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Abstract: Soil organic matter and pores distribution within aggregates were studied using X-ray computed tomography (XCT;
Nikon XT H 225ST and GE Phoenix L240) and advanced 2D/3D measurements by the digital Keyence VHX-6000 microscope
(Japan). A new methodological approach with computed tomography involvement for studying the spatial arrangement of pores,
porosity, and soil morphology is presented. Changes in studied parameters are documented along the transect of intensively used
Haplic Chernozem. Soil disturbance due to erosion and colluvial soil profile formation is reported. Moreover, soil organic matter
quality and aggregate stability were evaluated. Obtained results showed statistically significant differences between the control
and eroded sites and between eroded and accumulated sites. The correlation coefficients were the highest for soil organic carbon
(SOC) and humic substances Cyg (r = 0.805) and Cys and Ca/Cra (r = 0.764). The highest porosity, aggregates stability and
coefficients stability were confirmed on the eroded site. The computed tomography measurements also document the high dis-
turbance of Haplic Chernozem on the control site and the newly formed profile of Colluvisol. Despite excellent complementary
technique further research is necessary to improve micro-XCT resolution and capacity for the soil micromorphological study.
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The productive potential of any soil depends on mor-
phological characteristics such as structure, texture,
consistency, soil depth, and soil chemical properties.
Soil texture remains a relatively static soil parameter
over a very long period. Most soils exhibit variable
soil texture at the topsoil layers with an increasing
fineness with depth. On the other hand, soil struc-
ture and consistency are highly variable parameters
influenced by many factors such as soil biota, organic
matter content and quality, mineralogy and iron-rich
minerals, moisture, and carbonate content. Both
texture and structure determine soil consistency. Soil
structure stability and aggregate formation depend
on many factors in individual agroecosystems and
soil types. The most intensively used soil type in the
Czech Republic is Chernozems, which is rich in soil
organic matter, and well-structured and medium-
textured agricultural soil. However, the distribution
and role of a major binding agent (organic matter)
is not well understood. Some authors pointed out
the crucial role of root-derived organic compounds
and earthworm activity in the structure and aggre-
gate formation (Six 1998; Sodhi et al. 2009). Other
authors reported a significant role of organic matter
in soil aggregability and organo-mineral formation
(Six et. al. 2000b, 2004; Fan et al. 2020; Thai et al.
2022). As quoted by Tobiasova (2011), Tobiasova et al.
(2018), Weng et al. (2022), Six et al. (2000a), and Six
and Paustian (2014) despite the relationship between
aggregation stability and organic matter content being
widely studied its evaluation is complicated because
of many interactions between individual factors and
soil parameters). They also showed that structure and
aggregate stability are controlled by organic matter
content and quality and all these factors are important
indicators of soil quality/health. According to them,
the increase or decrease of aggregate stability strongly
depends also on other soil chemical, biological, and
physical properties (e.g. soil reaction, cation exchange
capacity, activity and spectrum of soil biota, moisture,
temperature etc.). A well-structured soil typically
has a mixture of micro-, meso- and macropores and
experiences lower soil erosion and higher carbon
sequestration (Six et al. 2004, Six & Paustian 2014).
Soil aggregates can be classified according to size
and shape. Most research is focused on macroag-
gregates. Unfortunately, different methods for their
stability determination are not strongly correlated
(Vrana et al. 2024). Usually, the wet sieving method
or ultrasound method is used (Le Bissonnais 1996;
Pansu & Gautheyrou 2006; Vréana et al. 2024). Accord-

