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GRAPHICAL ABSTRACT

Nonnegative MCR-ALS decomposition
of soil mid-IR spectra

Soil TOC modeling (1% w w1)
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ABSTRACT

A new approach based on mid-IR absorbance spectra is proposed for modeling total organic carbon (TOC) content
in soils. This approach involves a first-time bilinear decomposition of soil mid-IR absorbance spectra using
nonnegative multivariate curve resolution (MCR) with an alternating least squares (ALS) algorithm. An MCR-ALS-
derived component signifies a chemically meaningful combination of soil constituents. This new mechanistic
model has been developed to link the soil composition, expressed in terms of ratios of MCR-ALS-based concen-
tration scores of the identified components, to soil TOC value. Nonnegative MCR-ALS decomposition, performed
for 213 mid-IR absorbance spectra of soil samples collected in the north and south of Israel, yielded four com-
ponents. Fitting the mechanistic model-derived TOC to the experimental TOC values exhibited a TOC content
threshold that affected model performance. TOC content <1.0 % w w ™! was represented by the root mean square
deviation of 0.18% with 62% of the variance being explained, whereas for larger TOC values, a sharp decline in
model performance was observed. The existence of this TOC threshold in determining model performance sug-
gested that successful TOC modeling (below 1%) could be indirect and related to IR spectral fingerprints of
minerals binding soil organic matter (SOM) and forming organo-mineral complexes. Thus, a SOM fraction having
weak interactions with soil minerals was poorly accounted for in some soil samples. The dependency of the model
performance on soil TOC contents suggests that it might be possible to differentiate between soil samples based on
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their different dominating SOM pools, mineral-associated ones and those having weak interactions with minerals.
Further studies, especially in soils with high SOM content, are needed to validate our findings.

1. Introduction

Soil organic matter (SOM) is well-recognized for controlling soil
physical, chemical and biological properties (Baldock and Broos, 2012).
The content of total organic carbon (TOC) (or organic matter) was found
as the most frequently used property for characterizing soil quality,
among 27 indicators (Biinemann et al., 2018). The TOC content as a soil
health indicator is relevant to soil functions, practical for use and infor-
mative, however, it is not necessarily sensitive to respond detectably and
quickly to land use and management changes without reflecting
short-term variations (Lehmann et al., 2020). Hence, SOM fractions, such
as unprotected and mineral-protected SOM, that are potentially more
sensitive, were proposed to be among soil health indicators of a new
generation (Lehmann et al., 2020). These fractions also play different
roles in SOM turnover and carbon sequestration. Thus, SOM becomes
stabilized due to its interactions with minerals and reduced accessibility
(Kogel-Knabner and Rumpel, 2018; Lehmann and Kleber, 2015; Just
et al., 2023) although further mineral-associated SOM may be destabi-
lized by plant and microbial exudates via multiple pathways (Li et al.,
2021). The majority of SOM in Earth's mineral soils is associated with
minerals thus affecting the whole cycling of terrestrial carbon (Sokol
et al., 2022). Hence, there is a fundamental interest in quantifying SOM
fractions, predicting soil TOC content, and understanding the relations
between SOM content and soil chemical composition.

Soil infrared (IR) spectra serve as fingerprints for soil composition
due to the vibrational activities of various chemical bonds present in
both soil minerals and SOM. Significant work has been done to model
and predict the content of TOC and SOM fractions using soil mid- and
near-IR spectra (Soriano-Disla et al., 2014; Madhavan et al., 2017;
Nocita et al., 2014; Zhang et al., 2018; Baldock et al., 2018; Lussier
et al., 2020; Nasonova et al., 2022; Margenot et al., 2023). Thus, based
on multiple studies (including those mentioned above), the capability
of mid- and near-IR spectroscopy, probing soil chemical composition, to
model and predict TOC content and SOM composition, is well estab-
lished (Terhoeven-Urselmans et al., 2006; Baldock et al., 2018; Ng
et al., 2022). It has also been recognized that for quantifying soil TOC
content, different types of soil IR spectroscopy may provide time- and
cost-effective approaches that are less laborious and cheaper than
conventional dry combustion analysis (Barthes and Chotte, 2021;
Metzger et al., 2021; Li et al., 2022).

Partial least square (PLS) regressions (Wold et al., 2001) are
commonly used for modeling and prediction of soil TOC. Barra et al.
(2021) summarized predictions of multiple soil properties including TOC
content, using mid-, near- and visible-near IR spectroscopies, with
different multivariate techniques. Of the 90 publications examined by
Barra et al. (2021), 86 papers used the PLS technique (not necessarily
only) for prediction purposes. In the case of TOC predictions, the
empirical PLS regression models link carbon content values to latent
variables, which are linear combinations of IR absorbances determined at
multiple wavenumbers. Since the PLS predictors are linear combinations
of original descriptors (IR absorbances), and their loadings may be either
positive or negative, the interpretation of PLS models is far from simple
(Pirouz, 2010; Fritzsche et al., 2019; Xia, 2020; Lado et al., 2023).

Conceptually, a less empirical way to model TOC could be proposed
if, instead of creating latent PLS variables that best fit the TOC values, the
soil IR absorbance spectra would be expressed in terms of contributions
from chemically meaningful independent components characterized by
their spectra and specific sample-dependent concentration scores, i.e.,
performing so-called “mathematical chromatography” (Bro et al., 2010).
Separating soil IR absorbance spectra into the contributions of inde-
pendent components varying in their proportions in a sample series

represents a “mixture analysis problem” and fits the family of the
methods termed Multivariate Curve Resolution (MCR; de Juan and
Tauler, 2021) seeking a bilinear decomposition of the dataset into
component scores (“concentrations”) and loadings (spectra). It should be
kept in mind that this decomposition is “unsupervised” regarding the
sample TOC values of interest. For further use of IR spectra decomposi-
tion to model soil TOC, a mechanistic model needs to be developed that
links the soil composition expressed in terms of the component's scores to
the TOC value.

