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ABSTRACT

Colluvisols form a significant part of the erosion-deposition soil catena mainly in undulating, agriculturally
managed landscapes. Due to their sedimentary origin, they are soils with highly variable properties. For such
diverse and often extremely deep soils, it is essential to capture the vertical distribution of properties in as much
detail as possible. This study demonstrates the potential of the diffuse reflectance infrared spectroscopy (DRIFT)
to derive accurate information on the stratigraphy and selected soil properties (soil organic carbon and calcium
carbonate contents and aluminium and iron concentrations) of deep colluvial profiles in three regions in the
Czech Republic with different dominant soil types (Chernozem, Luvisol, and Cambisol). The normalization of the
spectrum using the quartz spectral band was found to be suitable for assessing the carbonate content in Cher-
nozems and Luvisols (coefficients of determination (R?) were 0.89 and 0.88, respectively). The amount of organic
carbon can be predicted from such normalized spectra with less confidence (R> = 0.64). Organic matter quality
as an indicator of their stability and maturity was computed from aliphatic compounds spectral bands (2930
em™) and aromatics and C=0 groups band around 1640 cm™'. The highest values of this indicator were found in
Colluvisols in the Chernozem region (> 6, while, e.g., in the Cambisol region it is < 1), especially in the layers
corresponding to the oldest sediments or buried in-situ horizons. In the Cambisol region, the buried B horizon
was identified based on normalized (i) clays and Fe oxides bands and (ii) wider band of OH groups, which in this
case is related to the content of iron oxyhydroxides. The study proved that the applied set of spectral parameters
is an effective tool for the description of diverse soil parameters and for identification of the boundaries of in-
dividual soil layers. It is equally suitable for carbonate-free soils as well as for soils with higher carbonate
contents, which usually cause difficulties in the interpretation of soil organic matter spectral parameters. It
provides a comprehensive view of the soil and its mineral and organic components and can provide information
that is difficult to measure by other methods.

1. Introduction

commonly considered factors affecting the erosion intensity and for-
mation of colluvial soils include: (i) transformation of forested areas and

Colluvisols are a specific soil type arising at the foot of slopes or side
valleys due to the sedimentation of eroded material transported from the
wider area. They are a record of climatic fluctuations, changes in land
use and varying soil tillage (Leopold and Volkel, 2007). Colluvisol for-
mation varies between the sedimentation of relatively thick layers
during intensive rainfall episodes and the slow accumulation of thin
layers in drier periods (Zadorova and Penizek, 2018). The most
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grasslands to agricultural land, enhancing soil redistribution through
both the acceleration of surface runoff due to the removal of the stable
vegetation cover and the disturbance of the soil balance, in particular
the deterioration of the soil structure, leading to a higher susceptibility
of the soil to erosion removal (Boardman and Poesen, 2006), (ii) land-
scape defragmentation, leading to the establishment of large homoge-
neous agricultural blocks and, conversely, the disappearance of natural
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or artificial features acting as a barrier to translocated soil material,
slowing down the surface runoff and retaining the surplus of water and
material on the field (Foucher et al., 2014), (iii) intensive agriculture
with use of heavy machinery and deeper, often up- and downslope,
ploughing (Van Oost et al., 2006), causing displacement of material, i.e.
tillage erosion, disturbance of soil aggregates and soil compaction,
increasing the susceptibility to material removal during rainfall epi-
sodes, and (iv) crop rotation with long periods of bare soils, often
leaving the land without vegetation cover during critical spring periods
with increased occurrence of heavy rainfall events (Keesstra et al.
(2016)). Decreasing tillage depth and ploughing along the contour lines,
management of plant residues, intercrops and winter crops or grass
margins are considered as feasible methods to reduce the intensity of soil
material redistribution due to soil erosion (Van Oost et al., 2006; Kincl
etal., 2022). The Czech landscape has undergone extreme changes in the
last 70 years, related to the politically motivated collectivisation of
agricultural production and the massive consolidation of agricultural
land (Sklenicka et al., 2014). The disappearance of landscape elements,
the use of heavy machinery and the increase in the field size, together
with undulating relief and vulnerable soils, led to intensive material
redistribution not only in the most exposed loess areas (Sarapatka et al.
(2018)), but also in the hilly regions with magmatic or metamorphic
bedrock dominating in the Czech Republic (Zadorova et al., 2023).
Colluvisols can reach considerable thicknesses and act as soil organic
carbon reservoirs (Chaopricha and Marin-Spiotta, 2014; Zadorova et al.,
2015). They can help to understand the causes and consequences of
actual and past soil erosion, and they attract more attention as a key to
our understanding of the landscape dynamics in the changing climatic
conditions (Dotterweich, 2008).

To date, Colluvisols have been studied by a complex of different
methods and approaches, revealing different aspects of their formation
and post-depositional pedogenesis, first predominantly in loess regions
(e.g., Zadorova et al., 2013; Kiihn et al., 2017; Kotodynska-Gawrysiak
et al., 2018; Sherer et al., 2021a), more recently also in areas built on a
wide range of non-loessic parent materials (Henkner et al., 2018; Kap-
pler et al., 2018; Kaiser et al., 2020; Scherer et al., 2021b; Zadorova
et al., 2023). Attention is paid mainly to the assessment of the age of
individual layers. Optically stimulated luminescence (OSL), often in
combination with the radiocarbon method, has been widely used for the
datation (e.g., Fuchs and Lang, 2009; Poreba et al., 2015). Determina-
tion of radionuclide activity (1%7cs, 210pp, 10Be, 239+240py) and
human-bound vertically stable substances, such as organic pollutants (e.
g., DDX, HCB), potentially risk elements or nutrients, can also be
effectively used to assess both recent and long-term deposition (e.g.,
Clemens and Stahr, 1994; Zadorova et al., 2013; Poreba et al., 2019;
Loba et al., 2022). The potential of their use is related to their affinity to
soil components, mainly soil organic matter and clay, and thus a rela-
tively low vertical mobility in the soil profile (van der Perk, 2006). Since
for many substances the period of beginning or cessations of their use or
input into the soil is known, it is possible to relate the increased con-
centrations of substances in a particular layer to a specific period of
deposition (Zadorova et al., 2023). At the same time, the sedimentary
soils provide an important record of the intensity of use of these com-
pounds, including an understanding of the leaching process and resi-
dence time in the profile, which are essential for taking practical
measures in soil management. The study of a wide range of chemical and
physical parameters (Zadorova et al., 2013; Jaksik et al., 2015; Scherer
etal., 2021a; Pavli et al., 2022), soil micromorphology (e.g., Kiihn et al.,
2017), mineralogy (e.g., Dreibrodt et al., 2013, Zadorova et al., 2023)
and microbial properties (e.g., Sagova-Mareckova et al., 2016) can
elucidate and describe a variety of depositional and pedogenetic pro-
cesses alternating during the formation of these soils. However, most of
these analyses are quite demanding in terms of time and
instrumentation.

