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Abstract

Challenges with in situ visualization of non-particulate organics in porous materials limit
understanding and modeling processes of transport, decomposition, and storage of organic
compounds. In particular, it impedes deciphering the mechanisms driving accumulation and
protection of soil organic matter (SOM), processes crucial for sustaining soil fertility and
mitigating effects of global climate change. A recently proposed method of staining soil organics
by OsO4 vapors with subsequent dual-energy X-ray computed micro-tomography scanning (LCT)
offers new opportunities to visualize SOM within intact soil matrix. Our objective was to test the

method's performance in staining different organic materials located in media with contrasting
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pore characteristics: 1) roots of switchgrass (Panicum virgatum L.), either placed within fine and
coarse sands or grown within soil micro-cores, 2) biochar fragments, and 3) soils with relatively
low and high C contents. We found that the method was effective in staining organic materials of
root origin and the organics associated with fine soil particles, but not the biochar. The estimated
percent of total C that reacted with OsO4 vapors ranged from 0.7% in plant roots to 3.2% in sand-
free fraction of the high C soil and was only 0.2% in the studied biochar. Total soil C and Os
concentrations were strongly linearly related, suggesting a potential for future method
development. However, we would recommend caution when interpreting the results in cases when

gas diffusion through the soil matrix is limited.

Key words: Soil organic matter, Os staining, dual-energy X-ray computed micro-tomography,

roots, biochar

INTRODUCTION

Soil organic matter (SOM) is the main contributor to soil quality and productivity, as well as
the most important indicator of soil sustainability *. Various soil functions, including tilth >,
fertility ©, and hydrology ’ are associated with SOM. Understanding the mechanisms driving
SOM protection and accrual is vital for effective soil management and soil carbon sequestration.

Physical barriers between SOM and its microbial decomposers is one of the mechanisms of
SOM protection *°. While studies of soil aggregates convincingly demonstrated the importance
of physical protection ', its assessment and quantification in intact soil matrix remain

challenging !!, due, in part, to difficulties in measuring SOM in a spatially explicit context. Lack
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of quantitative data on SOM locations within intact soil limits opportunities for studying the
mechanisms of its protection and accrual and impedes process-based modeling and predictions.

X-ray computed micro-tomography (LCT) allows visualization of large organic fragments,
such as particulate organic matter (POM) and plant roots in intact soil samples!>!'>. However,
visualization of non-particulate SOM is problematic and, until recently, possible only in very
small, e.g., sub-millimeter, intact soil samples (e.g., '%17).

Peth et al. (2014)'8 proposed a new method of in situ SOM visualization, which can be
implemented on intact soil samples up to a few centimeters in size. The method is based on the
ability of osmium tetroxide, OsOg, to react with organic substances, in particular, lipids.
Specifically, an air-dry soil is subjected to OsO4 vapors, which, upon diffusion into the soil, bind
with organic materials, staining them '°. The presence of Os within the stained soil is then
determined from dual energy X-ray nCT. The sample is scanned at two energies — above and
below the K-edge energy of Os — and the locations of the organic materials to which Os bonded
can be identified from the differences between the above- and below-K-edge images. Rawlins et
al. (2016)*° were the first to use the new approach to explore patterns of SOM distributions as a
function of soil pores. While the method shows substantial promise in revolutionizing SOM

visualization in intact soil samples!'®- 202!

, an assessment of its utility under diverse range of soil
conditions has been lacking, deterring wide utilization of this innovative technique. Here we
explored the capabilities of SOM visualization via Os-staining and proposed a method of
quantitative conversion of image results into volumes of reacted Os. The conversion enables

assessments of the proportions of organic materials present in the soil that can be visualized by

the procedure.
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The Os-staining approach has two limitations, which can potentially reduce its effectiveness
for quantitative assessment of SOM levels. The first limitation: while it has been long known that
it is unsaturated or double bond C primarily involved in Os-staining process, the details on
prevailing chemical reactions are still as elusive as 50 years ago ** and remain a subject of active
research 2°. A variety of unsaturated compounds, including amino acids and proteins, can be
stained 2* and SOM is a heterogeneous complex mixture of organic molecules of microbial,
plant, and animal origin %> with only a portion of them represented by unsaturated C. The second
limitation: the effectiveness of the staining depends on the diffusion of OsO4 vapors within the
soil. The organic compounds located in the areas within the soil matrix inaccessible to gas
diffusion will not be stained.

