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Article history: The properties of sediment grain shape provide valuable information about the transport mechanisms in different
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grains. In this study, we used automated image analysis (Malvern Morphologi G3SE-ID) to investigate mineral
particles of four sediment types from different depositional environments (sand sheet (1), floodplain (2) and fluvial
Editor: Dr. Catherine Chagué channel deposits (3), Pleistocene infilling material of sand wedges (4), n = 20) in the Carpathian Basin (Central
Europe). Our primary objective was to identify quantitative key variables that can help objectively distinguish certain
geomorphological environments located in the Carpathian Basin. In our analysis and data processing (which included
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Keywords: techniques such as hierarchical cluster analysis, Wilks' \, Kruskal-Wallis, multivariate analysis of variance and prin-
Grain shape cipal component analysis) we focused on four variables related to grain shape: circularity (form), convexity (surface
Sediment transport texture), solidity (roundness) and elongation (form). The form of sedimentary grains depends largely on the physical
Micromorphology properties of their source area, while the roundness depends on the energy of the transport medium and the distance

Paleoenvironment
Granulometry
Granulometric proxy

of transportation. Surface texture or convexity can change in a relatively short time in a fluvial environment.
The study revealed that distinguishing geomorphological environments can be achieved by analyzing the circu-
larity, convexity and solidity parameters of the sediment grains. Based on the established grouping, the analyses
carried out with hundred repetitions showed that high sensitivity circularity, convexity and solidity variables
were the most effective attributes regarding Kruskal-Wallis test statistics that provided significant (p < 0.001)
results between the analyzed sedimentary environments, while the elongation was not able to provide signifi-
cant results between the grouped samples. Statistical analyses of the MANOVA test with hundredfold repetitions
showed significant differences between the derived groups. Wilks' N test statistics and PCA showed that convex-
ity and high sensitivity circularity discriminate the groups. Separate analyses of aeolian and fluvial sediments
have been carried out. The Kruskal-Wallis analysis of variance showed the significant differences considering
all four variables, and differences were also significant in the case of the MANOVA test. Wilks' \ test statistics
and PCA showed that convexity, high sensitivity circularity and solidity discriminate the groups.
According to our results, the circularity parameter can provide information about the transport distance, while the
solidity parameter can indicate the transport energy. The convexity parameter can serve as an indicator of both
transport distance, as well as post-depositional processes. Some infilling materials underwent multiple transport
processes, including high energy aqueous, wind transport mechanisms, and the post-depositional alteration process
(frost weathering), while others originated from sand-sheet covered areas (active during Pleistocene glacials). The
solidity parameter proved effective in separating sediments with similarly high convexity values (smooth surface),
which were, in our case, from recent aeolian and fluvial environments. This result was due to the investigated fluvial
sediments that inherited their form and low level of roundness from their source area. Our research supports that
aeolian transport is more effective in rounding the grains than the aqueous environment.
Using automated static image analysis producing statistically stable results with hundreds of analyzed mineral grains
provides useful indicators for paleogeographical reconstruction studies by investigating paleo and recent sediments.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Geomorphologists and geologists have long been interested in un-
derstanding the physical characteristics and relationship between vari-
ous depositional environments, transportation processes and the
general properties of the formed siliciclastic sediments (e.g., Udden,
1914; MacCarthy, 1935; Friedman, 1961; Visher, 1969; Middleton,
1976; Pye, 1995; Smalley et al., 2005; Vandenberghe, 2013; Vos et al.,
2014). Over the past 100 years, sedimentary environments have been
the subject of numerous publications, and sediments have been studied
from many perspectives. One of the most popular approaches is the
analysis of grain size and grain shape properties of sediments. The aim
of these approaches was to identify and separate the different sedimen-
tary environments from each other and to check the effects of multiple
environmental influences (e.g., Vos et al., 2014; Woronko, 2016;
Woronko and Pisarska-Jamrozy, 2016; Schulte et al., 2018; Varga and
Roettig, 2018; Chmielowska et al., 2021; Kalifiska et al., 2022;
Martewicz et al., 2022). Reconstruction of transport mechanisms and
distances, which probably played a role in the deposition, has also
been a topic of previous studies (e.g., Mahaney and Andres, 1990;
Costa et al,, 2013; Woronko et al., 2015; Joo et al,, 2018; Schulte et al.,
2018; van Hateren et al., 2020; Chmielowska et al., 2021; Kalifiska
et al.,, 2022). Other common topics are climatic effects, which derive
wind directions, wind and water flow velocity (e.g., Sun et al., 2002,
2004; Ijmker et al., 2012; Kok et al., 2012; KrauR et al., 2016; Ujvari
et al, 2016; Katra and Yizhaq, 2017; Shang et al., 2018; Xu et al,, 2018;
van Hateren et al., 2020) and extreme transportation and deposition
events (e.g. Parris et al., 2010; Mahaney and Dohm, 2011; Costa et al.,
2012a, 2012b; Kalinska-Nartisa et al., 2018).

Mainly due to industrial needs, relatively new measurement tech-
niques have also gained ground in environmental and earth sciences,
opening new opportunities for high-resolution grain size and grain
shape analyses, e.g., laser diffraction (Bieganowski et al., 2018; Bittelli
et al., 2019; Varga et al., 2019a; Gresina, 2020), automated static image
analysis (Sochan et al., 2015; Campafia et al., 2016; Lipiec et al., 2016;
Varga et al., 2016; Joo et al., 2018; Varga and Roettig, 2018; Varga et al.,
2018; Kiraly et al., 2019; Chmielowska et al., 2021; Szmanda and
Witkowski, 2021; Varga et al., 2021; Martewicz et al., 2022; Rostasi
et al., 2022), and dynamic image analysis (Altuhafi et al., 2013;
Cosgrove et al,, 2018; Shang et al., 2018; van Hateren et al., 2020), replac-
ing the time- and sample-consuming methods, e.g., sieve and sedimenta-
tion methods (Konert and Vandenberghe, 1997; Beuselinck et al., 1998;
Taubner et al., 2009; di Stefano et al., 2010; Bittelli et al., 2019; Gresina,
2020). The evaluation of sparse elemental number data on grain
shape obtained by optical and electron microscopy has traditionally
been based on subjective interpretation; therefore, comparability and re-
producibility are relatively poor. However, electron microscopical
microtextural high-definition investigations of grain surface properties
are essential to precisely describe transportation mechanisms and
post-depositional processes (Kuenen, 1959, 1960; Krinsley and
Wellendorf, 1980; Costa et al., 2012a, 2012b, 2013; Vos et al., 2014;
Woronko, 2016; Tunwal et al., 2018).