ing to Weng et al. (2022), the soil structure can be in
detail study using some new analytical approaches,
which can help to visualize the role of organic and
inorganic compounds in structure formation. Macro-
and micro measurements of aggregates using X-ray
computed tomography (XCT) methods can be applied
to study agricultural soil disturbance and degradation
(Guenat et al. 2019; Pires et al. 2022; Rooney et al.
2022; Ferreira et al. 2023). Guenat et al. (2019) ana-
lysed and identified undisturbed zones within a soil
monolith to assess the disturbance of agricultural
soils in general. They described the spatial arrange-
ment of macropores and presented 3D quantitative
measurements of structure elements, particularly
pores and pore networks. They could not discrimi-
nate between roots and earthworm effects at 1 mm
voxel resolution. Higher resolution measurements
with 10 um voxel size can help to distinguish casts
and macro-aggregates from different worm species.
The advantage of the recent advances in imaging
methodology and visualization of the root-mediated
soil structure in 3D was described by Helliwell et al.
(2017). The authors gained a new insight into root-
induced physical transformations in the rhizosphere.
They aimed at how three different plant species with
contrasting root architectures modify the soil structure
at the immediate soil surface in comparison with the
bulk soil. It was stressed that the root response to the
soil was influenced by soil texture (or particle size
distribution) and soil type. Finally, they showed that
texture, soil compaction, and bulk density affect the
root response to soil structuring and using the XCT
method can be powerful to observe morphological
modification in space. There is also another possibil-
ity a 3D observation of soils, using a neutron CT, 4D
(time-resolved computed tomography) mostly at the
synchrotron sources (Van Veelen et al. 2020; Ferreira
etal. 2022). Gerke et al. (2021) worked on chernozem
aggregates and focused on the porosity at the nanoscale
combining focused ion beam scanning electron mi-
croscopy (FIB-SEM) to XCT relatively successfully,
while Diel et al. (2019) and Fomin et al. (2023) worked
on the impact of wetting/drying cycles on the soil’s
structure. From the sampling to the 3D object, there
are several important steps. Even more so if some
quantification needs to be done. Considering the
XCT method, there are several important steps from
the sampling to the 3D object to beware of, especially
concerning minute object visualisation and quantifica-
tion. After sampling, the sample is scanned by XCT.
The projections (radiograms; grey values images based
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on material density and X-ray power) of the object are
then reconstructed as a 3D volume. Finally, the filtering
and segmentation of the object can be done through
designed software (VG Studio Max, Avizo, DragonFly,
Reactiv’IP, Fiji, and others). One of the key aspects
is segmentation as Lavrukhin et al. (2021) explained.
They developed neural network segmentation for
soils. Other segmentations are available but mostly
rely on mature and seedling plants, which is not our
case (Mairhofer et al. 2013; Yang 2017). The segmen-
tation relies on the resolution and contrast between
the different elements to be analysed in the dataset.
Representativity is important and a balance between
the sample’s size and higher resolution needs to be
found. Karsanina et al. (2018) worked on multiscale
image fusion, which tackles this problem, even though
the process is not straightforward. Karsanina et al.
(2018) detailed the importance of the observation
scale in soil studies. Carbon storage and interaction
between organic and mineral soil phases within ag-
gregate organo-mineral microstructures have not yet
been confirmed by direct visualization. There are also
many questions about temporal changes in the spatial
assemblage of soil organic matter (SOM). This gap
and the need to better understand the micro-scale
processes of SOM need to be addressed. Our approach
employed a combination of standard and advanced
2D/3D measurements such as a digital VHX-6000
microscope (Keyence, Japan), X-ray computed tomog-
raphy (XT H 225ST, Nikon, Belgium) and GE Phoenix
L240 XCT (Universal Systems Inc. USA).

Although many studies exist, organic carbon redis-
tribution and organo-mineral interactions on a micro-
structure scale have not yet been confirmed by direct
visualization. There are also many questions about
temporal changes in the spatial assemblage of soil
organic matter and a better understanding of SOM
processes at the micro-scale need to be addressed.

Chernozems are the most productive and intensively
used agricultural soils. Identifying and classifying
their disturbance is useful to highlight their further
productive potential and pedological development.
Due to intensive agriculture two opposite pedogenic
processes can be recognized in depleted Chernozems
— the colluvial profile formation and Chernozem
degradation due to erosion processes. Clarifying these
changes on a microscale can give new insight into the
soil configuration and improvement of management
practices. In this study, we combined standard soil
analysis with advanced 2D/3D measurements using
a digital Keyence VHX-6000 microscope (Japan),
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and X-ray micro-computed tomography (XCT). The
novelty is to clarify the methodology and identify
parameters for disturbed and undisturbed soils using
a multi-proxy approach and a combination of dif-
ferent analytical methods.