Although the decomposition of IR spectra of complex (and, particu-
larly, environmental) matrices into components' contributions is a diffi-
cult task, there are multiple studies demonstrating the potential of this
analysis. The MCR methodology with alternating least squares (ALS)
algorithms was applied to Fourier transform IR (FTIR) spectra to char-
acterize acid and salt forms of humic acids interacting with lead (Gossart
etal., 2003). It was also applied to decompose mid-FTIR imaging of wood
fibers, yielding three components that were identified as glucans, lignin
and hemicelluloses, very similar to reference spectra for these substances
(Araya et al., 2019). Camara et al. (2022) used it to recover the kerosene
spectral profile from jet fuel mid- and near-IR spectra. Spectral and
concentration profiles of monodentate and bidentate glyphosate com-
plexes with ferrihydrite were identified using MCR-ALS of attenuated
total reflectance (ATR) spectra (Li et al., 2023). Furthermore, loannidi
et al. (2023) demonstrated the applicability of MCR-ALS to recover
contributions from crystalline and amorphous forms of fats in chocolate
using also ATR-FTIR spectra.

A decomposition of IR spectral data into the contributions of un-
known components and recovering their spectral loadings and con-
centration profiles is also possible using a similar technique of
Nonnegative/Positive Matrix Factorization (NMF/PMF, Paatero and
Tapper, 1994). Fritzsche et al. (2019) decomposed mid-IR spectra of
groundwater solids using PMF, providing the quantitative interpreta-
tion of PMF components (humic acid-coated goethite, kaolinite, mont-
morillonite, organic matter) without the a priori knowledge of the
sample composition. Russell et al. (2009) and Takahama et al. (2011)
characterized the composition of aerosols in terms of PMF components
derived from mid-IR spectra. Lado et al. (2023) performed an NMF
decomposition of mid-IR spectra of water-extractable organic matter
obtained from soils undergoing controlled heating in an oxidizing at-
mosphere and demonstrated the accumulation of oxidized organic
matter components. Recently, Borisover et al. (2023) examined the
sensitivity of soil chemical components identified with NMF of mid-IR
spectra to the treatments intended to minimize the negative conse-
quences of treated wastewater irrigation.

Bilinear decomposition using the MCR-ALS technique does not pro-
vide generally a unique solution (Bro et al., 2010) and may lead to scale
and rotation ambiguities. The former can be accounted for by scaling the
data, and the latter may be minimized by introducing nonnegativity (and
other) constraints, and/or its degree can be evaluated (Jaumot and
Tauler, 2010). Nonnegativity constraints are naturally expected when
decomposing spectra into physically reliable concentration scores and
spectral loadings of components since both concentrations and absor-
bance spectra of components cannot be characterized by negative values
(Jaumot and Tauler, 2010). Thus, the above-described potential of
MCR-ALS in decomposing datasets into the component's contributions
has driven our interest in applying this technique to soil mid-IR absor-
bance spectra.

Therefore, three specific objectives were pursued in this study: (1) to
develop a mechanistic model relating differences in soil composition,
identified by nonnegative bilinear decomposition (based on MCR-ALS) of
mid-IR absorbance spectra, to soil TOC content, (2) to identify the
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particular MCR-ALS-derived soil components by performing the analysis
of selected soil mid-IR spectra, (3) to test whether these derived soil
components combined within a mechanistic approach allow modeling
s0il TOC content. To the best of our knowledge, there are no studies in the
literature that propose a physicochemical model linking soil components
quantified through multivariate decomposition of mid-IR spectra and soil
TOC content. Therefore, research involving these three objectives is
novel and potentially could contribute to better identification of C pools
and their dynamics in soils.

2. Methodologies and data sources used in model examination
2.1. Derivation of the mechanistic model

This section addresses the first objective of the research. Although soil
samples represent a complex matrix for spectral analysis, the applica-
bility of the Beer-Lambert law is generally (explicitly or implicitly)
accepted in soil and mineral IR spectroscopy (Johnston and Aochi, 1996;
Kaufhold et al., 2012). This is evident also in general practice to compare
the absorbance of different bands or a band and a reference signal using
the maximum height or the band areas (Davis et al., 1999; Margenot
et al., 2023). Then, MCR analysis can be considered an extension of the
Beer-Lambert law applied to a mixture of N identifiable components at
variable wavenumbers (Jaumot et al., 2005; de Juan and Tauler, 2021).
This relation between the physicochemical Beer-Lambert law and the
MCR of IR spectra highlights the potential merit of this decomposition for
modeling and prediction of TOC in soils; the MCR-based decomposition
may bring less empirical and better interpretable characterization of soil
IR spectra and their relations to soil TOC. However, it is important to
recognize that MCR-ALS-derived soil components do not describe
necessarily a particular chemical substance or minerals. A given
component represents a set of chemical bonds and functional groups, that
are active in the mid-IR range, present in a soil sample and maintain
constant proportions in a soil sample series. This means that an identified
MCR-ALS component reflects a chemically meaningful combination of
soil constituents; a set of the MCR-ALS components characterizes soil
composition.

The results of an MCR-based decomposition of absorbance spectra are
(1) a number (N) of estimated components i (from 1 to N); (2) the spectra
of the components, given as absorbance (L;(¥), in arbitrary units) vs
wavenumber 7; (3) sample-dependent scores C; of each component i
(Jaumot et al., 2005; de Juan and Tauler, 2021). The product of C; of a
component and its L;(7) is the absorbance Abs; (¥) [= CiL;i(7)] of the
given component that contributes to the whole measured sample absor-
bance Abs (V) at a certain 7:

Abs (D) = iAbs,»(T/) = i CiLi(D) 1)

i=

Following the Beer-Lambert law,
Abs;(V) = CL;(V) = 0,e,(V)d 2)

where 6; is a concentration of component i in a sample (e.g., in mass per
volume), d is the (possibly sample-specific) optical path length, and ¢;(7)
is the absorptivity of a specific component at wavenumber v. From Eq. (2)
it follows:

Ci=0&;(0)d / Li(D) 3

For a given sample, the results of the MCR analysis may be presented
as ratios of the scores C; of the components relative to a certain one, e.g.,
for the first component: C;/C; where i = 1, 2, ...N (for i = 1, the ratio
equals one). Based on Eq. (3), each such C;/Cj ratio is proportional to the
concentration ratio 6;/6;:
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Based on Eq. (5), the whole mass concentration of all the soil com-
ponents in a sample is defined as:
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The mass fraction ¢; of component i in the whole soil sample is as
follows:

N
b =0, / > o ©)
i=1

From Egs. (5), (8) and (9) it follows:
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Mid-IR spectra cover a variety of chemical bonds and functional
groups, and it is expected that major soil components are represented, to
different extents, in mid-IR spectra. Hence, one may find the total organic
C content (TOC) of a soil sample by summing the organic C contents (OC;)
of each MCR component weighed by its mass fraction ¢;:

N C N C
TOC = Zl:k,-_]aoc,- ;"“a an

where TOC and OC; refer to the masses of the soil sample and component
i, respectively.

