) to identify possible changes and to better visualise
the potential anomalies (knickpoints) in the studied profile
(Fig. 1C).

Results
Petrography of gravels (source rocks)

In the set of the analysed gravels, granodiorite/tonalite
(~90 %) are the most common. In addition to granitoids,
amphibolite (~8 %), biotite paragneiss, arkose, sandstone, and
limestone (~2 %) were found. Locally, we observed metaperi-
dotite in the area just below the source of the Stransky potok
brook. The gravel size ranges between ~1.5 and 9 cm, occa-
sionally more (~30 cm). The petrographic (macroscopic) cha-
racter of the gravels taken from the sampling points is listed
in Table 1.

Granodiorite/tonalite clasts are macroscopically medium-
to coarse-grained rocks with a massive texture. The mineral
assemblage consists of strongly-sericitised and saussuritised
plagioclase, which significantly prevails over sporadic

K-feldspar (K-feldspar occurs chiefly in granodiorite). Plagio-
clase is represented by two generations: an older, tiny, allo-
triomorphic plagioclase is intensely sericitised, while the
younger hypidiomorphic one encloses the older plagioclase
generation, which is explained by Kurylo & Broska (2025)
as intense Variscan mixing processes. Xenomorphic, undulose
quartz usually fills interstitial spaces. Sericitised and kaoli-
nised K-feldspars are allotriomorphic, often interstitial, and
encompass plagioclase, quartz and biotite. Hypidiomorphic to
xenomorphic, strongly-chloritised and locally-baueritised
biotite encloses rutile, apatite, rarely zircon. Amphibole in
tonalite is often associated with secondary garnet, and in some
places, the contact among both minerals is relatively sharp.
Somewhere, the amphibole is trapped in primary titanite
(Fig. 2A). Based on Hawthorne’s et al. (2012) classification,
the analysed amphiboles (inclusions and interstitial crystals)
correspond to magnesio-hastingsite (X,,,=~0.59), sporadi-
cally altered to actinolite. Accessory minerals are apatite,
zircon, allanite, titanite, magnetite, and ilmenite. Generally,
magnetite prevails over ilmenite in tonalite. Titanite forms
fine inclusions in feldspars, locally in quartz. Secondary mine-
rals (such as late hydrothermal alteration products or Alpine
tectonothermal ones) are rutile, garnet, titanite II, and chlorite.
Secondary titanite is rarely incorporated in biotite/chlorite
cleavage. Secondary garnet is an anhedral and intergrown
with chlorite, epidote, or amphibole.

Amphibolite clasts are grey-black-green in colour, as well
as massive and fine- to medium-grained, with a distinctly
linear texture. The mineral association consists of amphibole,
plagioclase, biotite, quartz, epidote, and garnet. Amphibole is
chloritised and epidotised. Plagioclase tends to be signifi-
cantly sericitised, saussuritised, and often broken. Biotite is
chloritised, baueritised, and locally contains hematite coatings.
Quartz is rather rare and undulose. Zircon, apatite, titanite,
ilmenite, pyrite, and K-feldspar are accessory minerals; garnet
and epidote are secondary ones. Secondary garnet forms
aggregates with amphibole, chlorite and apatite. Based on
Hawthorne’s et al. (2012) classification, the amphiboles
correspond to magnesio-hornblende locally with actinolitic
rims (X, =0.64-0.66, X,,,=0.73-0.80, respectively). These
rims and epidote presence indicate greenschist-facies retro-
gression.

