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Abstract  17 

Challenges with in situ visualization of non-particulate organics in porous materials limit 18 

understanding and modeling processes of transport, decomposition, and storage of organic 19 

compounds. In particular, it impedes deciphering the mechanisms driving accumulation and 20 

protection of soil organic matter (SOM), processes crucial for sustaining soil fertility and 21 

mitigating effects of global climate change.  A recently proposed method of staining soil organics 22 

by OsO4 vapors with subsequent dual-energy X-ray computed micro-tomography scanning (µCT) 23 

offers new opportunities to visualize SOM within intact soil matrix. Our objective was to test the 24 

method's performance in staining different organic materials located in media with contrasting 25 
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pore characteristics: 1) roots of switchgrass (Panicum virgatum L.), either placed within fine and 26 

coarse sands or grown within soil micro-cores, 2) biochar fragments, and 3) soils with relatively 27 

low and high C contents. We found that the method was effective in staining organic materials of 28 

root origin and the organics associated with fine soil particles, but not the biochar. The estimated 29 

percent of total C that reacted with OsO4 vapors ranged from 0.7% in plant roots to 3.2% in sand-30 

free fraction of the high C soil and was only 0.2% in the studied biochar. Total soil C and Os 31 

concentrations were strongly linearly related, suggesting a potential for future method 32 

development. However, we would recommend caution when interpreting the results in cases when 33 

gas diffusion through the soil matrix is limited.  34 

 35 
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 38 

INTRODUCTION 39 

Soil organic matter (SOM) is the main contributor to soil quality and productivity, as well as 40 

the most important indicator of soil sustainability 1-4. Various soil functions, including tilth 5, 41 

fertility 6, and hydrology 7 are associated with SOM. Understanding the mechanisms driving 42 

SOM protection and accrual is vital for effective soil management and soil carbon sequestration. 43 

Physical barriers between SOM and its microbial decomposers is one of the mechanisms of 44 

SOM protection 8, 9. While studies of soil aggregates convincingly demonstrated the importance 45 

of physical protection 10, its assessment and quantification in intact soil matrix remain 46 

challenging 11, due, in part, to difficulties in measuring SOM in a spatially explicit context. Lack 47 
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of quantitative data on SOM locations within intact soil limits opportunities for studying the 48 

mechanisms of its protection and accrual and impedes process-based modeling and predictions.  49 

X-ray computed micro-tomography (µCT) allows visualization of large organic fragments, 50 

such as particulate organic matter (POM) and plant roots in intact soil samples12-15. However, 51 

visualization of non-particulate SOM is problematic and, until recently, possible only in very 52 

small, e.g., sub-millimeter, intact soil samples (e.g., 16, 17).  53 

Peth et al. (2014)18 proposed a new method of in situ SOM visualization, which can be 54 

implemented on intact soil samples up to a few centimeters in size. The method is based on the 55 

ability of osmium tetroxide, OsO4, to react with organic substances, in particular, lipids. 56 

Specifically, an air-dry soil is subjected to OsO4 vapors, which, upon diffusion into the soil, bind 57 

with organic materials, staining them 19. The presence of Os within the stained soil is then 58 

determined from dual energy X-ray µCT. The sample is scanned at two energies − above and 59 

below the K-edge energy of Os − and the locations of the organic materials to which Os bonded 60 

can be identified from the differences between the above- and below-K-edge images. Rawlins et 61 

al. (2016)20 were the first to use the new approach to explore patterns of SOM distributions as a 62 

function of soil pores. While the method shows substantial promise in revolutionizing SOM 63 

visualization in intact soil samples18, 20, 21, an assessment of its utility under diverse range of soil 64 

conditions has been lacking, deterring wide utilization of this innovative technique. Here we 65 

explored the capabilities of SOM visualization via Os-staining and proposed a method of 66 

quantitative conversion of image results into volumes of reacted Os. The conversion enables 67 