MATERIAL AND METHODS

Site description. Field experiments were conducted
on intensively used arable soil classified as Haplic
Chernozems (locality Bosovice, South Moravia, Czech
Republic). The climatic area is T2 — warm, and mod-
erately dry. The average rainfall ranges from 500 to
600 mm and the average annual air temperature
is 8.8 °C (Quitt 1972; Pospisilova et al. 2019). The
studied area is a part of the Carpathian orogenic
system linked to the Eastern Alps. Picha et al. (2006)
reported that the Carpathians are divided into two
primary domains: The Inner Carpathians deformed
and thrust in the Late Jurassic to Early Cretaceous,
and the Outer Carpathians deformed and thrust over
the European foreland during the Paleogene and Neo-
gene. The Outer Western Carpathians is known as the
Carpathian Flysch Belt. In Figure 1 the geological
map of the studied area is given. Three soil profile
pits were excavated and located by GPS and marked
as — the control site, eroded and accumulated sites.
The pedogenic horizons and morphological proper-
ties such as colour, structure, consistency, mottles,
cutans, pores, concretions, horizon boundaries and
designation were assessed and described according
to procedures outlined in Némecek et al. (2011). Based
on the soil survey the soil was classified according
to the WRB for Soil Resources (IUSS Working Group
WRB 2022) as Haplic Chernozem (Siltic, Epidystric,
Ochric) forming on carbonate claystone.

Soil sampling and analysis. The disturbed and
undisturbed soil samples were collected from the
soil profile at the beginning of the field experiment.
Additionally, yearly during the period 2018-2022
grab soil samples after plant harvesting from the
topsoil (0-10 cm). A total of 45 punctures in the
GPS-localized places from the control, eroded and
accumulated sites were analysed yearly (135 disturbed
samples in total during the whole experiment period).
Undisturbed soil samples were collected from the
surface. A total of 45 x 3 undisturbed samples (in
3 repetitions) from GPS points 104, 108, and 114,
were examined for physical parameters using physical
cores. Commonly used standard analytical meth-
ods were applied for their determination (Pansu &
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Figure 1. Geological map of Czech Republic (A), map of the sampling sites and soil profiles in different slope positions (B),

control site, occupying the top of the hill (C), eroded site, occupying convex slope (D), accumulated site, occupying

concave slope (E)

Gautheyrou 2006; Pospisilova et al. 2019). Disturbed
soil samples from each horizon of soil pits and sam-
ples from the soil surface were dried at a laboratory
temperature of 20 °C and sieved through a 2-mm
sieve. Particle size analysis (texture) was determined
by the pipette method (Marshall & Holmes 1988).
The coefficient of aggregate stability was calculated
according to Kandeler (1996). Soil reaction (pHuyo;
pHxkc) was measured using pH/conduct-meter (Me-
trohm, Switzerland). Soil organic carbon (SOC) was
determined by wet oxidation in a mixture of sulphuric
acid and potassium dichromate (Nelson & Som-
mers 1996). Fractionation of humic substances was
made by a short fractionation method (Kononova
& Bel¢ikova 1963). The sum of humic substances
(Chs = Cra/Cra) was determined by the wet oxidation
method, as mentioned earlier. The calculation of the
Cpa/Cra ratio is reported by Kononova and Belcikova
(1963). The Cya/Cra ratio is a widely used criterion
for assessing soil quality/health. All soil physical and
chemical analyses were done in triplicate. Results
were statistically evaluated (ANOVA, Tuckey test)
using TIBCO® (Ver. 14.0.0.15, ©1984—2020 TIBCO
Software Inc., Palo Alto, CA, USA). Undisturbed soil
samples within the soil profile from the control site,