When MCR-ALS is applied to mid-IR spectra for m soil samples and
the model suggests N components, there are N x m known c% ratios, and m
experimentally determined the TOC values (one for each soil sample).
The model (Eq. (11)) involves N unknown OC contents, one for each
extracted component, and (N-1) unknown values of k;; (since k;; = 1).
These 2N-1 unknown variables may be calculated by adjusting the model
to the TOC values of m samples. Hence, a successful fit could help in
understanding whether the MCR-ALS of the soil IR spectra properly
identified the soil components controlling TOC content.

To summarize, the model assumptions are the following:

1) MCR-ALS may find contributions of chemically meaningful compo-

nents to soil mid-IR spectra. This means that

- these components are not necessarily individual substances, but a
given component may include diverse constituents maintaining, for
different reasons, the same proportion across a sample series. Thus,
such an assemblage behaves like a substance with “constant
chemical composition".

- the contributions of such components to the soil spectra follow the
Beer-Lambert law.
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2) All TOC-controlling components may be identified within the MCR-
ALS-based decomposition of IR spectra.

2.2. The mid-IR spectra of soil samples

The soil mid-IR spectra examined in this work were collected by
Nasonova et al. (2022). These spectra represented 213 soil samples ob-
tained from Jezreel Valley and North-Western part of the Negev of Israel.
Jezreel Valley and North-Western part of the Negev are two important
agricultural regions characterized by different climate (Mediterranean
and semiarid, respectively) and precipitation, situated in the north and
south of Israel (Nasonova et al., 2022; Rinot et al., 2021). The soil sam-
ples were taken from three sites at each region and from two different
depths (0-10 cm and 30-60 cm), to provide soil samples of the same type
but differing in SOM quantity and (potentially) composition. Sampling
was carried out at both the end of the rainy season (Spring) and at the end
of the irrigation season (Autumn). The soil samples were also associated
with different land uses (orchards, field crops and non-cultivated plots
with natural vegetation). Variations in locations, climate, land use,
sampling depth and seasons were dictated by original interest in linking
soil mid-IR spectra to properties of soil extracts in a wide range of
environmental/land use scenarios (Nasonova et al., 2022).

Each type of soil sample was taken from three pits providing sample
triplications. The overall number of collected samples was 216 (2 regions x
3sites x 3 1and uses x 2 depths x 3 replicates x 2 sampling seasons). Only
213 mid-IR spectra were used in this work since the TOC values for 3
samples were lacking. Thus 213 mid-IR spectra were available for the
modeling.

More details regarding soil types, climate differences, sample distri-
bution and agricultural management are provided in Nasonova et al.
(2022). Soil characterization involved the determination of several
properties (Nasonova et al., 2022; Rinot et al., 2021). Table S1 (Sup-
plementary information) provides a summary of data on total nitrogen,
TOC, inorganic carbon (representing soil carbonates), cation exchange
capacity (CEC) and texture. It should be noted that looking for relations
between soil TOC contents and soil texture, CEC, carbonate contents and
climate regions was out of the scope of this work which is focused on
linking between a new way to decompose soil IR spectra and TOC
content.

The mid-IR spectra of soil samples (air-dried at room temperature)
were measured in transmission mode, in KBr pellets, using Bruker Tensor
27 FT-IR spectrometer, with a soil concentration of about 1% w w L the
wavenumber range was 4000-400 cm ! with 4 cm™ ! resolution, and 16
scans per acquisition (Nasonova et al., 2022). Spectral corrections
involved atmospheric compensation and reducing the baseline slope of
the final spectrum using the software OPUS 6.5. IR spectra of soil samples
normalized by quartz absorbance signal (taken with permission from
Elsevier, from Nasonova et al. (2022)) are exemplified in Figure S1, that
shows averages of spectra of soils sampled in the north (Mediterranean)
and south (semiarid) regions. For the current MCR-ALS analysis, the soil
IR spectra after the “Min-Max” normalization performed with the OPUS
6.5 software were used; in this normalization, the maximal absorption is
assigned the value of 2.

2.3. Multivariate curve resolution (MCR-ALS) of mid-IR absorbance
spectra

To accomplish the second objective, the MCR-ALS analysis was per-
formed using the MCR-ALS GUI (Graphical User Interface) 2.0 toolbox
(Jaumot et al., 2015) within Matlab R2023a. The optimal number of
components was selected using the singular value decomposition (SVD)
algorithm. The initial estimations for component spectra and scores were
made with a “purest variable” detection method (Jaumot et al., 2015). The
fast nonnegative least squares algorithm was used for spectra decomposi-
tion (Bro and De Jong, 1997; Jaumot et al., 2015), with nonnegativity
constraints for scores and absorbance loadings of the resolved components.
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The resolved spectra profiles were normalized to have equal height (Jau-
mot et al., 2015), which helps to fix the possible intensity ambiguities. The
iteration stop criterion was set at a convergence of 0.001 (i.e., reflecting the
percentage of change of standard deviation of residuals between two suc-
cessive iterations). Extents of the possible rotation ambiguities were eval-
uated for each component using MCR-BANDS (Tauler et al., 2016), with the
same constraints as in the MCR-ALS. The MCR-BAND method evaluates the
contribution of a certain component to the whole signal for the mixture of N
components, and when the difference between the minimal and maximal
relative contributions tends to be zero, there is no remaining rotation
ambiguity (Jaumot and Tauler, 2010). Typically, this difference in the
MCR-ALS analyses was around 10™1%. The quality of optimization was
characterized by (i) the standard deviation of residuals (root-mean-square
deviation, RMSD); (ii) the fitting error (lack-of-fit, Lof, in %) defined as
Lof = 100 %efj /
a spectrum corresponding to sample j, and e;; is the difference between
measured and modeled absorbance values; and (iii) the explained variance,
defined as 1-(Lof/100)? and expressed in percentage. Different optimiza-
tion runs when repeated brought the same values of RMSD, Lof and the
explained variance. When mid-IR spectra of MCR-ALS-identified compo-
nents were compared between different decompositions, the degree of
similarity was evaluated using correlations between mean-centered ab-
sorbances of these spectra (Varmuza et al., 2003). Thus, the nonnegative
MCR-ALS decomposition of soil mid-IR spectra was performed without
targeting the soil TOC data, being, therefore, unsupervised. Also, no a priori
knowledge of soil chemical composition is used in the spectra decompo-
sition although available data of actual soil components (i.e., mineral
composition, particular organic substances and their classes) could
potentially have some impact on the selection of the number of
components.

