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Abstract - Temperature dependences of the IR spectra of different size aggregate fractions of chernozem and soddy podzol soils in the
range 25-215 °C (298-488 K with a step of 2.5 °C by heating in the air) for different agriculture use samples were investigated. The
band maximum temperature dependence can be much more stable to experimental conditions and thus serve as a new quantitative
parameter characterizing soils with IR spectroscopy. For the first time, a reversible change in the frequencies of the band maxima in IR
spectra upon heating was observed, which can be interpreted as forming structures with a particular order in the dry state. The difference
in the behavior of the lattice vibrations of quartz, hydrogen bonds, and organic matter that can be used to differentiate soils was found
and discussed.
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1. Introduction

Apart from bulk soil properties, studies on the roles of agrogenesis and anthropogenesis on the changes in physical and
physicochemical properties of soils have become increasingly topical [1]. The required problem is assessing soil fractions
and structure composition, including changes at meso- and microaggregate levels [2, 3]. Solving these problems requires
highly informative methods because soils are complex ensembles of inorganic matrices and organic matter [4]. Despite the
simplicity and versatility, the information from conventional IR spectroscopy is somewhat limited and constrained by
qualitative comparison of the functional-group composition. However, IR spectroscopy potential for soils is far from being
exhausted. Changes in the vibrational spectra of solid samples upon heating or cooling provide information on polymorphic
transformations, structural phase transitions, intramolecular interactions, and second-order phase transitions. Also,
temperature-dependent IR spectra may reveal changes in the band intensities, positions, shape, and width [5]. This work
aims to demonstrate the capabilities of temperature-dependence IR spectroscopy to increase the information level. The IR
spectra of chernozem and soddy podzol soils were studied upon continuous heating from 25 to 215 °C. All the experiments
(temperature dependence, centrifugation, and matrix assignment) were used previously but never combined.

2. Materials and Methods

Samples of the sod-podzolic soil were taken on the experimental field of the Zelenograd station of the V.V. Dokuchaev
Soil Institute (village of Eldigino, Moscow region, Russia). The soil is agrosod-podzolic medium loamy (sod-podzolic,
Umbric Albeluvisols Abruptic by WRB 2006) formed on a mantle loam, underlain at a depth of 2—-3 m with non-carbonate
moraine. Since 2011, the field has not been plowed; a fallow has formed (Sonchus arvensis, Festuca pratensis, Phleum
pratense, Dactylis glomerata). Samples were taken in 2016, the coordinates of the sampling site are 56° 07' 56" N 37° 48'
09" E. Sludge content in the upper (arable) horizon of unflushed full-profile sod-podzolics varies from 10 to 16% (Sorokina
et al., 2013). Minerals dominate the clay fraction mineralogical composition with a rigid structure (hydromica, kaolinites,
chlorites in the upper part). The total mineral content varies with the profile as 15-18% (Travnikova et al., 2010); organic
carbon content, 1.37% w/w; pH 5.96. Typical chernozems (heavy loamy) of the Kursk region (Russia) with a significantly
different history and intensity of agricultural use: native (intact, annually mown) steppe vegetation, permanent bare fallow
since 1964, shelterbelt since 1964, arable cropland under wheat, cultivated without crop rotation since 1964 [6]. Samples
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were taken on the territory of the long-term field experiment of the Kursk Research Institute of Agricultural Production
and V.V. Alekhin Tsentralno-Chernozemny Nature Reserve of Russia. The granulometric composition of the soil is
heavy silty-clay loam. Main components: quartz, 35—40%; illites, 12—15%; smectites, 12—15%; and total organic carbon,
4-6%. The humus horizon (A + AB1) is 105-130 cm. Soil boiling after the addition of 10% HCI begins at a depth of
65-70 cm. The arable layer bulk density (0-30 c¢m) ranges from 1.20 to 1.25 g/cm?® [7]. General soil samples with a
mass of 2 kg were taken at the end of May 2017 from sections 1.5 m deep along genetic horizons and, in addition, with
a step of 10 cm. For this study, the topsoil layer, 0—10 cm, was taken. General samples were dried for two weeks in air,
then stored at room temperature. An average 0.5-kg sample was taken from the corresponding total sample, separated
into aggregate fractions by dry sieving. The annually mown native steppe site is covered with natural steppe vegetation
on V.V. Alekhin Tsentralno-Chernozemny Nature Reserve of Russia; it is a sample of intact typical chernozem. Samples
were taken from the section with coordinates 51° 34' 13.6" N 36° 05' 23.1" E.