eroded, and accumulated sites were examined using
advanced 2D/3D measurements and a digital Keyence
VHX-6000 microscope (Japan). Additionally, the ag-
gregates’ computed tomography (CT) was performed
using a Nikon XT H 225ST (Nikon, Belgium). The
size of the aggregates varied approximately from one
to several centimetres. All aggregates were natu-
rally organized, not sieved or disturbed. Parameters
of Nikon XT H 225ST were: beam energy = 100 kV,
beam current = 220 pA, power = 22.0 W, effective
pixel size = 10.00 um, exposure total = 2 fps/500 ms,
gain = 24 dB, projections = 2 880, frames per projec-
tion = 2. After scanning the aggregates, the projection
was reconstructed, and the aggregates were cut into
1 836 x 1 836 voxels. Afterwards, all 2D pictures
were reconstructed into 3D models (CT Pro 3D 5.3.2,
Nikon Metrology) and the model was presented and
analysed by voxel analysis software (VG Studio MAX
2023.1, Volume Graphics GmbH). For processing
of the aggregate’s images, the Soil] (Koestel 2018)
plugin was utilized. We processed the image data
using the FIJI distribution of the open-access soft-
ware Image] (Abramoff et al. 2003; Schneider et al.
2012). Its modules automate tasks such as outline
recognition, image correction, segmentation, organic
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matter and root extraction, and topography detec-
tion, as well as morphology and percolation analyses.
A total of 17 images (1 836 x 1 836 px) were used from
each aggregate for vertical sections and horizontal
sections (51 images in total). Three pixels of noise
were removed from the images. A GE Phoenix L240
XCT device was used to scan the sample from the
Accumulated site (voltage 95 kV; current 210 pA;
geometry FDD: 800, FOD: 20; 2 350 projections;
voxel size 5 um). Each set of projections was then
subjected to standard tomographic reconstruction
procedures. The reconstructed volume was analysed
using the commercial software VG Studio Max 3.3
(Volume Graphics; Reinhart (2008)).

RESULTS AND DISCUSSION

Macromorphological features. Macromorphologi-
cal soil characteristics and analytically determined
physical and chemical properties are important for
classifying the soil type (Tables 1 and 2). The active
soil reaction (pHu,0) was weakly alkali, the exchange-
able soil reaction (pHgc1) was neutral, SOC content
was medium or low (due to intensive erosion and

https://doi.org/10.17221/47/2024-SWR

management), the stability of aggregates decreased
within the soil profile, and the carbonate content
varied from 0.5 to 12% and increased with the depth
(Table 2). Textural differentiation due to erosion pro-
cesses affected humus content, structure, consistency,
and other chemical and physicochemical parameters
of the original soil. The gradual sedimentation and
formation of Colluvisol took place in concave slope
elements. However, the character of the original
parent material (carbonate claystone) was imprinted,
on in-situ pedogenesis.

In Figure 2 statistically significant differences
in studied parameters between the control and ero-
sion sites and eroded and accumulated sites are
documented. The correlation coefficients were the
highest for SOC and Cyg (r = 0.805) and Cys and
Cua/Cra (r = 0.764). In addition, the highest values
for porosity; aggregates stability and coefficients
stability were confirmed on the erosion site and the
significant differences between the control and accu-
mulated variants are shown. It was concluded that all
studied parameters (BD — bulk density, P — porosity,
WSA — water stable aggregates, CAS — coefficient
of aggregate stability, SOC - oxidizable carbon,

Table 1. Basic macromorphological description of studied soil profiles

Munsell colour

Horizon  Depth (m) (Bd?sutlif;:?ezss:;s) Texture  Structure Carlz(();l)nates of wet .(w) ordry (d) Consistency
soil sample
Control site
Ap 0-0.35 A L G 0.50 7.5YR2/2(w) FR
ACk 0.35-0.50 C SL SAB 1.50 7.5YR3/3(d) FR
Ck > 0.50 C SL WE 8.00 10YR6/4(d) FR
Eroded site
Apkl 0-0.15 A SL SAB 12.00 2.5Y6/4(d) FR
ACk 0.15-0.23 C L SAB 12.00 2.5Y7/3.5(d) FR
Ck >0.23 C SL WE 12.00 2.5YR7/4(d) FR
Accumulated site
Al 0-0.10 C L CR 10.00 10YR4/3(w) FR
A2 0.10-0.20 C L CR IX.80 10YR3/4(w) FR
A3 0.20-0.30 C L CR 10.00 10YR3/4(w) FR
A4 0.30-0.40 C L SAB X.40 10YR4/4(w) FM
A5 0.40-0.50 C L SAB X.60 10YR4/3(w) FM
A6 0.50-0.60 C L SAB X.80 10YR4/3(w) FM
A7 0.60-0.70 C L SAB X.70 10YR4/3(w) FM
A8 0.70-0.80 C L WE 9.00 2.5Y3/1(w) SC
A9 0.80-0.90 C L WE 9.00 2.5Y3/3(w) SC