>_d? whered,  indicates absorbance at wavenumber i of
ij

2.4. Fitting of the principal model to soil TOC values

The third objective of the research was to test whether the developed
mechanistic approach allows modeling soil TOC content, using the MCR-
ALS components derived from soil mid-IR spectra. To address this
objective, fitting of TOC content with Eq. (11) incorporating scores C; of
MCR-ALS-identified soil components was performed using a nonlinear
estimation option in Statistica 7.0 Statsoft. It should be noted that
modeling the soil TOC values using Eq. (11) does not require per se
knowledge of mineralogical composition or identification of particular
organic compounds in SOM. It depends only on specific score values of
the components in Eq. (11). In the current stage of the research, no
predictive steps were pursued, but only the quantitative description of
the soil TOC content data was of interest. Therefore, verification of the
model's predictive strength with data separation into the training/test
sets was out of the research scope. For the soil TOC data modeling, the
parameters of Eq. (11) were sought by the software to minimize the loss
function. The minimized loss function was the sum of squared deviations
between experimental and fitted values, introducing penalties when the
values of adjustable parameters were negative or exceeded 100. In this
way, only physically meaningful positive values were assigned to the
model parameters. The penalties for the values exceeding 100 helped to
eliminate physically impossible organic C contents of the MCR-ALS
components (OC;) given in %, and strong dominance of some % ratios

in the model (Eq. (11)). Hence, when the optimal values of the model
parameters were found, the penalty did not contribute to a final loss
function. Fitting was repeated with 30 randomly generated combinations
of initial values of the adjustable parameters, varying from 0 to 100, to
ensure that a stable minimum of the loss function was reached. The
Hooke-Jeeves pattern move algorithm providing a fast optimization was
used for model fitting. Table S2 shows the results of 10 optimizations
starting from different initial values of adjustable parameters, thus
illustrating the stability of the optimization.
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3. Results and discussion
3.1. Decomposition of soil mid-IR spectra

The preliminary examination of 213 IR absorbance spectra of the soil
samples using the SVD plot (Jaumot et al., 2015) suggested that four
components explain the variability of the data. This model explained
99.7% of the variance, with a fitting error (Lof) of 5.88% and a standard
deviation of residuals of 0.037. When varying the number of the com-
ponents from 3 to 6 and plotting RMSD and Lof against the number of the
components (Fig. S2), there was a linear trend covering changes from 4 to
6 components. For a three-component decomposition, elevated RMSD
and Lof values, distinctly deviating from this linear association, were
found. Hence, four components were used for further analysis.

Mid-IR spectral loadings of the four components are presented in
Fig. 1, whereas the positions and assignments of absorbance maxima are
described in Table 1. Components 1, 2 and 3 differ in a specific combi-
nation of absorbance peaks associated with inorganic constituents such
as clay minerals, possibly, iron-containing phases (such as oxides and
oxyhydroxides), and organic matter. It is worth noting that among
components 1-3 (Fig. 1), component 2 is characterized by having the
strongest absorbance at 1435 cm ™!, which together with distinct absor-
bance at 2515, and sharp peaks at 872 and 714 cm™}, indicates that this
component represents carbonate-rich materials. All the soil samples
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studied contained inorganic carbon commonly associated with carbon-
ates (the illustrative data are provided in the overview of soil samples in
Supplementary information, Table S1). When looking at the absorbance
at 1032 cm ! and bands >3300 cm ™!, component 3 seems to be enriched
as compared with component 1 by chemical bonds absorbing at 1032
em™!. This suggests the enrichment of component 3 as compared with
component 1 with aluminosilicate Si-O bonds and the organic C-O/
C-O-C groups relative to the presence of diverse inorganic and organic
OH groups (Table 1). This further implies that components 1 and 3 are
essentially different organo-mineral complexes whereas component 3
seems to be more hydrophobic (with a lesser relative content of hydro-
philic OH groups) and possibly enriched by SOM. The fourth component
is characterized by absorbance bands similar to those found for compo-
nents 1-3 above 3000 and below 600 cm ™. However, in the 1000-2000
em™! range, the spectrum is complicated and exhibits more “noisy”
shapes, in particular, for absorbance in the 1500-2000 cm ™! range. It is
difficult to know why this less regular shape of absorbance appears here,
and whether it is caused by the ability of the MCR-ALS method to
separate the contributions from the IR-absorbing components, spectral
noise, or other non-accounted effects which may appear when using KBr
pellets, e.g., light scatter (Tesfamichael et al., 2001). Less regular
absorbance profiles in the 1000-1800 cm™! range were found by Fritz-
sche et al. (2019) who examined mid-FTIR spectra of ground
water-derived solids in KBr pellets and applied PMF, an MCR technique,

1 Component 2 1435

1.0 1
0.8 - 1030
1 872
0.6 1
] 523
469
0.4 3620 430

402 1798

L 3
0. 3698
714
0.0 4 .
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1 Component 4.
1.0 -
0.8 3620 3435
0.6 540
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— T 1 T
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Wavenumber, cm

Fig. 1. MCR-ALS identified mid-IR spectra of the four soil components that contribute to the whole soil mid-IR spectra. Spectra are normalized to unit absorbance at its

maximal value.
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Table 1
Positions of mid-IR absorbance maxima (cm ™), with indicating a number of a
specific MCR component (in the parentheses) and their assignments.