There are also less laborious indirect techniques using various types
of sensors to identify elements or minerals in the soil profile, and organic
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matter content. Often used are portable X-ray fluorescence spectrometry
and visible and near-infrared spectroscopy (Stockmann et al., 2016;
Benedet et al., 2022; Gozukara et al., 2022) in studies focusing on soil
profile differentiation.

Infrared (IR) spectroscopy in the middle infrared part of spectra
(wavelength 2.5-25 ym; 4000-400 cm ™" respectively) is frequently used
for the identification of pure chemicals. Part of the spectral range
referred to as fingerprint (1500-400 cm™) is specific for different
functional groups vibration in molecules. It depicts relatively sharp and
well-identified peaks of specific spectral bands (Stuart, 2004). A more
complicated situation is with spectra of mixtures where bands of indi-
vidual functional groups overlap. Soil is a typical mixture containing a
wide range of mineral and organic components. Thus, wider bands
appear in the spectra (Haberhauer et al., 1998; Madejova, 2003; Leue
et al., 2010; Le Guillou et al., 2015; Tinti et al., 2015) and the identifi-
cation of individual substances is thus considerably limited. For
example, OH group vibration in the range 3440-3320 cm™ can belong
to organic matter components or to minerals of group oxide-hydroxides.
Spectral peak around 1520 cm™* can belong to the C=C vibration of
benzene rings together with the amid II functional group. Cunha et al.
(2009) use this band for the calculation of index describing the aromatic
components proportion in organic matter, while Haberhauer et al.
(1998) uses it as an indicator of the decomposition of organic matter
depending on the content of its nitrogenous components. Moreover, in
the case of soil formed on carbonates substrates, this peak is entirely
covered by a broad and intensive carbonates band. One of the ap-
proaches to analyse IR spectra is the evaluation of spectra as a whole and
obtaining information with advanced mathematical operations (e.g., Ng
et al., 2019). Partial least squares regression is the most common che-
mometric method used in the prediction of soil properties from diffuse
infrared reflectance spectra (Minasny and McBratney, 2008). Other al-
ternatives for spectral data processing and modelling can be using robust
artificial intelligence approaches to solve problems exhibiting complex
mechanisms, particularly in geoenvironmental engineering (Jalal et al.,
2021) if a large data set is available for training the models. The second
approach is, despite aforementioned difficulties, to select well-defined
bands and used them specifically, e.g., for minerals identification
(Senthil Kumar and Rajkumar, 2014; Bosch-Reig et al., 2017; Hahn
et al., 2018), for determination of soil aggregates wettability which
determines water behaviour in soils (infiltration, retention) (Ellerbrock
et al., 2005; Leue et al., 2010; Thai et al., 2022), or for the evaluation of
qualitative parameters of soil organic matter (Gerzabek et al., 2006;
Parnpuu et al., 2022). Various types of indexes were designed to eval-
uate SOM aromaticity (Cunha et al., 2009; Matamala et al., 2017) or
level of decomposition (Haberhauer et al., 1998; Artz et al., 2006;
Matamala et al., 2017).

Presented study aims to provide an alternative to the aforementioned
direct and indirect methods. It aims to introduce the applicability of
infrared spectroscopy in the middle infrared part of spectra (especially
diffuse reflectance infrared spectroscopy with Fourier transformation
(DRIFT)) as a rapid technic with relatively simple sample preparation
providing a wide range of information on soil properties applicable at
complex Colluvisols description. The main effort of this paper was to
propose spectral indicators usable with the same reliability for both
carbonate and non-carbonate soils and to test their effectiveness in the
identification of horizons of very deep colluvial soils varying in miner-
alogical properties, organic carbon content, and organic matter quality.
This study aims to introduce an original set of relatively easy measured
soil spectral parameters not requiring advanced mathematical process-
ing or large datasets which can describe soil chemical properties, (i)
qualitative (identification of the presence of certain minerals or relative
comparison of the representation of different organic matter compo-
nents using only spectral bands nonoverlapping with carbonate bands)
and (ii) quantitative (evaluation of the amount of organic matter or
carbonates in the soil using the spectra normalization by the quartz
spectral band) both on the example of Colluvisols (three regions with
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different lithology, climatic conditions and soil types) and (iii) deter-
mine their usefulness for defining the individual Colluvisols layers the
subsequent detailed investigation of which can disentangling the com-
plex functioning and formation history of colluvial soils.

2. Methods
2.1. Sites description

Three localities (Brumovice, Vidim, and Kosova Hora; Fig. 1)
fundamentally different in their geological and pedological conditions,
climate and settlement history but with similar topography were
selected for this study. The naming of soil types and subtypes presented
below is based on the classification (IUSS Working Group WRB, 2022).

Brumovice is situated in a loess region in South Moravia in the Czech
Republic. The average annual temperature varies between 9 and 10 °C,
and the average annual precipitation is between 500 and 550 mm. The
history of this site and Colluvisols forming conditions are described by
Zadorova et al., (2013, 2023). Soil cover is created on a Pleistocene loess
layer with a variable depth ranging from several meters up to several
tens of meters (Chlupac et al., 2002). Calcic Chernozem is the original
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dominant soil unit in the region, which is now gradually transforming
into different soil units as a result of intensive erosion and redeposition
of soil material (Jaksik et al., 2015). Areas with minimal slope (0-2°) are
covered mainly by Calcic Chernozems, areas with increasing slope by its
eroded forms, and the steepest parts (8-15°) of the slopes by Regosols
and Calcisols. Loess itself is exposed in many cases. Colluvial soils
(Kastanozems and Phaeozems (Solimovic) with deep humus horizons
are formed in slope depressions (Zadorova et al., 2013). The research
was performed on an agricultural parcel (area of 6 ha), forming a
complex slope system with different landforms.