assessments of the proportions of organic materials present in the soil that can be visualized by 68 

the procedure. 69 
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The Os-staining approach has two limitations, which can potentially reduce its effectiveness 70 

for quantitative assessment of SOM levels. The first limitation: while it has been long known that 71 

it is unsaturated or double bond C primarily involved in Os-staining process, the details on 72 

prevailing chemical reactions are still as elusive as 50 years ago 22 and remain a subject of active 73 

research 23. A variety of unsaturated compounds, including amino acids and proteins, can be 74 

stained 24 and SOM is a heterogeneous complex mixture of organic molecules of microbial, 75 

plant, and animal origin 25 with only a portion of them represented by unsaturated C. The second 76 

limitation: the effectiveness of the staining depends on the diffusion of OsO4 vapors within the 77 

soil. The organic compounds located in the areas within the soil matrix inaccessible to gas 78 

diffusion will not be stained.  79 

The goal of this study is to examine the effect of these limitations on performance of Os 80 

staining approach for SOM visualization. The study addresses two main research questions. 81 

First, how effective is the Os method in staining three organic sources typically present within 82 

the soil matrix: plant roots, biochar, and SOM associated with fine soil particles. We 83 

hypothesized that a lack of unsaturated C bonds in biochar will result in low effectiveness of its 84 

Os-based visualization. Second, how pore-size distribution influences Os staining of SOM. We 85 

hypothesized that lower porosity will impede Os vapor diffusion and thus result in less effective 86 

staining.  87 

 88 

MATERIALS AND METHODS 89 

Experiment 1. Os-staining of Organic Matter Inclusions. The experiment consisted of staining 90 

by Os three types of organic materials, commonly present in agricultural soils, placed within two 91 

sand media with contrasting pore-size distributions. The three studied materials were 1) air-dried 92 
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roots of switchgrass (Panicum virgatum L.), 2) biochar fragments, and 3) inclusions of high C soil 93 

(Houghton series, Typic Haplosaprists). The root fragments were taken from air-dried root mass 94 

of field collected switchgrass plants; the root fragments used in this study were approximately 1 95 

mm in diameter and 3 mm in length, with the average weight of a root fragment of 0.10 mg. The 96 

biochar was made from switchgrass; the biochar fragments used in the study were ~2x2x2 mm in 97 

size, with the average fragment weight of 0.08 mg. The high C soil for the study was collected 98 

from 0-5 cm depth in a formerly drained wetland turned into an agricultural field in Central 99 

Michigan, USA. Soil texture was silt loam with 28% sand, 57% silt, and 15% clay. The total 100 

porosity was equal to 58%. The average weight of soil used as a single inclusion was 1.6 mg. Total 101 

C and N levels of the three studied organic materials are presented in Table 1. 102 

 103 

Table 1. Total C and N data of the three organic materials used for assessing Os staining efficiency 104 

in Experiment 1 and soil used in Experiment 3. Shown are means and standard deviations in 105 

parenthesis (n=5). 106 

 107 
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) 

 108 

The two studied sand media had particle sizes of 2-3 mm and 53-100 µm (hereafter called 109 

"coarse" and "fine" sands, respectively). The coarse sand was Ottawa Standard sand (20-30 mesh) 110 

acquired from Spectrum Chemical Corp. In order to ensure that the two media were of the same 111 

mineralogical composition, the fine sand was derived from the coarse sand by grinding. The pore 112 

characteristics of the two media were obtained from X-ray µCT images as described further. The 113 
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image-based porosities (i.e., volumes of pores > 5.7 µm) of the coarse and fine sands were equal 114 

to 37% and 19% of the total volume, respectively. Their image-based pore-size distributions were 115 

dominated by pores with radii in 30-170 µm and 6-12 µm range, respectively (Fig.1). The total 116 

porosity calculated from the bulk density of the coarse and fine sands and assuming particle density 117 

of 2.65 g cm-3 was equal to 56% and 57%, respectively. Therefore, the pores < 5.7 µm occupied 118 