A — abrupt; C — clear; L — loam; SL - silty loam; G — granular; CR—crumbly; SAB — subangular blocky; WE — weak; FR — fri-

able; FM— firm; SC — sticky
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Table 2. Average values of selected chemical and physical parameters in studied soil profiles

Texture classes (%)

Horizon Depth pHio pHxa SOC CAS sand silt clay
(m) : (%) 2.00-0.05  0.05-0.002 <0.002
mm mm mm
Control site
Ap 0-0.35 7.60 7.00 1.35 1.83 31.44 37.28 31.28
ACk 0.35-0.50 7.55 7.00 0.60 1.50 41.92 28.80 29.28
Ck > 0.50 7.70 7.00 0.40 1.40 28.60 45.12 26.28
Eroded site
Apkl 0-0.15 7.60 7.30 1.10 2.97 37.64 39.64 22.72
ACk 0.15-0.23 7.60 7.20 0.70 2.47 38.72 45.94 15.34
Ck > 0.23 7.70 7.20 0.30 2.45 38.76 41.00 20.24
Accumulated site
Al 0-0.10 7.60 7.10 1.10 2.56 27,72 47.36 24.92
A2 0.10-0.20 7.50 7.00 1.10 2.51 29.52 45.68 24.80
A3 0.20-0.30 7.50 7.10 0.74 2.49 34.00 41.72 24.28
A4 0.30-0.40 7.50 7.20 0.60 1.40 34.40 40.68 24.92
A5 0.40-0.50 7.55 7.10 0.45 1.40 41.24 36.60 22.16
A6 0.50-0.60 7.60 7.15 0.41 1.56 37.44 42.76 19.80
A7 0.60-0.70 7.50 7.10 0.33 1.50 32.32 46.40 21.28
A8 0.70-0.80 7.50 7.00 0.42 nd 37.36 27.96 34.68
A9 0.80-0.90 7.60 7.20 0.35 nd 28.16 43.72 28.12

H>O - distilled water; SOC — soil organic carbon; CAS — coefficient of aggregate stability; nd — not determined

Cus — humic substances, and Cya/Cra ratio) signifi-
cantly differed on the control, eroded, and accumu-
lated sites. For three parameters (CAS, SOC, Cyya/Cra)
was also found a statistically significant difference
between the control and accumulated sites (Figure 2).

Keyence VHX-6000 micromorphological fea-
tures. Keyence VHX-6000 2D/3D microscopic meas-
urements illustrated the distribution of SOM and
pores in aggregates and helped to choose the proper
samples for computed tomography measurements.
A combination of different techniques can also pro-
vide detailed insight into pores structure on different
magnification level. The selected aggregates from the
control site (GPS = 104), eroded (GPS = 108) and ac-
cumulated sites (GPS = 114) showed that studied sites
varied in macro- and micromorphological properties
(Figure 3). The control site, Ap horizon (0-0.20 m) was
loamy textured, colour 7.5YR 2/2 (wet), friable con-
sistency, a visible mixture of subangular blocky and
crumbly structured aggregates, with medium roots
content, many worm cats, and many hard carbonate
claystone grains and silty clay infilling, well visible
organic coating, and also black organic filling inside