Vidim is situated in Central Bohemia (Czech Republic), in the PSovka
River watershed. The wider area is underlain by Cretaceous sandstones
covered by a Pleistocene loess layer (Chlupac et al., 2002). Haplic and
Albic Luvisols are the original dominant soil units. The average annual
temperature varies between 7 and 8 °C, and the average annual pre-
cipitation is between 550 and 650 mm. The study plot (4.5 ha of agri-
cultural soil) is characterized by intensive topography dominated by two
side valleys connected in the southwest part of the site. These two
concave units represent the main accumulation positions at the plot,
where colluvial soils (Haplic Luvisols (Solimovic) developed. The adja-
cent slopes, covered by eroded Luvisols and Regosols, are relatively

Germany e

CzechRepubli
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Austria
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Fig. 1. Studied localities and soil pit positions.
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steep (up to 12°), while the plot’s south, northeast, and northwest parts
are formed by flat terrain. More details about this site are given in
Zadorova et al. (2014), Penizek et al. (2016), and Pavli et al. (2022).

Kosova Hora is situated in the central part of the Czech Republic in
the Central Bohemian Upland. Geologically, the area forms part of
Central Bohemian magmatic pluton. The parent material of the study
area derives from granodiorites, in the side valleys covered by silty
deluvial sediments (Chlupac et al., 2002). The average annual temper-
ature varies between 7 and 8 °C and annual precipitation is between 600
and 700 mm. The study plot covers an area of 10 ha of agricultural soil.
The terrain is complex comprising of backslopes, a side valley, and two
significant colluvial-alluvial cones at the toe-slopes. Eutric Cambisols
are the dominant soil units, significantly eroded at the slopes. Zadorova
et al. (2023) described occurrence of Luvisols at the study area, namely
in the flat parts of the terrain. Skeletic Leptosols occur at the steepest
parts. Stratified Colluvisols (Solimovic Cambisols) developed in concave
positions.

2.2. Soil sampling

Soil samples were collected from four soil pits in each area (Table 1).
One pit always captures soil negligibly affected by erosion in the higher
and flatter parts of the area. The second was dug in the most eroded
sloping part of the area. The remaining two were located in places of
accumulation of eroded material (toe-slope and side valley). Soil sam-
ples were taken every 10 cm down to the depth of the original soil-
forming substrate or in-situ soil material. They were air-dried, ground,
and sieved through a 2-mm sieve to analyse selected soil properties. The
soil samples were ground to analytical fineness to measure the infrared
spectra. For the detailed description of the field survey and selection of
sampling points see Zadorova et al. (2023).

2.3. Soil chemical analyses

Soil organic carbon (SOC) content was measured using the dichro-
mate redox titration method (Skjemstad and Baldock, 2007). CaCO3
content was measured using the volumetric method corresponding to
the ISO 10693 standard (08.53 calcimeter — Ejkelkamp).

Element contents (Feag, Alar) in aqua regia extract were measured
using the method of Cools and De Vos (2016). The final concentrations
of Fe and Al were subsequently measured by inductively coupled plas-
ma-optical emission spectrometry (ICP-OES) using an iCAP 7000 radial
ICP emission spectrometer (Thermo Fisher Scientific Inc., USA) under
standard analytical conditions.

2.4. DRIFT spectra measurement and description

MID infrared spectra were measured using the diffuse reflection
technique and instrument Nicolet iS10 (Thermo Fisher Scientific Inc.,
USA). The spectral range was 4000-400 cm™". Before the measurement,
the samples were not diluted with KBr or otherwise modified. The gold
mirror was used as a background reference. The 64 scans with a reso-
lution of 4 cm™! and spectra conversion to Kubelka-Munk units were
applied. OMNIC 9.2.41 software (Thermo Fisher Scientific Inc., USA)
was used for spectra analysis. Well-definable bands of soil components
functional groups were determined in the spectra and their reflectance
converted to Kubelka-Munk units was measured.

Fig. 2 shows average DRIFT spectra of soils in all three studied re-
gions. Description of main spectral bands of soil presents Table 2. Most
of the listed spectral bands of both mineral and organic soil components
can be found in all soil types. The exception are the bands of carbonates
(around 2515 cm™! and 1450 ecm™!) which are visible in the spectra
only when their content is higher in the soil (approximately > 1 %).
Unfortunately, the intensive band in the 1450 em! overlaps the bands
of some functional groups (1545-1500; aromatic C—=C stretching, aro-
matic skeletal vibration, aromatic (lignin), amide II) suitable for a
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Table 1
Soil profiles description and accumulation period of individual layers based on
Zadorova et al. (2023).