Applying mathematical-statistical methods has proven indispens-
able since processing a large amount of data is fundamental to exploring
connections and drawing conclusions. Several ratio-based indicators,
e.g., fine-coarse ratio, GSI, U-ratio (Keller, 1945; Doeglas., 1946;
Bull, 1962; Passega and Byramjee, 1969; Vandenberghe and
Nugteren, 2001; Rousseau et al., 2002), basic statistical descriptions
and univariate to multivariate statistical analysis, e.g., hierarchical
cluster analysis (Walling, 2013; Campafia et al., 2016; Kalifiska-
NartiSa et al., 2018; Varga et al., 2019b; Martewicz et al., 2022), linear
discriminant analysis (Greenwood, 1969; Patro and Sahu, 1977;
Chmielowska et al., 2021), principle component analysis
(Vandenberghe et al., 1997; Costa et al., 2012a; Walling, 2013;
Campaiia et al., 2016; Kalinska-Nartisa et al., 2018; Chmielowska
et al.,, 2021), end-member modeling (Prins et al., 2007; Dietze
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et al,, 2012; Vandenberghe, 2013; van Hateren et al., 2018; Varga
et al., 2019b; van Hateren et al., 2020) and parametric curve fitting
methods (Sun et al., 2002, 2004; Varga et al., 2019b) were applied
to distinguish between different transportation processes, energy
levels or energy fluctuations of the transport medium. Consequently,
granulometric proxies are widely used in paleogeographical and
paleoenvironmental research.

The morphological characteristics of sedimentary particles can be
interpreted as a granulometric proxy to provide insights into the physico-
chemical properties of the sediments. There are usually two approaches
regarding particle shape: sorting by grain shape during transport mecha-
nisms (e.g., Mazzullo et al., 1986; van Hateren et al., 2020) and changes in
grain shape properties during transportation processes (e.g., Lewin and
Brewer, 2002; Attal and Lave, 2009; Vos et al., 2014; Campafia et al.,
2016; Chmielowska et al., 2021). We will discuss the latter in more detail,
although the two mechanisms cannot always be clearly separated. There
are three major aspects of the morphological description of grains
(Barrett, 1980; Blott and Pye, 2008; Cox and Budhu, 2008; Tafesse et al.,
2013). The form (Wentworth, 1922; Wadell, 1932; Krumbein, 1941;
Folk, 1955; Sneed and Folk, 1958; Blott and Pye, 2008) is described by
sphericity (circularity in 2D, Cox, 1927; Wadell, 1935; Riley, 1941), elon-
gation and flatness, giving an overall geometrical expression of sediment
particles (Barrett, 1980). The roundness (Wentworth, 1919, 1922;
Wadell, 1932; Krumbein, 1941; Cailleux, 1942; Powers, 1953; Kuenen,
1959; Tafesse et al., 2013) is another approach to grain shape that gives
an idea about the angularity level of the object. The third parameter is
the surface roughness or surface texture (Kuenen and Perdok, 1962;
Fitzpatrick and Summerson, 1971; Barrett, 1980; Woronko et al, 2015;
Kalinska-Nartisa et al., 2018), which is a small-scale feature (Blott and
Pye, 2008). Surface roughness is related to irregularity associated with
the roundness level of the natural grains (Blott and Pye, 2008). Grain
form, roundness and surface roughness can provide information about
transportation mechanisms concerning the transport distance, transport
energy and transport media (Kuenen, 1960; Helland and Holmes, 1997,
Vos et al,, 2014; van Hateren et al., 2020; Chmielowska et al., 2021).

Here, we explore and extend our knowledge of the granulometric
proxies based on sediments' high-resolution objective granulometric
parameters using automated static image analysis and multivariate
mathematical-statistical methods to study thousands of individual
mineral grains. Our approach is presented here by combining several
particle shape parameters focusing on the following hypotheses:
(i) we can explore statistical and mathematical analysis to detect differ-
ences between sedimentary environments in the Carpathian Basin; (ii)
we can deduce modes of transport (relative distance, time and energy);
(iii) as a result of the preceding, it is possible to separate such sediments,
which have been a major challenge in granulometric environmental re-
construction studies (e.g., fluvial and aeolian sediments).

2. Materials and methods
2.1. Samples

We investigated sand samples from spatially and temporally various
geomorphological environments of the Carpathian Basin, Central Europe.
The granulometric analyses were based on filling material from Late
Pleistocene periglacial sand wedges and sand-sized grains from a recent
aeolian sand sheet, fluvial bedload and floodplain sediments (Table 1,
Figs. 1, 2).

The filling material of sand wedges was sampled from two main
sample areas (n = 9). For details on the formation of frost cracks, see,
Black (1976), Vandenberghe and Pissart (1993), and Murton et al.
(2000). Samples are from the sand-filled polygonal crack network
(P9-P39) in Kemeneshat, where Pliocene cross-bedded fluvial sands
overlay the Upper Miocene lacustrine sediments and then by the old
gravel layer of the Raba river (Somogyi, 1962) and the cryoturbation
forms were described in relict reddish brown forest soils (for details
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Table 1

Investigated sediments from the Carpathian Basin. Alsétjlak, Csipkerek, and Szemenye are located in Kemeneshat polygonal network. DTl = Danube-Tisza Interfluve.
Sample code Lab code Field code Location Coordinate (latitude) Coordinate (longitude) Environment Depth
Nyirség 150744 NYIR1 Debrecen 47.527778 21.729472 Sand sheet 0-10 cm
DTI 1 210131 20210220 Fiilophaza 46.900000 19.400000 Sand sheet 0-10 cm
DTI2 210132 20210220 Fiillophaza 46.900000 19.400000 Sand sheet 10-20 cm
DTI 3 210133 20210220 Fiiléphaza 46.900000 19.400000 Sand sheet 20-30 cm
DTI 4 220032 106 Jakabszallas 46.747944 19.573806 Sand sheet 0-10 cm
DTI 5 220034 117 Jakabszallas 46.747944 19.573806 Sand sheet 10-20 cm
Maros 160038 MAR1 Maké 46.218361 20.381083 Channel deposit 0-10 cm
Danube 1 210134 20210301 D6mos 47.760000 18.910000 Channel deposit 0-10 cm
Danube 2 210135 20210301 Domos 47.760000 18.920000 Channel deposit 0-10 cm
Drava 1 220030 42/4 Dravasztara 45.805654 17.831412 Channel deposit 0-10 cm
Drava 2 220031 170/1 Barcs 45.967395 17.330969 Floodplain 0-10 cm
P10 P10 Aul/3 Alsotjlak 47.074017 16.851633 Sand wedge infilling
P13 P13 A2/2 Alséijlak 47.074017 16.851633 Sand wedge infilling
P32 P32 A1/2 Alséujlak 47.074017 16.851633 Sand wedge infilling
P28 P28 CS6 Csipkerek 47.08854 16.90517 Sand wedge infilling
P39 P39 CS3 Csipkerek 47.08854 16.90517 Sand wedge infilling
X3 X3 X-3 Mogyordd 47.583333 19.216667 Sand wedge infilling
P9 P9 SZ6/6 Szemenye 47.080318 16.908085 Sand wedge infilling
P21 P21 SZ7/2 Szemenye 47.080318 16.908085 Sand wedge infilling
P29 P29 SZD1/C Szemenye 47.080318 16.908085 Sand wedge infilling

see Fabian et al.,, 2014; Farkas et al., 2023). In the gravel quarry of the
Mogyoréd sand sample (X3, Godollo Hills), yellowish-reddish paleosols
were deposited on the old Danube gravels, which were dissected by po-
lygonal fractures filled with sand (Kovacs et al., 2007; Fabian et al.,
2014). Godollé Hills' W-NW margin is built up by Miocene sandstone
and gravel formations. To S-SE of the latter, Upper Miocene sandy,

clayey sediments and alluvial sediments are deposited by Ancient
Danube and northern rivers (Dévényi, 2010).