Wavenumbers of positions of maxima
(or intervals), cm ™!

Assignment

3698(2), 3620(2), 3622(3), 3632(4)
3441(1), 3402(2), 3370(3), 3435(4)

O-H stretching in kaolinite®

O-H stretching in phyllosilicates®,
water, carboxyl and hydroxyl groups®
Symmetric and asymmetric C-H
stretching of methyl and methylene
groups®

Vibrations of CO3~ in calcite®
Overtones and combination bands in
quartz and silicates’

Asymmetric stretching of COO™%;
amide I (C=O stretching) and II (NH
and NH, bending) bands"; OH-bending
of hydration water in phyllosilicates';
H-bonded C=0; the conjugated C=C
stretching in ketones, carboxylic acids
and amides";

Vibrations of CO3~ in calcite’; C-H
bending of methyl and methylene
groups”

Symmetric stretching vibrations of
COO®

Si-O stretching in aluminosilicates”;
the C-0/C-O-C vibrations in alcohols,
phenols, carboxylic acids,
polysaccharides, carbohydrates
Vibrations of CO3~ in calcite®, iron
oxides and oxyhydroxides”

Bending of O-Si-O bonds; vibrations
of AlOg-octahedral groups®; Si-O
stretching”

2880(1), 2924(2), 2935-2929(4)
2515 (1-3)
1798(2), 1873(4)

1634(1), 1640(3)

1435(1,2), 1458(3)

1337 (4)

1032 (1,3), 1030(2)
d,m
714, 872-873 (1,2,4)

523-540(1-4), 467-488(1-4),
420-453 (1,2,4)

# McKissock et al., 2003; Nguyen et al. (1991); Ravisankar et al. (2011);
Simkovic et al. (2008).

b Margenot et al., 2017.

¢ Quatmane et al., 2000; Ellerbrock and Gerke (2004); Simkovic et al. (2008).

4 Silverstein & Webster (1997); Ellerbrock and Gerke (2004); Simkovic et al.
(2008).

¢ Nguyen et al., 1991; Ravisankar et al. (2011); Tinti et al. (2015).

f Nguyen et al., 1991; Calderén et al. (2011).

8 Silverstein & Webster (1997); Hay and Myneni (2007).

b Silverstein & Webster (1997).

! Spaccini et al., 2001.

3 Schnitzer, 1978.

k Silverstein & Webster (1997); Ellerbrock and Gerke (2004); Ellerbrock and
Kaiser (2005); Simkovic et al. (2008).

1 Huang & Kerr (1960); Gunasekaran et al. (2006).

™ Rumpel et al., 2001; Smidt and Schwanninger (2005); Tarchitzky et al.
(2007).

™ Soriano-Disla et al., 2014.

° Fernandez-Carrasco et al., 2012.

for the decomposition of spectra. Of the seven IR light-absorbing com-
ponents identified by Fritzsche et al. (2019), two components, termed
“organic matter-like”, exhibited a more complex shape than the other
ones. Increasing the number of components in the MCR- ALS decompo-
sition seemed to lead to the appearance of noisy shapes also in spectra of
other constituents (data not shown) which supported our decision to use
just four components for further TOC modeling.

In summary, for the goal of soil TOC modeling, use of the MCR-ALS
methodology enabled the identification of four components (and
obtaining their concentration scores). These four identified components
were capable of providing the reasonable description of IR spectroscopic
signatures of soil composition.

Soil & Environmental Health 3 (2025) 100123
3.2. Modeling the TOC contents of the whole sample set

The four MCR-ALS components contributing to soil mid-IR spectra
were incorporated into Eq. (11) to describe the TOC contents of all the
soil samples. Table 2 summarizes the statistics of this description and the
optimized values of the adjustable parameters. Only a small portion
(<27%) of the TOC variance of the whole dataset was explained, and the
RMSD value was quite large (0.54% w w™1). For comparison, an earlier
analysis by Nasonova et al. (2022) using the PLS regression with the same
dataset allowed to model the TOC values with an explained variance as
high as 76%. The RMSD based on the PLS regression modeling was
0.36% w w ! (obtained from the statistical measures reported by Naso-
nova et al. (2022) and original experimental data). Hence, when
modeling TOC contents of the whole dataset, the commonly used PLS
regression was more successful as compared with the current method
based on the MCR decomposition. It is worth noting that for this dataset
the variance explained by the PLS regression was shown to be well within
the explained variance observed in a series of publications (i.e., 52-96%;
detailed in Nasonova et al., 2022).

To visualize the quality of modeling, the fitted TOC values were
plotted against the measured TOC values in Fig. 2a. Inspection of the
data distribution in Fig. 2a suggests that the MCR-ALS-based model
fails in soil samples with elevated TOC contents. This failure is
demonstrated when plotting the differences between the fitted and
experimental TOC contents against the experimental data (Fig. 2b).
Such a tendentious distribution of residuals is a clear indication of a
systematic failure, i.e., lack-of-fit, for a model TOCg; = TOCexp (Draper
and Smith, 1968).

The clear trend of increasing deviations between experimental and
fitted TOC values with increasing TOC content in the soil samples de-
serves special attention. It suggests that in the samples with elevated TOC
contents, a portion of the SOM has weaker relations with measured soil
mid-IR spectra. One qualitative understanding of this apparently para-
doxical conclusion may result from the existence of SOM fractions in soil,
that interact differently with soil minerals, including, for example,
mineral-associated SOM as well as organic matter having less in-
teractions with minerals (e.g., particulate organic matter composed of
residuals from plants and microbes, black carbon). Soil inorganic com-
ponents have dominant contributions to soil mid-IR spectra, and there-
fore, the MCR-ALS decomposition intending to provide the best fit of IR
spectra accounts foremost for the mineral spectral signatures. Hence, if
these mineral components could be characterized by certain OC-holding
capacity (as is implied in Eq. (11)), the content of mineral-bound organic
matter in soil samples with lower TOC content would be better modeled
as compared to the case of elevated soil TOC contents. In the latter case,
the relation between minerals (and their pronounced IR spectral finger-
prints) and TOC becomes weaker, and, therefore, the fitting of the TOC
values becomes less successful. This explanation proposes that the ability
of soil mid-IR spectra to model TOC content using Eq. (11) was rather
indirect, at least, in part, and strongly affected by the association between
SOM and minerals.