19% and 28% of the total volume in the respective sands.  119 

The samples were assembled within hollow plastic spheres of 7.5 mm Ø opened from one 120 

end (Fig. 1). The organic materials were placed as individual inclusions within the sand medium. 121 

Each sphere contained three organic inclusions of the same type located at distances of 2, 4, and 6 122 

mm from the opened end. This set-up enabled assessing Os staining of the inclusions at three 123 

different lengths of diffusion paths. A total of 12 spheres, 2 replications for each combination of 124 

the organic material and sand type, were prepared. During sphere preparation, first, a ~1 mm layer 125 

of sand was placed on the bottom, the first organic fragment was inserted in the center of the sand 126 

and covered with another layer of sand 2 mm deep. Then, the second organic fragment was placed 127 

in the sand, followed by the third sand layer and the third piece. The third piece was covered with 128 

the remaining sand up to the top of the sphere. After assembling, the spheres were subjected to 129 

staining by OsO4 vapors, as described further. 130 

After the staining, the tops of the spheres were covered with lids that were glued-on to 131 

ensure that the arrangement of sand and organic inclusions within the spheres was not disturbed. 132 

Each sphere had a shaft that was used to keep it in a vertical position during X-ray µCT scanning 133 

(Fig. 1c). Such experimental set up enabled us to maximize the information that could be obtained 134 

from a narrow X-ray µCT scanning window available at that time at Argonne National Laboratory 135 

for Os energies, as described further. The area within the sample where Os could be reliably 136 
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identified was only ~2 mm high because of limitations on the synchrotron beam height. Thus, the 137 

spheres were built and saturated with OsO4 vapors in a horizontal position, which created a range 138 

of distances between the surface, i.e., the point of gas entry, and the organic inclusions. During 139 

scanning the spheres were placed in a vertical position so that the three organic inclusions were all 140 

located within the 2 mm high central portion of each sphere, thus within the region of reliable Os 141 

identification.  142 

Experiment 2. Os-staining of sand/soil mixtures. The purpose of the experiment was to assess 143 

the overall spatial patterns of Os distribution generated due to gradients in OsO4 diffusion within 144 

the scanned spheres. The experiment consisted of three spheres, each filled with a material with 145 

different organic C level, thus representing an organic C gradient: the high C soil (the same soil as 146 

that used for inclusions in Experiment 1), the high C soil 50:50 mixed with the fine sand (the fine 147 

sand used in Experiment 1), and the fine sand only. The soil was homogenized by gentle grinding 148 

so that no large aggregates remained. The spheres were subjected to Os staining, then the lids were 149 

glued on, and the X-ray µCT scanning was conducted.  150 

  151 
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Figure 1. Illustration of the set-up for Experiment 1. A. Examples of spheres filled with fine and 152 

coarse sands. To ensure stability during sand filling the spheres were held within foam-rubber 153 

cubes (on the right). B. Schematic representation of the locations of the organic inclusions within 154 

the sphere. Note that the view is through the center of the sphere. C. The sphere with the lid glued-155 

on, ready for X-ray µCT scanning. D. Pore size distributions for the image-based (>5.7 µm) pores 156 

in fine and coarse sand materials used in Experiments 1 and 2. Pore size distributions were obtained 157 

using Beat plug-in of ImageJ. 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 
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Experiment 3. In-grown plant roots in soils with contrasting pore characteristics. The purpose 168 

of the experiment was to explore Os staining of plant roots naturally grown within the soil matrix. 169 

The experiment studied two soil materials with contrasting pore characteristics. The soil for the 170 

experiment was collected from conventionally plowed experimental agricultural field of Long 171 

Term Ecological Research site at the Kellogg Biological Station, Michigan, USA, from 5-15 cm 172 

depth. The dominant soil series at the site are Kalamazoo and Oshtemo (mesic Typic Hapludalfs)26. 173 

