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An automated image analysis method is proposed here to study the size and shape of siliciclastic
sedimentary particles of paleosols of Central European loess sequences. Several direct and
indirect measurement techniques are available for grain size measurements of sedimentary
mineral particles. Indirect techniques involve the use of some kind of physical laws, however,
all requirements for calculations are in many cases not known. Even so, the direct manual
microscopic observation and measurement of large, representative number of grains is time-
consuming and sometimes rather subjective. Therefore, automated image analyses techniques
provide a new and perspective way to analyse grain size and shape sedimentary particles.

Here we test these indirect and direct techniques and provide new granulometric data of
paleosols. Our results demonstrate that grain size data of the mineral dust samples are strongly
dependent on shape parameters of particles, and shape heterogeneity was different of the
different size classes. Due to the irregular grain shape parameters, uncertainties have arisen also
for the sizes.

In this paper we present a possible correction procedure to reduce the differences among the
results of the laser diffraction and image analysis methods. By applying new correction factors,
results of the two approaches could be get closer but the most definite factor, the unknown
thickness of particles remained a problem to solve. The other presented method to assess the
uncertain 3" dimension of particles by their intensity-size relationships makes us able to reduce

further the deviations of the two sizing methods.

Keywords: image analyses, particle shape, grain size, paleosols
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Determination of granulometric parameters has been a major focus of sedimentary studies and
is of growing interest in the Earth sciences (Vandenberghe et al., 2013, 2018; Ujvari et al.,
2016). There is a variety of instrumental techniques for the measurement of particle size. These
include sieve and pipette methods through laser scattering to image analysis of pictures taken
by optical or scanning electron microscopes. These various analytical methods are based on
different approaches to measuring particle size. In sieving, the second largest dimension is
measured as particles orientate themselves to optimally pass through the mesh, and grain size
distributions are calculated from the mass of particles within different size classes (Ludwick
and Henderson, 1968). Techniques based on the settling velocity of suspended particles assume
that larger/heavier particles settle more rapidly from suspension than smaller/lighter ones.
Particle size information of sedimentary deposits is usually determined by laser diffraction
devices. This is a robust method yielding much more accurate and reliable information on grain
size of windblown sediments than sieving or the gravimetrical methods (Konert and
Vandenberghe, 1997; Di Stefano et al., 2010; Fisher et al., 2017; Mako¢ et al., 2017). However,
grain size data obtained with these measurements simply result from indirect estimations of
sphere equivalent diameters, as calculated from the acquired laser light scattering data using
mathematical transformations of different optical models (Fraunhofer and Mie theories).

Grain size characterization of irregular shaped three-dimensional sedimentary particles is a
complex problem. The size of such particles is approximated by using equivalent diameters, so
that the real irregular particle is replaced with an imaginary sphere or circle having similar
volume, surface or area (Fisher et al., 2017) . This means that sphere equivalent (SE) or circle
equivalent (CE) diameters are used instead of other size parameters. However, size description
of a non-spherical particle using simple indices (SE or CE diameter) consequently leads to

oversimplifications.



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Not only size, but shape parameters of particles hold vital information on sedimentary transport
and deposition mechanisms and post-depositional, environment-related alterations (Mazzullo
etal., 1992; Pye, 1994). As the terms particle morphology, form and shape have been used in a
variety of ways in published papers (Benn and Ballantyne, 1993), here, particle shape includes
relative dimensions of particles, overall smoothness of particle outline and roughness.
Traditional image analysis techniques have been applied widely, however previously published
studies have been carried out on populations with much smaller number of particles compared
to automated analyses (e.g. Dellino and La Volpe, 1996; Bagheri et al., 2015; Liu, et al., 2015).
Measurement of particle shape is time-consuming (Tafesse et al., 2013). Automated static
image analysis is still uncommon and underexploited for particle size and shape distribution
analysis of sediments. The use of automated digital image analysis solves the issues generated
by low number of measured particles as it is more precise, less time-consuming and easier to
use compared with traditional methods (Baptista et al., 2012; Rodriguez et al., 2013; Campafia
et al., 2016). The average particle number of automated imaging amounts to ca. 10%-10°
particles, which allows us to gain statistically robust and objective insights into the
morphological characteristics of particles. Various size and shape parameters, as well as optical
intensity values of each particle, are routinely measured and number-size distributions can
easily be converted to volumetric distributions, thus the direct comparison with results obtained
by laser diffraction can be done. To date, only a few studies have been published on automated
image analyses of particle size and particle shape parameters of sedimentary deposits (Rubin,
2004; Graham et al., 2005; Warrick et al., 2009; Buscombe et al., 2010), and therefore much
uncertainty exists about the relationship between the different methods. Shang et al. (in press)
presented grain size and shape results obtained by dynamic image analysis of Chinese loess and

red clay samples.
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In this study paleosols embedded in Central European loess sequences were investigated in
detail as they are the product of a complex depositional environment: granulometric
characteristics of paleosols are dependent on (1) the grain size properties of the underlying
windblown loess material from which the soil was formed; (2) post-depositional alteration
governed by the weathering intensity characteristic for the given interstadial/interglacial period;
and (3) possible syn-sedimentary dust material additions (and/or removal). However, it must be
emphasized that this study is not aimed at obtaining genetically meaningful sedimentary
interpretations of the samples, but instead (1) compares the grain size results obtained by widely
used laser diffraction technique and by a new, high-precision granulometric characterization
approach, namely automated static image analysis; (2) discusses the major differences and
underlying causes; and (3) identifies problematic issues of grain size and shape determinations
of the automated static image analysis technique.