The samples from aeolian sand sheets (n = 6) were taken from the
sandy areas of the Danube-Tisza Interfluve (DTI) area (Sandhills of
Kiskunsag: Fiilophaza, Jakabszallas; DTI1-5) and the Nyirség (South-
Nyirség: Debrecen; Nyirség). The origin of the windblown sands of the

il st

Fig. 1. Geographical distribution of the investigated sand sediments.

3
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DTl is linked to the Upper Plio-Pleistocene alluvial fans of the former
northwest-southeast flow of the Danube, which were deposited on
the Upper Miocene sediments (Gabris et al., 2012). Periods of sand
movements were recognized during the last 25 ka (Gabris et al., 2012).

During the Late Pleistocene, the Nyirség alluvial fan was uplifted
while the surrounding regions were sinking, influencing the rivers,
which shifted gradually down. The fluvial deposits had been placed in
a prominent dry position creating opportunities for wind to blow out
the sand in dry periods (Loki et al., 1994; Bur6 et al., 2016). Periods of
sand movements were recognized between the last 27 and 22 ka
(Bur6 et al,, 2016).

The sand from the riverbeds and floodplains was provided by the
Danube (Danube Bend, n = 2; Danube 1, Danube 2), Drava (Drava Plain,
n = 2; Drava 1, Drava 2) and Maros rivers (Marosszog, n = 1; Maros).
The Danube's recent fluvial sediment originates from the Danube Bend,
which is geographically defined as an antecedent erosion valley spatially
between Visegrad and Borzsony Hills composed of mid-Miocene volcanic
succession (Ruszkiczay-Riidiger et al., 2005). The studied recent sediment
of the Drava is derived from a middle-course fluvial environment. Much of
the landscape surface is a floodplain, but abandoned meanders are typical
in flood-free areas (D6vényi, 2010). The third member of the fluvial sedi-
ment trio is derived from sediment transported by the anastomosing
Maros River. The Marosszdg area's gradual refinement of the Holocene
sedimentary sequence from bottom to top indicates a steady decline in
the carrying capacity of the Maros River (Dévényi, 2010).

The samples were selected to demonstrate the instrument's ability
to detect differences in the shape characteristics of sand grains from dif-
ferent sedimentary environments. With this approach, the method can
subsequently be applied to more detailed sediment analyses, such as a
complete sand sheet, dune profile and buried sediments. The aim was
therefore not to examine a single sedimentary environment in detail,
but to compare them and select which morphological variables are suit-
able for differentiating between sediments. It is therefore assumed that
20 samples are sufficient.

2.2. Automated static image analysis

Automated image analysis techniques can provide a statistically ro-
bust, objective, and representative sample description by a large num-
ber of observed grains. The mineral grains were scanned using the 5x
objective to provide a 0.56 pum pixel size of the built-in Nikon Eclipse mi-
croscope and CCD camera of the Malvern Morphologi G3SE-ID device
(Malvern Panalytical, Malvern, Worcestershire, UK) under transmitted
(diascopic) illumination providing 0.3 um?/pixel resolution. The system
takes multiple pictures of the dispersed grains at different focal heights
(three layers above and two below the focal plane, equivalent to 244 pm
in total) and then merges them to store the scanned individual grains as
a single, 2D grayscale image. Not only the size distribution of the grain
populations is determined, but also the distribution of different shapes
(e.g., circularity, convexity) and other shape-dependent size parameters
(e.g., circular equivalent diameter, length, width, circumference, area)
of each grain. The automatically calculated values of different shape
properties usually take a value between 0 and 1 on a scale of 1001
units with an increase of 107>,

The Morphologi G3SE-ID instrument can provide chemical analysis of
samples using a Raman spectrometer (Kaiser Optical Systems Raman
Rxn1 Spectrometer, 785 nm, <500 mW) in addition to standard morpho-
logical analysis. We applied 5 s for particle exposure with three numbers
of Co-Adds using high laser power. We targeted an average of 100 mineral
grains per sample to describe their qualitative mineral properties.

Regarding our research, particle shape is treated synonymously with
grain morphology; we consider these two terms as a broad external ex-
pression of the natural grains containing form, roundness and surface tex-
ture. Here, we define circularity and elongation as a description of the
form of the grains (Blott and Pye, 2008), although convexity and solidity
are related to the roundness level of the particles (Chmielowska et al.,

Sedimentary Geology 455 (2023) 106479

Fig. 2. Photographs of the investigated samples.

2021). Moreover, convexity also provides information about surface tex-
ture (Campafia et al., 2016; van Hateren et al., 2020). Fig. 3 describes the
interpretation of the formulas for the shape parameters. The interpreta-
tion of circularity, convexity, solidity and elongation/aspect ratio as a
function of transport processes is perhaps the most widely used indicators
for determining transport conditions (e.g., Suzuki et al., 2015; Joo et al.,
2018; van Hateren et al., 2020; Chmielowska et al., 2021; Szmanda and
Witkowski, 2021; Varga et al., 2021; Martewicz et al., 2022). A more
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Fig. 3. lllustration to interpret the grain shape formulas. A = area of the particle; B = area of the convex hull.

accurate indicator of the circularity property is the high sensitivity (HS)
circularity, which is calculated by the instrument as the ratio of the
projected area of the grain to the square of its circumference:

HS circularity = (4 x 1 x Area)/Perimeter?

The value of convexity is determined by dividing the circumference
of the convex hull by the circumference of the grain. The perimeter of
the convex hull is the smallest convex polygon containing the area of
the grain (perimeter of A + B):

Convexity = (Perimeter of A + B)/Perimeter of A

The degree of grain solidity (the amount of depression or protru-
sion) is given by the ratio of the area of the investigated object to the
area enclosed by the convex hull:

Solidity = A/(A + B)

As a definition, the aspect ratio is given by the ratio of the width to
the length of the tested grain. If this result is interpreted as the differ-
ence between the value obtained and 1, a more accurate characteriza-
tion of the elongation of the grain is obtained:

Aspect ratio = Width/Length
Elongation = 1 — (Width/Length)
2.3. Sample pretreatments

Before the grain shape analysis of the mineral particles, applying
chemical pretreatment procedures is inevitable, considering the aggre-
gation effect of organic matter and calcium carbonate (Battarbee et al.,
2001; Vaasma, 2008; Gray et al., 2009; Cosgrove et al., 2018; Varga
et al,, 2019a; Gresina, 2020). The presence of aggregates can give false
results if they are interpreted as individual grains. Due to the novelty
of the automated static image analyzer, no generally accepted method
has yet been developed for the pretreatment of sediments.
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We weighed 5 g of sediment into a 50 mL centrifuge tube and added
5 mL of 30 % H,0,. We cured the samples for 24 h, then heated them to
60 °C. We repeated the procedure by adding a small amount of reagent
to detect if there was any reaction. We heated the sample to decay the
H,0,. After cooling, the tubes were filled with distilled water,
centrifuged for 15 min at 3500 rpm, and then washed with distilled
water. For calcium carbonate removal, we used 10 % HClL. We added at
first 5 mL HCI to the previously degraded and washed sample. We
cured the sample with a reagent for 24 h, then heated it to 60 °C. We
added additional reagents depending on whether there was still a
reaction. We centrifuged the solution, pipetted the supernatant and
refilled the tube with distilled water. We repeated this process until
the pH was neutral.