The goal of this study is to examine the effect of these limitations on performance of Os
staining approach for SOM visualization. The study addresses two main research questions.
First, how effective is the Os method in staining three organic sources typically present within
the soil matrix: plant roots, biochar, and SOM associated with fine soil particles. We
hypothesized that a lack of unsaturated C bonds in biochar will result in low effectiveness of its
Os-based visualization. Second, how pore-size distribution influences Os staining of SOM. We
hypothesized that lower porosity will impede Os vapor diffusion and thus result in less effective

staining.

MATERIALS AND METHODS
Experiment 1. Os-staining of Organic Matter Inclusions. The experiment consisted of staining
by Os three types of organic materials, commonly present in agricultural soils, placed within two

sand media with contrasting pore-size distributions. The three studied materials were 1) air-dried
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roots of switchgrass (Panicum virgatum L.), 2) biochar fragments, and 3) inclusions of high C soil
(Houghton series, Typic Haplosaprists). The root fragments were taken from air-dried root mass
of field collected switchgrass plants; the root fragments used in this study were approximately 1
mm in diameter and 3 mm in length, with the average weight of a root fragment of 0.10 mg. The
biochar was made from switchgrass; the biochar fragments used in the study were ~2x2x2 mm in
size, with the average fragment weight of 0.08 mg. The high C soil for the study was collected
from 0-5 cm depth in a formerly drained wetland turned into an agricultural field in Central
Michigan, USA. Soil texture was silt loam with 28% sand, 57% silt, and 15% clay. The total
porosity was equal to 58%. The average weight of soil used as a single inclusion was 1.6 mg. Total

C and N levels of the three studied organic materials are presented in Table 1.

Table 1. Total C and N data of the three organic materials used for assessing Os staining efficiency
in Experiment 1 and soil used in Experiment 3. Shown are means and standard deviations in

parenthesis (n=5).

Organic material C, % N, % C/N
Switchgrass roots 39.4 (0.5) 1.00 (0.05) 39.5(2.4)
Biochar 64.9 (3.7) 0.65 (0.33) 125 (60)
High C soil 3.14 (0.17) 0.54 (0.03) 5.8 (0.5)
Low C soil 1.17 (0.012) 0.12 (0.001) 9.7 (0.09)

The two studied sand media had particle sizes of 2-3 mm and 53-100 um (hereafter called
"coarse" and "fine" sands, respectively). The coarse sand was Ottawa Standard sand (20-30 mesh)
acquired from Spectrum Chemical Corp. In order to ensure that the two media were of the same
mineralogical composition, the fine sand was derived from the coarse sand by grinding. The pore

characteristics of the two media were obtained from X-ray pCT images as described further. The
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image-based porosities (i.e., volumes of pores > 5.7 um) of the coarse and fine sands were equal
to 37% and 19% of the total volume, respectively. Their image-based pore-size distributions were
dominated by pores with radii in 30-170 um and 6-12 um range, respectively (Fig.1). The total
porosity calculated from the bulk density of the coarse and fine sands and assuming particle density
of 2.65 g cm™ was equal to 56% and 57%, respectively. Therefore, the pores < 5.7 um occupied
19% and 28% of the total volume in the respective sands.

The samples were assembled within hollow plastic spheres of 7.5 mm @ opened from one
end (Fig. 1). The organic materials were placed as individual inclusions within the sand medium.
Each sphere contained three organic inclusions of the same type located at distances of 2, 4, and 6
mm from the opened end. This set-up enabled assessing Os staining of the inclusions at three
different lengths of diffusion paths. A total of 12 spheres, 2 replications for each combination of
the organic material and sand type, were prepared. During sphere preparation, first, a ~1 mm layer
of sand was placed on the bottom, the first organic fragment was inserted in the center of the sand
and covered with another layer of sand 2 mm deep. Then, the second organic fragment was placed
in the sand, followed by the third sand layer and the third piece. The third piece was covered with
the remaining sand up to the top of the sphere. After assembling, the spheres were subjected to
staining by OsQO4 vapors, as described further.

After the staining, the tops of the spheres were covered with lids that were glued-on to
ensure that the arrangement of sand and organic inclusions within the spheres was not disturbed.
Each sphere had a shaft that was used to keep it in a vertical position during X-ray uCT scanning
(Fig. 1c). Such experimental set up enabled us to maximize the information that could be obtained
from a narrow X-ray pCT scanning window available at that time at Argonne National Laboratory

for Os energies, as described further. The area within the sample where Os could be reliably
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identified was only ~2 mm high because of limitations on the synchrotron beam height. Thus, the
spheres were built and saturated with OsO4 vapors in a horizontal position, which created a range
of distances between the surface, i.e., the point of gas entry, and the organic inclusions. During
scanning the spheres were placed in a vertical position so that the three organic inclusions were all
located within the 2 mm high central portion of each sphere, thus within the region of reliable Os
identification.