macropores (Figure 3A). The transition horizon (Ac/
Ck horizon; 0.35-0.50 m) was silty loam textured,
with a mixture of granularly and subangular blocky
structured aggregates, colour 7.5YR 3/3 (dry), with
few roots, depleted matrix with no organic coating
of aggregates, only several black organic filling inside
channels, rich in carbonate claystone skeleton (Fig-
ure 3B). The parent material (Ck horizon; > 0.50 m)
consists of carbonate claystone, clay minerals, quartz,
and feldspars. The colour 10Y6/4 (dry), unique root,
occasional organic coating of aggregates and unique
black organic filling (Figure 3C). On the erosion site,
Ap horizon (0-0.15 m) was very shallow, silty loam
textured, with a mixture of subangular blocky and
crumbly structured aggregates, and colour 2.5YR
6/4 (dry), mostly matrix of carbonated claystone,
with unique roots, unique black organic coating and
filling inside aggregates (Figure 3D). The transition
horizon (ACk horizon; 0.15-0.23 m) was very shal-
low, loamy textured, subangular blocky structured,
colour 7.5 YR 7/3.5 (dry), mostly matrix of carbonated
claystone, with unique roots, unique black organic
coating and filling inside aggregates (Figure 3E). The
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parent material (Ck horizon; > 0.23 m) represented
by matrix of carbonated claystone, with unique roots,
unique black organic coating and filling inside ag-
gregates (Figure 3F). On the accumulation site, the
Al horizon (0-0.10 m) was loamy textured, crumbly
structured, colour 10YR 4/3 (wet), friable consistency,
with a mixture of subangular blocky and crumbly
structured aggregates, rich in black organic coating
and black organic filling inside aggregates, medium
content of roots, with many worm cats, and carbonate
grains (Figure 3G). The A2 horizon (0.10-0.20 m)
was loamy textured, crumbly structured, friable
consistency, colour 10YR 3/4 (wet), had fewer roots,
and a higher content of carbonate claystone skel-
eton (Figure 3H). The micro photo of the deeper
A3 horizon is documented in Figure 31. The A3, and
similarly, A4, A5, A6, and A7 horizons were loamy
textured, mostly subangular blocky structured, with
friable consistency, similar in colour 10YR 3/4 (wet),
unique roots, rich in carbonate claystone skeleton
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(BD) (D); porosity (P) (E); water stable aggregates (WSA) (F); coefficient
of aggregate stability (CAS) (G)

and clay minerals, quartz, and feldspars. The A8 and
A9 horizons were loamy textured, weakly structured,
with sticky consistency, similar in colour 2.5Y3/1
(wet), unique roots, and rich in carbonate claystone
skeleton and clay minerals, quartz, and feldspars.
Keyence VHX-6000 not only helped to choose the
sample for CT but it was helpful in the description
of soil micromorphology.

Nikon XT computed tomography. The size and
aggregates variability were in detail studied using
computed tomography (CT, Nikon XT H 225ST).
The size varied approximately from one to several
centimetres. All aggregates were naturally organized,
not sieved or disturbed. They were collected from
the topsoil on the control site, eroded, and accumu-
lated sites. In Figure 4 aggregates from the control
site (2x vertical sections, horizontal section, and
overall view).

As mentioned above, a total of 17 images (1 836 x
1 836 px) of each aggregate were studied in vertical
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Figure 3. Keyence VHX-6000 micromorphological features within profiles at the control site Ap horizon (A); the control
site horizon Ack (B); the control site horizon Ck (C); the eroded site horizon Ap (D); the erosion site horizon Ack (E);
the eroded site horizon Ck (F); the accumulation site horizon Al (G); the accumulation site horizon A2 (H); the accu-
mulation site horizon A3 (I)

sections and horizontal sections (Figure 5). The high- by mixing Ap horizon with Ack horizon during the
est porosity is on the eroded site, followed by the ac-  tillage and by the intensive erosion process. Ac-
cumulated and control sites. This could be explained  cording to Keyence VHX-6000 micromorphologi-

Figure 4. Computed tomography of aggre-
gate AC114: vertical section XY axis (A);
vertical section ZY axis (B); horizontal
section XZ axis (C); 3D volume of the
aggregate AC114 (D)
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Figure 5. Computed tomography aggregates image with porosity segmentation in red from: the control site (A); the

eroded site (B); the accumulated site (C)

cal measurements, the highest organic matter was
discovered in the accumulated site (AC_114S Slices
XYZ) and in detail studied in 3D mode. The porosity
of aggregates was visualized and calculated using
computed tomography (Figure 6 and Table 3). The
obtained results document that the highest poros-
ity and aggregate stability were on the eroded sites.
A higher pores content on the eroded site enhanced
water infiltration and drainage making the soil struc-
ture more stable. The parent material consisting
of the carbonate claystone skeleton is currently used
as a ploughing horizon Ap on the eroded site. Addi-
tionally, the main conclusion is that also the control
site was badly affected by the erosion processes. The

184

total porosity was the lowest (Figure 4 and Table 3).
On the accumulated site, medium values of total
porosity were achieved. It was concluded that the
erosion highly affected aggregate stability and organic