Brumovice Layer / Depth Period of
horizon (cm) accumulation
Bl Ap 0-25 last 30 years
Solimovic Regosol (Protocalcic, M1 25-100 last 70 years
Siltic) over Calcic Chernozem M2 100-150 Middle Ages
M3 150-220 Middle Ages
M4 220-270 Dark Ages
M5 270-300 Late Neolithic
2Ahb 300-350
2AC 350-370
3Ck 370-380
B2 Ap 0-27
Haplic Kastanozem (Siltic, M1 27-70 Middle Ages
Solimovic) over Calcic M2 70-120 La Tene period
Chernozem (Stagnic) M3g 120-170 Middle Bronze Age
M4 170-190 Early Bronze Age
M5 190-250 Early Holocene
2Ahgb 250-300
2Bwg 300-340
3Ckg 340-350
B3 Ap 0-25
Calcic Chernozem (Siltic) Ah 25-40
AC 40-50
Ck 50-70
B4 Ap 0-25
Haplic Calcisol (Siltic) Ck 25-60
Vidim Layer / Depth Period of
horizon (cm) accumulation
\1 Ap 0-30
Haplic Luvisol (Siltic, Cutanic, M1 30-75 Late Middle Ages
Solimovic) M2 75-112 Early Middle Ages
M3 112-123
M4 123-160 Roman period
M5 160-185 Roman period
2Ahb 185-205
2Egb 205-220
2Btgb 220-240
V2 Ap 0-30
Haplic Luvisol (Siltic, Cutanic, M1 30-55 Middle Ages
Solimovic) M2 55-80
M3 80-92 Middle Ages
M4 92-110
M5 110-170 Early Middle ages/
Dark Ages
M6g 170-200 Early Middle ages/
Dark Ages
2Btgb 200-220
V3 Ap 0-37
Calcic Luvisol (Siltic, Cutanic) Bt 37-73
Bt/C 73-95
Ck 95-120
V4 Ap 0-34
Calcaric Regosol (Siltic) C 34-80
Kosova Hora Layer/ Depth Period of
horizon (cm) accumulation
K1 Ap 0-20 last 30 years
Eutric Solimovic Bathystagnic M1 20-32 last 30 years
Regosol (Loamic) M2 32-40 last 30 years
M3 40-57 last 70 years
M4 57-70 last 70 years
M5 70-90 last 70 years
M6 90-107 Middle Ages
2Bg 107-120
3Bg 120-137 Early Holocene
4Bg 137-180
K2 Apg 0-27
Eutric Solimovic Stagnic Regosol ~ M1g 27-160 Middle Ages
(Loamic) M2g 160-180 Early Middle ages/
Dark Ages
K3 Ap 0-26
Haplic Luvisol (Loamic) Btw 26-63
C 63-80
K4 Ap 0-25
Eutric Lithic Leptosol C 20-40
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Fig. 2. Average DRIFT spectra of soils from three studied regions in full-scale (min-max) display.

Table 2

The assignment of the major spectral bands in the soil infrared spectra (Hab-
erhauer et al., 1998; Madejova, 2003; Vagenas et al., 2003; Leue et al., 2010; Le
Guillou et al., 2015; Tinti et al., 2015).

Spectral band Description

(em™)

3700-3680 Si—O-H vibration of clays and Fe oxides (weak hydrogen bonds
with the oxygens of the Si—O-Si bonds on the lower surface of
the next layer)

3630-3620 Si-O-H bonds in clays and oxides (hydroxyl groups, lying
between the tetrahedral and octahedral sheets)

3440-3320 O-H and H-bonded OH (mainly in organic components —
alcohols, carboxyl functions, phenols)

3010-2800 aliphatic ~-CH; and —CHj stretching

2550-2500 carbonates

2000-1790 Si-O vibration of quartz (and 1800 calcite) overtone

1775-1711 C=0O stretching in carboxylic group

1690-1570 C=0O stretching of amides (amide I), H-bonded conjugated
ketones, carboxyls and quinones, C=N stretching, amide II of
primary amides, aromatic C—=C

1545-1500 aromatic C=C stretching, aromatic skeletal vibration, aromatic
(lignin), amide II

1470-1420 carbonates

1430-1300 aliphatic C-H deformation of CH, and CH3 bending, C~-OH
deformation of COOH, C—=0, and C-O stretching of phenolic
groups, COO- and O-H

1160 0-Si-O in quartz

1100-1050 polysaccharides

1030-1000 Si-O of silicate stretching in feldspars and secondary
alumosilicates

810 and 780 quartz doublet

695 quartz

qualitative description of the composition of soil organic matter ac-
cording to, e.g., Haberhauer et al. (1998) or Cunha et al. (2009). In such
cases, either a more complex preparation of the samples or mathematic
peak resolve (both of which can introduce an error into the result) is
necessary.

In this study, a ratio of the band around 1640 cm™ and the aliphatic
band (around 2930 crn'l) was designed and used as an indicator
describing organic matter quality (OMQ). These two spectral bands were
used because they do not overlap even in carbonate soils and identify
important components of SOM. Based on their ratio, the relative pro-
portion of aliphatic, aromatic, or C=0-containing groups of SOM can be
evaluated.

2.5. Normalization of the DRIFT spectra

In order to quantify the selected spectral parameters, the non-
quantitative DRIFT spectra must be adjusted or normalized. Calcula-
tion of peak relative absorbances are often used. They were calculated
by dividing the distinct peaks heights by the sum of the heights of all
peaks and multiplying it by 100 (Gerzabek et al., 2006). In this case, we
chose a different approach based more on the basic principle of soil
formation. Quartz is one of the most stable minerals in the soil, and also
precisely because of this, it belongs to the most abundant minerals in
most soil types (Brady and Weil, 2008). The DRIFT spectrum shows the
quartz bands at 1160 cm™, well-defined sharp doublet at 810 and
780 cm’l, and the band at 695 cm™ (Le Guillou et al., 2015). Bands of
quartz are some of the most intense in the spectra of soils. They are
narrow and do not overlap with others. For that reason, they were used
for normalization. The spectra were normalized with the reflectance
(converted to Kubelka—Munk units) of the bands at 695 cm™ and
810 cm™, respectively. Both normalizations were compared. Fig. 3
shows that both normalizations return similar but not the same results.
The best matches are reached in the carbonate band (2520 cm™). The

1.0

Qe o o
IS o o

normalization with band 810 cm™

o
N}

7 R2=0.677
R?=0.9013
0.0

0.0 0.2 0.4 0.6 0.8 1.0
normalization with band 695 cm™
Fig. 3. Comparing of two types of spectra normalization. Coefficients of

determination (R?) was computed separately for selected spectral bands. Black
full line indicates theoretical 1:1 relationship.
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selection of a more appropriate type of normalization was therefore
further tested using basic soil properties.

The heights of peaks in the normalized spectra were correlated with
the soil parameters measured by standard analytical methods (Table 3).
STATISTICA 13.3 software (StatSoft Inc., USA) was used to perform
correlation analysis. The heights of spectral peaks, whose shapes and
intensities were not affected by the presence of carbonates, were
included in the correlation analysis for all samples (N 195). The values
affected by the presence of carbonates were excluded from the analysis
(N 120), therefore, the correlation coefficients in such cases are valid
only for samples with zero or very low carbonate content. Table 3
documents that better results (higher correlation coefficients) can be
achieved when normalizing with the 810 cm™! band.