Details of physicochemical environment of entrainments, transport, accumulation and post-
depositional alterations of sedimentary particles can partly be reconstructed using proxies of
grain size and various grain shape parameters (e.g. particle circularity, convexity, relative
lengths of orthogonal axes) of sediments (Weltje and Prins, 2007; Bokhorst, et al., 2011; van
Hatteren et al., in press; Schulte et al., in press; Schulte and Lehmkuhl, in press; Varga et al., in
press). This is especially true for well sorted aeolian dust deposits with a fairly narrow grain
size range in the silt fraction as a consequence of the selective nature of sediment transport by
wind (Pye, 1987). As terrestrial wind-blown deposits are among the most important archives of
past environmental changes, appropriate explanation and interpretation of proxy data is another
key issue (Varga et al., in press). Various aspects of aeolian sedimentation (wind strength,
source distance and transport modes, etc.) can be estimated from accurate grain size data. Huge

amounts of laser diffraction grain size data have accumulated over the past decades, to make
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the comparison of new and more detailed image analysis-based granulometric information with

previous researches a comprehensive discussion of methodological differences is needed.

Materials and Methods

Geological setting and samples

Loess deposits cover more than half of the area of the Carpathian Basin in Central Europe
(Oches and McCoy, 1995; Markovi¢ et al., 2011, 2015; Ujvari et al., 2014). Previous studies
revealed the complex paleoenvironmental development and depositional history of the last ca.
1 million years based on multi-proxy analyses of these excellent archives (Horvath and Bradak,
2014; Ujvari et al., 2014; Markovi¢ et al., 2015). Changing climatic conditions of Pleistocene
glacial-interglacial periods were imprinted in windblown dust deposition and post-sedimentary
alterations of accumulated sequences. Increased dust flux of dry and cold glacials provided
material for the formation of typical loess deposits. The loess formation periods were
interrupted by soil development during moist and mild interglacials. While the geochemical
composition of loess deposits are fairly homogeneous, climatic and environmental conditions,
duration and intensity of soil forming intervals were more diverse than during glacials, leading
to a geochemically and sedimentary mixed pedostratigraphy of the region (Varga, 2015).
Pedogenesis during interglacials were even more complex, as we have to consider syngenetic
fine-grained dust addition from external source regions (e.g., from the Sahara) to the local
material during accretionary soil formation (Varga et al., 2016).

The persistent decreases in weathering intensity during interglacial intervals from the Early

Pleistocene to Holocene were preserved and manifested in different types of paleosols. The
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Late and younger Middle Pleistocene loess deposits are intercalated by steppe, forest-steppe
and brown forest soils, while the older paleosols are reddish brown, rubified soils.

A generalized loess-paleosol sequence was set-up primarily based on the Paks loess section on
the right bank of River Danube in Hungary (N46° 38' 25" E18° 52' 36"), however, paleosol
units of M1S-5 were missing in this well-studied site (Ujvari et al., 2014), reference samples for
the last interglacial period were collected from the Tamasi section (Southwest Hungary,
Transdanubian Hills; N46° 37' 6" E18° 16' 32"). Nine representative samples were chosen for
detailed analyses from the sampled key pedostratigrahic units representing MIS-21 up to MIS-
5 interglacial periods (Fig 1). The MIS-13 and MIS-15 soils were excluded from sampling and
subsequent analyses because of their controversial stratigraphic position and truncated
appearance (Oches and McCoy, 1995; Horvath and Bradak, 2014; Ujvari et al., 2014; Varga,

2015).

Samples pre-treatment and grain Size measurements

All samples were chemically pre-treated before granulometric measurements by adapting the
widely used procedure described by Konert and Vandenberghe (1997). Three grams of
sediment were treated with 10 ml H202 (30%) and 10 ml HCI (10%) to oxidize organic matter
and dissolve carbonates before laser diffraction measurements. Subsequently, 10 ml of 3.6%
NasP»0O7-10H,0 was also added to the samples, which were ultrasonicated during the analyses
in order to ensure particle disaggregation. There are two main reasons for carbonate removal:
(1) in loess sediments secondary calcite formation creates coatings among the particles
inhibiting the dispersion of individual grains; (2) separation of detrital and authigenic, post-

depositional carbonates is impossible.
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Automated static image analysis procedure

Granulometric data and Raman spectra were obtained from automatic static image analysis of
Malvern Morphologi G3-ID (Malvern Instruments Ltd., UK), which is an advanced particle
characterization apparatus. This device allows thousands of particle shapes to be quantified in
a few hours and it has recently been used for quality control in the pharmaceutical and mining
industry (Kwan et al., 1999; Ulusoy and Kursun, 2011; Schneider and Marcini, 2013; Gamble
et al., 2014). Nevertheless, only a few studies have exploited image-based methods in
sedimentology so far, apart from preliminary studies designed to demonstrate its potential
(Altubafi et al., 2012; Polakowski et al., 2014; Duval et al., 2015; Sochan et al., 2015; Campaifia
et al., 2016; Nielsen et al., 2016; Polo-Diaz et al., 2016; Becker et al., in press).