IR spectra were recorded on a Bruker Vertex 70 single-beam IR Fourier spectrometer (Germany). The spectrometer
and accessories were continuously purged with —70°C dew point air (produced by a PG28L Purge Gas Generator, PEAK
Scientific) with a flow of 500 L/h. The overall laboratory temperature was maintained at 23 °C with an allowable
variation of + 1 °C using an air conditioner. A GladiATR™ single reflection attenuated total internal reflection accessory
with a diamond crystal (Pike Technologies, USA) was used for spectra registration. A background signal was recorded
before each new sample. The spectra were recorded using a wide-range silicon beam splitter in the range of 4000100
cm'; the baseline was not corrected. Source MIR, globar; beamsplitter, KBr; aperture, 8 mm; detector, room temperature
DLaTGS; scanner velocity, 10kHz; resolution, 2 cm™!; sample and background scans, 128, spectral range, 4000—400
cm!, acquisition mode, double-sided, forward-backward. Before recording the spectra with heating, an empty ATR
crystal spectrum was recorded at 25 °C as a background. Then, a small amount of the sample was placed on its surface,
pressed with a screw, and controlled heating was started at a rate of 0.25 °C/min from 25 °C to 215 °C; spectra
registration step is 2.5 °C. After heating to 215 °C, the sample was cooled to 25 °C in the same manner at a 0.25 °C/min
rate. The resulting array of heating and cooling spectra was combined, a corresponding array of empty-crystal spectra
was subtracted from it, an ATR correction was performed, and the maxima positions were determined. The sample was
in the ambient atmosphere during the measurement. The standard method is finding the x-position of the interpolated
maximum or minimum. The intensity is the corresponding y-value of the interpolated maximum or minimum. The
sensitivity parameter was 5-20%. The higher the threshold is, the fewer bands are displayed.

3. Results and Discussion
3.1. Band assignment

Most bands belong to quartz lattice (797 and 775 cm™ [shoulder], O-Si—O stretch, 697, 535, 510 cm™', Si—O-Si bend,;
460, 450 (shoulder), 430, 420, and 410 cm™!, O-Si—O bend. Bands at 750 and 455 cm™! are amorphous silica species. Broad
bands with maxima at 640 and 610 cm™! are water librations. A broad weak band at 1260 cm™ is quartz combination band
(24604795 cm™); a broad band at 1120-1070 cm™' is O—Si—O stretch in crystalline and amorphous SiO, species; bands at
1035 and 1010, quartz lattice O—Si—O stretch; 1115, 93 cm™ 7, amorphous SiO, O-Si—O stretch (not present in quartz); 912,
amorphous silica [8]; 890, 875. Weak bands at 855, 845 belong to AI-OH [9]. The band at 1645-1640 cm™, shoulder band,
bend (v2) of the covalent bonds of liquid absorbed water [10]. The complex, broad band at 1580 cm™ is an antisymmetric
carboxylate stretch, with contributions from hydrogen-bonded SiOH...H,O HO-H stretch (amorphous) [11]. A broad band
at 1395 cm™ is the symmetric carboxylate stretch. The range 3100-2800 cm™' is comprised of bands at 3020 (3020-3100),
alkene/aromatic sp> =CHj stretch; 2970 and 2880 cm™, the antisymmetric and symmetric stretch of methyl groups; 2925 and
2850 cm!, the antisymmetric and symmetric stretch of methylene groups, bands of CHy groups are on the shoulder of the
OH continuum band. Other bands are 3710 (unbonded SiO-H stretch, tilted (kaolinite, clay) [11]; 3700-3680, hydrogen-
bonded SiO—H...H»O stretch (amorphous species); 3665, 3655, 3645, 3635, 3610 non-silicate OH; 3650, 3630 isolated SiO—
H in quartz; and 3400 and 3290 condensed-phase antisymmetric and symmetric hydrogen-bond ensembles.
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3.2. Temperature dependence