Metaultramafite (metaperidotite) clasts are dark green
massive rocks whose composition includes olivine, amphi-
bole, orthopyroxene, spinel, magnetite, and chlorite. The pro-
portion of olivine (Fo78) sometimes reaches 65 %. In many
places, there are serpentine micro-veinlets formed as a part of
olivine alteration. Sporadic orthopyroxene compositionally
corresponds to enstatite (Eng,Fs,,Wo_ ;) and is either trapped
in amphibole (Fig. 2B) or is locally present as porphyroblast.
Amphibole, based on Hawthorne’s et al. (2012) classification,
corresponds to magnesio-hornblende and, to a lesser extent,
magnesio—ferri-hornblende (X,,,=0.93-0.96); however, its
composition is different in comparison with magnesio-horn-
blende from tonalite (Fig. 3). Spinel (SplHc,Mfr ,Mag )
is often intimately intergrown with the mentioned minerals.
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Fig. 2. BSE images: A — amphibole inclusion in primary titanite within tonalite; B — orthopyroxene trapped in amphibole within metaperi-
dotite; C — spinel intimately intergrown with olivine and partly replaced by magnetite along its margins in metaperidotite; D, E — unzoned
almandine with numerous inclusions and fractures filled by chlorite from the fluvial sediments; F — secondary hydrogarnet in tonalite (Raman

microscopy image). Abbreviations from Warr (2021).
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Fig. 3. Composition of detrital amphiboles compared to local amphibole sources (gravels) in Mg?'/Fe?" (A) and AI**/Si*" (B) diagrams.

Its periphery is fully replaced by magnetite (Fig. 2C). The rock
contains no garnet.

Sandstone clasts are a mixture of quartz, K-feldspar, pla-
gioclase, baueritised biotite and lithic granitic fragments. Rare
zircon and apatite were observed, while garnet wasn’t at all.

Sporadic biotite paragneiss clasts consist mainly of serici-
tised plagioclase, K-feldspar, undulosed quartz and chloritised
biotite. Muscovite is rather rare. Apatite, zircon, amphibole,
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magnetite, and monazite are accessory minerals; garnet was
not observed.

Heavy-mineral assemblages of the fluvial sediments
The composition of the studied heavy-mineral concentrates

does not principally change. They mostly contain garnet and
amphibole; apatite, zircon, rutile, monazite, allanite, epidote,
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and titanite are found in a smaller amount. Tourmaline and
staurolite occur rarely in the MBZ-12 and MBF-8 samples,
respectively. From the opaque minerals, magnetite is abun-
dant, ilmenite is less common, and pyrite was rarely found.
A slightly increased concentration of opaque minerals was
recorded in the MFB-2, MFB-3 and MFB-4 samples. Under
a stereomicroscope, the dominant garnets are clearly distin-
guishable in colour. Broken garnet grains of various pink
shades unambiguously prevail in the concentrates. Olivine
and spinel have not been observed.

Garnet geochemistry (EMPA) and Raman spectroscopy
Garnet in the host (gravel) rocks

Almandine garnet was not observed in our granodiorite thin
sections. Sporadic secondary garnet from tonalite corresponds
to grossular-andradite with low analytical sums of oxides indi-
cating the presence of a hydroxyl component (Hrdlicka 2006).

The secondary garnet in the MFB-12A sample (tonalite)
was analysed using Raman spectroscopy. In the range 100—
1200 cm™', the Raman spectra of garnets are usually divided
into two regions: external vibrations below 400 cm™ and inter-
nal vibrations above 400 cm™ (Kolesov & Geiger 1998).
The external vibrations, up to 320 cm!, are attributed to
Si0, tetrahedra and divalent cations translation, and between
320-400 cm™' to the liberations of SiO, units. In the region
related to internal vibrations, between 400 cm™ and 650 cm™,
0O-Si-O bending modes are present, and at frequencies higher
than 800 cm™!, one can observe the Si—O stretching modes.

Analysis of the Raman spectrum in the high-frequency
range (above 3000 cm ") allows the presence of OH groups in
samples to be determined.

Raman spectra were recorded from 100 cm™ to 1200 cm™
and from 3400 cm™ to 3900 cm™. The bands which are cha-
racteristic of the molecular composition were observed in
the region 100-1200 ¢cm™, and structural/hydration water
bands (both H,0 and OH groups) occur in the 3000-3700 cm ™'
region.

