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Abstract

Soil organic carbon (SOC) plays a crucial role in soil fertility, productivity, and global carbon
cycling. However, the mechanisms governing SOC persistence and turnover are not fully
understood, hindering effective carbon management strategies. Especially limiting are challenges
to visualize and characterize spatial distribution patterns of SOC within the intact soil. This study
presents a novel approach to map carbon content and composition in intact soil samples using
synchrotron X-ray spectromicroscopy at a 4-100 um resolution. Intact soil cores were collected,
fixed with sodium silicate, and polished to create smooth surfaces suitable for soft X-ray analysis.
X-ray fluorescence (XRF) maps provided an overview of the total carbon distribution, enabling
the identification of carbon-rich regions of interest. Near edge X-ray absorption fine structure
(NEXAFS) spectromicroscopy was then employed to obtain spatially resolved carbon speciation
data within these regions. This method enabled the analysis of relatively large intact soil cores
(16,000 um O and 15,000 um height), preserving a variety of root and particulate organic matter
fragments as well as pores ranging in size from 35 to 850 mm. Spectral fitting using reference
standards revealed distinct spatial patterns of aromatic, aliphatic, and carboxylic carbon
compounds associated with different soil structural features. Aromatic carbon was enriched around
root fragments and the soil matrix, while carboxylic compounds were concentrated at pore-matrix
interfaces, suggesting a correlation between soil pore structure and carbon chemical composition.
The proposed novel approach provides opportunities for future unprecedented insights into the
interplay between pore architecture and organic molecular diversity, the two key factors governing
mechanisms of SOC protection and persistence in the soil.
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Introduction



Long term preservation of soil carbon, the largest terrestrial carbon pool on earth, has implications
for soil fertility, productivity, water flow, gas exchange, and global atmospheric greenhouse gas
emissions'. Soil pore structure serves as the scaffoldings for soil functioning — the framework in
which most physical, biological and chemical processes take place, particularly such processes
that contribute to decomposition or protection of soil organic carbon (SOC)>". The soil functional
complexity, derived to a great extent by the spatial heterogeneity of the pore structure, is leading
to vast variability in SOC persistence and turnover rates®’. In addition, the effectiveness with
which soil microorganisms decompose organic matter plays a role in determining how well carbon
is sequestered in the soil®. Microbial decomposition is impacted by the microbial community
composition, as well as by the physical and hydrological properties of the soil, which regulate the
interactions between decomposers and carbon sources. Over the past decade, a growing body of
research has recognized the relationship between pore sizes and their functionalities’. For example,
pores in the size order of tens of microns are optimal as microbial habitats with prevalent
decomposition of newly added C, while pores <30 um are regarded as sites for carbon storage and
protection®>? !, Another aspect of carbon protection is the molecular composition of SOC. The
molecular diversity of the organic compounds controls the decomposition process. Higher
diversity can increase the decomposers' metabolic costs, leading to a greater proportion of
persistent carbon compounds®!2. Thus, coupling these two aspects: pore structure spatial
heterogeneity and organic molecular diversity is crucial for better understanding SOC protection
and storage mechanisms.

Currently, chemical characterization of SOC persistence &7-13:14

composition at the mineral-SOC interface'>!”
nanometer scale. For example, nano-scale secondary ion mass spectrometry (NanoSIMS) was

successfully used to map the soil organic-mineral complexes and the soil-root interfaces '*1%1%,
2021

and spatial heterogeneity of C
are explored either in disturbed bulk soils or at the

Moreover, techniques like Fourier-transform infrared (FTIR) spectromicroscopy~™~" and scanning
transmission X-ray spectromicroscopy (STXM)!”"?2, both in transmission mode requiring thin
sectioning, have also been reported to successfully mapping of organic compounds at the organic-
soil interface to characterize mineral associated organic matter (MAOM). Considering the
pervasiveness of soil heterogeneity at all spatial scales, it is crucial to analyze SOC within its
natural context, i.e. intact samples. Moreover, modeling and predicting soil carbon processing
requires addressing the influence of soil physical environment, as represented by the pore structure,
at the scales relevant for SOC input from plant roots, its subsequent microbial processing, and
protection. However, the lack of suitable measuring approaches currently limits the ability to
quantify the effect of soil pore structure on SOC chemical composition. Recent advancements and
accessibility of X-ray microtomography have enabled the well-established visualization and
quantification of intact soil structures®**23. However, spatially resolving and co-localizing soil
structural features with carbon content and speciation with hard x-rays remains elusive due to their
low photon interaction cross section with light elements. We present here a new approach to map
carbon chemistry for large, intact soil samples using synchrotron soft X-ray fluorescence (XRF)
spectromicroscopy and microspectroscopy techniques.