In this study, ~7 mm? of sedimentary particles were dispersed onto a flat glass slide with an
instantaneous (10 ms) pulse of 4 bar compressed air and 60 s settling time. Particle imaging
was conducted using the 20x magnification lens (960x magnification, 40 pixel per pm?
resolution) of the Morphologi G3-ID device and z-stacking was enabled (two layers above and
below the focal plane, equivalent to 27.5 um in total).

Size and shape parameters of ~250,000 individual particles were automatically recorded by the
software of the Mavern Morphologi G3-ID device for each sample from the captured high-
resolution grayscale images. The most important granulometric parameter of the image analysis
based grain size measurements is the circle-equivalent (CE) diameter of the non-spherical,
irregular-shaped particles. This parameter is calculated as the diameter of a circle with the same
area as the projected two-dimensional particle image. The number-based grain size distribution
is calculated in MATLAB (version R2016a) by classification of every particle into
logarithmically-spaced size classes. Default size-bin allocation of Malvern Mastersizer was

chosen to these calculations to make the comparison of image analyses and laser diffraction
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results more accurate and representative; particle size data are classified into 101
logarithmically spaced size-bins in the range between 0.01 and 3000 um (the central value of
the ith size-bin = 0.0081%0128 where i=1:101). For transforming number-based distributions
into volume-based distributions CE diameter is used for the calculation of particles volume
(sphere-equivalent [SE] volume) as a weighting factor. The volume of a given size bin is
specified by weighting with the total SE volume of particles classed into this size range.
Length and width are estimated from major and minor axes of the particles (Malvern
Instruments Ltd., 2015). The major axis is calculated as a line through the centre of mass of the
two-dimensional projected image at an orientation corresponding to the minimum rotational
energy of the shape. The major axis parameter is the angle of the major axis from a horizontal
line, while the minor axis passes through at a right angle to the major axis. All perimeter points
of the object are projected onto the major axis (minor axis), and the longest distance between
the points is the length (width) of the particle as shown in Fig 2. Other simple grain size
parameters as particle area or perimeter can easily be determined using the acquired images.
Grain shape parameters provide additionally information apart from size. Aspect ratio is the
ratio of width and length, while elongation is 1-aspect ratio. The circularity parameter of a
particle describes the proportional relationship between the circumference of a circle equal to
the object’s projected area and perimeter. Convexity and solidity are determined using the
convex hull (theoretical rubber band wrapped around the particle — indicated as gray area on
Fig 2) of the two-dimensional images. Convexity is the ratio of perimeter of the convex hull to
the particle perimeter, while solidity is the ratio of the particle and convex hull areas; these are
parameters of the particle edge roughness.

Simultaneously, the mean grayscale intensity and standard deviation of particles were also
measured as the bottom light (diascopic) illumination transmits through the particles. White

light intensity of each pixel of particles is recorded on an 8-bit (2%) scale from 0 to 255, where
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intensity value of zero is white, 255 is black. The automatically recorded dimensionless values
serve as a proxy of optical properties. Mean intensity values are dependent on chemical
composition, mineralogy and particle thickness, while standard deviations of intensities are
controlled by the heterogeneity of particle constitution and surface morphology.

Chemical analysis was performed using the built-in Raman spectrometer of the Malvern
Morphologi G3-ID. Spectra were acquired from several hundreds of targeted individual
particles. These were compared with library spectra (BioRad-KnowItAll Informatics System
2017, Raman ID Expert) and correlation calculations were performed to determine the
mineralogy of the targeted sedimentary grains.

Image analysis-based measurements were organized into a number-based database. All of the
particles have their own identity number (ID) being the primary key in the data matrix. Each
row represents one particle and columns of the table are size and shape parameters. Large
numbers of measured particles ensure a statistically robust and objective insight into the

granulometric characteristics of the investigated samples.

Filtering out stacked particles and aggregates

Sometimes it can be noticed that particles are not individual grains (see Fig 2d), but are clumps
of particles by natural aggregation of single grains or by artificial stacking of particles during
dispersion onto the glass slide. Using the appropriate shape parameters, these compound objects
can be filtered out. Irregularly aggregated particles often cannot be excluded using only one
parameter. This is why previous studies also applied combinations of intensity and convexity
(Gamble et al., 2011); circularity and convexity (Leibreandt and Le Pennec, 2015), solidity and
convexity (Liu et al., 2015) to distinguish aggregated particles. As these previous papers were

dealing with microcrystalline cellulose and volcanic ash, morphologically significantly
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different material than granular particles of paleosols of aeolian dust-derived loess series, in
this study, we applied a new combination of parameters to filter out stacked particles using
elongation (or its complementary, the aspect ratio) and circularity thresholds together. Captured
two-dimensional images of aggregated particles revealed that the perimeters of these rougher
objects are larger than that of individual grains with similar CE-diameter. This observation
formed the basis of application of convexity values in previous studies (Gamble et al., 2011;
Leibreandt and Le Pennec, 2015; Liu et al., 2015). However, perimeters of two-dimensional
projections of elongated particles can also be significantly higher than those of solid ones due
to circumferential pixels, so particles with low [<0.4] elongation (high [>0.4] aspect ratio) and

low circularity [<0.45] form a class representing stacked or aggregated grains.