Table 3. Average values of aggregates porosity calculated

by computed tomography

Aggregate Porosity (%) SD
Control site (102) 8.52 2.80
Eroded site (108) 24.42 1.07
Accumulated site (114) 12.50 1.10
114 - Slices 22.24 0.063

SD — standard deviation

Figure 6. Computed tomography (A, B, C) slices
in XY (A), XZ (B), and YZ (C) positions showing
the voids and cracks (porosity) in red inside of the
matrix; 3D rendering volume of the centre of the
aggregate from the accumulated site (AC_114S)
showing the porosity in red as well (D)
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Figure 7. GE Phoenix L240 computed tomography slices in X, Y and Z axis visualization of a twig in the accumulation
site aggregate AC_114S: unfiltered images (A—C) and filtered by median 3 px XYZ in VG studio (D-F)
We observe that the filtered slices are blurred, but the general shapes and some lines are more visible than in the unfiltered

images (A-C), although some details such as minor cracks and minerals become invisible

matter distribution. Dal Ferro et al. (2013) reported
that X-ray micro-CT to evaluate 3D pores is useful
for soil quality evaluation. The soil morphological
features of undisturbed soil cores and aggregate were
a sensitive method for different soil amendments
and agricultural practices assessment.

GE Phoenix L240 computed tomography. The
focus of these analyses was especially the content,
volume, shape, and distribution of soil organic matter
in the newly formed colluvial soil profile. We pro-
ceeded to an automatic segmentation between ma-
terials and background (air) and then separated
the inorganic matter from the theoretical organic
matter using a grey value threshold. The volume was
therefore segmented into 3 components: low, middle,
and high attenuation materials. The segmentation
not being perfect, and the middle and low-density
material overlaps. Manual segmentation would have
been needed to correct the segmentation. We used
different modules to analyse the materials, such
as wall thickness analysis and fibre orientation. The
organic material present in the aggregate from the
accumulation site (AC_114S) was well visible in the
2D slices of the volume, but their automatic segmen-
tation was hardly possible due to the low contrast
between it and the other materials. To improve the
visibility of the organic material, the median filter
was applied to the dataset. It reduced the noise and
offered a higher visualisation of the organic matter
borders. Although the image seems partially blurrier,

the number of details is still sufficient for organic
matter evaluation (Figure 7). The filtered (7A, B,
and C) and unfiltered (6D, E, and F) organic twigs
were recognised using filtering smooths of the image.
The filtered result gives a more blurred image but
offers a better visualization of the curves and lines.
It also increases the connectivity between the pixels.
The general shape of the organic matter is visible but
cannot be automatically segmented due to similar
attenuation (grey value) of the background and the
matrix. One of the aims was to quantify the organic
matter in the sample, we tried several operations and
analyses to extract only the organic fraction.
Region of interest (ROI) containing part of an
organic twig with grey value analysis was observed
in the aggregate from the accumulation site (AC 114S)
(Figures 8 and 9). This may help to show the areas
where organic matter could be. Verifying through
the raw grey image slice was always necessary. The
separation of the grey values is not optimal for match-
ing with the material, but we observe that the twig
is mainly in the light green area even though the
grey range goes from 11 760 to 12 560 grey values.
The fibre orientation module was used on a par-
ticular ROI of the volume, where we observed root-
like shapes. It showed preferential orientation based
on the contrasted borders between the root-like
and the background, as well as the inorganic matter
porosity shape. The extraction of the organic matter
can offer a 3D visualization and a preferential view
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of the morphology of a material. We tried several
ways to extract the most representative morphol-
ogy of the aggregate, but due to the low contrast
on some parts and the absence of visible material
disconnecting partially the shape, it was impossible
to extract it with common techniques. We used the
wall thickness module to analyse the low attenua-
tion material, which enclosed the organic matter.