Figure 4A presents the characteristic Raman spectrum in
the region 100-1200 cm'. The profile of the spectrum cor-
responds to andradite (Bersani et al. 2009; Enami 2012; Fu et
al. 2022). The most significant change observed between the
published spectra of andradite (andradite molecule in these
samples is more than 80 mol %) and the spectrum in Figure 4A
is in the intensities of the bands in the region 800-900 cm ™.
The most intense Raman band in this region for andradite is
located above 860 cm™; the remaining two have significantly
lower intensities (Bersani et al. 2009; Enami 2012; Fu et al.
2022). In the Raman spectrum of the MFB-12A sample
(Fig. 4A), the intensities of the bands at 816 and 875 cm™
differ only slightly, and the band at 843 cm™' shows the lowest
intensity. A similar spectrum to ours is presented in the work
of Fu et al. (2022), in which Raman spectra of garnets belon-
ging to the andradite-grossular solid solution series are depic-
ted. A similar spectrum to that in Figure 4A corresponds to

garnet containing about 56 mol% andradite and 25 mol%
grossular. Similar Raman spectra were also obtained by Butek
et al. (2021) when studying garnets belonging to the gros-
sular—andradite series. Based on the positions of the bands in
the spectrum in Figure 4A, we can assume that andradite and
grossular are present in our sample as well.

In the Raman spectrum (Fig. 4B), we can observe the inter-
nal OH-stretching modes. This spectrum has a very low inten-
sity compared to the spectrum in the region 100-1200 cm;
therefore, it is enlarged for better interpretation. In the Raman
spectrum above 3400 cm!, we observed a prominent band at
3645 cm™', in addition to two bands with lower frequency
(3618 and 3578 cm™) and a band at 3579 cm™. In the region
of 3500-3750 cm !, Raman bands were also observed in the
spectra of garnets belonging to the grossular—andradite series,
demonstrating the different degree of hydration of these sam-
ples (Butek et al. 2021). Thus, in the spectrum in Figure 4B,
we observed bands corresponding to OH stretching vibrational
modes of hydrated garnets. Kyono & Arora (2019) studied
the synthesized hydrogrossular crystals by Raman spectro-
scopy. They observed a band at 3650 cm™!, which corres-
ponded to OH stretching vibrations and, in addition, a band at
3580 cm™!, which was related to the substitution of Si for H.
However, in the spectrum in Figure 4B, we observed a higher
degree of complexity. This may be due to multi-site OH sub-
stitution in crystals, whose chemical composition is more
complex, and/or they have more and different kinds of defects.

Based on these results, we assume that the secondary garnet
from the MFB-12A sample is a hydrogarnet, which contains,
in addition to andradite, a certain amount of hydrogrossular
(Lager et al. 1989; Diella et al. 2019; Kyono & Arora 2019;
Butek et al. 2021).

Garnet in the fluvial sediments

Based on a detailed EMPA study, the heavy-mineral suites
contain almandine in all samples studied. Almandine is either
(1) slightly zoned with medium spessartine content (Alm,; ,,
Sps,, 3PPy 15sGrs, sAnd, ) or (2) unzoned with relatively
stable content of the individual garnet components and a low
spessartine content (Almg, ,.Prp,s ,,Sps, ,Grs, ,And, ). We
rarely found garnets with a slightly higher grossular molecule
in contrast to the previous almandine (Alms, sPrp s ,0SPS;; 16
Grs;;And,) in the MFB-5 sample. Zircon, rutile, apatite,
monazite, mica, and quartz are enclosed in almandine grains.
Chlorite occasionally fills the fractures in the largest highly
fractured grains (Fig. 2D,E). In addition to the mentioned
inclusions, K-feldspar and ilmenite sporadically occur in
almandine with a higher spessartine content. The chemical
composition of the garnets studied is depicted in Figure 5.