Sufficient number of measured particles

Experiences with automated static image analysis by Malvern Morphologi G3-ID indicate that
scanning of ~7 mm? of sedimentary samples on circular, 60 mm diameter areas of glass slides
provide shape and size parameter information on ~1-1.5 million particles. Since measurements
are time-consuming (average 6-hour measurement time per sample), the generated data-file
sizes are large and impractical, and for cost- and energy-efficiency reasons it seems important
to determine the particle number sufficient for a statistically representative granulometric
characterization. The large number of acquired grain images and obtained parameter data
allowed us to perform a subsampling experiment. Clusters with different numbers of randomly
selected particles were sub-sampled from a total of 1 million measured grains. Every sub-

sample clusters include the results of 100-step iterations of random particle selections.

Underestimation of the finest fractions by image analysis: a theoretical approach

11
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The measured CE diameter in image analysis is calculated from the two-dimensional images of
particles. It is generally assumed that the instantaneous pulse of compressed air disperses the
sedimentary particles onto the glass slide with a consistent orientation with their largest area
facing to camera. However, this is only one outcome out of infinite possible projections of a
three-dimensional object. During measurements made by dynamic image analysis techniques
these kinds of particle orientation problems do not distort the results since freely falling particles
can rotate freely in all directions (Shang et al., in press).

To demonstrate and quantify this distortion, we modelled the deformation of two-dimensional
projected areas of randomly rotated, simple, theoretical three-dimensional geometric solids (Fig
3a). Shape parameters of the solids were quantified based on the edge-ratios, where X is the
longest edge and x>y>z. Platyness (z/y) and aspect ratios (y/x) were chosen from 0.1 to 1 (0.1,
0.5 and 1 combinations are presented in Fig 3b and Table 1), while the volume of the solids
was kept constant at 1 pm?®.

The XY-plane projected areas are dependent on two major factors: (1) rotation angles (ox; oy);
and (2) shape parameters (edge-ratios) of the objects. To determine the effect of rotation angles
on projected areas, the ax and ay angles were modified from 0° to 179° and the projected areas
were calculated for every rotation angle-pairs. The mean value of the rotation-dependent XY-
plane projected areas is regarded as the orientation-averaged projected area representing
randomly oriented object (gray surface on Fig 3c).

The introduced CEq ratio is the quotient of the largest face area-based CE diameter (it is
assumed during the image analysis that this arbitrary orientation is set) and orientation-averaged
projected area-based CE diameter (the projected area of a randomly oriented particle). Larger
than 1 CEqt ratio values denote that the image analysis-based measurement overestimates

particle size, while ratios <1 imply underestimation. These CEq ratios were calculated for every

12
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possible aspect ratio-platyness combinations (Fig 4a). The displayed surface shows the level of
overestimation as a function of shape parameters (orientation-averaged projected area). The
higher the anisotropy of particles is, the higher the chance of overestimation of image analysis-
based grain size measurement is.

Volume-based distribution curves were derived from the number-based database by weighting
the individual particles with their sphere-equivalent volume, this assumption of spherical shape
leads to further distortion of the results. Another correcting factor, the so-called CE/SE ratio
was also introduced to reduce this inaccuracy of exchange transformation from number- to
volume-based distribution functions, where SE diameters are equal for all modelled objects (as
the volume of all these solids were defined as 1 um?®). Similarly to CEr ratios, CE/SE ratios
were specified for every possible aspect ratio-platyness combinations (Fig 4b), so mathematical
relationships among the shape and rotation determined factors and aspect ratio-platyness values
were assessed.

Aspect ratio of every single particle is known, which allowed us to get a more accurate 2-
dimensional representation of 3-dimensional particles, only the particle thickness need to be
estimated and the CErt and CE/SE correction factors can be determined for every investigated

particles.

Assessment of the 3™ dimension of particles: intensity based thickness assessment

As a direct consequence of the previously discussed uncertainties, the major drawback of static
automated image analysis is the unknown thickness of particles. To get an approximate
estimation of the third-dimension, mean intensity values of the captured grayscale images were
analysed in a completely novel way. Light transmission of sedimentary particles is influenced

by thickness beyond mineral composition and colour. For this intensity based thickness
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estimation method, average intensity values for all (n=101) grain size classes were determined
and particles with an intensity being larger than the sum of their class intensity mean and
standard deviation [Intparticle-oi > mMean(Intespin-ith) + o(Intesbin-jith), Where Intparticte-10i 1S the
intensity of ith particles from the jth size class, mean(Intgspin-jth) and o(Intgspin-jth) are the
average and standard deviation of the size class j] were classified as thinner (or flatter) than
average (‘platy’) particles (Fig. 5). Later this classification of platy and more spherical particles
was used during the mathematical adjustment with different assumptions for the 3rd dimension

anisotropy (z/y: normal distribution for more spherical grains; z/y<0.1 for platy)