Soil was air-dried for a week and then sieved to procure 1-2 mm aggregate fraction. Half of the 174 

collected 1-2 mm fraction was gently ground, first by mortar and pestle and then with a shatter 175 

box, to generate material with < 0.5 mm particle sizes. The 1-2 mm original fraction was a sandy 176 

loam with 58% sand, 35% silt and 7% clay, while the generated smaller fraction was a silty loam 177 

with 35% sand, 56% silt and 9% clay. These fractions constituted the two soil materials with 178 

contrasting pore size distributions but with the same mineralogy and other soil characteristics. 179 

Previous testing of the soil materials procured using this approach conducted by our research team 180 

demonstrated that the pore size distribution of the 1-2 mm material was dominated by >30 µm 181 

pores, while that of the <0.5 mm material was dominated by < 10 µm pores 27. The two materials 182 

are hereafter referred to as large pore and small pore soils, respectively.  183 

 A 2.35 g of the generated soil materials was packed in 8 mm Ø, 3.75 cm length cylindrical 184 

tubes to the density of 1.25 g·cm-3. A total of 16 soil tubes were used: 9 for large and 7 for small 185 

pore soils. Switchgrass (var. Cave-In-Rock) plants were grown in the tubes, one plant per tube, for 186 

4-5 weeks. To facilitate germination, prior to planting, the switchgrass seeds were shaken for 5 187 

minutes in 8 M H2SO4. Seeds were then rinsed with distilled water 3 times and placed into a petri 188 

dish, with Whatman #1 filter paper (Sigma-Aldrich, U.S.A) soaked with 5 mL sterile 0.2 % KNO3 189 

inside. Seeds were distributed evenly on the petri dish, and another filter paper was placed onto 190 
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them. Petri dish was sealed with parafilm, covered with aluminum foil, and placed into 4 ⁰C 191 

refrigerator. After 3-7 days, the germinated seeds were placed on the soil packed in the tube, one 192 

seed per tube. During plant growth the moisture level within the tubes was kept at approximately 193 

60% water-filled pore space. The plants were terminated by cutting the shoots and air-dried prior 194 

to Os staining. 195 

 196 

Os staining. For staining the samples from all three experiments were placed in a 78.5 mL glass 197 

container with a 50 mm Ø watch glass in the center. Four mL of 2% OsO4 solution was pipetted 198 

into the watch glass and the container was sealed. The samples was exposed to OsO4 vapors, 199 

entering them from the surface, for a period of one week, during which the OsO4 solution was 200 

replenished to its original level every two days, with a total of ~12 ml of OsO4 solution used per 201 

container. The amount of OsO4 vapors generated during this period was significantly in excess of 202 

the amount required to react with all organic matter estimated to be present with the samples28. 203 

The exposure time was also significantly in excess of the time needed for OsO4 to diffuse and fill 204 

the whole pore space within the studied samples18. Because OsO4 is highly poisonous, the staining 205 

and all OsO4 manipulations were conducted under the fume hood.    206 

 207 

X-ray µCT scanning. The image data were collected on the bending magnet beam line, station 208 

13-BM-D of the GeoSoilEnviroCARS at the Advanced Photon Source, Argonne National 209 

Laboratory. All samples were scanned at two energies: 74.0 and 73.7 keV, above and below the 210 

Os K-edge, respectively; at 5.7 µm resolution. Each reconstructed three-dimensional image 211 

consisted of 240 slices with 1,920 by 1,920 pixels per slice.  The limitation to 240 slices (1.37 mm) 212 

arose from a limitation of the beamline monochromator, which was operating near its maximum 213 



11 
 

energy, and more than 60% of the beam was spilling off the second crystal.  The monochromator 214 

has subsequently been improved so that the beam at this energy is now 3.0 mm tall. 215 