Experiment 2. Os-staining of sand/soil mixtures. The purpose of the experiment was to assess
the overall spatial patterns of Os distribution generated due to gradients in OsO4 diffusion within
the scanned spheres. The experiment consisted of three spheres, each filled with a material with
different organic C level, thus representing an organic C gradient: the high C soil (the same soil as
that used for inclusions in Experiment 1), the high C soil 50:50 mixed with the fine sand (the fine
sand used in Experiment 1), and the fine sand only. The soil was homogenized by gentle grinding
so that no large aggregates remained. The spheres were subjected to Os staining, then the lids were

glued on, and the X-ray pCT scanning was conducted.
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Figure 1. Illustration of the set-up for Experiment 1. A. Examples of spheres filled with fine and
coarse sands. To ensure stability during sand filling the spheres were held within foam-rubber
cubes (on the right). B. Schematic representation of the locations of the organic inclusions within
the sphere. Note that the view is through the center of the sphere. C. The sphere with the lid glued-
on, ready for X-ray uCT scanning. D. Pore size distributions for the image-based (>5.7 pm) pores
in fine and coarse sand materials used in Experiments 1 and 2. Pore size distributions were obtained

using Beat plug-in of Imagel.
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Experiment 3. In-grown plant roots in soils with contrasting pore characteristics. The purpose
of the experiment was to explore Os staining of plant roots naturally grown within the soil matrix.
The experiment studied two soil materials with contrasting pore characteristics. The soil for the
experiment was collected from conventionally plowed experimental agricultural field of Long
Term Ecological Research site at the Kellogg Biological Station, Michigan, USA, from 5-15 cm
depth. The dominant soil series at the site are Kalamazoo and Oshtemo (mesic Typic Hapludalfs)?®.
Soil was air-dried for a week and then sieved to procure 1-2 mm aggregate fraction. Half of the
collected 1-2 mm fraction was gently ground, first by mortar and pestle and then with a shatter
box, to generate material with < 0.5 mm particle sizes. The 1-2 mm original fraction was a sandy
loam with 58% sand, 35% silt and 7% clay, while the generated smaller fraction was a silty loam
with 35% sand, 56% silt and 9% clay. These fractions constituted the two soil materials with
contrasting pore size distributions but with the same mineralogy and other soil characteristics.
Previous testing of the soil materials procured using this approach conducted by our research team
demonstrated that the pore size distribution of the 1-2 mm material was dominated by >30 um
pores, while that of the <0.5 mm material was dominated by < 10 um pores 2. The two materials
are hereafter referred to as large pore and small pore soils, respectively.

A 2.35 g of the generated soil materials was packed in 8 mm @, 3.75 cm length cylindrical
tubes to the density of 1.25 g-cm™. A total of 16 soil tubes were used: 9 for large and 7 for small
pore soils. Switchgrass (var. Cave-In-Rock) plants were grown in the tubes, one plant per tube, for
4-5 weeks. To facilitate germination, prior to planting, the switchgrass seeds were shaken for 5
minutes in 8 M H2SO4. Seeds were then rinsed with distilled water 3 times and placed into a petri
dish, with Whatman #1 filter paper (Sigma-Aldrich, U.S.A) soaked with 5 mL sterile 0.2 % KNO3

inside. Seeds were distributed evenly on the petri dish, and another filter paper was placed onto
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them. Petri dish was sealed with parafilm, covered with aluminum foil, and placed into 4 °C
refrigerator. After 3-7 days, the germinated seeds were placed on the soil packed in the tube, one
seed per tube. During plant growth the moisture level within the tubes was kept at approximately
60% water-filled pore space. The plants were terminated by cutting the shoots and air-dried prior

to Os staining.

Os staining. For staining the samples from all three experiments were placed in a 78.5 mL glass
container with a 50 mm © watch glass in the center. Four mL of 2% OsOj4 solution was pipetted
into the watch glass and the container was sealed. The samples was exposed to OsO4 vapors,
entering them from the surface, for a period of one week, during which the OsO4 solution was
replenished to its original level every two days, with a total of ~12 ml of OsO4 solution used per
container. The amount of OsO4 vapors generated during this period was significantly in excess of
the amount required to react with all organic matter estimated to be present with the samples?®.
The exposure time was also significantly in excess of the time needed for OsO4 to diffuse and fill
the whole pore space within the studied samples'®. Because OsOy4 is highly poisonous, the staining

and all OsO4 manipulations were conducted under the fume hood.