Raman spectra of two representative garnet grains (from
the MFB-18 sample) are shown in Figure 4C. These grains
partially differ in the ratios of their components (end-mem-
bers) as mentioned above. However, in both grains, almandine
is the predominant component (more than 60 mol %), which is
reflected in the bands observed in the Raman spectra of each
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Fig. 4. Representative unpolarized Raman spectra of hydrogarnet from the MFB-12A sample (tonalite) in two considered ranges of frequency:
(A) 130-1200 cm ™" and (B) 3400-3900 cm!, band at 1001 cm™' (asterisk) comes from resin; and of (C) detrital almandine from the MFB-18
sample with a high spessartine content (black) and low spessartine content (red) in a low frequency region.

grain (Enami 2012; Kos et al. 2020). Black
Raman spectrum in the Figure 4C was
obtained from the garnet containing mainly
almandine (62-64 mol %), spessartine
(18-21 mol %), and pyrope (13—16 mol %).
Red Raman spectrum corresponds to a gar-
net with a higher almandine content (70-74
mol %); additionally, the pyrope content is
slightly higher (17-22 mol%) than in the
previous grain, but the spessartine content
is significantly lower (3—5 mol %). Despite
changes in the chemical composition of
these garnets, both spectra do not have only
the same profile, but also the positions of
the bands in the spectra remain almost
unchanged, with only very slight variations
in the intensities of some bands being
noticeable.

Garnet shape and surface microtextures

Figure 6 depicts the recognised micro-
textural percentage abundance in the det-
rital almandine. In general, almandine
garnets are usually angular in shape (~70 %
occurrence), less subangular (up to 40 %
occurrence in the MFB-10 sample), and
rarely rounded (max. 13 % occurrence in
the MFB-5 sample) with low to medium
relief.
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Fig. 5. Composition of the studied detrital garnets (MFB-2—MFB-18) in Alm—Prp—Sps/
Alm-Prp—Grs diagrams. Garnet compositions from the gneisses (MF-14/94, MF-13),
amphibolites (MF-16; Janak & Luptak 1997), garnet-biotite gneisses (KOR-1;
Korikovsky et al. 1987) and granodiorites (GMF-24/04, GMF-27/04; Hrdlicka 2006)
from the Mala Fatra Mts. crystalline basement are depicted for comparison.
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Fig. 6. Frequency (in %) of mechanical, chemical and combined mechanical/chemical microtextures on the detrital garnet surfaces studied with

some representative examples.

Almandine is either covered by numerous solution pits
(up to ~71 % occurrence), oriented etch pits (up to 80 %
occurrence), solution crevasses (100 % occurrence; Figs. 6
and 7A, B) or, more rarely, by facets (Fig. 7C). Such strongly-
etched garnet still has relatively sharp edges, and the mecha-
nical features are loaded on its surface. Some grains, mainly
from the MFB-2 sample, do not have any mechanical traces
after fluvial transport; they involve dissolved surface and
numerous traces after inclusion outage (Fig. 7D). Although
the solution pits/oriented etch pits are usually absent on freshly
broken surfaces, they were exceptionally observed in the
MFB-13 sample (Fig. 7E). In addition, we evaluated the pos-
sible relationship between the occurrence frequency of indi-
vidual, chemically-induced features in almandine surfaces.
While the solution pits and oriented solution pits show medium
dependence between them and facets (r=—0.53 and 0.44,
respectively), there is almost no correlation between solution
crevasses and facets (r=—0.18; Table 2).