Methods

Sample preparation

The studied soil was a silty loam Ultisol from a permanent pasture located at the USDA-ARS
Farming Systems Project long-term field trial in Beltsville Maryland. The soil texture was 23.8%
sand, 59.6% silt, and 16.7% clay, with 1.3% SOC. Intact soil cores (5 cm @) were collected from
5-10 cm depth. The cores were then sub-sampled into polycarbonate cylinders (16,000 um @ and
15,000 um height), hereafter, cores (Fig. 1a).

The spectromicroscopy measurements are best performed on flat surfaces to avoid artifacts
stemming from the short penetration depth of soft x-rays. Therefore, the cores were fixed with
sodium silicate (30%) (Radnor, PA, USA) and subsequently polished to create smooth surfaces.
Sodium silicate was chosen for fixation due to its low viscosity, which facilitates sample
infiltration, and to avoid introducing additional carbon to the soil. It is used as a soil stabilizer** as
well as a binder for sand foundry®® due to its ability to solidify mainly through dehydration or
reaction with atmospheric carbon dioxide to form silica-gel. The cores were initially embedded in
sodium silicate using a two-step process. First, saturation was achieved from the bottom until the
core surface appeared wet (~15 min). Then, the cores were completely submerged and placed
under a vacuum of -40 kPa overnight. This step removed air from the soil pores. Once ambient
pressure was restored, the sodium silicate penetrated the pores and subsequently cured for 5 days
at 40°C. As water evaporates from the sodium silicate solution, it becomes more concentrated and
eventually solidifies into a glassy substance?. Finally, the cores were polished with a series of
polishing papers.

Spectromicroscopy and near edge X-ray adsorption fine structure (NEXAFS)spectroscopy

X-ray maps and spectroscopy data acquisition was carried at the spherical grating monochromator
(SGM) beamline at the Canadian Light Source (Saskatoon, SK). A silicon drift detector (Amptek
Fast SDD), positioned at 90° to the incident beam in the plane of polarization to minimize
scattering, was used to collect the C partial fluorescence yield (PFY) of the sample with an energy
resolution of around 100 eV. A measurement of the B PFY for pure Boron Nitride was used to
correct for changes in the incident beam intensity by dividing the raw C PFY by the boron PFY.
Energy calibration was confirmed using a the Cls (C=0) to ©* transition at 288.7 eV of a citric
acid standard?®.

A map of the soil carbon content of the soil core surface was assessed by a X-ray fluorescence
(XRF) map made with an excitation energy of 320 eV (above the C K-edge) with 35 um resolution
(Fig. 1b). The XRF carbon map coupled with light microscopy image of the surface was used to
find a region of interest that will include a C ‘hotspot’. Next, a XRF stack of 60 individual maps
acquired with incident photon between 282-294 eV (0.2 eV step size) was collected, capturing the
C K-edge spectral data for every pixel (Fig. 1¢). In Addition, NEXAFS spectra from pressed pellets
of organic compounds references were collected. 15 individual 60 s slew scans were collected at



different positions on each sample and combined to create the NEXAFS measurement for that
reference compound. The references represented aromatic, aliphatic and carboxylic acid
compounds of plant and microorganisms’ origin prevalent in soils**2® and included tanic acid,
starch, and malic acid. Linear combination fitting using these three reference spectra was
calculated for each pixel in the spectromicroscopy stacks. All data visualization and analysis was
performed in Python (ver. 3.9) using numpy?’, scipy>’, and scikit-learn®! libraries.

Results and Discussion

2mm « *

600

Intensity (a.u.)

200 A

282 284 286 288 290 292 294

Energy (eV)

Fig. 1. Workflow for carbon mapping and spectromicroscopy in soil samples. (a) soil core. (b)
XRF map acquired at 320 eV above the C K-edge to map total carbon in the sample and identify
regions of interest (marked with red dashed rectangle) for spectromicroscopy stack acquisition.
(c) Spectromicroscopy stack of 60 XRF maps acquired across the C K-edge (282-294 eV) with
0.2 eV step size. (d) Spectral data representing the sum of partial fluorescence yield from all
partial fluorescence measurements of the stack, used for carbon compound speciation.