X-ray pnCT scanning. The image data were collected on the bending magnet beam line, station
13-BM-D of the GeoSoilEnviroCARS at the Advanced Photon Source, Argonne National
Laboratory. All samples were scanned at two energies: 74.0 and 73.7 keV, above and below the
Os K-edge, respectively; at 5.7 um resolution. Each reconstructed three-dimensional image
consisted of 240 slices with 1,920 by 1,920 pixels per slice. The limitation to 240 slices (1.37 mm)

arose from a limitation of the beamline monochromator, which was operating near its maximum

10
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energy, and more than 60% of the beam was spilling off the second crystal. The monochromator

has subsequently been improved so that the beam at this energy is now 3.0 mm tall.

nCT image analysis. The image analyses were conducted using Imagel/Fiji>> 3°. Differences
between above and below K-edge images were calculated for every sample using the Image

Calculator tool. Osmium concentrations were calculated in voxels of the resultant images as:

Sos= AG/(F-r*Ap) = 0.226:103-AG (1)
where Sos is the Os concentration in image voxels (g-cm™); AG is the difference in grayscale
values (GV) between the above- and below K-edge images [-]; 7 is the voxel length in the sample
calculated as the pixel size of the Grasshopper camera divided by the magnification of the lens
used to image the scintillator (5.7 um); F is the conversion coefficient for GVs from floating
point to 16-bit integer values on images (10° ); Ap is the difference between the photon mass
attenuation coefficients p/p 3! corresponding to the above and below K-edge energies for Os

(7.75 cm?-gh).

Image analyses for Experiment 1: First, we created the masks of the organic inclusions
based on the below K-edge images. For that the images were subjected to filtering via Denoising,
followed by Gaussian Blur 3D filter with 2x2x2 window, and the Enhance contrast tool with 0.6%
saturated pixels setting. Then the range of GVs that corresponded to the lower and upper
boundaries of the material within the inclusions were identified manually and used as lower and
upper boundaries for thresholding. Besides identifying the inclusions, the thresholding also
produced partial volume effect artifacts, primarily on boundaries of sand and air. To remove them
we identified the boundaries using Find Edges tool applied to the respective below K-edge

images, and then thresholded and removed the edges. Several 3D Erode steps were applied to
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remove any remaining large artifacts, followed by Particle Analyzer of BoneJ to separate the
inclusions from any lingering artifacts. Note that the sand grains within the soil inclusions were
excluded during the thresholding, thus the data for the high C soil inclusions from this experiment
represent the sand-free soil. The inclusions were converted into binary masks. The masks were
applied to the above-below K-edge difference images by multiplying one by the other in the
Image Calculator tool. No denoising or filtering were applied to the difference images. The
grayscale values (AG) from the difference images corresponding to the mask of each organic
inclusion were used in further analyses.
In addition to the organic inclusions within each image, we also selected an area (4.4 x 1.3 x

1.2 mm?®) that consisted only of the sand material. Both for the organic inclusion masks and for

the sand-only area we calculated the average AG values from the difference images and then

converted them in Os concentrations, Sos, using Eq. (1).

Image analyses for Experiment 2: The average Sos levels were calculated in the central

portions (12 mm?) of the spheres' above-below K-edge difference images using Eq. (1). No
denoising or filtering were applied to the difference images. The top 1 mm portions of the above-
below difference images were excluded from further analyses, since the sample top could not be
packed to the same level of density as the rest of the sample, affecting the spatial pattern of GVs.

The overall patterns of Sos distribution within the spheres were obtained from the difference
images using Remove Background tool of Xlib/Beat** 3. The tool extracts the background signal
and enables retrieving the difference signal as a function of distance. The second order polynomial
regression equations were fitted to the difference images using the Remove Background tool. The

obtained regression equations reflected the general spatial trends in Sos distributions as a function

12
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of the distance from the surface of the sample. The central 4.8 x 4.8 mm portion of each sphere
was used in the overall pattern analysis with the vertical depth of 1 mm.

Image analyses for Experiment 3: Due to high level of noise in the images from Experiment 3,

prior to the analyses, the above-below difference images were subjected to noise-reducing Median
3D (radius = 2) and Gaussian blur 3D (4x4x4 window) filters.