3. Results and Discussions

3.1. Using DRIFT normalized spectra as soil chemical parameters
predictors

In addition to the more appropriate type of normalization, the cor-
relation analysis also indicated which soil parameters can be derived on
the base of normalized spectra. SOC content correlate significantly with
all spectral parameters belonging SOM (2925, 2850, 1620, and
1512 em™). The highest correlation was found for SOC and sum of all
SOM peaks heights. The disadvantage of this spectral parameter is its
unsuitability for carbonate soils, where two (2850 and 1512 crn‘l) of the
four bands used are deformed or covered by a band of carbonates. With
regard to all types of soil, it appears to be the most suitable band of
organic substances (1620 cm’l).

Carbonates appear in two bands in IR spectra (around 2515 cm™ and
1450 cm™). The first of these is well isolated from the other bands and,
although it is less intense than the second mentioned, is well identifiable
and measurable. The 1450 cm™! band is located in the fingerprint area, it
is very intense, but as an easy usable parameter it is unsuitable due to the
number of overlaps. Very high correlation was found for CaCO3 content
and 2515 cm™ peaks heights.

Two well defined peaks (3690 and 3620 cm™) belong, according to
the literature (Madejova, 2003; Le Guillou et al., 2015; Tinti et al.,
2015), to the vibration of clays (alumosilicates) and Fe oxides. Each
peak individually correlates with aluminium and iron contents. How-
ever, higher correlation coefficients were achieved after summing the
heights of both evaluated peaks.

The possibility of predicting soil parameter values from normalized

Table 3
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DRIFT spectra was tested using simple regression analysis. Predictive
models for estimating the SOC, CaCOs, Alag and Feagr concentrations in
soil separately for studied areas and soil regions was designed. The co-
efficients of determination (Rz), root mean squared error of prediction
(RMSEP - the differences between predicted and observed values
quantifying the accuracy of the prediction by comparing the prediction
errors of different models), and residual prediction deviation (RPD — the
standard deviation of observed values divided by the RMSEP) were
calculated to verify the model quality (Table 4). The RPD considers both
prediction error and variation in observed values, resulting in a model
validity metric that is objective and easily comparable across model
validation experiments (Williams and Sobering, 1993). The result shows
that carbonate content in the Chernozem and Luvisol regions is the
best-predicted soil property (high R? and low RMSEP; range of CaCO3
content 0-25 %). A specific situation is in the Cambisol region where
CaCOj3 concentrations are zero or very low (max = 0.07 %), resulting in
low RMSEP but also very low R2. The prediction of carbon concentration
from FTIR spectra is well known (Barra et al., 2021) and the larger and
more diverse the dataset, the more accurate is the prediction. In this
case, we are working with a limited dataset with relatively low vari-
ability in organic carbon content (min = 0.06 %; max = 1.90 %).
Accordingly, the organic carbon content is better predictable if data
from all regions are used, although there is often less RMSEP and RPD in
models from individual regions. Better results were obtained using more
spectral bands of soil organic components. In this case, samples with a
higher carbonate content had to be excluded from the calculations, as
some of their bands overlap bands of organic soil components, as
mentioned above. Predictions of Alagr and Fear contents are the most
accurate (highest R and lowest RMSEP) for the Luvisol region. How-
ever, even there their coefficients of determination are relatively low.

3.2. Application of normalized DRIFT spectra in Colluvisols description

From the results published also by Zadorova et al. (2023) and used
there for comparison with spectral parameters (Figs. 4-6) it is evident
that SOC concentrations are very low in soils of all these localities. SOC
content is only higher in the Chernozem region — Brumovice (maximal
values of SOC content: 1.8 % in the oldest sediments, 1.5 % in the Ap
horizon, respectively) than in others (Vidim — Ap - 1.2 %; Kosova Hora —
Ap - 1.1 %). Cambisol region differs from others in higher content of
Alsgr and Feyp as elements abundant mainly in B horizons and in their
almost zero carbonate content, unlike soils formed on loess (Chernozem
and Luvisol region), where in some layers carbonate content reaches up

Correlation coefficients identifying relationships among basic soil characteristics and spectral bands (computed normalized band height or sum of these heights; Zalif —
sum of 2925 and 2850 band heights; Zorg — sum of 2925, 2850, 1620, and 1512 band heights; Xclay — sum of 3690 and 3620 band heights).

Band (s) NB3690 NBss20 NB2og2s NB2gso NB2s15 NBi1620 NBis12 Salif Torg Zclay

N 195 195 195 120 195 195 120 120 120 195
normalization with band 695 cm™?

soC —0.265 0.260 0.578 0.476 —0.064 0.711 0.440 0.551 0.701 0.112

CaCO3 —0.406 -0.127 0.072 0.178 0.850 0.098 0.197 0.211 0.275 —0.228
%* ek * ke * * * % * %

Alpag 0.332 0.330 —0.049 —0.014 —0.324 —0.195 —0.542 0.008 —0.272 0.359

Fear 0.294 0.383 —0.050 —0.047 —0.314 —0.157 —0.525 —-0.019 —0.246 0.387
* ek % ek * k¥ * %k * % * dk
normalization with band 810 cm™?

SOoC —0.252 0.277 0.485 0.384 —0.057 0.757 0.611 0.444 0.801 0.130
%* ek * ek % dk %* ke * %k * %k * dek * ek

CaCO3 —0.193 0.113 0.273 0.097 0.315 0.210 0.122 0.260 0.023
* * xk * xx N *

Alag 0.532 0.497 0.088 0.214 —0.215 —0.096 —0.386 0.226 —0.041 0.558

Fear 0.441 0.509 0.050 0.127 —0.224 —0.082 —0.426 0.145 —0.071 0.537
* * wk % . *

%k ok wx Gignificant at the probability level 0.05, 0.01, and 0.001, respectively; correlation coefficients of later discussed (3.1) relationships are in red.
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Table 4
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Linear regressions models and their coefficients of determination (R?), root mean squared error of prediction (RMSEP), and residual prediction deviation (RPD). NB —
normalized band height; Zorg — sum of 2925, 2850, 1620, and 1512 band heights; Eclay — sum of 3690 and 3620 band heights.