2.4. Data processing

Approximately, 50 mm? of grains was dispersed on the glass plate by
compressed air and the device scanned about 2000-5000 grains per
sand sample. This amount provided us with 500-1500 analyzable grains
per sample after post-processing and filtering. The filtering criteria in-
cluded removing overlapping grains, incomplete images, and grains
representing non-mineral grains (e.g., fibers). It has to be noted, that
the compressed air scatters the sediment grains onto the glass plate so
that the largest area of the particles is facing the camera. However,
this is only one result among an infinite number of possible projections
of a three-dimensional object. The major drawback of static automated
image analysis is the unknown thickness of particles (Varga et al., 2018).
In measurements using dynamic image analysis techniques, such parti-
cle orientation problems do not distort the results, since free-falling par-
ticles are free to rotate in all directions (Shang et al., 2018).

Based on Raman spectroscopical investigation, the quartz domi-
nance was above 90 % per sample. The grains below 10 um were also re-
moved from the database because the smaller particles have a smaller
area covered by pixels, which can lead to simplified shape properties
compared to larger grains (Varga et al,, 2018; Varga et al., 2019a;
Gresina, 2020). The distributions of shape properties were analyzed
based on the volume weighting of the data. Image analysis grain size
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results indicated an underestimation of clay and fine silt fractions com-
pared to laser diffraction measurements, while the modal values of the
coarse silt (or fine sand) fraction were found to be higher than those ob-
tained by laser particle sizing (Varga et al., 2018). The knowledge of
the third dimension is more necessary for platy grains regarding their
true size (e.g., clay, mica). In our case, that is why we have analyzed
the 250-500 um size fraction, which contains rather large and relatively
spherical grains, we are certainly investigating sands even with overes-
timation. Then we randomly selected 100 x 100 grains per sample from
the 250 to 500 um grain size fraction. We tested a hundred times for
significance and used the averaged values for visualization, also in
descriptive statistics.

Besides Pearson correlation and descriptive statistical analysis, we
applied univariate and multivariate data processing methods. We ap-
plied hierarchical cluster analysis to classify the sediments, resulting in
three classes using Euclidean distances and average linkage. We investi-
gated the Wilks' \ values of the four morphological variables. A univar-
iate analysis method like Kruskal-Wallis analysis of variance was
performed using o = 0.05. We analyzed the classified data by multivar-
iate analysis of variance (MANOVA) using o = 0.05 after data normali-
zation. We applied the results from MANOVA, like canonical variables
and multivariate test statistics. Principal component analysis (PCA)
was performed to determine which shape-related variable describes
the different groups and sedimentary environments. The data analysis
procedures and visualization of these results were performed in the
MATLAB environment.

3. Results
3.1. Grain size and shape distribution

According to the grain size distribution curves of sand wedge mate-
rials (Fig. 4a), there are differences between the samples on modes that
distribute between 343 and 453 um (Table S1). The P9 has the smallest,
and P39 has the largest mode. The grain size distributions of fluvial sam-
ples also have differences regarding modes. Modes range between 252
and 653 um (Fig. 4b; Table S1). The smallest modes belong to the
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Fig. 4. Distribution curves of grain size, HS circularity, convexity, solidity and elongation. 1st row = filling material of sand wedges; 2nd row = fluvial sediments; 3rd row = aeolian
sediments; 1st column = HS circularity; 2nd column = convexity; 3rd column = solidity; 4th column = elongation. Grain size data was measured by automated static image analysis.

HS circularity = high sensitivity circularity.
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Danube (310 pm, 252 pm) samples, and the largest values are from the
Drava riverbed (Drava 1, 653 um) sample. The aeolian samples have
grain size modes between 210 and 346 pum (Fig. 4c; Table S1). The sam-
ples from Fiilophaza (DTI 1-3) have larger values regarding modes than
sediments from Nyirség and Jakabszallas (DTI 4-5). The filling material
of sand wedges has modes an average of 394 um, which is between the
mode values of aeolian and fluvial samples.

The grain shape distribution curves provide a more detailed visual
separation (Fig. 4d-o). According to HS circularity, the distribution
curve of X3 has the highest values and is very distinct from other sam-
ples within the sand wedges (Fig. 4d). The P13, P29 and P39 samples
have relatively high values compared to the other sand wedge sedi-
ments — the lowest values related to P10 and P9. The HS circularity re-
sults of the fluvial samples show differences in the Maros and Drava
sediments (Fig. 4e). The Drava's floodplain sediment (Drava 2) shows
a less regular feature than the other fluvial and aeolian sediments. The
Danube sediments contain regular grains compared to other fluvial
samples and show very similar circularity values compared to each
other. The aeolian samples show fewer differences than the fluvial
ones in terms of their shape distribution. The Nyirség sample indicates
a relatively lower circularity result (Fig. 4f). The rest of the sediments
have similar curves.

The convexity variable shows the same trend as HS circularity values
(Fig. 4g-h-i; Table S1). The infilling material of sand wedges has the
same characterization as circularity results. The most convex grains
are in the X3 sample (mode = 0.990), and the least convex particles
are in P9 and P10 sediments (mode = 0.842; mode = 0.832). However,
the average value of P9 is above 0.9. Within the group of fluvial sedi-
ments, the floodplain sample (Drava 2, mode = 0.953) is less convex.
Within the other fluvial samples, the least convex grains are in the
Maros sediment (mode = 0.973). According to the aeolian samples,
the Nyirség sediment shows a less convex image with the mode of
0.977. The most convex character belongs to the DTI 2 sample.

The solidity feature of the investigated sand wedge samples does not
show striking differences (Fig. 4j-k-I; Table S1), although slightly dis-
tinctive values can be established among them. The lower values are
linked to P9, P10 and P32 sediments (mode = 0.978; mode = 0.978;
mode = 0.979). The other samples from that type of sediments have
modes above 0.98. Among the fluvial samples, the lowest solidity values
are connected to Drava 2 (mode = 0.937). The rest of the fluvial sedi-
ments have similar values on the solidity property. The modes range be-
tween 0.960 and 0.969. Half of the aeolian samples have solidity modes
above 0.983 (DTI 2, DTI 3, DTI 5). The other aeolian sediments have
0.970-0.975 (Nyirség, DTI 1, DTI 4).