To calculate Sos in the soil matrix and in the switchgrass roots, binary mask images of soil
matrix and roots were obtained from the below K-edge images. For creating soil matrix binary
masks we used ImageJ’s built-in ‘default’ thresholding method; for creating root binary masks we
used the minimum error thresholding method**. Partial volume effects were removed as described
above. Sos values separately in the soil matrix part of the sample and in the roots were obtained
by multiplying the above-below K-edge difference images by the respective binary masks using

Image Calculator tool of ImagelJ and applying Eq. (1).

Quantification of C that responded to OsO4 presence. The Os staining is primarily based on
the reaction between OsO4 and olefinic double bonds. The reaction leads to formation of Os
mono- and di-esters, which, in case of unsaturated lipids and phospholipids, involves Os binding
to single or double chains of unsaturated fatty acids *°>. The Os staining reactions can also
involve formation of oxo bridges and connecting electron donor groups from amino acids (from
Belazi et al., 2009? (based on 3% 37)).

The number of Os atoms, Nos, that remained within 1 cm?® of the scanned sample, after
the staining and binding to the organic molecules, at the time of pCT scanning, can be estimated
as:

Nos=S0s/(190.23/N), Eq. (2)

13
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where Sos 1s the Os concentration as determined by Eq. (1), 190.23 is the atomic weight of Os [g
mol!'], and Na is the Avogadro constant (6.02x10%* mol ™). Assuming that each OsO4 molecule
reacted with either two or four C atoms (from Belazi et al., 2009%* (based on **37)), the number
of C atoms that were involved in interactions with OsO4 can be estimated as ranging from 2Nos
to 4Nos, with its C concentration [g cm™] ranging from 2Nos x 12/ Na to 4Nos X 12/ Na.
Knowing the total C content of the specific organic material, we can assess the percent of C in it
that was involved in reactions with OsO4 during staining. The calculations for the studied
materials are reported in Appendix Table 1. For these calculations we obtained the density of
coarse and fine sands and soils by measuring the weight of these materials packed within a given
volume. Density of roots and biochar used in the inclusions were calculated from the weight of
the individual inclusions and their volume as determined from the pCT images. Note that only
few inclusions were completely within the 2 mm field of scanning view, thus the density

estimates are based on averages of 2-3 individual inclusion pieces.

Statistical analysis. The statistical model for the So,s data from Experiment 1 consisted of the
fixed effects of the sand type, organic material type in the inclusions, position within the sphere,
and their interactions. The random effect of the sphere nested within the sand and organic
material types was used as an error term for testing the main effects of these two factors. The
Experiment 2 samples were intended for the overall visualization of Os patterns; thus, no formal
statistical analyses were performed for them. The statistical model for Experiment 3 data analysis
consisted of the fixed effects of soil pore size (large and small), the medium (soil matrix and
roots), and their interaction. The random effects of soil tubes nested within the pore size were

used as an error term to test the effect of the pore size. Data analyses were conducted using the
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mixed model approach implemented in the PROC MIXED procedure of SAS Version 9.4 (SAS

Inc, 2009).

RESULTS

Examples of the scanned images from Experiment 1 are shown on Fig. 2. We present side-
by-side the images obtained at below Os K-edge energy and the above-below K-edge difference
images. The images below Os K-edge energy illustrate the observed patterns in the sand with the
organic inclusions encountered in Experiment 1 (Fig. 2). Brighter colors on the difference images
represent higher GVs, corresponding to greater Os levels. The root fragments were clearly visible
in the difference images (Fig. 2 right), both in the coarse and fine sands. The organic soil inclusions
also had distinctly brighter colors than the background in the difference images (Fig. 2 right).
Note the sand grains belonging to the soil inclusions - bright and highly visible on the below Os
K-edge images due to their high density, but dark on the difference images due to complete
absence of Os within them. Unlike roots and soil inclusions, the biochar fragments were only

weakly discernible over the background noise.
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Figure 2. Selected sample images from the spheres in Experiment 1 with the organic inclusions
in coarse and fine sands. On the left are the images at 73.7 keV energy (below Os K-edge) and
on the right are the images of the above-below K-edge differences. Within each difference image
the brighter grayscale values correspond to higher Os presence. Red arrows mark position of a

large sand grain from soil inclusions on both images.
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Figure 3. Sample images from the study's experiments. A) The sphere filled with high C soil
from Experiment 2. On the left is the image at 73.7 keV energy (below Os K-edge) and on the
right is the image of the above-below K-edge difference. Red arrows mark the position of a large
stone on both images. Yellow arrows mark the position of a POM fragment on both images. B)
In-grown switchgrass roots in a large-pore soil tube (top) and a small-pore soil tube (bottom)
from Experiment 3 and their respective above-below K-edge difference images on the right. Soil
matrix parts are brown, while roots are marked green for better visualization. Yellow arrows