Mechanical features occur more frequently against chemi-
cally-induced ones on almandine surfaces. There are common
conchoidal fractures (up to 100 % occurrence) with arcuate
and straight steps (Fig. 7F). V-shaped cracks are patchily
developed on the conchoidal fractures (Fig. 7G). Crescentic
percussion marks (Fig. 7H,I) occur almost on all analysed
grains and are predominantly pronounced in the MFB-13 sam-
ple (71 % occurrence; Fig. 6). Tiny holes resembling the solu-
tion pits are remnant after the inclusion outage (Fig. 7J).
Among the occurrences of frequencies of the individual
mechanical features, no observable statistical dependence
exists (Table 3). The table also highlights non-significant
dependence among conchoidal fractures, arcuate steps,

V-shaped percussion marks (r=0.34 and r=0.26, respectively),
and, surprisingly, no relation between the conchoidal fractures
and straight steps (r=—0.01). In relation to the appearance of
mechanical microtextures on the almandine surface and water-
flow velocity, a certain connection can be established between
arcuate steps, conchoidal fractures, and water-flow velocity
(other mechanical microtextures and hydrological characteris-
tics of the stream show rather weak correlations among them-
selves, Table 3). In addition, various diatoms were observed
on these almandine surfaces (Fig. 7K).

Almandine enriched in a spessartine molecule is rather
rounded with low to medium relief and strongly-fractured,
whilst the fractures are filled by secondary minerals (Fig. 7L).
The grains show strongly-corrosive features, such as the
oriented etch pits, solution crevasses (both up to 100 % occur-
rence), and facets.

With regards to the mechanical features, the conchoidal
fractures combined with arcuate and straight steps strongly
prevail over the V-shaped percussion marks. The latter were
observed only on one grain.

Due to a small number of the analysed spessartine-rich
almandine grains, a correlation analysis was not performed.

Characteristics of the Stransky potok brook

The Stransky potok brook has an elevation gain of 933 m
and mean slope of 6.2° in the evaluated stream section.
The slope value corresponds to the plan-view pattern, which,
as a rule, does not create turns only with minor exceptions
(Fig. 1). The stream belongs to the incised stream category.
This corresponds to the local presence of the Quaternary
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Fig. 7. SEM images of etched detrital almandine with solution pits/oriented etch pits (A); solution crevasses and crescentic percussion
marks (B); V-shaped marks and straight steps (C); D — almandine grain with dissolved surface and traces after inclusion outage; E — broken
almandine fragment with conchoidal fractures covered by tiny solution pits; F — conchoidally fractured almandine with arcuate and straight
steps; G — conchoidally fractured grain with V-shaped percussion marks; H — almandine fragment with crescentic percussion marks,
I — etched grain with loaded V-shaped percussion marks, crescentic percussion marks and chattermarks; J — broken fragment of the etched
almandine with conchoidal fractures covered by tiny holes corresponding to remnant after the inclusion outage; K — diatoms attached to
almandine; L — strongly-fractured, rounded spessartine-rich almandine with V-shaped marks. Arrows indicate the mentioned microtextures.

alluvium. The exception is the floodplain in the section bet-
ween MFB-7 and MFB-8 sampling points, in such part of
the longitudinal stream profile where a maximum water depth
can be observed. The maximum water-flow velocities in the
measured locations of MFB-2, MFB-5, MFB-8, MFB-11 and
MFB-16 samples are the result of a higher slope of the river-
bed in front of the measured section, or directly in the mea-
sured section (Fig. 1C). This is similarly reflected in the mean
velocity values of the water flow. A certain dependence can
also be observed in the measured depths — the points with
a higher water-flow velocity show a relatively smaller water
depth. Toward the downstream, these locations are followed
by sites with a greater depth, which is typical for the streams
with a higher slope value (Rosgen 1994).
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Discussion
Provenance

We found a relatively monotonous garnet spectrum in
the recent fluvial sediments. Already the optical evaluation of
the heavy-mineral concentrates revealed two separate groups
within almandine detritus. Almandines are different in size,
especially in the presence/absence of chlorite-filled fractures,
as well as colour shade. While the larger, often fragmented,
pale-pink “cloudy” almandine grains with chlorite-filled frac-
tures were concentrated predominantly in the samples located
closer to the Krizava elevation (MFB-17 and MFB-18 sam-
ples) less throughout the entire stream profile, the smaller,
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Table 2: Correlation relations between chemically induced features
developed on almandine surfaces to each other.