N regression equation R? RMSEP RPD
All sites 195 0.574 0.302 1.532
Chernozem region 85 0.368 0.354 1.258
Luvisol region 58 0.339 0.288 1.170
Cambisol region 46 0.272 0.212 1.171
all sites 120 SOC = 2.000(Zorg) 0.641 0.319 1.669
Chernozem region 35 SOC = 1.342(Zorg)* ** 0.441 0.262 1.451
Luvisol region 39 SOC = 1.922(Zorg)* ** —1.714 * ** 0.445 0.251 1.343
Cambisol region 46 SOC = 0.842(Zorg)* ** — 0.655 * * 0.322 0.204 1.214
All sites 195 CaCO3 = 168.8(NB2s15) 0.787 2.276 2.155
Chernozem region 85 CaCO3 = 191.6 (NBas;5) * ** 0.885 2.023 2.951
Luvisol region 58 CaCO3 = 166.2(NBgs15)* ** — 9.892 * ** 0.876 1.323 2.706
Cambisol region 46 CaCO3 = —0.500(NBys15)* + 0.066 * ** 0.099 0.041 0.498
Cher.+Luv. Regions 131 CaCO3 = 175.2(NBys15)* ** — 11.14 * ** 0.879 1.980 2.691
All sites 195 Alpg = 23892(Zclay)* ** — 4187 * 0.310 3837 1.205
Chernozem region 85 Alpr = 10898(Zclay)* ** + 5139 0.092 2467 1.050
Luvisol region 58 Alpr = 19531 (Zclay)* ** — 2224 0.572 2345 1.455
Cambisol region 46 Alpg = 40453(Zclay)* ** — 13662 * * 0.493 5051 1.405
All sites 195 Fear = 21471(Zclay)* ** + 1007 0.289 3629 1.186
Chernozem region 85 Fear = 9641(Zclay)* + 9884 * * 0.048 3101 1.025
Luvisol region 58 Fear = 18706(Zclay)* ** 4 2036 0.550 2346 1.419
Cambisol region 46 Fear = 34012(Zclay)* ** — 6684 0.440 4727 1.337

* %% %k Significant at the probability level 0.05, 0.01, and 0.001, respectively.

to 25 %.

Normalized spectra are presented as soil profile spectral maps
(Figs. 4-6). These maps are supplemented with data of measured soil
characteristics in the corresponding layers. The maps mainly show
variability in the height/intensity of the normalized bands of OH groups
(3440-3320 cm‘l), bands of organic substances (1690-1570 cm‘l), and
bands of carbonates (1470-1420 cm™Y). This intensity corresponds very
well with the measured soil properties. The z-axis scale is set so that the
map best captures the variability of these intense bands. Less intense
bands of aliphatic groups or carbonates in the region 2550-2500 cm ™!
are therefore less visible. In general, it can be stated that this form of
spectrum processing/visualization documents changes in soil properties
along the depth gradient and can help in the identification and
description of the individual layers of the Colluvisols discussed below.

In addition, spectra can also provide information on the qualitative
parameters of soil organic matter, in this case, represented as OMQ
index. Based on this ratio, the relative proportion of aliphatic, aromatic,
or C=0-containing groups of SOM is evaluated. This proportion de-
termines the mobility or stability of SOM through these components’
affinity for soil minerals and for water. Aromatic compounds are less
mobile, therefore, they are likely retained in the mineral soil horizon (Bi
et al., 2013). Aromatic and aliphatic acids, such as for example lignin
monomers, appear to be selectively retained on mineral surfaces and
polysaccharides and protein appear to be selectively preserved in
organo-metallic complexes (Angst et al., 2021). Absorption bands at
2921 and 2852 cm ™! indicate the hydrophobic (alifatic) groups of SOM
and at the 1630 cm ™! hydrophilic groups (aromatic and C=0 groups (O
and N containing hydroxyl and carboxyl groups)). Aromatic rings,
generally assumed to indicate hydrophobic groups, can show hydro-
philic properties if they are conjugated with C—=0 groups (Ellerbrock
et al.,, 2005; Leue et al., 2010). SOM richer in aromatic, alkyl, and
carboxyl groups, but containing lower amounts of hetero-alkyl groups
can be considered as more humified and chemically mature. Conversely,
a lower number of aromatic groups and a higher percentage of O,
N-alkyl C, predominantly in carbohydrate and polypeptide structures,
represents a lower degree of humification and chemical maturity
(Maryganova et al., 2010).

It has been shown, that aromaticity of organic matter increases in the
common intact soil profiles with degrees of decomposition, maturity of
OM and generally with depth (Veum et al., 2014; Margenot et al., 2015;
Thai et al., 2021). The profiles of Colluvisols are specific and the quality

of organic matter can vary depending on the sedimentation history of
the layers and the origin of the sedimented material. Soil burial can
isolate organic matter from the atmosphere, creating environmental
conditions unfavorable to microbial decomposition, which can lead to
the persistence of SOC relatively unchanged for thousands of years and
conversely once exposed to ambient conditions, soil microbial activity
can recover to rates comparable to surface soils (Chaopricha and Mar-
in-Spiotta, 2014). And it is precisely this variability that the OMQ index
can capture well.

In the Chernozem region (Fig. 4), the deepest Colluvisols were found
with the aggregate thickness of colluvial layers exceeding 300, resp.
250 cm in the profiles B1 and B2. Buried profiles of former Chernozems
were identified below the colluvial material (Zadorova et al., 2023).
Chernozems are characterized by a thick very dark-coloured chernic
surface horizon (Ah) passing into a light-coloured soil-forming substrate
rich in carbonates (Ck) (IUSS Working Group WRB, 2022). Sharp change
in CaCOs3 content between recent or buried Ah horizon and loess is
evident in the B1 and B3 (less evident in the B2) spectral maps, both in
the band 1470-1420 em™ and 2550-2500 cm ™. The buried Ah horizons
and oldest sedimented layer M5 in B1 profile and M3-5 in B2 profile are
almost decalcified. Layers M4(B1) and M2(B2) are in spectral map
defined by gradual transition and CaCO3 content increase. In the spec-
tral maps, medieval colluvial layers (B1 — M3 and M2) and recently
deposited layers (B1, B2 — M1 and Ap) with high CaCO3 content are well
identified. These layers reflect accumulation of material transported
from truncated source profiles, such as B4 (Zadorova et al., 2023) and
represent a long-term erosion process and soil degradation in a land-
scape of south Moravia Chernozem region (Jaksik et al., 2015; Sarapatka
et al., 2018).

