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Soil functions are driven by microscale processes and
thus there is a need for analytical techniques to directly
study physical, biological and chemical processes in
intact soil samples (Baveye et al., 2018). To analyse

Henning Buddenbaum?

Abstract

The biogeochemical functioning of soils (e.g., soil carbon stabilization and nutrient
cycling) is determined at the interfaces of specific soil structures (e.g., aggregates,
particulate organic matter (POM) and organo-mineral associations). With the
growing accessibility of spectromicroscopic techniques, there is an increase in
nano- to microscale analyses of biogeochemical interfaces at the process scale,
reaching from the distribution of elements and isotopes to the localization of
microorganisms. A widely used approach to study intact soil structures is the fixa-
tion and embedding of intact soil samples in resin and the subsequent analyses of
soil cross-sections using spectromicroscopic techniques. However, it is still chal-
lenging to link such microscale approaches to larger scales at which normally bulk
soil analyses are conducted. Here we report on the use of laboratory imaging Vis—
NIR spectroscopy on resin embedded soil sections and a procedure for supervised
image classification to determine the microscale soil structure arrangement,
including the quantification of soil organic matter fractions. This approach will
help to upscale from microscale spectromicroscopic techniques to the centimetre
and possibly pedon scale. Thus, we demonstrate a new approach to integrate
microscale soil analyses into pedon-scale conceptual and experimental approaches.

Highlights

 Quantification of soil constituents using Vis-NIR spectroscopy.

« New approach to use resin embedded soil core sections with intact structure.

« Reproducible quantification of soil constituents important for soil carbon
storage.

+ Vis-NIR as promising tool for upscaling from microscale to pdeon scale.
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microscale biogeochemical interfaces for their chemical
and/or isotopic composition or the distribution of micro-
bial cells in intact soil samples, it is mandatory to use
approaches that assure an undisturbed soil structure. A
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widely used technique to preserve soil structures is the
embedding of soil samples (from aggregates up to com-
plete soil cores) in resin and the subsequent production
of soil cross-sections (Eickhorst & Tippkoetter, 2008;
Herrmann et al., 2007; Kubiena, 1938). Although the use
of epoxy or polyester resin for soil impregnation and thus
soil structure preservation introduces possible artefacts
via the redistribution of soluble compounds or the dilu-
tion of isotopic enrichments, it is up to now the only way
to correlatively combine 3D soil physical structure mea-
surements (e.g., pCT) with 2D imaging approaches, for
example the localization of distinct microbial groups
(e.g., fluorescence in situ hybridization) and elemental
distribution (Eickhorst & Tippkoetter, 2008; Juyal et al.,
2019; Schlueter, Eickhorst, & Mueller, 2019). However,
because all of these techniques reveal structures at a very
fine scale, the field of view is very restricted (Eickhorst &
Tippkoetter, 2008; Herrmann et al., 2007; Kravchenko
et al., 2019; Mueller et al., 2013; Steffens et al., 2017) and
therefore upscaling from the aggregate to soil core or
even to the pedon scale is of crucial importance but also
complicated. Thus, there is a clear deficit in correlative
approaches that link microscale measurements with soil
structures and constituents at the mm to cm scale.

To close such spatial gaps, we think that spectro-
scopic imaging approaches can be one way to quantify
soil constituents and thus biogeochemical interfaces from
the aggregate to the pedon scale. A promising approach
to evaluate complex intact soil structures was demon-
strated by Steffens and Buddenbaum (2013), who used
visible to near infrared (Vis-NIR) laboratory imaging
spectroscopy (imVisIR). The authors used the method on
dried intact soil profiles and were able to differentiate soil
elemental and structural features in mineral and organic
soils. Because a variety of techniques that aim to analyse
intact soil structures at the microscale make use of resin-
embedded soil sections (Eickhorst & Tippkoetter, 2008;
Herrmann, Ritz, et al., 2007; Juyal et al., 2019; Mueller
et al., 2013; Nunan et al., 2001; Rodionov et al., 2019;
Schlueter et al.,, 2019; Vidal et al., 2018), the use of
imVisIR on these sections would enable upscaling and
correlation with bulk soil features (Manfi, Hilgers,
Buddenbaum, & Stanjek, 2017). However, because, up to
now, imVisIR has been used in soil science exclusively to
analyse natural non-embedded soil, it was not clear if the
use of embedding resin would hamper the classification
and thus the quantification of microscale soil structures.