mark the points on the difference images that correspond to the roots.
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Numerous fragments of POM and possibly plant root remains were also clearly
distinguished by their bright color on the difference image of the soil from Experiment 2 (Fig.
3A), reflecting their high Sos levels. The large mineral particles (sand and small stones) were
distinctly dark due to absence of Os. The remaining soil matrix had an intermediate range of GV
levels varying substantially within the sphere and likely reflecting variations in the levels of the
SOM connected to fine soil particles with unsaturated C bonds (Fig. 3A).

Analysis of Os-staining of organic matter inclusions in Experiment 1 showed that the Os
concentrations within the soil inclusions were significantly higher than those in the biochar
fragments both in the coarse and fine sands (p<0.05) (Fig. 4). In the coarse sand the Os in the
roots greatly exceeded that in the soil and the biochar inclusions (p<0.05), while in the fine sand
the Os in the roots were numerically in-between the biochar and soil values, while not
statistically significantly different from each other. The Os levels in the roots were markedly
greater in the coarse than in the fine sand. Coarse sand's Os levels were numerically higher than
those in the fine sand for the 2 mm and 6 mm distances from the surface in the biochar and soil
inclusions (statistically significant for soil at 6 mm distance). But there were no differences
between the two sands for 4 mm distance in both soil and biochar. The distances between the
organic inclusion and the surface did not influence Os concentrations for either of the three

studied materials.
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Figure 4. Os levels, Sos, as calculated from Eq. (1), within the biochar, root, and soil inclusions in
the two studied sand materials at the three studied distances from the surface. Shown are means
and standard errors (n=2). Stars mark the statistically significant differences between the two sands
within each distance of each material (p<0.05), not-significant differences between the two sands
are unmarked. Different letters mark the materials that are statistically significantly different from

each other within the same distance of the same sand type (p<0.05).
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Experiment 2 showed that the average Os concentration in the soil-only sphere, 3.8 mg cm™, was
approximately twice that of the 50:50 sand-soil mixture, 2.0 mg cm™, while the levels in the fine
sand-only sphere fluctuated around zero (Table 2 and Fig. 5). The Os concentration distribution
as a function of surface distance followed a quadratic trend (Fig. 5). Lower Os at 2-3 mm from
the surface probably reflected lower density in the top parts of the spheres and some shifting of
the material there during transport. The decrease towards 5-6 mm depths in the soil-only and, to

a lower extent, in the sand-plus-soil mixture probably reflected the limitations to Os diffusion.
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Figure 5. Quadratic regression trends of the Os concentrations, averaged across the central
portions of the spheres (4.8 x 4.8 x 1 mm), plotted versus the distance from the surface of the
sample exposed to OsO4 vapors. Circles represent the average grayscale image values for each

distance.

Finesand == HighCsoil === Soil+sand

1 2 3 4 5 6

Distance from the surface, mm

Results of Experiment 3 demonstrated that the Os concentration in the roots (~10 mg-cm™) was
significantly higher as compared to the concentration in the soil matrix (~1.1 mg-cm™). The pore
size distribution did not influence the Os concentrations in the soil matrix nor roots (Fig. 6).
According to our assessment, the C that reacted with OsO4 during the staining
experiments of this study constituted 0.7% of the total C in the switchgrass roots, and
approximately 3% and 2% of the total C in the high C and low C soils, respectively. It only

constituted 0.2% of the C within the studied biochar (Table 2).
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Figure 6. Os levels, Sos, as calculated from Eq. (1), in the soil matrix and in-grown switchgrass
roots within the tubes with soil materials dominated by large- and small-pores. Symbol * marks
the significant difference between the soil matrix and the roots in the given pore sizes (p < 0.05,
n=7~9). The differences between large- and small-pore materials were not statistically significant

either for soil matrix or roots.

b Large pore o Small pore

* *

10 4 10 A

Sos, mgcm 3

Soil Root Soil Root

Medium 414

Table 2. Os concentrations, Sos, as calculated from Eq. (1), and estimated % of total C involved
in reactions with Os in the studied materials. Shown for Sos are means and standard errors for data
from Experiment 1 and 3 and individual values from Experiment 2. NS marks the means that were

not significantly different from zero (p<0.05). Mean Sos levels were used for % of total C

estimates.
Material Os, mg cm™ % of C that
responded to Os

Switchgrass roots 8.4 (1.2) 0.7

High C soil, sand free 53(1.2) 3.2

High C soil, bulk 3.8 2.9

High C soil + fine sand (50:50) 2.0 3.0

Low C soil 1.2 2.2

Biochar 1.8 (1.2) NS 0.2

Fine sand -0.04 (1.0) NS

Coarse sand -0.19 (1.1) NS
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DISCUSSION