186

https://doi.org/10.17221/47/2024-SWR

Figure 8. GE Phoenix L240 computed to-
mography: XYZ axis position slices (A-C)
and 3D volume rendering of an organic
structure detail showed with grey value (VG
studio grey value analysis) in the aggregate
from the accumulation site (AC114S) (D)

The blue parts reflect low density materials
mostly cracks and voids, while the orange-
red colours show the higher density material,
such as the matrix; the green part reflects
the organic matter; as visualized here, it is
complicated to discriminate clearly between
the different parts and therefore to segment

automatically the organic matter directly

Several morphological shapes could be determined
as organic matter, probably roots and grass residues.
We used this module to filter the size range of the
material and were able to extract part of a root-like
shape. Several morphological operations were ap-
plied to this ROI (ROI inversion, filtering, dilation/
erosion, mesh transformation) to clean and improve
the segmentation of the root-like shape (Figures 8

Figure 9. GE Phoenix L240 computed tomog-
raphy organic matter extraction from the main
volume of the accumulation site (AC114S) based
on the grey value analysis: XYZ axis position
slices of the organic twig (A—C) and 3D volume
rendering of the organic structure (D)
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and 9). It was observed that the recognised areas are
hardly connected. This can be due to the resolution/
contrast limit of the device or to the organic matter
disaggregation. We observe that even after various
enhancement operations and filtering, the whole
organic volume could not be extracted from the
matrix due to the low contrast between background,
matrix and organic matter. The noise is also quite
high, which complicates the visualization of the data
and its segmentation and if the filtering is increased,
the blurring dissolves the grey level of the organic
parts hiding some of their details/parts. The roots
and twigs can be visually assessed by a human but
cannot be automatically retrieved from the volume.
Quantitative analyses from the organic matter cannot
be used as they are but can give an approximation
of the minimum amount present in the aggregate.
The presented results of soil properties on micro-
and macroscale, and results of organic matter visu-
alization documented significant differences along
the transect (the control, eroded and accumulated
sites) and changes within the soil profile. The intense
erosion on one side and cumulation of material led
to the gradual upbuilding of Colluvisol. The original
soil (Haplic Chernozem) rapidly degraded, which was
confirmed by organic inhomogeneity, lack of organic
coatings on aggregates and visibly less organic fillings
in micro- and macropores on the control. Overall,
fewer humic substances and less favourable soil prop-
erties and distribution of organic matter on the ag-
gregate surface were inherently heterogeneous on the
control site. Possinger et al. (2020) studied the spatial
separation of SOM, the organo-organic and organo—
mineral interactions and observed disordered SOM
accumulation at a very fine scale. They showed that
these interactions may be dependent on soil phys-
icochemical properties and the soil mineral matrix
composition. Compostella et al. (2013) studied the
role of SOM in the aggregation process across widely
varying agroecosystems, soil types and environments.
They confirmed that the character of parent material
is imprinted by SOM redistribution and organo-
mineral interactions. This was also confirmed by this
research. Zadorova et al. (2023) also presented a com-
prehensive colluvial soil formation and determined
varying degrees of Colluvisol maturity. However, the
quantification of erosion is difficult because the soil
loss alone is not sufficient to estimate the impact
of erosion on soil fertility (Holz & Augustin 2021).
On the other side, when SOM is not protected within
aggregates (Figure 3), it is considered a labile C pool.

Similarly, Lavalle et al. (2020) and Holz and Agustin
(2021) showed that strong SOM association with
minerals represents a stable soil carbon and SOM
undergoes extensive mineral decomposition. Wang
and Zhang (2024) summarize the advantages and
disadvantages of various methods for pore structure
determination. They concluded that CT technology
can help in future to predict soil hydraulic properties.
Presented research documents that appropriate XCT
techniques and devices, which are carefully chosen
even quantification parameters and other important
information on soil organic matter behaviour can
provide. The distinguished features inherited from
parent rock and properties of newly formed soils
bring the necessity of a multi-proxy approach for
soil pedogenesis assessment.

CONCLUSION

Several techniques and morphological operations
were applied to assess aggregate stability and visual-
ize pores and SOM distributions. This can advance
the soil quality evaluation and the understanding
of the 3D soil environment. The GE Phoenix L240
computed tomography and ROI containing part
of aggregates from the accumulation site (AC 114S)
showed that the visualization of the SOM in the
slices XYZ is possible and even determination of the
organics could be possible through the porosity and
residues morphology. Still, the extraction of it for
a 3D visualization and its quantification was not
feasible except manually. Further research is neces-
sary to improve micro-XCT techniques, resolution,
and capacity. If the XCT techniques and devices are
carefully chosen even quantification parameters and
other important information on soil organic matter
behaviour can be received.
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