 216 

μCT image analysis.  The image analyses were conducted using ImageJ/Fiji29, 30. Differences 217 

between above and below K-edge images were calculated for every sample using the Image 218 

Calculator tool. Osmium concentrations were calculated in voxels of the resultant images as:  219 

 SOs= ∆G/(F·r·∆µ) = 0.226·10-3·∆G  (1) 220 

where SOs is the Os concentration in image voxels (g·cm-3); ∆G is the difference in grayscale 221 

values (GV) between the above- and below K-edge images [-]; r is the voxel length in the sample 222 

calculated as the pixel size of the Grasshopper camera divided by the magnification of the lens 223 

used to image the scintillator (5.7 µm); F is the conversion coefficient for GVs from floating 224 

point to 16-bit integer values on images (106 ); ∆µ is the difference between the photon mass 225 

attenuation coefficients μ/ρ 31 corresponding to the above and below K-edge energies for Os 226 

(7.75 cm2·g-1).  227 

  Image analyses for Experiment 1:  First, we created the masks of the organic inclusions 228 

based on the below K-edge images. For that the images were subjected to filtering via Denoising, 229 

followed by Gaussian Blur 3D filter with 2x2x2 window, and the Enhance contrast tool with 0.6% 230 

saturated pixels setting. Then the range of GVs that corresponded to the lower and upper 231 

boundaries of the material within the inclusions were identified manually and used as lower and 232 

upper boundaries for thresholding. Besides identifying the inclusions, the thresholding also 233 

produced partial volume effect artifacts, primarily on boundaries of sand and air. To remove them 234 

we identified the boundaries using Find Edges tool applied to the respective below K-edge 235 

images, and then thresholded and removed the edges. Several 3D Erode steps were applied to 236 
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remove any remaining large artifacts, followed by Particle Analyzer of BoneJ to separate the 237 

inclusions from any lingering artifacts. Note that the sand grains within the soil inclusions were 238 

excluded during the thresholding, thus the data for the high C soil inclusions from this experiment 239 

represent the sand-free soil. The inclusions were converted into binary masks. The masks were 240 

applied to the above-below K-edge difference images by multiplying one by the other in the 241 

Image Calculator tool. No denoising or filtering were applied to the difference images. The 242 

grayscale values (∆G) from the difference images corresponding to the mask of each organic 243 

inclusion were used in further analyses.  244 

In addition to the organic inclusions within each image, we also selected an area (4.4 x 1.3 x 245 

1.2 mm3) that consisted only of the sand material. Both for the organic inclusion masks and for 246 

the sand-only area we calculated the average ∆G values from the difference images and then 247 

converted them in Os concentrations, SOs, using Eq. (1).  248 

Image analyses for Experiment 2: The average SOs levels were calculated in the central 249 

portions (12 mm3) of the spheres' above-below K-edge difference images using Eq. (1).  No 250 

denoising or filtering were applied to the difference images. The top 1 mm portions of the above-251 

below difference images were excluded from further analyses, since the sample top could not be 252 

packed to the same level of density as the rest of the sample, affecting the spatial pattern of GVs.  253 

The overall patterns of SOs distribution within the spheres were obtained from the difference 254 

images using Remove Background tool of Xlib/Beat32, 33. The tool extracts the background signal 255 

and enables retrieving the difference signal as a function of distance. The second order polynomial 256 

regression equations were fitted to the difference images using the Remove Background tool. The 257 

obtained regression equations reflected the general spatial trends in SOs distributions as a function 258 
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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 259 

was used in the overall pattern analysis with the vertical depth of 1 mm. 260 

Image analyses for Experiment 3: Due to high level of noise in the images from Experiment 3, 261 

prior to the analyses, the above-below difference images were subjected to noise-reducing Median 262 