Here, we report on the use of imVisIR on epoxy resin-
embedded Cryosol soil core sections described in Mueller
et al. (2017). Permafrost-affected soils are highly complex
in structure and also tremendously important for global
carbon storage (Mueller et al., 2015; Schuur et al., 2008;
Schuur et al., 2015; Tarnocai et al., 2009; Zimov,

Schuur, & Chapin, 2006); thus, they make a well-suited
and relevant model system to test this application of
imVisIR. Comparable to temperate soils, distinct physical
soil organic matter fractions are key for long-term carbon
storage in permafrost affected soils (Gentsch et al., 2015;
Mueller et al., 2015). At the microscale it was even possi-
ble to demonstrate the importance of specific fine soil
structures (e.g., particulate organic matter (POM)) in
Cryosols for the formation of microaggregates in the
vicinity of decaying plant residues (Mueller et al., 2017).
Interestingly, old carbon, which in studies on temperate
soils is often linked to organo-mineral associated organic
matter (MOM) or small occluded POM, was demon-
strated to be as vulnerable to soil warming as young
organic matter in Arctic soils (Vaughn & Torn, 2019).
The interaction of plant residues, microbial-derived extra-
cellular polymeric substances and the surrounding soil
minerals in the formation of aggregated soil structures in
Arctic soils was shown by using scanning electron
microscopy and nanoscale secondary ion mass spectrom-
etry (NanoSIMS) (Mueller et al., 2017). Here we use the
exact same Cryosol thin section as in Mueller et al. (2017)
to demonstrate the feasibility of imVisIR to quantify soil
constituents important for soil organic matter (SOM)
storage in embedded and sectioned soil samples. Our
approach allows for the determination of soil structural
domains representing specific biogeochemical interfaces
and thus areas that may act as hot spots for soil organic
carbon stabilization, microbial activity, nutrient sorption
and cycling.

We made use of samples taken at the Barrow Peninsula,
on the Arctic Coastal Plain, in April 2010 (Mueller et al.,
2015). From a number of soil cores, subsections were gently
thawed, stepwise dried using a row of graded acetone to
water mixtures, embedded in an epoxy resin (Araldite 502)
and subsequently sectioned and polished as described by
Mueller et al. (2017). In Mueller et al. (2017) one sub-
section called B1-5U-2 was analysed in detail using reflec-
tance light microscopy, scanning electron microscopy and
NanoSIMS. Here, we describe the analyses of imVisIR
datasets of this subsection and another subsection from the
same horizon called B1-5U-1. The analysed soil contains a
mineral matrix consisting of quartz grains and fine sand,
iron oxides and POM in several levels of decomposition
(Mueller et al., 2017). According to Mueller et al. (2017), the
bulk soil contained 8.4 wt% POM and 91.6 wt% mineral
constituents (Table 1). The studied Cryosol organic carbon
(OC) storage was distributed into 36.8% OC stored as POM
and 63.2% OC stored as mineral-associated OM, which is in
line with samples of various other cores from the same sam-
pling campaign (Mueller et al., 2015).

Hyperspectral images of the soil core subsections
were recorded with a HySpex VNIR-1600 hyperspectral
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TABLE 1

ence

Frequency of information classes in both resin-embedded drill core subsections; comparison with amount of particulate

(POM) and mineral-associated organic matter (MOM) from density fractionation of the bulk soil (as given in Mueller et al., 2017)

Vis-NIR image classification SOM fractionation
B1-5U-2 B1-5U-1 Mean Amount
Assigned SOM Information classes N pixels % N pixels %o %o %o
Unclassified 918 0.7 44 0.03
POM Fresh POM 3281 2.5 2858 2.2 9.29 8.38
Undecomposed POM 2364 1.8 171 0.13
Decomposed POM 4583 3.5 2087 1.6
Highly decomposed POM 5257 4.0 3714 2.9
MOM Fe-oxides 3456 2.6 4249 3.3 90.35 91.62
Mineral matrix 111921 84.9 116258 89.9

Abbreviation: SOM, soil organic matter.

line scanner (Norsk Elektro Optikk, Skedsmokorset, Nor-
way). The camera was equipped with a 30-cm close-up
lens and set up in a laboratory frame 30 cm above the
samples, with light sources illuminating the samples
from a distance of about 35 cm and at an angle of about
45° in front of and behind the camera. The samples were
placed on a translation stage that moved the samples
under the camera. In the direction perpendicular to the
movement of the sample (across-track direction), the
camera recorded 1,600 pixels with a field of view of 17°.
The instantaneous field of view for each pixel was 0.18
mrad across the track and 0.36 mrad along the track. The
area that was recorded by the camera from a 30-cm dis-
tance was 10 cm wide, so that a single pixel was 62.5 pm
wide. The subsections (disks) have a diameter of 2.5 cm,
so they cover circles with ca. 400 pixel diameters in the
hyperspectral images. The camera records 160 spectral
bands in the spectral range of 410 to 990 nm, with a spec-
tral sampling distance of 3.7 nm.