Considering that the fourth component has a less regular spectral
profile that could be associated with spectral artifacts (Fig. 1; section 3.1)
and the fitted model showed zero OC content in this component
(Table 2), we have examined, therefore, the model performance when
the fourth component was omitted, i.e., using only three components of
the four-component model. The model parameters are summarized also
in Table 2, where it can be observed that the model performance, i.e., the
RMSD value and the variance explained, did not depend on whether four
or three components were incorporated into Eq. (11); this is a proof that
the fourth component had no impact on the TOC modeling for the whole
dataset.
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Table 2
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Parameters of models linking the MCR-ALS-derived scores of the mid-IR-active components to the whole soil TOC content (Eq. (11)). The k;; and OC; values are followed
with their standard errors (in parentheses); the p value if less than 0.1 is specified in the footnotes.

Component i

1 2 3 4 RMSD, Variance explained, %
%ww !
The whole dataset: Four components 0.539 27
ki1 (unitless) 1(-) 1.50 (3.16) 1.44 (4.83) 0.72 (5.8)
0C;, % ww! 0.16 (0.74) 0.00 (0.32) 1.49 (0.86)° 0.00 (4.5)
The whole dataset: Three components (of the four-component model) 0.540 27
ki1 (unitless) 1(-) 1.34 (0.92) 1.13 (0.78) -
0Ci, % ww* 0.12 (0.28) 0.00 (0.22) 1.55 (0.21)° -
The “low” dataset®: Four components 0.175 62
ki1 (unitless) 1(-) 1.73 (2.17) 1.41 (1.72) 4.25 (5.82)
oG, % ww! 0.31 (0.16)° 0.15 (0.08) * 0.90 (0.08)" 0.00 (0.14)
The “low” dataset: Three components (of the four-component model) 0.181 60
ki1 (unitless) 1(-) 1.07 (0.55) 0.70 (0.30)¢ -
0C;, % ww™! 0.16 (0.08)" 0.09 (0.07) 0.94 (0.06)" -
The “high” dataset®: Four components 0.521 13
ki1 (unitless)’ 1(-) 1.47 3.79 0.05
oc,%ww ' 2.22 0.00 1.30 70.5
? p<0.10.
b p < 0.000.
¢ “low” TOC<1% w w™ .
4 p < 0.05.

¢ “high™ TOC>1% w w .

f It is not possible to provide standard errors for determinable parameters since the matrix is ill-conditioned.

m TOC, <1% ww') ® TOC_>1% (ww")

T T 1 T 17 17 17 7717 71
00 05 10 15 20 25 30 35 40 45
TOC , % ww'

exp

- (b)
-
2
X
K
© -
OE
o
= n
-4 T T T T T T T T T !
0 1 2 3 4

TOC, , % ww'

Fig. 2. (a) TOC contents of soils approximated by using Eq. (11) (TOCg,) are
plotted against experimental values (TOCexp). (b) Differences between TOGCg,
and TOCe, are plotted against TOCeyp. The dotted line represents zero differ-
ences between TOCg; and TOCexp.

Using three or four components in the four-component model (Eq. (11))
had no significant effect also on the values of model parameters (Table 2).
Component 3 might be of particular interest as its computed OC content is
determined as a finite non-zero value, thus making it a major component
that controls soil TOC content.

3.3. Separating the soil sample set in the subsets with different levels of
TOC contents

In light of the different behavior of the model at different soil TOC
ranges (Fig. 2b), the whole dataset was divided into two subsets: one
containing samples with TOC<1%, w w1 (termed “low”; 142 IR spectra)
and one containing samples with TOC>1% w w ™! (termed “high”; 71 IR
spectra). This 1% w w™! threshold was selected because at this TOC
content, the difference between the fitted and experimental TOC contents
approaches zero (Fig. 2b). Both subsets were fitted, maintaining the same
number (four) of the MRC-ALS components as proposed in the exami-
nation of the whole dataset.

The fitted model to the “low” subset explained 99.7% of the variance
and had Lof of 5.87%, and a standard deviation of residuals of 0.039. The
“high” subset optimization resulted in 99.8% of the variance explained,
Lof of 4.97%, and the standard deviation of residuals of 0.029. Fig. 3a
presents the four components from the decomposition of the whole
dataset, and the “low” and “high” datasets. It is seen in Fig. 3a that the
spectra of components 1-3 obtained in the whole dataset and the “low”
subset essentially coincide, except for some small differences in the
spectra of the third component at wavenumbers above 3000 cm . This
coincidence is supported by a direct examination of determination co-
efficients calculated for correlations between mean-centered absorbances
of the spectra under comparison (Varmuza et al., 2003), shown in
Table 3. For the first three components, the r? values describing corre-
lations between spectra obtained from the whole dataset and its “low”
part are > 0.99. Even for the fourth component, the correlation is high,
with 1> = 0.914. However, when examining the spectra of the four
identified components in the “high” subset, they show clear differences
from the spectra associated with the whole dataset. These differences are
reflected in r? values lower than 0.9 (Table 3). This suggests that the
mid-IR spectra of the components extracted from the whole dataset were
characteristic foremost for the “low” dataset which could be due to the
imbalance in the number of samples in the "low" and "high" datasets (142
and 71, respectively).

3.4. Modeling the TOC contents of sample subsets
We applied Eq. (11) to model the TOC content of soil samples

belonging to the two subsets, “low” and “high”, based on the concen-
tration scores of the four components determined separately for each of
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a: whole dataset "low" "high"
104  component 1 _| component 2 component 3 component 4
0.8 — - -
0.6 - - -
0.4 - . -
0.2 - / - -
0.0 - - -
m T I 1 I 1 I T T I T I T I T T I T I T I T T I T I 1 I T
e 4000 3000 2000 1000 4000 300020001000 400030002000 1000 400030002000 1000
g
= b: — "low" a 1st half a 2nd half
Q
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Fig. 3. (a) Mid-IR spectra of the four MCR-identified soil components in the whole dataset and its two subsets, including the samples with TOC content below 1% (w
w! ; “low”) and above (“high”). (b) Mid-IR spectra of the four MCR-identified soil components in the “low” subset and in its two randomly obtained halves. Spectra are

normalized to unit absorbance at its maximal value.