3D (radius = 2) and Gaussian blur 3D (4x4x4 window) filters.  263 

To calculate SOs in the soil matrix and in the switchgrass roots, binary mask images of soil 264 

matrix and roots were obtained from the below K-edge images. For creating soil matrix binary 265 

masks we used ImageJ’s built-in ‘default’ thresholding method; for creating root binary masks we 266 

used the minimum error thresholding method34. Partial volume effects were removed as described 267 

above.  SOs values separately in the soil matrix part of the sample and in the roots were obtained 268 

by multiplying the above-below K-edge difference images by the respective binary masks using 269 

Image Calculator tool of ImageJ and applying Eq. (1).   270 

 271 

Quantification of C that responded to OsO4 presence. The Os staining is primarily based on 272 

the reaction between OsO4 and olefinic double bonds. The reaction leads to formation of Os 273 

mono- and di-esters, which, in case of unsaturated lipids and phospholipids, involves Os binding 274 

to single or double chains of unsaturated fatty acids 35.  The Os staining reactions can also 275 

involve formation of oxo bridges and connecting electron donor groups from amino acids (from 276 

Belazi et al., 200923 (based on 36, 37)).  277 

 The number of Os atoms, NOs, that remained within 1 cm3 of the scanned sample, after 278 

the staining and binding to the organic molecules, at the time of µCT scanning, can be estimated 279 

as:  280 

NOs=SOs/(190.23/NA),     Eq. (2) 281 
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where SOs is the Os concentration as determined by Eq. (1), 190.23 is the atomic weight of Os [g 282 

mol-1], and NA is the Avogadro constant (6.02x1023 mol-1). Assuming that each OsO4 molecule 283 

reacted with either two or four C atoms (from Belazi et al., 200923 (based on 36, 37)), the number 284 

of C atoms that were involved in interactions with OsO4 can be estimated as ranging from 2NOs 285 

to 4NOs, with its C concentration [g cm-3] ranging from 2NOs x 12/ NA to 4NOs x 12/ NA. 286 

Knowing the total C content of the specific organic material, we can assess the percent of C in it 287 

that was involved in reactions with OsO4 during staining. The calculations for the studied 288 

materials are reported in Appendix Table 1. For these calculations we obtained the density of 289 

coarse and fine sands and soils by measuring the weight of these materials packed within a given 290 

volume. Density of roots and biochar used in the inclusions were calculated from the weight of 291 

the individual inclusions and their volume as determined from the µCT images. Note that only 292 

few inclusions were completely within the 2 mm field of scanning view, thus the density 293 

estimates are based on averages of 2-3 individual inclusion pieces. 294 

 295 

Statistical analysis. The statistical model for the SOs data from Experiment 1 consisted of the 296 

fixed effects of the sand type, organic material type in the inclusions, position within the sphere, 297 

and their interactions. The random effect of the sphere nested within the sand and organic 298 

material types was used as an error term for testing the main effects of these two factors. The 299 

Experiment 2 samples were intended for the overall visualization of Os patterns; thus, no formal 300 

statistical analyses were performed for them. The statistical model for Experiment 3 data analysis 301 

consisted of the fixed effects of soil pore size (large and small), the medium (soil matrix and 302 

roots), and their interaction. The random effects of soil tubes nested within the pore size were 303 

used as an error term to test the effect of the pore size. Data analyses were conducted using the 304 
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mixed model approach implemented in the PROC MIXED procedure of SAS Version 9.4 (SAS 305 

Inc, 2009). 306 

 307 

RESULTS 308 

Examples of the scanned images from Experiment 1 are shown on Fig. 2. We present side-309 

by-side the images obtained at below Os K-edge energy and the above-below K-edge difference 310 

images. The images below Os K-edge energy illustrate the observed patterns in the sand with the 311 

organic inclusions encountered in Experiment 1 (Fig. 2). Brighter colors on the difference images 312 

represent higher GVs, corresponding to greater Os levels. The root fragments were clearly visible 313 

in the difference images (Fig. 2 right), both in the coarse and fine sands. The organic soil inclusions 314 

also had distinctly brighter colors than the background in the difference images (Fig. 2 right).  315 