The last analyzed variable is elongation (Fig. 4m-n-o0). Visually
this variable is the most difficult to analyze and distinguish among
the samples tested. Within the sand wedge materials, the X3 sample
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has a very different mode (0.08; Table S1). The largest mode on the
elongation shape property is related to P10 (0.325). The fluvial
sediments show differences; the greatest value is linked to Maros
(mode = 0.281), while the lowest values are regarded to Drava samples
(mode = 0.142; mode = 0.156). The aeolian samples have diverse
results. The highest elongation value is linked to Nyirség (mode =
0.257) and DTI 3 (mode = 0.238). DTI 2 and DTI 4 have values near
zero (Table S1).

3.2. Statistical analyses of grain shape properties

3.2.1. Descriptive statistics

Statistical analyses were performed on 100 x 100 grains from each of
the 20 investigated samples. We applied basic descriptive statistics of the
four grain shape properties averaged over 100 x 100 grains (Table S2).
According to the values of HS circularity, the lowest mean values are re-
lated to P9 and P10, the highest to X3 and samples from the Danube-
Tisza Interfluve. Although, the fluvial samples show relatively low mean
values (Drava 2, Maros, Danube 1, Danube 2). The standard deviation
(STD) ranges from 0.044 to 0.069. The lowest value is from DTI 2, and
the highest is from Danube 1. The maximum values above 0.9 are related
to aeolian and fluvial samples except Drava 2. Samples from the filling
material of sand wedges do not contain any grains above the value of
0.9. The lowermost minimum values are related to the sand wedges and
some fluvial samples (Maros, Danube 2, Drava 2).

The filling material of sand wedges shows low values of convexity
compared to fluvial and aeolian samples; the exception is X3. Among
the sand wedge samples from Kemeneshat, the highest mean values re-
lated to P39, P13, and P29 and the lowest are P9 and P10. The STD values
are lower within every sample than were in the case of HS circularity.
The maximum values almost reach 1.00 within aeolian samples.
Among the sand wedge samples, the highest values were linked to X3
and P39, P13, and P29. The lowermost values from minimum are related
to the sand wedges and some of the aeolian and fluvial samples
(Danube 1, Drava 2, Maros).

The solidity variable distinguishes the sediments differently. The
highest mean solidity values are linked to aeolian and sand wedge ma-
terials with values above 0.967, and the lowest results are related to flu-
vial samples below 0.967. The STD results show relatively high values
based on fluvial samples. The maximum values do not differentiate
the sediments.

The highest values from the elongation mean are linked to Maros,
Danube 1 and Danube 2 fluvial sediments and P13, P28, and P39
sediments. The lowest values from this variable are related to X3. In
general, the STD results are very high compared to the other three
shape variables. The highest maximum values are linked to Danube 2,
Maros, and Danube 1 and P28, P29, and P39.
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Fig. 5. a-b: Pearson correlation plot of all investigated sediments based on (a) four and (b) three grain shape variables. c: Pearson correlation plot of fluvial and aeolian sediments based on

three grain shape variables. DTI = Danube-Tisza Interfluve.
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3.2.2. Linear correlation analysis

Based on Pearson correlation analysis of all four grain shape variables,
the correlation coefficient is above 0.9 between the sediments (Fig. 5a).
The P9 and P10 samples stick out of the dataset. They correlate well
with each other and with other sand wedge sediments in comparison to
aeolian sediments. The X3 Mogyordd sample's correlation coefficient con-
verges to 1.0 for aeolian sediments. The fluvial and aeolian samples can-
not be separated from each other or the filling material of sand wedges
besides the two distinctly differentiated sediments (P9, P10).

The correlation plot of Fig. 5b shows that the three investigated var-
iables changed the results of correlation coefficients among the sedi-
ment samples. The correlation between the infilling materials of sand
wedges is much higher (0.9) than among aeolian samples (0.75). The
X3 sample's results show a relatively low correlation coefficient
between aeolian sediments compared to the investigation of four vari-
ables. Drava 2 and Nyirség aeolian samples show a 0.8-0.85 correlation
coefficient value between most sand wedge materials. The fluvial sam-
ples show a 0.8 correlation coefficient among them.

According to the correlation plot of the aeolian and fluvial samples
(Fig. 5¢), the correlation coefficients are lower than when we investigated
all four variables. However, the correlation between fluvial samples is
higher (0.8-0.85) than among aeolian samples (0.75).

3.2.3. Hierarchical cluster analysis, Wilks' A

Hierarchical cluster analysis classified the sediments into three clas-
ses based on four variables (Fig. 6a). The 1st group (pink) contains all
aeolian samples, the four (out of five) fluvial samples and the X3 sand
wedge sample. The 2nd group (green) has the remaining fluvial sample
(Drava 2) and P13, P29, and P39. The 3rd group (blue) has the remain-
ing sand wedge sediments, P10, P9, P28 and P39 samples. The analysis
of Wilks' \ of certain variables (Fig. 6a1) shows that the most influential
variable is the convexity (N = 0.2371). The scatter plot of the variables
(Fig. 7a) helps to determine which variables can be used to separate the
groups and samples. A possible linear relationship between two vari-
ables is between HS circularity and convexity.

We analyzed the aeolian and fluvial samples (n = 11) using HS circu-
larity, convexity, solidity and elongation parameters. According to the
hierarchical cluster analysis, four separate fluvial groups were made
(Fig. 6b). However, preliminary Kruskal-Wallis suggests that the samples
Danube 1-2, Maros and Dréava 1 belong to the same group (o« = 0.05;
Pusc = 0.2; Peonv = 0.67; pso = 0.76). Therefore, further analyses were
carried out with these three groups: 1st group (pink) contains aeolian
samples, 2nd group has the four fluvial samples (green), and the 3rd
group (blue) has only the Drava 2 floodplain sediment. The
investigation of Wilks' N (Fig. 6b2) shows that three variables
influenced the results. The solidity variable had a more significant
impact on the results than in the case of the previous grouping.

3.2.4. Analysis of variance

We analyzed the four shape variables one by one with Kruskal-Wallis
tests using the classification from the cluster analysis (Fig. 8). According to
the HS circularity, convexity and solidity results by the first grouping
method, the three groups significantly differ from each other, which is
further represented by the p-value (Fig. 8a-c). For elongation variables
(Fig. 8d), the p-value is above 0.05. The null hypothesis cannot be rejected
because the results indicate that all group means are equal. The Kruskal-
Wallis results on hundredfold repetition were the same as above. The re-
sults on HS circularity, convexity and solidity were 100 % significant and
the elongation variable was never significant.

The fluvial and aeolian sediment groups transformed from cluster anal-
ysis have also been applied to Kruskal-Wallis (Fig. 8e-h). The box plots
show that the groups can be distinguished based on all four variables ac-
cording to p-values; Kruskal-Wallis rejects the null hypothesis that all
group means are equal. The results of hundredfold repetition on the
Kruskal-Wallis test for HS circularity, convexity and solidity were 100 %
significant and the elongation variable in 75 % of cases was significant.

Sedimentary Geology 455 (2023) 106479

3.2.5. Multivariate analysis of variance (MANOVA)

According to the MANOVA's test values, the derived groups from
cluster analysis do differ from each other regarding the four considered
variables. The test was managed a 100-times. Results of the MANOVA
yielded that there is a statistically significant difference between the
three groups on the shape variables, repeated 100 times. The following
indicators reflect the average of 100 repetitions:

Wilks' N\ = 0.552,F(2,1997) = 529.906,p < 0.001

although the visual interpretation of the plot on canonical variables
from MANOVA suggests that the separation of groups 2nd and 3rd is in-
complete (Fig. 9a).