The Os-staining method stained both the organic materials of root origin, that is root-
originated particulate organic matter, and the organics associated with fine soil particles, that is,
non-particulate soil organic matter. It was less successful in visualizing biochar, even though most
of the biochar fragments were still somewhat, even though not highly, Os stained.

These findings recommend Os staining as a promising method for 3D SOM visualization
in cm-sized intact soil samples'® 2% 2!, While several approaches have been proposed for 3D
visualization of POM with X-ray uCT, using either distinct GVs of organic materials *® or staining
large organics with different staining agents'®, so far, visualization of non-particulate soil C has
been achieved only in very small samples, i.e., tens- to hundreds-of-microns, with STXM-
NEXAFS! (e.g., 3 %%) or NanoSIMs? (e.g., !”), and that in 2D only. The 3D visualization of SOM
in intact samples of relatively large sizes, e.g., one- to few centimeters, has not been possible. Os
staining with dual-energy X-ray pCT offers new research opportunities for exploring C processes

18,20 5

and generating new insights regarding soil C protection and accumulation in intact soil samples

of the sizes that are regarded as representative of the entire soil matrix*!> 42,

However, our findings also call for caution in interpretation of Os-staining results. The
method’s performance depends on the composition of the materials constituting the studied
organics. Our results demonstrate that only a small fraction of the root fragments and of the SOM
responded to Os presence (Table 2). Root tissue is dominated by cellulose, which does not have

double C bonds reacting with Os, while lipids and amino acids, despite their functional importance,

constitute only a minor proportion of the total root C. SOM is a complex mixture of biopolymers

! scanning transmission x-ray microscopy coupled with near edge x-ray absorption fine structure spectroscopy

2 high-resolution secondary ion mass spectrometry
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of plant and microbial origin and their degradation products, including proteins, carbohydrates,
aliphatic compounds, and lignin ***¢. Present in the plant-derived compounds are aromatic,
phenolic and carboxylic C groups (Dhillon et al., 2017), while aliphatic-C and C=N bonds of
imidazol structures, carboxyl/carbonyl-C, amide- and O-alkyl-C functionalities dominate in
organic C isolated from soil fungal and bacteria *>*%. All these compounds and C groups do not
readily react with OsOg4. Thus, it is not surprising that such small portion of the present C could
be directly identified via Os staining (Table 2). Our observations agree with 0.02 Os:C atomic ratio
reported for Os stained cell tissues in a course of scanning transmission electron microscopy™.
Very low Os staining of biochar (Fig. 4, Table 2) supported our initial hypothesis. Biomass
pyrolysis during biochar production leads to depletion of double C bonds and prevalent formation
of aromatic polycyclic structures dominated by benzene rings *°.

Nevertheless, our observations suggest that it might be worth the effort to explore
possibilities for the Os method as an empirical tool for quantifying organic C distribution patterns
within intact soil samples. In this study we examined 4 soil materials representing a gradient of
levels of non-particulate SOM, listed from the lowest to the highest as: low C soil < high C soil +
fine sand 50:50 mixture < high C soil original < high C soil with sand excluded. The gradient of
C levels in these materials was remarkably well related to Os concentration (Fig. 7). Occurrence
of such a relationship is a promising sign for future development of a tool for visualizing locations
of non-particulate SOM. Such tool is especially important given the major role that non-particulate
SOM plays in soil C accrual. Currently, a complete absence of any other means for in situ SOM
visualization at comparable scales warrants further exploration of this technique. A potential future
strategy for quantifying soil C spatial patterns based on the Os approach can consist of building a

soil C vs. Os calibration curve for the specific soil of interest. Then, the calibration curve can be
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used to convert a 3D image of Os saturation into a 3D map of C spatial patterns within the soil

matrix of the intact samples. Since SOM composition can vary substantially among different soils

116

as well as within the profile of the same soil '°, such calibration curves will probably need to be

developed specifically for each studied soil.