Intensity of spectral band around 1620 cm ™! well describes the dis-
tribution of organic matter in soil profiles. Orange and red colours
correspond to the buried Ah horizon and oldest sedimented layer M5 in
B1 profile and to M5 and M4 layers in B2 profile. In the B1 profile the
organic matter distribution is also reflected in broad band of OH vi-
brations in the range 3500-3300 cm !, The vibration of the OH group
belongs mainly to organic components — alcohols, carboxyl, and phe-
nols, as was mentioned in Table 1 (e.g., Tinti et al., 2015). Different
situation is in B2 profile where this band is similarly intense in whole
profile, including layers with very low SOM content. A wider band of OH
groups in the case of these layers may correspond to higher contents of
minerals belonging to (oxy)hydroxides (Madejova, 2003; Tinti et al.,
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Fig. 4. Brumovice — Chernozem region — soil profiles distributions of CaCO3 and SOC contents, organic matter quality (OMQ) index, Fear and Alar contents, and

spectral maps after spectra normalization by band 810 cm™?.

Soil horizons description is adopted from Zadorova et al. (2023).

2015). Zadorova et al. (2023), who presented mineralogical composi-
tion of these soil profiles, identified the highest goethite (FeO(OH))
abundance in 2Bwg (B2) horizon. Also Feag concentration in this hori-
zon is higher than in other parts of B2 profile. Band of OH group is
relatively intense there, but 1620 band of organic matter is weak. These
two pieces of information together can therefore indicate the presence of
OH groups in the mineral components of the soil. On the contrary, if the
content of (oxy)hydroxides in the soil profile does not change (such as in
B1), the band of OH groups can indicate the amount of organic matter.

Quality of organic matter is documented by OMQ index. The higher
the ratio, the higher is the relative proportion of aromatic and C=0-
containing groups of SOM (and relative proportion of aliphatic groups of
SOM is lower). In general, the values of this index higher in the Cher-
nozem region (compared mainly to the Cambisol regions) and the
highest are in the Ah horizons or in oldest sediments. The highest values
of this index were found in M5 layer of B2 horizon. Accumulation of this
colluvial layer falls into the Early Holocene period (7940 + 500 years
BP) (Zadorova et al., 2023) and the deposition of exclusively humic

material from the chernic horizons of the source soils is assumed. The
organic matter with the lowest proportion of aliphatic components oc-
curs at a depth of 230-250 cm. From this point of view, it can be
characterized as stable and relatively recalcitrant and very resistant to
decomposition (Maryganova et al., 2010; Bi et al., 2013; Angst et al.,
2021). The values of this index are lower in the Ap horizons or recent
sediments of all the studied profiles, which proves the presence of
fresher, less stabilized organic matter richer in aliphatic components, e.
g., polysaccharides, proteins, aliphatic organic acids, etc.

Like the previously discussed Chernozems, Luvisols also developed
on loess but only after previous decalcification of the upper parts of the
soil profile. Carbonates bands in ranges 1470-1420 cm™ and
2550-2500 cm™! are therefore the most obvious in Ck horizon of V3
profile. Furthermore, they are visible in profile V4, where confirmed
difference between Ap (higher CaCOg3 content) and C horizon. The only
band in range 1470-1420 cm™ is partially displayed in V2 profile as
extension band around 1300 cm ™. This extension is evident from M3
layer to soil surface. Higher CaCOs contents appeared in the soil
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Fig. 5. Vidim - Luvisol region — soil profile distribution of CaCO3, SOC, organic matter quality (OMQ) index, Fear and Alsg contents, and spectral maps after spectra

normalization by band 810 em ™.

sediments document significant truncation of source Luvisols and
admixture of exposed loess (Loba et al., 2023). Carbonates contents
below 5% are no longer reflected in the area 2550-2500 cm™ of
spectral maps.

The content of SOC continuously decreases with depth in V1 and V2
profile. It is documented in decreasing 1640 cm ! band intensity in their
spectral maps. A more pronounced change in the SOC content in the V3
and V4 profiles forming a lower boundary of Ap horizon was manifested
in this band only in the V4 spectra.

The vibration of the OH group, similarly to Brumovice locality, be-
longs to organic matter and to (oxy)hydroxides. Even though their
affiliation is variable, specific layers can be defined based on them in
spectral maps. In the case of V1 profile, Ap horizon with higher SOC
content and 2Ahb horizon with low SOC, Fear and Alag contents are
identifiable. Similar situation (as in 2Ahb) is in M6g layer of V2 profile.
In the V3 profile, effect of mineral soil phase is dominant and OH groups
band is the most intense in horizons Bt and Bt/C with the highest Feag
and Alagr contents. Higher Fear and Alar contents are reflected in two
narrow peaks (3690 and 3620 cm 1) belonging to vibration of clays

(alumosilicates) and Fe oxides (Madejova, 2003; Le Guillou et al., 2015;
Tinti et al., 2015). It is their narrowness and the resolution of the
spectral map that limits their applicability in identifying individual
layers.

Organic matter quality is comparable with Chernozem region. OMQ
index varies between 4 and 5.5. The lowest values well indicate Ap
horizon in all four profiles. Recent soil management and fresh organic
material impute is documented by higher organic matter content with a
higher proportion of aliphatic functional groups, which can be found in
polysaccharides, proteins, aliphatic organic acids, etc. In the deeper
parts of soil profiles, where SOC content is low, OMQ reach the highest
values. It could be similarly as in Chernozem region caused by the firm
binding of organic matter to the mineral component of the soil and its
maturity and resistance to decomposition, which is influenced by the
hydrophobicity of its aromatic components (Leue et al., 2010; Mar-
yganova et al., 2010; Bi et al., 2013; Angst et al., 2021). In the case of V1
profile, the high OMQ values appertain to 2Ahb horizon, in V2 profile to
M6g respectively. Obvious quality change is documented in V3 and V4
profile at the lower boundary of Ap horizon.
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Fig. 6. Kosova hora — Cambisol region - soil profile distribution of CaCO3, SOC, organic matter quality (OMQ) index, Fear and Alar contents, and spectral maps after

spectra normalization by band 810 cm™'.