Based on the MANOVA's statistical values related to fluvial and aeolian
sediments, the classified sediments overlap (Fig. 9b), although, the multi-
variate test statistics support that the differences are statistically signifi-
cant considering the four investigated variables in a hundredfold
repetition. The following indicators reflect the average of 100 repetitions:

Wilks' \ = 0.910,F(2,1097) = 36.243,p < 0.001

3.2.6. Principal component analysis (PCA)

Fig. 10a shows the scattergram of the first two principal components
(PCs). PC1 explains 43 %, and PC2 explains 26 % of the total variance. The
contribution of variables to the PCs is summarized in Table 2a. The HS
circularity and convexity variables determine the PC1. The PC2 is de-
fined by elongation and solidity parameters. The groups are separated
by PC1, characterized by HS circularity and convexity. It means that
groups are horizontally separated from each other. The 1st group has
the most regular grains compared to the other two groups.

The diagram of Fig. 10b shows the scattergram of the first two PCs
based on three morphological parameters of the fluvial and aeolian sed-
iments. The first PC explains 46 %, and the second PC explains 28 % of the
total variance. All three variables determine PC1. The PC2 is defined by
solidity and convexity. The direction and length of the vectors indicate
how each variable contributes to the two PCs. Based on that, the solidity
variable defines and organizes the groups.

4. Discussion

General sedimentary processes like mechanical and chemical
weathering, erosion and transportation as well as deposition control
the form, the degree of roundness and the surface texture of mineral
grains. Although, the geochemistry of the source area and the forces op-
erating inside the rock (igneous, metamorphic, sedimentary) are the
initial factors determining the shape of the sediment grains from
which the form (elongation/sphericity/aspect ratio) may be preserved
up to deposition (Cailleux, 1942; Scott and Smalley, 1991; Moss,
1966). The lithification and cementation of sediments also affect the
morphological properties of grains by dissolving and crystallization of
mineral components derived from chemical weathering and secondary
quartz overgrowth (Pittman, 1972; Mazzullo and Megenheimer, 1987).
The form of sedimentary grains depends largely on the physical proper-
ties of their source area because a spherical grain is less likely to break
than an uneven particle of the same volume and physical properties
and preferably break along their weakest incipient fractures (Moss,
1966). If angular features remain on the broken parts of a particle,
they can be selectively reduced by further mechanical processes in
any stress field, as the stress is preferentially concentrated on such fea-
tures, thus achieving a rounding effect (Moss, 1966). Rounding gener-
ally occurs when the mechanically weathered grains prepared in the
source area are of the appropriate size for the mode (rolling, saltation,
suspension) and energy of transport. The mode of transport, the energy
of the transport medium and the transport distance/time affect the
rounding process besides the grain size and sorting. When gains are
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Fig. 6. a: Hierarchical cluster analysis of the investigated sedimentary environments based on four grain shape variables. b: Hierarchical cluster analysis of fluvial and aeolian sediments
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Fig. 7. a: Scatter plots of shape variables grouped by cluster analysis based on four grain shape variables. b: Scatter plot of shape variables grouped by cluster analysis of fluvial and aeolian
sediments based on three grain shape variables. r = correlation coefficient. HS circularity = high sensitivity circularity.

transported relatively long distances, abrasion of the edges of the grains
increases their roundness but does not alter their gross shape, the form
(Mazzullo et al., 1986). Although, according to Chmielowska et al.
(2021) the sphericity of the grains increases with the duration of the ae-
olian process and resulting in well-rounded grains which assumes that
the initial shape is a freshly crushed grain. This is due to the randomness
of the collisions between the grains. The most degradable parts of the
grain surface, however, are the most distant fragments, which are
leveled out one after the other during the collision. However, the
shorter the period, the smaller the impact of the aeolian process
(Mycielska-Dowgiatto and Woronko, 2004). In contrast, angular grain
shape can result from the high-erosivity glacial environment
(Mahaney, 2002), high-energy subaqueous environments (Helland
and Holmes, 1997), or during random events such as tsunamis or
storms (Costa et al., 2012a) that move the grains transported over a
short period of time and their degree of roundness does not change.
During grain-to-grain collisions, only the sharp edges of the grains are
broken off (Chmielowska et al., 2021). In a fluvial environment the sur-
face texture of quartz grains changes quickly without changing their
roundness characteristics (Woronko et al.,, 2013; Woronko et al.,
2015). In addition to the cases described so far, there are also cases
and events where it is not possible to clearly identify which sedimenta-
tion process shapes the degree of roundness of the mineral grains. This
means that grain characteristics can be directly inherited from previous
sedimentation and original source area (Campafa et al., 2016;
Chmielowska et al., 2021; Joo et al., 2018; Mazzullo et al., 1986;
Mazzullo and Megenheimer, 1987; Sharp and Gomez, 1986; Suzuki
et al,, 2015; Tunwal et al,, 2018; Woronko, 2016). Thus, the high degree
of sphericity and/or roundness of aeolian or fluvial grains is not always a
function of long-distance transport in successive environments
(Chmielowska et al., 2021), therefore the grains can retain most of the
properties inherited from their original environment if the transport
distance is very short. In the Discussion section, we try to interpret the
described controlling factors for our results.

4.1. Interpretation of the investigations with four shape parameters

Our initial results have given us a basic idea of the grain shape char-
acteristics of our samples and their relationship to each other. Aeolian
samples have more circular grains than fluvial deposits and sediments
from the Kemeneshat. The X3 (Mogyor6d) sample is similar to the aeo-
lian samples if only the average values are considered. The floodplain
sample (Drava 2) has the lowest circularity and convexity

10

characterization among fluvial and aeolian samples, resembling the
P39 Kemeneshat sample. In general, the filling material of sand wedges
is divided into two major groups in terms of circularity and convexity:
(1) a group that contains relatively rounded, matured grains and (2) a
unit that contains fresher grains.

Based on the analysis of the solidity modes of each sample, the flu-
vial sediments generally have lower values than both aeolian and sand
wedge materials. Fluvial sediments differ from aeolian and infilling ma-
terials of sand wedges in terms of solidity. As for the elongation variable,
although there are some outliers, it cannot be generalized that one kind
of sediment typically has low or high elongation values. According to
Sarkar et al. (2022), it is useful to investigate the grain shape based on
the grain shape distribution curve because it gives additional informa-
tion on the range of the different properties. In the words of Sarkar
et al. (2022), the distribution curves can be described as “well-
distributed” and “poorly distributed”. Solidity values lie dominantly be-
tween 0.8 and 1, and HS circularity values can take values between 0.4
and 1.0. Aeolian samples have a narrower distribution of circularity
values than the other two sediment types. That is why we classified
the X3 (Mogyoréd) sand wedge sample as aeolian sediment from the
beginning of the exploration. Additionally, we noticed that fluvial mate-
rials have a broader distribution of solidity values compared to the other
sediments. It is worth noting that the more rounded grains tend to have
a narrower and leptokurtic distribution of solidity.