Laser diffraction

Additional grain size measurements were done using a Malvern Mastersizer 3000 laser
diffraction device with Hydro LV unit to compare the new image analysis measurements with
a widely used, traditional technique. There is a huge amount of published laser diffraction grain
size data, however, only some of the research papers mention the drawbacks of these technique.
In the case of middle and coarse silt-sized particles, majority of light is scattered by diffraction
(the diffracted light has high intensity and low angle), while smaller particles refract and absorb
more efficiently resulting a low intensity and wide angle scattered light. The acquired signal is
transformed by the laser device software into particle size distribution data by using the
Fraunhofer or the Mie scattering theory. Fraunhofer approximation is a simplified approach and
the knowledge of refractive index and absorption coefficient is not required, since it is assumed
that the measured particles are relatively large (over 25-30 um — about 40 times larger than the
wavelength of the laser light) and opaque. More accurate particles size data can be gained by
applying the Mie theory, however, as it is a solution for Maxwell's electromagnetic field

equations the knowledge of optical properties (refractive index and absorption coefficient

14



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

[imaginary part of the complex refractive index]) of the sample and the dispersant is needed.
Due to these reasons, Mie optical model provide more accurate data on the amount of smaller
particles (clay and fine silt). As the knowledge of mineralogy-related optical properties is a
mandatory for scattered light data to particle size Mie-transformations, bulk mineralogical
composition of sediments was estimated from XRD data.

Previous XRD measurements of aeolian dust deposits in the Carpathian Basin indicated that
quartz (~30-60%), 10A phases (illitetmuscovitetbiotite: 20-30% in loess and 10-20% in
paleosol), carbonates and 14A phases (smectitetvermiculitexchlorite) were the dominant
(Nemecz et al., 2000; Ujvari et al., 2014). Bulk mineral composition data was used to assess
the optimal optical settings of laser diffraction measurements to calculate grain size
distributions by using the mineralogy-dependent complex refractive index: 1.54-0.1i for the
sedimentary samples and 1.33 Ri for the dispersant water (Ozer et al., 2010). However, due to
the polymineral composition and dependence of absorption coefficient on particle shape and
surface roughness, some additional calculations were made with the combination of various

refractive indices (Ri: 1.45-1.6) and absorption coefficients (Ac: 0.01-1).

Scanning electron microscopy

Hitachi S-4300 CFE Scanning Electron Microscope (SEM) micrographs were taken to
document and illustrate the shape and size variability of grains. SEM uses a focused beam of
electrons to create magnified images being both high contrast and extremely sharp, and
therefore suitable for particle surface morphology characterization. Previous studies reported
that size and shape of individual particles can be accurately assessed by image analysis software
and it is considered as a direct and absolute measure of particle size (Francus, 1998; Fandrich

et al., 2007). In this paper, several tens of mineral particles per sample were pictured (with

15
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magnification from 400x to 2000x) by SEM to confirm the notable irregular shape and

anisotropy of 3" dimension (thickness) of some particles.

Results

Image analysis

The acquired images of an average of 250,000 mineral particles per samples allowed us to
calculate robust number- and volume-weighted size and shape distribution curves. Here, the
grain size and intensity distributions are presented as both number and volume-based
distributions, while other shape parameters are reported only as volume-weighted due to the of
low-resolution of acquired images in the submicron fraction (<40 pixel) affecting the exact
determination of particle perimeter (Fig 6 and Table 2).

Size and shape parameters of samples as well as their intensity values exhibit pretty similar
general characteristics for the bulk, full grain size spectrums. The number size distributions
have a general bimodal nature with a pronounced submicron peak and an additional one
between 8 and 10 um (Fig 6a). By contrast, the volume based CE diameter distributions are
characterized with unimodal curves (closely log-normal distributions) with coarse silt-sized
modal diameter values (40-60 um) (Fig 6b).

As a logical consequence of number-based approach, most of the particles fall into the
submicron fractions with high grayscale intensity values (due to their opacity) as it is reflected
by the remarkable peak of the number-based intensity curve around the adjusted grayscale
threshold of 144, what was selected to distinguish background from the mineral particles (Fig
6¢). Applying the volume-transformations by weighting the particles with their SE volume, the

modal values were found in the darker range of grayscale intensity of 50 to 80 (Fig 6d).
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General patterns of circularity and convexity distributions are resembling, both of these curves
have a slight positive skewness (circularity: 1.2-2.3; convexity: 1.4-2.4) and modal values
between 0.6 and 0.7 with tails extending towards more circular and convex shape directions
(Fig 6e,f). Solidity of the mineral grains exhibits a rather homogeneous character with a clear
positive skewness (3.1-4.5) and fairly high (>0.95) modus (Fig 6g). Aspect ratios, being the
ratios of width and length values, range dominantly between 0.7 and 0.9 (Fig 6h).
Granulometric parameters of selected size fractions were also analysed. Size and shape
properties of clay (<2.00 um), fine (2.00-6.25 um), medium (6.25-20.00 um) and coarse silt
(20.00-62.50 um) as well as of sand (larger than 62.5 um) size particle classes were separately
determined. A general granulometric heterogeneity was identified towards larger size fractions,
so larger particles have a more irregular shape character than the finer ones. This heterogeneity
is especially well expressed for circularity and convexity with mean values decreasing from
0.95-0.97 to 0.64-0.71 from the clay to sand fractions. Similar, but not so obvious trends could
be observed for the aspect ratio and solidity parameters. However, the aspect ratio values were
fairly low even for the clay-sized grains (~0.78-0.8), translating to a 20-25% difference between
particle length and width (Fig 7; Table 3).