Soil horizons description id adopted from Zadorova et al. (2023).

Soils of Kosova Hora area are characterized by very low or no car-
bonate content. They contain a tiny amount of organic matter in the soil
profile. In the K1 profile, maximal SOC content (0.76 %) was identified
in a depth of 90 cm, while it peaks in topsoil of K2, K3 and K4 profiles.
While maintaining the same scale as for Chernozems and Luvisols, only a
few differences between the individual layers can be seen in the spectral
maps. Bands of iron oxides and aluminosilicates (3690 and 3620 cm )
are more prominent here, which corresponds to the character of Cam-
bisols given by their pedogenesis. Transformation of parent material
should be evident from the formation of soil structure, mostly brownish
coloration and increasing clay percentage. Cambic horizons also usually
show higher oxide and/or clay contents than the underlying layer (IUSS
Working Group WRB, 2022). In the locality, however, the situation is
complicated by the mixing of other materials, mainly loess-like silty
sediment and clayey material, into the granodiorite eluvium. In addition
to significant weathering, the micromorphological record also revealed
relatively well-developed clay coatings in Btw horizon (K3) and 4Bg
(K1), not very typical for this area, representing a transition from
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Cambisols to Luvisols (Zadorova et al., 2023). This is consistent with the
higher content of aluminosilicates and iron oxides in the Btw horizon
(K3), which is also evident from the intensity of the normalized bands
3690 and 3620 cm ™.

The most striking differences can be seen in the wide band of OH
groups. A pair of layers M5 and M6 is well identifiable in the K1 soil
profile. There are relatively high contents of SOC, Fear and Alag.
Zadorova et al. (2023) attributed an increase of different compounds
(not only SOC, but also human-bound substances) in M5 layer to the
higher precipitation and erosional activity in 1960’s and later stabili-
zation of the layer. The deepest layers (3Bg and 4Bg of this profile),
dated to Early Holocene, with the highest Fear and Alag contents are
also separated from others in this vibration band and their very low SOC
content is manifested in low intensity of 1620 cm ™! band too. Iron and
aluminium contents are relatively constant in K2 profile and that is why
the Apg horizon richer in organic matter is clearly visible here in the
band of OH groups.

It can be said that the soil organic matter in this region contains a
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higher proportion of aliphatic components than the organic matter of
Chernozems and Luvisols. OMQ index values varies between 3 and 4.
Low values are in Ap horizons of K2 and K4 soil profiles. Interestingly,
the organic matter of profile K1 in a depth of 90 cm (M5) has the least
aromatic components, whereas the SOC content is the highest. Stability
and resistance of organic matter is based on organic matter chemical
composition but also (and probably mainly) on organic matter in-
teractions with soil minerals. SOM is stabilized by two mechanisms: by
the formation of mineral-associated organic matter and by the formation
of aggregates (Angst et al., 2021). Higher proportion of aliphatic groups
in the stable soil aggregates was present by Thai et al. (2022). Poly-
saccharides and proteins as aliphatic components of SOM with affinity to
organo-metallic complexes formation was present by Angst et al. (2021).
Thus, it is possible that the stabilization (of otherwise relatively mobile
organic matter) is caused by binding to iron oxyhydroxides. Positive
effect of iron forms on aggregates stability was found by Pavli et al.
(2022) exactly in this region.

4. Conclusions

We showed the possibility of identifying differences among Collu-
visols layers using DRIFT spectroscopy. For testing, a specific environ-
ment with significant erosional redistribution and complex soil
development was used, where sedimentary layers of different ages and
in-situ formed soils were combined. The three localities were chosen
from three different soil-climatic regions. As the primary aim was to
demonstrate the method described above, we didn’t attempt to explain
in detail the causes of the differences in the individual colluvial layers or
to describe the history of their development in a landscape context.

We can conclude that the set of spectral parameters based on
normalization using quartz spectral bands and organic matter quality
evaluation using the newly designed OMQ index based on the ratio of
bands (aliphatic compounds spectral bands (2930 cm ™) and aromatics
and C=0 groups band around 1640 cm™) reflectance is a beneficial tool
for the description of soil parameters. It is equally suitable for non-
carbonate soils as well as for soils with higher carbonate contents,
which otherwise usually cause difficulties in the interpretation of SOM
spectral parameters. It does not require complicated and time-
consuming sample preparation, provides a comprehensive view of the
soil and its mineral and organic components, and can provide infor-
mation that is difficult to measure with other methods. From the
perspective of quantifying some soil components, this method does not
provide absolutely accurate results. The best results were obtained when
predicting the carbonate content in Chernozem and Luvisol regions (R?
was 0.89 and 0.88, respectively; range of CaCO3 content 0-25 %). The
amount of organic carbon was predicted from such normalized spectra
with less confidence (R? = 0.64) because of the relatively low variability
of organic carbon content in the studied soils (min = 0.06 %);
max = 1.90 %). However, it can be used to define areas or soil horizons
with similar parameters and thus limit the number of samples analysed
by more precise and sophisticated methods. OMQ is another indicator
that helps to identify and describe individual colluvial layers. The
highest values of this indicator were found in in the Chernozem region
(> 6, while, e.g., in the Cambisol region is < 1), especially in the layers
corresponding to the oldest sediments or buried in-situ horizons. This
means that there is organic matter with the lowest proportion of
aliphatic components, which can be characterised as stable and rela-
tively recalcitrant and very resistant to decomposition. In the Cambisol
region, the organic matter contains a higher proportion of aliphatic
components than the organic matter of Chernozems and Luvisols. Iron
oxyhydroxides contribute to its stabilisation in the soil and the spectral
band related to OH groups of these oxyhydroxides has also been used to
identify the buried B horizon of the Cambisols.

Finally, infrared spectroscopy is a relatively inexpensive method of
analysis, and the aforementioned limitation on the number of samples
for more specific analyses can mean a significant reduction in the cost of
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soil survey.
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