We applied a more detailed sediment analysis on 2000 individual
grains (100 grains per sample) and repeated hundred times. The de-
scriptive statistics gave similar results as the grain shape distribution
analyses. The sand wedge materials can be distinguished by forming
three groups. The X3 Mogyoréd sample showed similarities to aeolian
samples. Kemeneshat sediments form two separate groups, described
as a fresh, less rounded sediment type (P9; P10; P21; P28; P32) and a
more rounded, mature material (P13; P29; P39). The infilling material
of sand wedges from Kemeneshat differentiates from aeolian and
most of the fluvial samples. The Drava 2 floodplain sediment showed
similar characteristics to the regular, mature grains from Kemeneshat
sediments. The elongation had the largest STD. After we applied hierar-
chical cluster analysis, the fluvial, aeolian and X3 (Mogyor6d) samples
were almost completely separated from the Kemeneshat samples. The
Drava 2 sediment was categorized among Kemeneshat sediments. The
hypothesis was rejected in the case of HS circularity, convexity and so-
lidity. Still, it could not be rejected in the case of elongation in the
sense of the Kruskal-Wallis test. Based on the p-value from MANOVA,
the certainty of the group means was below 1 %, considering the four
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Fig. 10. a: Scatter plots of the first two PCs, which represent the directions and length of
the four. b: Scatter plot of the first two PCs, which represents the directions and length
of the three variables of fluvial and aeolian sediments. HS circularity = high sensitivity cir-
cularity; PC = principal component from PCA (principal component analysis).

investigated variables. Although, the visual idea of the groups on how
they were located in the space revealed that the 2nd and 3rd groups
were not separated. Some variables could be a stronger separate factor
in some sediments. Wilks' \ results suggest that the circularity and
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Summary table of PCs, latent and explained variances. a: four variables; b: three variables
of fluvial and aeolian sediments. PC = principal component from PCA (principal compo-

nent analysis).

a PC1 PC2 PC3 PC4

HS circularity 0.701 —0.053 0.109 —0.702
Convexity 0.706 0.007 0.016 0.707
Solidity —0.086 —0.702 0.702 0.077
Elongation —0.039 0.709 0.703 0.015
Latent 1.706 1.020 0.976 0.295
Explained (%) 42.66 25.52 2442 7.3

b PC1 PC2 PC3

HS circularity 0.603 —0.172 0.778
Convexity 0.577 —0.579 —0.575
Solidity 0.550 0.796 —0.249
Latent 1.373 0.842 0.783
Explained (%) 45.78 28.091 26.126

convexity properties have a strong separation factor, which PCA sup-
ports because the groups separated along the first PC. Nevertheless,
the lowest separating factor is elongation, which is understandable
since this gives the largest STD within each sample. Therefore, elonga-
tion is the least powerful descriptor of our sample set regarding differ-
entiating the sediment types, similar to Lipiec et al. (2016) and
Szmanda and Witkowski (2021). In contrast, Suzuki et al. (2015) and
Chmielowska et al. (2021) said that elongation/aspect ratio could distin-
guish the different sedimentary environments. Although Chmielowska
et al. (2021) considered the elongation descriptor as a factor that can
be used to monitor possible inheritance. The aspect of inheritance can
be interpreted to the investigated fluvial sediments because the spheric-
ity is relatively low, the solidity variable is also considered to be lower
than the other analyzed sediments and the mean values of elongation
are higher than aeolian. From this it can be deduced that since the
form (elongation/aspect ratio) is the most difficult to change during
sedimentary processes, they could all have inherited these traits from
their source area since the roundness is relatively low. Although, the
convexity (surface texture) was considered to be high which can
be the result of the fluvial transportation (Woronko et al., 2013;
Woronko et al., 2015). Fluvial and aeolian samples contain more spher-
ical and rounded grains than the filling material of sand wedges from
Kemeneshat. Although, among sand wedge samples, three main groups
are described if we consider the X3 Mogyoréd sample. The latter is the
most rounded and spherical; therefore, it may have undergone a long
transport process. The others are interpreted as a fresher group that
did not spend much time in the transport medium. Although, even
within these latter sediments, a more rounded, mature group exists.

According to Kovacs et al. (2007), and based on grain shape charac-
teristics, the X3 (Mogyordd) sand wedge sample tends to be originated
from the surface allochthonous sand sediments considering the domi-
nant westerly to north-westerly winds in winter during Late Pleniglacial
in the central European region (Renssen et al., 2007). The deposition of
the infilling sediment can be linked to the Pleistocene sand movement
events from the last 25 ka at Danube-Tisza Interfluve (Gabris et al.,
2012).