Achieving a high signal-to-noise ratio (SNR) is always
a challenge in imaging spectroscopy. Usually, a white ref-
erence plate with nearly 100% reflectance is recorded with
the object of interest to facilitate transformation from the
recorded radiance to reflectance (Buddenbaum & Steffens,
2011; Rogass et al., 2017; Steffens & Buddenbaum, 2013).
The reflectance factor of the target can be calculated as the
ratio of radiances from the target and the reference, multi-
plied by the reflectance of the reference (Schaepman-
Strub, Schaepman, Painter, Dangel, & Martonchik, 2006).
Because the drill core disks are rather dark with a mean
Vis-NIR reflectance of just 4%, adjusting the exposure
time to the white reference would have led to a very low
signal level for the disks. Instead, the reflectance of a dark
brown cardboard plate was carefully measured against the
white reference and then the cardboard plate was used as
the reflectance standard. This way, a much higher

exposure time could be set, leading to a higher SNR. When
all target pixels are corrected with the same reference
spectrum, small wavelength shifts across the field of view
of the camera can cause faulty spectra (Buddenbaum,
Watt, Scholten, & Hill, 2019). To avoid this, reflectance
factors were calculated for each image column separately
(Buddenbaum & Steffens, 2011; Steffens & Buddenbaum,
2013). Further preprocessing included masking the image
areas that showed the subsections and applying a Savitzky-
Golay spectral smoothing filter (filter width 11 spectral
bands, polynomial order 2). A principal components
transformation of the image data was calculated to com-
press the hyperspectral information into a few bands so
that a maximum of information can be displayed in a
three-band false-colour image.

We visually identified six information classes (fresh
plant residues, undecomposed plant residues, decomposed
POM, highly decomposed POM, Fe oxides and mineral
matrix) in the reflected light microscopy image and trans-
ferred them to the imVisIR image. Training areas (one to
three per class) were drawn in the B1-5U-2 image
(Figure 1) to define the reference spectra for each class
and this fixed set of reference spectra was used for the clas-
sification of both images (Figure 1). The spectra of the
POM classes show a clear sequence of high to low reflec-
tivity from fresh to highly decomposed POM (Ben-Dor,
Inbar, & Chen, 1997). Fresh POM, undecomposed POM
and decomposed POM have higher reflectance with larger
wavelengths, whereas highly decomposed POM only
reflects 1% of the incoming radiation across the whole
wavelength region. The Fe oxides show a peak in the red
wavelength  region between 600 and 800 nm
(Bartholomeus, Epema, & Schaepman, 2007). The mineral
matrix covers most of the disks. Thus, mineral matrix
spectra are quite diverse, but mostly flat, like the mean
spectrum shown in Figure 1.
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Panel (a), training areas for supervised classification; panel (b), mean spectra of the information classes in the resin-
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FIGURE 2 Left: contrast-enhanced true-colour view of the two resin-embedded drill core subsections. Middle: red/green/blue
composite of principal components 3, 1 and 2. Right: results of spectral angle mapper classifications

We conducted supervised spectral angle mapper (SAM)
classifications in the image processing software Envi
(Version 5.3, Exelis Visual Information Solutions, Gilching,
Germany). Because two training areas for fresh POM and
three areas for mineral matrix were defined in the pre-
classification step, the classification process was conducted
with nine spectral classes. In a post-classification step, the
spectral classes were merged into the information classes
mentioned above. The classification was transferred to disk

B1-5U-1 by using the same training spectra and the same
classification parameterization. A critical point of the pre-
sent approach is the low number of two analysed core sec-
tions used to demonstrate the imaging and image
classification workflow. Nevertheless, in contrast to most
spectromicroscopic techniques the used imVisIR approach
allows for a relatively high sample throughput and thus the
creation of a spectral library of embedded soil core sections
in the future. This will also include the implementation of
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validation techniques (e.g., reflected light microscopy and
laser ablation ICP-MS) to validate the soil constituents
quantified using imVisIR.

Figure 2 shows a true-colour and a false-colour princi-
pal components depiction of both disks and the classifica-
tion results. The frequency of the classes is depicted in
Table 1. In both disks, the mineral matrix is the domi-
nant constituent with 85 to 90% of the area. In total,
POM covers 11.8% of the area of B1-5U-2 and 6.8% of the
area of B1-5U-1, similar to the bulk soil analyses in
Mueller et al. (2017). Only small parts are covered by fresh
plant residues and Fe oxides, which nicely corresponds to
the small-scale variability of soil constituents and pro-
cesses in these permafrost samples. We can clearly demon-
strate that the amount of POM (fresh and decomposed
OM together with POM) and MOM (Fe-oxides and min-
eral matrix) quantified by our imaging approach on the
two Cryosol sections (Table 1) corresponds very well with
the amount of POM and MOM reported for the bulk soil
sample (Mueller et al.,, 2017). Thus, the obtained data
nicely demonstrate that imVisIR in combination with
supervised image classification can be a tool that links
measurements at the microscale (Mueller et al., 2017) with
soil core (Mueller et al., 2015) and possibly also pedon data
(Hobley, Steffens, Bauke, & Kogel-Knabner, 2018; Stef-
fens & Buddenbaum, 2013). The successful transfer of clas-
sification training spectra from one resin-embedded drill
core disk to another underlines the usefulness and trans-
ferability of the imVisIR approach, opening an avenue to
implement microscale soil spectromicroscopy in larger-
scale soil analyses. Also, in the reverse way, imVisIR,
together with the easy to use supervised image classifica-
tion, might be used to locate regions of interest in natural
soil samples for subsequent fine-scale spectromicroscopic
measurements.
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