The workflow for micro-scale mapping of soil organic carbon at 35 pum resolution is presented in
Fig. 1. The carbon-free fixation agent, sodium silicate, are able to successfully preserve the



structure of the soil core. This allowed polishing the surface to minimize roughness, a common
issue with soil samples that can lead to shadowing and edge effect artifacts during soft X-ray
analysis. Moreover, the developed sample preparation method enabled us to work with a relatively
large intact soil core (16,000 um @ and 15,000 um height) (Fig. 1a), where a variety of root and
particulate organic matter fragments as well as a variety of pores ranging in size from 35 to 850
um were present on the exposed measured surface (Fig. 1a). To our knowledge, intact imaging of
soil cores of this size range was previously achievable only with carbon-based resins!®, while only
much smaller samples (<500 um @) could be non-destructively imaged through thin sectioning

techniques 202,

The total carbon content XRF map acquired at 320 eV (Fig. 1b) demonstrated good contrast and
clearly delineated carbon rich features in the image (e.g. roots). Due to the relatively short
acquisition time (~60 min), these maps are ideal for identifying regions of interest for further
investigation using techniques requiring longer times, such as high-resolution carbon maps
(achievable up to ~4 um in our current setup) and/or spectromicroscopy.

In Fig. 2 we present the results of the XRF spectromicroscopy stack acquired for an area (~3.3x10°
um?) surrounding a carbon-rich root fragment which not only produced a good contrast between
different soil components (pores, root, soil matrix), but also depicted variations in spectral
information within different regions of interests (Fig. 2). As expected, low intensity C signal was
found in soil pores, or in carbon-deficient areas. The spectra measured for the root area shows
peaks at 285.3, 287, and 288.4 eV associated with aromatic, aliphatic and carboxylic carbon
moieties?®*2. Interestingly, the soil matrix in the vicinity of the pores exhibited higher overall
carbon content, despite showing a relatively similar spectral composition to other soil matrix
regions. Additionally, a peak at 290.1 eV associated with carbonate moiety>? was present in the
soil matrix regions. The demonstrated ability to visualize the spatial distribution of these species
and compounds is particularly intriguing since they play a significant role in carbon protection and
persistence®®.

In Fig. 3, we demonstrate a procedure for fitting reference organic compounds to the
spectromicroscopy stack using linear combinations to obtain compositional maps. By fitting
NEXAFS spectra references to the spectromicroscopy stack data, we observed internal contrast
within the map, revealing regions with distinct chemical composition (Fig. 3).



Analysis of the different compositional maps (Fig. 3c) reveals a high concentration of aromatic
carbon around the root and soil matrix, particularly in the vicinity of the pores. Additionally, a high
concentration of aliphatic compounds is observed mainly in the root area, while the pore-matrix
interface exhibits a higher concentration of carboxylic compounds. This spatial distribution
suggests a correlation between the soil structure and the distribution of carbon compounds. The
root acts as a primary carbon source. Pores facilitate microbial decomposition?, which explains the
high concentration of carboxylic compounds around the pore interface. Finally, the soil matrix
serves as a carbon sink, containing more complex, aromatic carbon compounds.
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Fig. 2. Selected regions of interests of different soil phases, marked with rectangles (1-2 pores, 3 root fragment, 4-5

soil matrix), on a carbon content map (a) comprising different levels of carbon content, and their respective spectral

data (b) which allows to spatially resolve C spectral information. Dash lines marks (from left to right) energies

associated with aromatic (285.3 eV), aliphatic (287.3 ¢V), carboxylic (288.4 ¢V), and carbonate (290.1 eV) carbon
moieties.

This short communication presents a proof of concept for a new approach to 2D mapping of carbon
contents and compositions on surfaces of landscape scale relevant, intact soil samples. The
information obtained using the proposed approach can be combined with other spatially resolved
techniques (e.g., x-ray tomography, zymography, electron microscopy), shedding light on and
furthering our understanding of carbon sequestration and storage mechanisms. By integrating
spatially-resolved structural and chemical information from intact samples, this work paves the
way for a more comprehensive and quantitative understanding of carbon dynamics in soils, with
potential implications for soil carbon management and climate change mitigation strategies.
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Fig. 3. Mapping carbon composition of an intact soil sample surface. (a) reference standard NEXAFS spectra of
aromatic, aliphatic and carboxylic compounds. (b) composite image of aromatic (red), aliphatic (blue), and carboxylic
(green) carbon following a linear combination fit, and the separate compositional maps channels (c).
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