4.2. Identification of possible differences between fluvial and aeolian
sediments

Many sedimentary geological studies and sedimentary environmen-
tal reconstructions deal with the problems of separation of fluvial and
aeolian deposits. It is challenging to separate the two environments
based on the granulometric fingerprints of the samples (for details,
see Chmielowska et al., 2021 and references therein). We analyzed
only aeolian and fluvial deposits (n = 11) without the sand wedge ma-
terials. We suspected in the previous results that the solidity variable
could be the critical component in distinguishing these two types of
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sedimentary environments. We grouped the samples based on the pre-
liminary result from hierarchical cluster analysis and Kruskal-Wallis.
We separated the aeolian and fluvial samples from each other, although,
Drava 2 floodplain sediment formed a group on its own. There was
minimal difference between the aeolian (1st group) and the main flu-
vial group (2nd group), but these differences were considered signifi-
cant. The convexity variable caused the hierarchical cluster analysis to
classify the fluvial groups into the aeolian groups in the previous inves-
tigations on all the sediments since the aeolian and fluvial samples show
similarities regarding convexity. However, considering that the investi-
gated aeolian materials are from a fluvial environment, the high convex-
ity values may have been inherited from the former environment. The
exception is maintained for the Drava 2 sample (3rd group), which
can be explained by the fact that this sample may have spent very little
time in the transport medium because the convexity values did not
change during this time. However, solidity had a more powerful influ-
ence on the separation of groups than before. Further investigation of
PCA supported that solidity and HS circularity were the main compo-
nents of separating the two sedimentary environments. Aeolian sam-
ples were more regular and compact, while the fluvial sediments had
sharp edges and corners, which caused the solidity to be low. The
sharp edges and corners were not chipped off during transport. There-
fore, the low solidity (roundness) variable can be influenced by the
too short transport or the low speed of the transport medium. The irreg-
ularity of the Drava 2 sample is based on the HS circularity, convexity
and solidity values. These variables were relatively low compared to
the aeolian and the other fluvial group. Although, the aeolian and the
main fluvial group had minimal differences regarding the convexity var-
iable. These observations indicate that high HS circularity values are
linked to the transport distance of sediments and the maturity of the
grains (Campana et al., 2016; Joo et al., 2018). In addition, the values de-
termining roundness (convexity, solidity) are modified earlier than
elongation, aspect ratio and circularity (Blott and Pye, 2008; Domokos
et al,, 2014; Campafia et al., 2016; Szmanda and Witkowski, 2021).
Based on our results using automated static image analysis, when the
grain populations are relatively similar in roundness and surface texture,
it is more difficult to identify their differences. At the same time, the inter-
pretation of the results is more straightforward when comparing sedi-
ments with different levels of roundness, which was confirmed by
several authors recently, like Altuhafi et al. (2013), Campafia et al.
(2016), Joo et al. (2018), Chmielowska et al. (2021), and Szmanda and
Witkowski (2021). Synchronously with Chmielowska et al. (2021), we
found that convexity seems to have low sensitivity to identify grain
edge roundness when comparing low circularity and high convexity
(e.g., our fluvial sediments) with grains that have high circularity and con-
vexity values (e.g., our aeolian samples) because they are seemingly sim-
ilar. Regarding solidity, grains from fluvial sediments spent less time in
the transport media or were transported at lower energy levels than aeo-
lian grains because it can be expected that fluvial sands mature as down-
stream distances increase (Suzuki et al., 2015), but that relationship can
only be observed slightly for Drava 1 sediment. Therefore, the solidity
values of fluvial sediments probably gave a more accurate description of
the roundness of the grains, the transport distance and the energy level
of the transportation. Thus, regarding transport energy and distance, the
fluvial sediments were affected by relatively lower transportation energy
but were transported for a longer distance than the infilling material of
sand wedges. That is evidenced by the high solidity value of the sand
wedge materials in contrast to the fluvial sediments' low solidity and
high convexity values. We assume that the convexity property changed
in a shorter period and transport distance (Woronko et al., 2013;
Domokos et al., 2014; Woronko et al., 2015; Szmanda and Witkowski,
2021) and does not need a high-energy environment. However, high
flow energy is required to detect changes in solidity values. Experimental
studies showed that transport by wind is more effective in rounding sand-
sized grains than transport by water (Kuenen, 1959, 1960; Mazzullo et al.,
1986; Boggs Jr., 2014; Resentini et al., 2018). Therefore, we suggest that
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the infilling material of sand wedges from Kemeneshat went through at
least two transportation mechanisms but spent a short time in the trans-
port media because the grains have low circularity values, which means
that that shape factor is inherited from the source. First, the grains were
transported in water, and then the sediment was retrieved from the chan-
nel and temporarily deposited because the flow velocity and shear stress
may have been decreased below the critical level required for sediment
transport owing to a variety of causes, such as a decrease in the slope of
the bed (topographical) and loss of water volume (seasonal or periodical,
Vandenberghe and Woo, 2002; Attal and Lave, 2009; Boggs Jr., 2014).
After temporary deposition, the high energy (periglacial environment,
cold and dry climate) but short distance wind flow rounded the appro-
priately sized grains by increasing solidity values, which is related to a
reduction of concavity. During grain-to-grain collisions, only the sharp
edges of the grains are broken off (Chmielowska et al., 2021). The
wind then deposited the grains into the open frost cracks, acting as sed-
iment traps. The low convexity values can be explained by the repeated
frost weathering related to the periglacial climatic conditions (Gérska
and Woronko, 2022; Goérska et al., 2022) since quartz grains in such
environment are susceptible to chemical and physical abrasion, which
can lead to the irregular shape. However, we also have a less complex
theory, namely, that the high-energy (e.g., steep river environments,
energetic collisions) aqueous environment rounded the concave grains
at a short distance (Attal and Lave, 2009; Domokos et al., 2014; Joo et al.,
2018). The wind probably did not play an important role in rounding
the grains, and it only played a part in depositing the grains into the
frost wedges. After deposition, the grains lost their high convexity
values because of frost abrasion.

5. Conclusions

Investigating grain shape parameters of different sediment types
using the Malvern Morphologi G3SE-ID device proved to be highly ef-
fective. Our study revealed that distinguishing between geomorpholog-
ical environments in the Carpathian Basin is possible based on sediment
grains' high sensitivity (HS) circularity, convexity and solidity parame-
ters. Since we have only studied Carpathian Basin sediments, it is not
yet possible to generalize our findings and the results of our investiga-
tions to all types of dunes and fluvial deposits. Although, our investiga-
tion can serve as a reference for analyzing similar sedimentary deposits
in other regions.

According to univariate and multivariate statistics, HS circularity and
convexity are the most effective attributes distinguishing the deposi-
tional environments, mainly the fluvial and aeolian environments,
from the infilling material of sand wedges. That seemed much easier
compared to remarkably different levels of roundness and form. The
elongation variable was the least influential parameter in distinguishing
sedimentary environments. The high HS circularity values can indicate a
longer transport distance. In contrast, the high solidity factors can be
used to identify the high-transport energy and long transport distance.
In a fluvial environment the convexity variable can change in relatively
low energy and short time. Although, it is important to take into account
that the analyzed variables do not reflect the actual conditions of the en-
vironment. Low HS circularity and low roundness (solidity) factors can
reflect the source area's initial conditions and the energy transport me-
dium was not enough to chip the edges of the grains. Low HS circularity
and high solidity can indicate that the energy of the transport medium
was high enough to break the concave edges of the mineral grains, but
the transport distance was not long enough to smooth their edges.
Furthermore, if one of the other shape parameters is not in harmony
with the others, it may indicate a post-depositional process, such as
high solidity accompanied by low convexity.

The infilling materials of sand wedges from Kemeneshat underwent
at least two transport processes: a high-energy aqueous, a wind trans-
port mechanism, and possibly a post-depositional alteration process
(frost weathering).
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The solidity parameter proved to be an effective variable in separat-
ing sediments with similar convexity values, which were - in our case -
the aeolian and fluvial environments. Fluvial sediments from Maros,
Drava and Danube had lower solidity values which resembles that
these sediments are not as much rounded as aeolian sands from Nyirség
and Danube-Tisza Interfluve. Our research supports the previously es-
tablished theory that aeolian transport is more effective in rounding
the grains than in an aqueous environment.

This study also faced some limitations that must be acknowledged.
The primary objective of our paper was to present a new depositional
environment reconstruction method based on granulometric parame-
ters of a large number of individual grains and multivariate mathemat-
ical-statistical analyses. This paper presents the new procedure only by
analyzing a few local samples considered representative of different
main depositional processes. The selected samples are from well-
distinguishable sedimentary environments. In fact, even for just one
typical environment (fluvial, aeolian, lacustrine, etc.), several sub-
processes may play a role in forming the granulometric fingerprints.
Still, the primary objective of this paper was to introduce the method,
not to provide a detailed paleoenvironmental reconstruction of one
section or site.

It could be necessary to define further the boundaries of the shape pa-
rameters and what environmental effects specific values may indicate.
That requires analyzing as many recent and past sediments as possible
to record their grain shape properties. Our research can support paleogeo-
graphical reconstruction studies by investigating paleo and recent sedi-
ments. Recent sediments with known environmental and geographical
conditions can facilitate the interpretation of paleoenvironmental condi-
tions. By understanding the past, we can predict the potential impact of
future environmental conditions.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.sedgeo.2023.106479.
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