oriented solution solution
etch pits pits crevasses
oriented etch pits 1
solution pits —0.485 1
solution crevasses 0.366 0.094 1
facets 0.441 —0.526 —0.175

clear, pink grains containing tiny dark inclusions were distri-
buted especially in the middle and lower section of the
Stransky potok brook, and unambiguously prevail in all of
the samples studied. This optical difference is also reflected in
their chemical composition, i.e., larger grains in the upper part
of the stream are commonly spessartine-rich, whilst the gros-
sular molecule is identical to the other analysed almandines.
Although, their Raman spectra are very similar (Fig. 4C).

In the study of synthetic solid solution binaries of alman-
dine—spessartine (Kolesov & Geiger 1998), only very small
changes in the spectra related to the change in composition
were observed in the Raman spectra of samples with an alman-
dine content between 60 and 70 mol %. This is likely due to
the similar size and mass of the Mn?* and Fe*" cations
(Hofmeister & Chopelas 1991). In our garnet grains (MFB-18
sample), the spessartine content is significantly lower than in
the given study (Kolesov & Geiger 1998); therefore, we can
assume a negligible effect of spessartine on the Raman spec-
trum of almandine.

In the Raman spectra collected for the synthetic almandine—
pyrope binary solid solutions, Raman vibration mode assign-
ments indicate that the mode frequencies of Si—O stretching,
Si—O bending, and the rotation of the SiO,-tetrahedron
decrease linearly, while the translational modes of the SiO,-
tetrahedron increase with increasing almandine content
(Kuang et al. 2019). However, like the almandine—spessartine
binary solid solution, the changes between the spectra with
almandine content between 60 and 70 mol % are minimal in
the case of the almandine—pyrope binary solid solution. It is
also essential to consider that the pyrope contents in our garnet
grains (MFB-18 sample) are significantly lower. The Raman
spectra of the garnet grains in the MFB-18 sample (Fig. 4C)
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are nearly identical because both grains have a high almandine
content and a significantly lower content of the other samples
compared to previously-published results (Kolesov & Geiger
1998; Kuang et al. 2019).

Such a garnet type was described by Hrdlicka (2006) in
metagranite (granodiorite) occurring in the northern-eastern
part of the granite pluton within the Velkd Luka segment
(Fig. 1).

An optically-indistinguishable, but slightly chemically dif-
ferent almandine occurred in the MFB-5 sample. This detrital
almandine contains slightly higher spessartine and grossular
components and remarkably resembles the almandine com-
position known from garnet-sillimanite gneiss (cf. MF-13
sample; Janak & Luptak 1997; Fig. 5). Therefore, a part of
detrital almandine was derived from the remnants of the pre-
served metamorphic mantle of granitic rocks. It consists of
various types of paragneisses which represent the xenoliths in
the Velkd Luka granitoids. These are garnet-biotite parag-
neisses, garnet-sillimanite gneisses, biotite paragneisses,
amphibole-biotite paragneisses, and paragneisses with gra-
phite (Rakus et al. 1989, 1993; Janak & Luptak 1997).
The listed metamorphic rocks are more abundant in the eas-
tern slopes of the Malé Fatra crystalline massif, while in the
western slopes of the Vel'ka Luka segment (study area), they
occur as rare lenses or xenoliths (Rakus et al. 1989, 1993).
In the fluvial sediments of the Stransky potok brook, biotite
gneisses without garnet were predominantly found. In addi-
tion, we did not observe detrital almandines primarily derived
from amphibolites.

In general, the chemical composition of the detrital alman-
dines indicates their source in metagranite or diatexite (see
Hrdlicka 2006; Broska et al. 2022).