Note the sand grains belonging to the soil inclusions - bright and highly visible on the below Os 316 

K-edge images due to their high density, but dark on the difference images due to complete 317 

absence of Os within them. Unlike roots and soil inclusions, the biochar fragments were only 318 

weakly discernible over the background noise.  319 

  320 
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 321 

Figure 2. Selected sample images from the spheres in Experiment 1 with the organic inclusions 322 

in coarse and fine sands. On the left are the images at 73.7 keV energy (below Os K-edge) and 323 

on the right are the images of the above-below K-edge differences. Within each difference image 324 

the brighter grayscale values correspond to higher Os presence. Red arrows mark position of a 325 

large sand grain from soil inclusions on both images. 326 

  327 
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root root 
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Figure 3. Sample images from the study's experiments. A) The sphere filled with high C soil 328 

from Experiment 2. On the left is the image at 73.7 keV energy (below Os K-edge) and on the 329 

right is the image of the above-below K-edge difference. Red arrows mark the position of a large 330 

stone on both images. Yellow arrows mark the position of a POM fragment on both images. B) 331 

In-grown switchgrass roots in a large-pore soil tube (top) and a small-pore soil tube (bottom) 332 

from Experiment 3 and their respective above-below K-edge difference images on the right. Soil 333 

matrix parts are brown, while roots are marked green for better visualization. Yellow arrows 334 

mark the points on the difference images that correspond to the roots. 335 

 336 
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Numerous fragments of POM and possibly plant root remains were also clearly 351 

distinguished by their bright color on the difference image of the soil from Experiment 2 (Fig. 352 

3A), reflecting their high SOs levels. The large mineral particles (sand and small stones) were 353 

distinctly dark due to absence of Os. The remaining soil matrix had an intermediate range of GV 354 

levels varying substantially within the sphere and likely reflecting variations in the levels of the 355 

SOM connected to fine soil particles with unsaturated C bonds (Fig. 3A).  356 

Analysis of Os-staining of organic matter inclusions in Experiment 1 showed that the Os 357 

concentrations within the soil inclusions were significantly higher than those in the biochar 358 

fragments both in the coarse and fine sands (p<0.05) (Fig. 4). In the coarse sand the Os in the 359 

roots greatly exceeded that in the soil and the biochar inclusions (p<0.05), while in the fine sand 360 

the Os in the roots were numerically in-between the biochar and soil values, while not 361 

statistically significantly different from each other. The Os levels in the roots were markedly 362 

greater in the coarse than in the fine sand. Coarse sand's Os levels were numerically higher than 363 

those in the fine sand for the 2 mm and 6 mm distances from the surface in the biochar and soil 364 

inclusions (statistically significant for soil at 6 mm distance). But there were no differences 365 

between the two sands for 4 mm distance in both soil and biochar. The distances between the 366 

organic inclusion and the surface did not influence Os concentrations for either of the three 367 

studied materials.  368 

  369 
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Figure 4. Os levels, SOs, as calculated from Eq. (1), within the biochar, root, and soil inclusions in 370 

the two studied sand materials at the three studied distances from the surface. Shown are means 371 

and standard errors (n=2). Stars mark the statistically significant differences between the two sands 372 

within each distance of each material (p<0.05), not-significant differences between the two sands 373 

are unmarked. Different letters mark the materials that are statistically significantly different from 374 

each other within the same distance of the same sand type (p<0.05).  375 

 376 

 377 

 378 

Experiment 2 showed that the average Os concentration in the soil-only sphere, 3.8 mg cm-3, was 379 

approximately twice that of the 50:50 sand-soil mixture, 2.0 mg cm-3, while the levels in the fine 380 

sand-only sphere fluctuated around zero (Table 2 and Fig. 5). The Os concentration distribution 381 

as a function of surface distance followed a quadratic trend (Fig. 5). Lower Os at 2-3 mm from 382 