Table 3
Correlations between the component's spectra identified in different datasets.

Datasets of spectra decomposed into components' contributions, under comparison

Component (as depicted in Figs. 1 and 3) r

Whole dataset vs “low” dataset

Whole dataset vs “high” dataset

The “low” dataset vs its 1st half

The “low” dataset vs its 2nd half

The “low” dataset: 1st half vs 2nd half

0.995
0.999
0.990
0.914
0.863
0.813
0.759
0.864
0.995
0.999
0.999
0.707
0.992
0.954
0.992
0.909
0.999
0.948
0.997
0.621

B WNFEFDAWNFEFDWONDFEDAEWNFE DW=

them. The results of this modeling, including the values of adjustable
parameters, standard errors, RMSD, and explained variance are provided
in Table 2. Fig. 4 shows the fitted TOC values plotted against the
experimental ones, for each of two soil sample subsets. The separation of

the whole sample set led to an essential improvement in modeling soil
TOC<1% (w w‘l), with an explained variance of 62% and RMSD of
0.175% w w™ ! (Table 2) which is comparable with commonly explained
variance when modeling TOC using PLS regressions (e.g., 52-96%;
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Fig. 4. TOC contents of soils approximated using Eq. (11) (TOCg,) are plotted
against experimental values (TOCcyp): (a) the soil subset with TOC<1% w wl
(“low™); (b) the soil subset with TOC>1% w wt (“high™). The straight lines
represent the linear regressions.

Nduwamungu et al., 2009; Baldock et al., 2013; Soriano-Disla et al.,
2014; Matamala et al., 2019; Gomez et al., 2020). However, note that
interpretations of PLS regressions are not obvious (Pirouz, 2010; Fritz-
sche et al., 2019; Xia, 2020; Lado et al., 2023). In contrast, the
MCR-ALS-based descriptors are associated with interpretable sets of
IR-active chemical bonds and functional groups, where changes in the
concentration scores of MCR-ALS components reflect changes in sample
chemical composition.

Two MCR-ALS components, the first and the third, are characterized
by the largest OC; values and contribute distinctly to the soil TOC in the
samples belonging to the “low” dataset modeled with four components
(Table 2). Once again, as in the whole dataset, component 4 did not
contribute to TOC. Interestingly, the computed OC content associated
with the third component (0.90 + 0.08% w wD) is essentially three
times larger than that found for the first component (0.31 + 0.16% w
w1). This is in agreement with an earlier conclusion that components 1
and 3 are different organo-mineral complexes whereas component 3
seems to possibly be enriched by SOM (section 3.1). Further proof of the
robustness of the IR spectra decomposition using MCR-ALS emerged from
a split-half analysis which involved the separation of the “low” subset
into two randomly selected halves. Each half was once again decomposed
into components using MCR-ALS, with the variance explained being 99.6
and 99.7%, Lof being 6.12 and 5.18%, and the standard deviation of
residuals being 0.040 and 0.034, for the first and second half, respec-
tively. Fig. 3b compares the spectral loadings of the components obtained
during the decomposition of mid-IR spectra of the “low” subset and its
two random halves. The spectral loadings of the first three components
are very close in these three datasets. This similarity is evidenced also by
strong correlations between spectra in paired comparisons (high r2,
Table 3). Thus, the identification of these components did not depend
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substantially on the specific dataset as they have been found in all four
datasets: the whole one, a “low” subset, and the two halves of the “low”
subset (Fig. 3a and b).

In the above comparison (Fig. 3b), the fourth component behaved
differently; its spectral loading depended on the specific dataset, and the
correlations of its spectral loading between different datasets were much
weaker (Table 3). As mentioned earlier regarding the analysis of the
whole dataset, the role of this fourth component in modeling the TOC
content seems negligible. Indeed, when omitting the fourth component
from the fitting of Eq. (11) for the “low” dataset, TOC modeling yielded
practically the same RMSD as with the four components, a very similar
percentage of explained variance, and well-comparable values of the
adjusted model parameters, including detectable non-zero OC contents of
components 1 and 3 (Table 2).

In contrast to the modeling of the “low” subset, the dataset with TOC
exceeding 1% w w™ ! threshold, was poorly modeled, with RMSD 0.521%
w w ! (Table 2) showing that the model (Eq. (11)) cannot accurately
represent elevated contents of TOC. In this poorly modeled case, Statis-
tica 7.0 Statsoft did not allow to obtain the standard errors of parameters,
reporting the ill-conditioned data matrix.

3.5. Feasibility of the model, its assumptions and perspectives — discussion

Recalling our third objective, which was to test whether the MCR-
ALS-derived soil components allow modeling soil TOC content, we
noted that the modeling success depended on a specific range of TOC
content. As explained in section 2.1, there are two central assumptions in
the approach we used. One is that it is possible to identify chemically
meaningful components explaining soil mid-IR spectra using nonnega-
tive MCR-ALS decomposition. This assumption seems to be valid
considering the high extent of the IR absorbance variance explained by
the nonnegative MCR-ALS components in the whole dataset (99.7%), its
subsets (99.7% and 99.8%, for the “low” and “high” subsets, respec-
tively), and the robustness of decomposition (as discussed above, section
3.4). It is worth keeping in mind that the MCR-ALS-derived components
are not individual substances but each one may include different organic
molecules and inorganic constituents, such as clay minerals, carbonates,
metal oxides, oxyhydroxides and others. In an MCR-ALS component, the
individual chemical materials maintain constant proportions in the
samples studied. A high degree of the absorbance variance explained
indicates that if above-mentioned chemical materials contribute mean-
ingfully to the measured IR spectra, they are also represented by MCR-
ALS components.

The second assumption was that it is possible to identify all TOC-
controlling components using the MCR-ALS-based decomposition of IR
spectra. The results of the work showed that this assumption was violated
when soil TOC content exceeded 1% w w™!. The existence of the TOC
threshold resulted in a sharp loss of capability of the MCR-ALS compo-
nents to model soil TOC at >1% w w™ . At elevated TOC contents the
MCR-ALS-based decomposition of soil mid-IR spectra, although
explaining more than 99.7% of the spectral variance, did not succeed in
quantifying all TOC content-controlling components. The threshold
determined for the current particular dataset is not necessarily applicable
to other soil samples.