Since secondary hydrogarnet often associates with amphi-
bole in tonalite and amphibolite (Fig. 2F), the amphibole could
be used to identify the garnet source rocks. However, the
amphibole from the tonalite notably corresponding to magne-
sio-hastingsite (high Na content) is often altered to actinolite
(Fig. 3), although the amphibole from the amphibolite cor-
responds similarly to magnesio-hornblende, but is also trans-
formed to actinolite. Surprisingly, the magnesio-hornblende,
which occurs in close metaperidotite, was not found in the
studied fluvial sediments (Fig. 3).

Table 3: Correlation relations between mechanically induced features developed on almandine surfaces (all studied samples) and hydrological
characteristics of the Stransky potok brook (v — water-flow velocity, depth).

V-shaped crescentic conchoidal . \ v
p. marks p. marks fractures arcuate steps straight steps (max) (mean)
V-shaped p. marks 1
crescentic p. marks -0.127 1
conchoidal fractures 0.258 -0.199 1
arcuate steps 0.092 —0.006 0.339 1
straight steps —0.043 0.087 —0.012 -0.271 1
v (max) 0.288 0.101 0.283 -0.429 0.220 1
v (mean) 0.218 0.193 0.348 —0.118 —0.281 0.772 1
depth (cm) 0.276 -0.147 0.376 —0.085 0.113 0.061 —0.109
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Surface microtextures in recent fluvial systems

Chemically-induced microtextures were found in all analy-
sed almandine samples (Fig. 6) and, interesting to note, not
only in those which were collected in the place where the
Stransky potok brook flows through the Permian or Triassic
siliciclastic sedimentary rocks (Geological map 2008; Fig. 1B).
Since the corroded garnets are modified by mechanical fea-
tures that are successively younger than the chemical ones,
we can confirm the formation of chemical features outside
the fluvial environment (Fig. 7C, G-J). We identified only
several grains whose surfaces were either faceted or covered
by the solution pits/solution crevasses without any mechanical
microtextural features (Fig. 7D). Chemical microtextures are
apparently: (1) a remnant of intrastratal dissolution (Morton
1979, 1987; Velbel 1984; Morton et al. 1989; Salvino & Velbel
1989; Vos et al. 2014; Dolnicek et al. 2021) in the case of
recycled detrital almandine secondarily derived from the
siliciclastic rocks or the result of (2) corrosion caused by solu-
tions — resorption in the rims due to interaction with other
minerals (intergranular diffusion along grain boundaries in
a metasedimentary environment; Janak & Luptak 1997;
Dempster et al. 2017). The second option concerns the garnets
derived from the surrounding metasediments or metagranites
(Hrdlicka 2006). (3) Etched surface could be also generated
by pile up of growth steps in a hydrothermal environment
(Jamtveit & Andersen 1992). “Garnet can track changes in its
external environment by communicating towards the crystal’s
interior by means of diffusion of the effects of chemical inter-
action with neighbouring phases” (Carlson 2006) and ade-
quately responds on its surface. In addition to the non-existent
correlation between facets and solution crevasses (Table 2),
the different habitus of the dissolved grains (Fig. 7B, C) sug-
gests the non-uniform origin of them. Grain roughness has
a limited impact on provenance interpretation (Shen et al.
2024), but usually indicates intensive recycling. Whereas
rounded almandines are covered by solution crevasses, sub-
hedral ones have facets in our samples instead .

Mechanical microtextures — mainly conchoidal fractures —
are evidence of fluvial transport and a consequence of the
mechanical effect of mutual grain collisions in the stream
(Mahaney 2002; Vos et al. 2014; Kiizek et al. 2017; Bonova et
al. 2024b).