Structural fingerprint analyses by Raman spectrometry aided mineral identifications. Due to the
relatively low number of interpretable spectra, special focus was given to the main components
of the samples studied (30-120 um quartz and feldspar grains). Size and shape parameters of
these particle-clusters displayed similar main characteristics. All of the previously introduced
parameters were found to be almost identical, only the mean intensities of quartz grains were
biased towards lighter values compared to feldspars (Table 4).

Irregularity and heterogeneous shapes of sedimentary particles could undoubtedly be observed
on the obtained SEM micrographs of bulk samples (Fig 8.). Acquired images also revealed

several fracture faces, V-shaped percussion marks, linear steps, and conchoidal crushing
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features on the grain surfaces. [According to Pye and Sperling (1983), Liu et al. (1985), Pye
(1995), Lu et al. (2001) and Wright et al. (2011) this kind of morphological properties of silt-
sized mineral grains are only characteristics of aeolian dust particles. Such microtextures
together with the macroscopic characteristics of the silt classes indicate that these particles were
primarily transported and deposited by wind, post-depositional alterations formed soils from
this parent material.] The presence of fine-grained platy particles with significant 3
dimensional anisotropy due to their thinness was also confirmed. However, the quantification
of this anisotropy proved to be impossible using these images. Nevertheless, it is clear that
thickness/width ratios are by orders of magnitude smaller than width/length ratios of some

particles.

Laser diffraction

Laser diffraction grain size measurements resulted in silt dominated, positively skewed
(asymmetry towards the coarse fractions), unimodal distribution curves with minor, yet
remarkable contribution of clay and fine-sand particles. The fine-grained tail into the direction
of clay and fine silt fractions, beside the prominent maximum of medium- and coarse-silt
components, is typical for aeolian dust deposits and paleosols intercalated in loess sequences.

By using different complex refractive index values for grain size distribution measurements,
the coarse silt-sized primary modes were not modified, however significant changes could be

identified in the volumetric amount of clay and fine silt fractions (Fig 9).

Discussion

Sufficient number of measured particles
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It was found that, depending on the parameter itself, different particle numbers provide different
representations of a sediment sample (Fig 10). For volume-based CE diameter distributions, the
analyses of more than 50,000 particles are required to reach R?=0.9 between the total sample
and the subpopulation (Fig 10a). However, since there is a cubic relationship between particle
diameter and volume, even a small number of large (coarse silt and sand) particles is able to
significantly modify the coarse grained tail of the grain size distribution. This apparent
modification of the distribution curve cannot be easily quantified due to the logarithmic
allocation of grain size bins. To get a more robust representation of grain size of polydisperse
samples (particle sizes covering several orders of magnitude, e.g., submicron to some few
hundred microns of aeolian dust deposits), several millions of scanned mineral particles would
be necessary. At the same time, intensity or some shape parameters can be assessed fairly well

using the results of only a few thousand particles (Fig 10b,c).

Underestimation of the finest fractions by image analysis: a theoretical approach

Image analysis grain size results indicated underestimation of clay and fine silt fractions
compared to laser diffraction measurements, while the modal values of the coarse silt (or fine
sand) fraction were found to be higher than those obtained by laser particle sizing.

By using CEq ratio and CE/SE corrections, the image analysis curves can be translated by a
vector parallel to the x-axis by 10-15% assuming a normal distribution of thickness values.
Based on the SEM images and general character of clay-minerals, this latter assumption of
normally distributed thickness values brings an obvious source of error into this correction
process. By extending the modelling process towards thinner particles (with z/y ratios 0.01-

0.09), the CErot ratio could result in more than a 50% correction on platy particle sizes.
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Combined application of modelled correction factors and intensity based thickness assessment

Grain size and total volume of platy (more anisotropic) grains can be regarded as significantly
overestimated as demonstrated by the previously deduced CEqt (rotation averaged) ratio and
CE/SE correction factor. The flatter than average particles were classified originally into larger
grain size bins which therefore have an overestimated volume. Comparison of volumetric
amount of bulk samples and particles classified based on intensities as ‘platy’ and ‘spherical’
are shown in Fig 11. The introduced correction factors, even with the assumption of a normal
distribution of particle thicknesses, are capable of making the CE diameters better converged,
but unable to explain the larger size values themselves. The volumetric amount of more platy
particles (especially clay minerals) is the most uncertain factor in these calculations, as a
consequence of their significantly higher 3™ dimension anisotropy compared to the quartz and
feldspar grains.

By applying the CE o ratio and CE/SE correction factor adjustment for the platy and spherical
particles with different assumptions for the 3" dimension anisotropy (z/y: normal distribution
for spherical grains; <0.1 for platy), the results of laser diffraction and image analysis
measurements are in better agreement, i.e., their correlation coefficients are higher compared

to the original, mathematically “untreated” results.

Conclusions

Granulometric investigations of Pleistocene interglacial paleosols intercalated into loess
sequences in the Carpathian Basin revealed the major discrepancies in results obtained by the

two different measurement techniques applied. The data acquired by widely used, indirect laser
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diffraction and direct observations by automated image analysis provided complementary, but
different information on grain size. While the particle size distributions provided by laser
diffraction measurements are dependent on the complex refractive index of a given particle
(which can only be approximated in case of polymineral samples) assuming a spherical shape,
the image analysis techniques are based simply on the direct, optically-acquired images of
grains.