The overall course of changes in IR spectra of soils is illustrated by Figure 1 (left). Most bands in the range 1250-400
400 cm™! are lattice vibrations of quartz and other structured inorganic matrix components. The lattice bend vibrations of Si—
of Si—O-Si (510 cm™) and O-Si—O (460, 450, and 430 cm™) do not show any shifts following the behavior of first-order
order fundamental vibrations. On the contrary, lattice O—Si—O stretch vibrations at 797 and 775 cm™' exhibit a redshift of
of 0.4%, which is smaller than bands, the band at 775 is present as a shoulder. The band at 535 cm™! experiences a redshift,
redshift, indicating a 2nd order (overtone) band of the primary lattice vibration at 263 ¢m™. The same can be assumed for
for the intense band at 697 cm™! (Figure 1) as it has a counterpart lattice vibration at 398400 cm™ [12]. The band at 750 cm™
! does not shift and does not belong to quartz lattice frequencies but amorphous silica species. All the bands attributed to
quartz show the temperature behavior not different from quartz samples (bands at 365, 697, and 775 cm™). However, in the
case of the SiO; lattice band at 1163 cm™! [12], the temperature dependence corresponds to quartz lattice changes [13] was
found for the large fractions. However, for the fractions of 50 um and below, the temperature behavior of the band starts to
deviate from the quartz showing a larger redshift (Fig. 1), which can be the manifestation of the effect of SOM or more
cracked structures of the mineral matrix in these structures [13, 14].
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Fig. 1: The temperature spectra of soddy podzol soil (left) vertical axis is temperature, C; and relative changes in the band
position at 1163 cm™! for quartz (red) and native steppe chernozem (blue) fractions of 50 um (right).

The band at 715 cm™ cannot be attributed to any lattice bands of quartz or silicate minerals, and its position does not
change with temperature so that it can be the manifestation of SOM, in-phase rock CH, vibrations of C4 alkanes [15].

Condensed-phase antisymmetric (3400 cm™') and symmetric (3290 cm™) hydrogen-bond ensembles behave as
predicted from the theory of fundamental vibrations: the energy of antisymmetric vibrations increases and the energy of
symmetric vibrations decreases [16] monotonously. The band at 3695 shows a complex behavior with a general trend in the
energy increase. This band experiences the most considerable shift by modulus (by 10 cm™) among all the spectrum bands.
Also, this band shows the strongest redshift. The shift in the band at 3695 is accompanied by the appearance of weak bands
at 3710 and 3715 that can be attributed to unbonded SiO—H stretch, tilted vibrations in amorphous silica [11]. A band at 3620
experiences a mirror-like behavior synchronous with the band at 3695 cm™'. Both bands at 3700-3680 and 3620 are observed
in kaolinite and attributed to amorphous and quartz SiO—H bands.

4. Conclusion

Thus, when heated in the range 25-215 °C in air, the IR spectra of studied soils undergo several changes. Almost all
bands, both belonging to mineral fragments and purely organic, shifted in frequency, and this effect is reversible and, when
cooled, the bands return to their original frequency. Both the band shift scale and the various band dependence on temperature
differ significantly. Some bands demonstrate almost wholly the same temperature-induced changes when comparing the
samples, while other bands behave differently. The different behavior of the lattice vibrations of quartz, hydrogen bonds,
and organic matter was found and discussed to differentiate soils. The proposed approach has a drawback associated with
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the duration of measurements. However, it is comparable to the duration of thermogravimetric measurements and, in
principle, can be further reduced by optimizing IR measurement conditions, which may be a subject of next studies.
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