Figure 7. Os levels, Sos, as calculated from Eq. (1), plotted versus soil organic C for the four
studied soil materials. Shown are the means for the low C soil (data from Experiment 3) and high
C soil (with sand excluded) (data from Experiment 1) and respective standard errors. Values
from the two studied spheres with bulk high C soil and high C soil mixed with fine sand are
shown as individual dots (data from Experiment 2). Black line is linear regression fitted to the

data.

AFm

4 high C soil, with sand e);cluded

high C soil, bulk

Soil organic C, g kg1

® high Csoil + sand mixture
low C soil

2 4 6

Concentration of Os, mg cm-3 483

Our findings regarding the influence of pore-size distributions on the effectiveness of Os
staining are controversial. On one hand, Os concentrations were not affected by the distance from
the surface, i.e., by the length of the diffusion path for OsO4 vapors, in either coarse or fine sands;

and the differences between the two sands for the biochar and the high C soil inclusions were
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relatively minor (Fig. 4). Also, there were only minor decreases in Os concentrations with the
distance from the surface within the 50:50 sand plus soil mixture and within the high C soil-only
sphere; the decrease that appeared only at 3-4 mm distances from the surface (Fig. 5). These
observations suggest that the impediments to diffusion of OsO4 vapors in the studied experimental
conditions were relatively low. Os staining of the in-grown roots in Experiment 3 also supported
negligible limitations of OsOg4 diffusion. Os concentrations in the small pore soil material and in
the roots there were not significantly different from their large pore soil counterparts (Fig. 6).
But, on the other hand, the Os concentrations within the plant root inclusions in the coarse
sand of Experiment 1 were substantially higher than those in the fine sand (Fig. 4). One possible
explanation is that the two different roots that were used to prepare the root inclusion fragments
for coarse and fine sand samples of our experiment differed in their content of C compounds with
double C bonds. Further assessment of variability in Os staining efficiency of plant materials
would be needed to determine plausibility of this explanation. However, even assuming that our
root inclusion results are an artifact, we would recommend exercising caution when interpreting
SOM estimations obtained via Os staining by passive diffusion of OsO4 vapors at distances greater
than 3-4 mm from the surface of the material or from the large pores within such material. Caution
would be particularly warranted for the materials dominated by only few-micron sized pores.
Active explorations of OsO4 applications in electron microscopy started >75 years ago °!
and since then OsO4 has been widely used for visualization of unsaturated lipids and membranous
structures >2. Thus, even though OsQ4 is highly toxic, the protocols for its safe use for staining
samples have long been tested and in-place. In our experience, the approach for staining soil
samples with OsO4 vapors did not differ from that needed for cell and tissue samples, and, overall,

was much less time and cost consuming than many standard soil measurements. Getting access to
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a synchrotron source for dual-energy scanning of the stained samples is probably the only main
challenge that might face the researchers interested in implementing the method. Yet, globally, the
synchrotron sources are offering free access and assistance to public research projects and dual-

energy capabilities for Os determination are available at several such facilities.
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Supplemental Table 1. Calculations of the percent of total C within the studied materials that responded to OsOg4 staining.

Max amount of

C (4 Catoms
Os, Bulk Average per one Os)
Material mg Total C density Average amount of Os reacted with Max amount of
cm3 | inthe of the Cincm3of | Cincm3 of the amount of Os in cm3 of the one cm3 of the C reacted with % of C that
Material, | Material, | the Material, N C in cm3 of the Material, N Material, N one cm3 of the responded
% g/cm3 Material, g | atoms Material, g atoms atoms Material, g to Os
Switchgrass 8.4
roots ’ 39.4 0.80 0.312 1.57E+22 8.41E-03 2.66E+19 1.06E+20 2.12E-03 0.7
H|g2 ? soil, 53
sandiree 4.2 1.00 0.0417 2.09E+21 5.30E-03 1.68E+19 6.71E+19 1.34E-03 3.2
High C soil, bulk | 3.7 3.0 1.10 0.0330 1.66E+21 3.75E-03 1.19E+19 4.74E+19 9.45E-04 2.9
High C soil +
fine sand 2.0
(50:50) 1.5 1.12 0.0168 8.43E+20 1.99E-03 6.31E+18 2.52E+19 5.03E-04 3.0
Low C soil 11 1.0 1.25 0.0125 6.27E+20 1.08E-03 3.41E+18 1.36E+19 2.71E-04 2.2
Biochar 1.8 64.9 0.40 0.260 1.30E+22 1.83E-03 5.80E+18 2.32E+19 4.62E-04 0.2
Fine sand -0.1 0 1.14 0 NA
Coarse sand -0.2 0 1.18 0 NA
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