Large almandine grains are often disintegrated into smaller
sharp-edged fragments conditioned by numerous chlorite-
filled fractures, since the preserved ones occurred in the upper
part of the stream sampling locations (MFB-18 and MFB-17
samples). In some places, the Stransky potok brook is conti-
nuously supplied by garnets following from the grains covered
only by chemically-induced microtextures (e.g., MFB-2,
MFB-3 samples; Fig. 7D). These grains are mixed with those
already transported from the upper section of the stream (flu-
vial transport is documented by fresh broken almandine frag-
ments). Interestingly, from the MFB-4 sampling point, all
analysed grains show fluvial transport traces, such as V-shaped
cracks, crescentic percussion marks, and conchoidal fractures;
only conchoidal fractures were recorded in the MFB-11 sam-
ple, while the chemical microtextures were absent.
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Records of an ancient fluvial system

In the MFB-13 sample (the last sampling point), some
almandines are rounded, and the prevailed chemical features
on their surfaces suggest recycling. The previous, original
rounded habitus can be observed on sharp-edged (broken)
fragments (Fig. 7J). The surface of conchoidal fractures
covered by fine etch pits (Fig. 7E) indicates two processes
in evolution or previous transport record. This corresponds
to an older, fluvial sedimentary environment, previously
assumed from the cross-bedding and ripples analysis within
the Lizna Fm. (e.g., Hok 1989; Vozarova 2005) or the Stra-
nany Fm. siliciclastic rocks (Vozarova & Vozar 1983, 1988;
Havrila & Olsavsky 2015). Such grains are rather rare in
our fluvial samples. Most such conchoidal fractures occurred
in the contemporary Stransky potok brook environment
(Fig. 7F—H). Both of the above-mentioned almandine types
are geochemically identical. It should be noted that the silici-
clastics of the Luzna Fm. have high-mineralogical maturity
with zircon+tourmaline+rutile predominance in their heavy-
mineral assemblages (Fejdiova 1985; Misik & Jablonsky
2000). Detrital garnet is very rare in the Luzna Fm. silici-
clastics, being described so far in the Tribe¢ Mts. by Vozarova
et al. (2003). Moreover, the presence of detrital tourmaline of
schorlitic—dravitic composition in modern fluvial sediments
(the MFB-12 sample) confirms its siliciclastic, and not gra-
nitic provenance. However, many chemically-induced micro-
textures are typically restricted to grain rims, which are
vulnerable to mechanical destruction during fluvial transport,
thereby explaining the low number of old transport records.

In relation to the hydrological characteristics of the stream
(mainly water-flow velocity), there is a certain connection
between the formation of arcuate steps, conchoidal fractures,
and water-flow velocity (Table 3); the formation of typical
fluvial V-shaped percussion cracks (Mahaney & Kalm 2000;
Mahaney 2002; Vos et al. 2014; Kiizek et al. 2017; Itamiya et
al. 2019; Bonova et al. 2024b) is statistically insignificant
in our study. Although a higher percentage of V-shaped marks
can be observed locally in connection with an increase of
velocity (MFB-5, MFB-11 samples), these observations
cannot be generalized and require further research. Due to
the mechanical effect of fluvial transport, all of the previously-
mentioned microtextural features formed on garnet grains,
while an abrasion was entirely negligible. However, the roun-
ding of sand gains occurs very slowly during transport in
water (Garzanti 2017) as it was experimentally confirmed
(e.g., Kuenen 1959; Resentini et al. 2018).

Conclusions

The following facts result from the study of modern fluvial
sediments taken from an active stream located in the Mala
Fatra Mountains in the Western Carpathians:
 Detrital almandine was derived primarily from metagranite

(diatexite) and less so from granite roof mantle metamor-

phic rocks;
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e The characteristic fluvial microtextures, such as the con-
choidal fractures, V-shaped cracks, crescentic percussion
marks formed in the contemporary stream, but also the
inherited transport microtextures, which correspond to
a notably old, fluvial sedimentary environment, confirmed
the detrital almandine surfaces;

* The chemical features, such as facets developed on first-
cycle almandines are a remnant after corrosion caused by
solutions;

* The conjunct study of garnet geochemical and surface
microtextural features appears to be essential to determine
the source rocks and successive transport in ancient and/or
recent sedimentary environments.
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