It is hardly plausible that there are SOM pools that are not active in
mid-IR spectra. Hence, the failure of TOC modeling at elevated TOC
contents suggests that some important soil constituents controlling TOC
content are masked in soil mid-IR spectra by others. A natural explana-
tion is that inorganic constituents (e.g., clay minerals) dominate in the
MCR-ALS decomposition of soil mid-IR spectra. Hence, modeling of the
soil TOC content by MCR-ALS components below 1% w w™! was prob-
ably indirect, at least, in part. It can be strongly linked to minerals present
that variously bind SOM and form organo-mineral complexes. A loosely
mineral-bound SOM is probably less mirrored by mineral IR spectral
fingerprints and, therefore, its contribution to TOC is only poorly
accounted for. Thus, the 1% w w™! threshold suggests that above this
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value, in our studied soils there is a significant part of SOM that is not
linked tightly to soil minerals. Hence, MCR-ALS components identified in
mid-IR spectra and dominated by the minerals could not account (most
probably implicitly) for this SOM fraction.

The above mentioned explanation should yet be considered as a hy-
pothesis. Nevertheless, the existence of a threshold in the TOC modeling
efficacy using MCR-ALS components extracted from soil IR spectra is of
interest. This may provide a way to distinguish soil samples with domi-
nance of different types of SOM, from those ones “tightly” bound to
minerals (and therefore, their contribution to TOC is correlated with
mineral IR spectral fingerprints), to those rather loosely bound to min-
erals or particulate SOM. The SOM fraction “tightly bound to minerals”
might be related to (not necessarily coincide with) the mineral-associated
fraction of SOM determined by common methods (Yu et al., 2022). Thus,
the TOC “threshold”, if identified, can be informative when associations
between minerals and SOM become weaker, or a mineral's capacity to
interact with SOM becomes, to a certain extent, exhausted. This phe-
nomenon is of interest for better understanding the SOM fractions that
control carbon storage and stabilization (Kogel-Knabner and Rumpel,
2018; Lehmann and Kleber, 2015). Hence, it could be a future task to
apply the nonnegative MCR-ALS decomposition of mid-IR spectra and to
perform TOC modeling in whole soil samples and their fractions differing
by contributions of mineral-associated SOM, and to examine whether
there are links between the model efficacy to describe TOC content and
the mineral-associated SOM fraction in the whole TOC. This type of work
is currently on its way.

The major current limitation of the proposed approach to model soil
TOC is seen as the lack of applicability to soils widely differing in TOC.
Hence, the further expected (and important) question is whether (and
how) this approach can be successfully extended to diverse soils differing
in TOC content and mineral composition. As follows from the above
discussion, the problem in TOC modeling may result when (i) TOC is
contributed by portions of SOM that are not associated sufficiently
strongly with mineral surfaces, so that it could be accounted for indi-
rectly through mineral contributions to IR spectra, and (ii) the SOM
contribution per se to IR spectra of soils and MCR-ALS components is not
significant. Therefore, in its current form, our approach is expected to be
applicable for SOM-poor soils, yet rich in minerals that provide signifi-
cant interfaces for interacting with SOM, or soils rich by SOM contrib-
uting more distinctly to measured IR spectra. TOC content in soils
“intermediately” enriched by SOM will be less successfully modeled
using MCR-ALS components derived from IR spectra (it is not possible yet
to provide strict limits for “rich”, “poor” or “intermediate” cases). It is
also expected that in soils rich in SOM, better fingerprinting organic
matter in IR spectra should lead to an improved modeling of the TOC
content, but an identification of a SOM pool stronger interacting with
minerals may become more difficult.

A possible way to improve the efficacy of the described approach
that explores MCR-ALS decomposition of mid-IR spectra and to make
it more universal for modeling TOC contents in soils is to use those
regions in soil mid-IR spectra that are largely contributed by molecular
vibrations of SOM constituents. The latter will make SOM contribu-
tions to MCR-ALS-derived components more influential. However, an
effective solution that can essentially improve the ability of Eq. (11)
(and nonnegative MCR-ALS components derived from soil IR spectra)
to model soil TOC could be based on consideration of a principal
difference between the common use of the PLS regressions and the
approach proposed in this paper. From the beginning, PLS regressions
are forced to fit the goal that is soil TOC content. The MCR-ALS
decomposition is not related per se to the soil TOC modeling which
is performed with Eq. (11). Hence, the additional constraint may be
introduced into the MCR-ALS decomposition of soil mid-IR spectra.
This constraint is the requirement of best fit for soil TOC values
(through Eq. (11)). The soil TOC best-fit constraint is supposed to
make decomposition “supervised” and less flexible, but the obtained
components will be forced to fit TOC values better.
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4. Conclusions

A bilinear nonnegative MCR-ALS decomposition of soil mid-IR
absorbance spectra provides a way to identify meaningful sets of chem-
ical bonds and functional groups maintaining constant proportions
among soil samples. Decomposed spectral components representing
identifiable soil components can be linked to multiple soil properties,
and, foremost to soil TOC contents, thus providing a basis for mechanistic
physicochemical models.

In our particular soil sample set, the performance of the developed
mechanistic model in representing soil TOC values depended on a spe-
cific TOC range and revealed a threshold TOC in model efficacy. The
appearance of this threshold upon the increase in soil TOC content may
indicate the significance of SOM which could be particulate or weakly
associated with minerals. Identifying such a threshold TOC for model
performance could be of great interest considering the commonly
accepted importance of mineral-associated SOM for soil carbon storage
and sequestration.

This work is the first attempt to perform a nonnegative MCR-ALS
decomposition of soil mid-IR spectra, and in particular, to link this
decomposition to soil TOC. Certainly, more work is needed to extend and
verify the applicability of the proposed approach to soils with variable
mineral composition and SOM content and examine the relations be-
tween the model capability to represent soil TOC and the distribution of
SOM between the fractions differing in their association with minerals.
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