Comparisons of measured grain sizes indicated that the fine populations are consistently and
significantly underestimated by the image analysis technique compared to laser scattering
results. Modelling data demonstrate that the anisotropic character of irregular particles,
especially the thickness of platy minerals, are responsible for the observed disagreements. The
acquired two-dimensional images of dispersed particles sitting with their largest area on the
glass slide were classified into grain size bins being too large based on their circle-equivalent
diameter. In addition, their volumetric-weighting scores (sphere-equivalent volume derived
from the CE diameter) were also found to be too high in volume-based conversions.
Consequently, this led to overestimation of particle sizes and volumetric amounts of wrongly
classified platy grains due to the cubic relationship. Application of the rotation averaged and
SE/CE ratios as correction factors successfully reduces the discrepancies between results
obtained by the two approaches. Nevertheless, the most definite factor, the unknown thickness
of particles still remains an unresolved problem. The other presented innovative way of
estimating the uncertain 3™ dimension of particles using their intensity-size relationships allows
us to further minimize deviations between the two particle sizing methods.

However, since particle sizes of paleosols covering several orders of magnitude, even a small
number of coarse grains can modify significantly the grain size distribution curves in the larger
fractions distorting the whole measurement spectrum, and so the full agreement between laser

diffraction and image analysis results cannot be reached.
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There are discrepancies of these above discussed methods, but these can be handled by deeper
understanding of physical background of them. Optical dependence of laser diffraction
measurements should be investigated in the future, while the thickness-related uncertainties of
image analysis must also be studied by further studies. All in all, there are uncertainties
connected to both approaches, however, these two methods can be important complements of
each other, providing a useful tool to decipher valuable sedimentary information from

granulometric data of various deposits.
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684  Figure 2. Schematic illustration of major grain size and shape parameters of irregular mineral
685  particles (from a to d examples refer to more irregular shapes; gray areas represent the convex
686  hull).
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Figure 6. Grain size and shape parameter distributions of the investigated samples (a: number-
based grain size distribution; b: volume-based grain size distribution; c¢: number-based
grayscale intensity distribution; d: volume-based grayscale intensity distribution; e: volume-
based circularity distribution; f: volume-based convexity distribution; g: volume-based solidity

distribution; h: volume-based aspect ratio distribution).
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20.00 um; C-silt [coarse silt] 20.00-62.50 pum; sand: larger than 62.5 pm).

35




713

714  Figure 8. Scanning electron micrographs of paleosol samples.
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Figure 9. Laser diffraction grain size distributions of paleosol samples by using different
complex refractive indices (a-i refer to investigated samples [a: MF2-1; b: MF2-2; c: MF2-3;
d: BD-1; e: BD-2; f: BA; g: MB; h: PD1; i: PD2]; while numbers indicate the distribution types:
1: grain size distribution of the whole size spectrum [0.1-500 um]; 2: grain size distribution of

fine-grained fractions [0.1-50 um]; 3: cumulative grain size distribution of the fine-grained

fractions [0.1-50 um]).
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724  Figure 10. Relationship between number of scanned particles and representativeness of various
725  granulometric parameters (a: number- and volume-based grain size; b: number- and volume-
726  based grayscale intensity; c: volume-based circularity, convexity, solidity and aspect ratio) for
727  the whole samples.
728

38



729

730

731

732

733

10 . 4 10 . 4 10 . 4
—LDgsd MIS-052 MF2-1 —LDgsd MIS-05c: MF2-2 —LDbgsd MIS-05e: MF2-3
_ B lAgsd \ e 81 lAgd N Pes [ 8T MAogsd =077
£ spheric gsd AN 2 o0 2 | spheric gsd £ spheric gsd
@ 8 7——platygsd v o B 7—platy gsd o O platy gsd
E —— — spheric | E — —— spheric E — — — spheric
El carr. \ 3 4 corr. ER1 corr
s N a2 s I s N
T I'Acon. i : 777I'Aoon. - I"‘\(.c»ﬂ.
o - - H) 0 0
107 10° 10' 10 107 10° 107" 10°
Grain size [um) Grain size [um] Grain size [um)
10 - + 10 . + 10 -
—LDgsd MIS-0T& BD1 —LDgsd MIS-07c: BD2 —LDgsd
_ 8 —lAgsd P=0.71 81— lAgsd =08 _ 8 —lAgsd
® —spheric gsd —spheric gsd 2 o8y £ spheric gsd
g L platy gsd 6 | —platy gsd 5 r 2 [} platy gsd
—— — spheric — —— spheric — —— spheric
2 4 car. 4 corr. 24 ‘carr
> , ——— platy_ , ———platy > ) ——-platy__
___I'Acon. ___I'Aoon. ___mcon.
0 0 0
107 10° 107" 10° 10' 10° 107" 10°
Grain size [pm)] Grain size [pm)] Grain size [pm)]
10 10 10
—LDgsd MIS-11: MB —LDgsd MIS-19: PD1 —LDgsd MIS-21: PD2
84— lAgsd =058 [ 8 lAgsd =08 8 lAgsd =06
F spheric gsd '2_0'97 o) spheric gsd 2 =D.95 oy spheric gsd )
g 8] plavesd SO g 8] pevod e ® platy gsd
—— — spheric — —— spheric ——— spheric
ER cor. ERFE cor. ER o
s L | e s I a2 s N o
- I.Am" - I.F\m"_ -0 I"‘\mﬂ. 3 -
0 0 — 0 =
10° 10°

Grain size [um)]

Grain size [um)]

Grain size [pm)]

Figure 11. Grain size distributions of laser diffraction, image analysis and corrected image

analysis measurements (LD gsd: laser diffraction grain size distribution; IA gsd: image analysis

grain size distribution; ‘corr’ subscripts refer to corrected values).
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734
735  Table 1. General size and shape characteristics of the presented geometric objects and derived

736  correction factors.

ID Shape parameters Edge lengths Volume Largest face Projected areas on XY plane CE,y, ratio® CE/SE ratio?
Areas CE diameters
Aspect ratio (y/x) Platyness x y z [ume] SE* Area CE" min max mean std min max mean std
(2/y) diameter diameter
a 1 01 215 215 022 1 1.24 464 243 047 467 237 126 078 244 174 048 140 1.96
b 1 05 126 1.26 063 1 1.24 1.59  1.42 079 194 147 032 1.01 157 137 016 104 115
c 1 1 100 100 100 1 1.24 1.00 113 1.00 1.72 145 018 1.13 148 136 009 083 091
d 05 01 342 171 07 1 1.24 585 273 029 588 282 165 061 274 190 059 144 2.20
e 05 05 200 1.00 050 1 1.24 200 1.60 0.50 229 159 051 080 171 142 025 112 129
f 05 1 159 079 079 1 1.24 1.26  1.27 062 188 149 034 089 155 138 017 0892 1.02
g 01 01 1000 1.00 010 1 1.24 10.00 3.57 0.10 1005 463 290 036 358 243 084 147 2.88
h 01 05 585 058 029 1 1.24 342 209 017 380 235 104 046 220 173 044 121 1.68
i 01 1 464 046 046 1 1.24 215  1.66 021 303 209 080 052 19 163 037 102 134

* SE: sphere-equivalent.

b CE: circle-equivalent.

© CErot ratio: ratio of the largest face area-based CE diameter.
737 9 (CE/SE ratio: ratio of SE and CE diameters.

738
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739

740

741

742

Table 2. Mean grain size and shape parameters of the investigated samples.

Sample Name CEdiam. [um] Clay [vol¥] Finesilt [vol¥] Medium silt [vol.¥] Coarsesilt [vol.%] Sand [vol%] Length [um] Width[um] AspectRatio Greularity Convexity Solidity Intensity Mean Intensity STD
MIS-05a [MF2-1]  49.83 001 031 1246 49.33 3790 64.19 4443 073 063 069 0.94 62.09 3547
MIS-05¢c [MF2-2] 5819 o001 036 1077 4252 4634 7280 5201 074 0.64 070 095 63.53 3297
MIS-05e [MF2-3] 5040 002 042 1520 4535 39.02 6446 4503 072 0.62 069 0.94 63.14 33.81
MIS-07a [BD1] 4291 002 075 19.81 45.18 3425 3620 3877 072 0.65 073 0.94 66.33 34.08
MIS-07c [BD2] 4568 006 102 2038 40.66 3788 5705 4048 07 0.67 074 095 65.64 3294
MIS-09 [BA] 54.89 002 046 1167 4516 4269 69.71 4873 075 0.66 072 095 59.66 3226
MIS-11 [MB] 42.57 002 048 1457 57.25 2768 3696 3803 070 0.63 07 093 7281 3282
MIS-19 [PD1] 3975 oo 037 1591 60.09 2361 5226 3571 07 0.65 073 093 7317 3295
MIS-21 [PD2] 49.09 0m 046 1375 50.81 3408 6307 4438 072 0.66 073 093 66.57 3299
Mean 4735 oo o4 1340 5142 34.76 6147 4248 072 0.64 07 094 66.65 3312
STD 602 002 023 336 658 702 6.77 529 002 0.02 002 0.01 459 096
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743

744

745

Table 3. Mean values of various granulometric parameters by size fractions.

Fractions CE diam. [um] Length [pum] ‘Width [um] Aspect Ratio Creularity Convexity Solidity Intensity Mean Intensity STD
Clay (=2 um) 1.51 1.84 144 080 0.95 0.97 087 127.00 9.80

Fine silt (2-6.25 pum) 509 612 447 0.76 093 0.98 089 104.10 2168
Medium silt (6.25-20 pm) 14.78 1839 1289 073 077 0.54 096 8400 30.86

Coarse silt (20-62.5 um) 38.56 45990 3434 071 0.66 073 054 6725 3349

Sand (=625 pm) 8293 107.50 76.28 0.74 0.60 0.66 083 5729 3369

Bulk 47.35 6147 4248 072 0.64 07 054 G665 3322
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746

747  Table 4. Shape parameters of 30-120 um quartz, feldspar and bulk samples.

Samples Aspect  Circularity  Convexity  Solidity  Intensity  Intensity
[30-120um]  Ratio mean STD
Quartz 07361 06133 0.6762 05284 603 33.29
Feldspar 07164 06136 0.6846 0929 56.57 33.61
Bulk 07208 06245 0.6922 0929 6224 33.57
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