the surface probably reflected lower density in the top parts of the spheres and some shifting of 383 

the material there during transport. The decrease towards 5-6 mm depths in the soil-only and, to 384 

a lower extent, in the sand-plus-soil mixture probably reflected the limitations to Os diffusion.  385 
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Figure 5. Quadratic regression trends of the Os concentrations, averaged across the central 387 

portions of the spheres (4.8 x 4.8 x 1 mm), plotted versus the distance from the surface of the 388 

sample exposed to OsO4 vapors. Circles represent the average grayscale image values for each 389 

distance. 390 

 391 

 392 

Results of Experiment 3 demonstrated that the Os concentration in the roots (~10 mg·cm-3) was 393 

significantly higher as compared to the concentration in the soil matrix (~1.1 mg·cm-3). The pore 394 

size distribution did not influence the Os concentrations in the soil matrix nor roots (Fig. 6). 395 

 According to our assessment, the C that reacted with OsO4 during the staining 396 

experiments of this study constituted 0.7% of the total C in the switchgrass roots, and 397 

approximately 3% and 2% of the total C in the high C and low C soils, respectively. It only 398 

constituted 0.2% of the C within the studied biochar (Table 2).  399 
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Figure 6. Os levels, SOs, as calculated from Eq. (1), in the soil matrix and in-grown switchgrass 401 

roots within the tubes with soil materials dominated by large- and small-pores. Symbol * marks 402 

the significant difference between the soil matrix and the roots in the given pore sizes (p < 0.05, 403 

n=7~9). The differences between large- and small-pore materials were not statistically significant 404 

either for soil matrix or roots.   405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

Table 2. Os concentrations, SOs, as calculated from Eq. (1), and estimated % of total C involved 415 

in reactions with Os in the studied materials. Shown for SOs are means and standard errors for data 416 

from Experiment 1 and 3 and individual values from Experiment 2. NS marks the means that were 417 

not significantly different from zero (p<0.05). Mean SOs levels were used for % of total C 418 

estimates. 419 

 420 
Material Os, mg cm-3 % of C that 

responded to Os 

Switchgrass roots 8.4 (1.2) 0.7 

High C soil, sand free 5.3 (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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 421 

DISCUSSION  422 

The Os-staining method stained both the organic materials of root origin, that is root-423 

originated particulate organic matter, and the organics associated with fine soil particles, that is, 424 

non-particulate soil organic matter. It was less successful in visualizing biochar, even though most 425 

of the biochar fragments were still somewhat, even though not highly, Os stained. 426 

These findings recommend Os staining as a promising method for 3D SOM visualization 427 

in cm-sized intact soil samples18, 20, 21. While several approaches have been proposed for 3D 428 

visualization of POM with X-ray µCT, using either distinct GVs of organic materials 38 or staining 429 

large organics with different staining agents15, so far, visualization of non-particulate soil C has 430 

been achieved only in very small samples, i.e., tens- to hundreds-of-microns, with STXM-431 

NEXAFS1 (e.g., 39, 40) or NanoSIMs2 (e.g., 17), and that in 2D only. The 3D visualization of SOM 432 

in intact samples of relatively large sizes, e.g., one- to few centimeters, has not been possible. Os 433 

staining with dual-energy X-ray µCT offers new research opportunities for exploring C processes 434 

and generating new insights regarding soil C protection and accumulation18, 20 in intact soil samples 435 

of the sizes that are regarded as representative of the entire soil matrix41, 42.   436 

However, our findings also call for caution in interpretation of Os-staining results. The 437 

method’s performance depends on the composition of the materials constituting the studied 438 

organics. Our results demonstrate that only a small fraction of the root fragments and of the SOM 439 

responded to Os presence (Table 2). Root tissue is dominated by cellulose, which does not have 440 

double C bonds reacting with Os, while lipids and amino acids, despite their functional importance, 441 

constitute only a minor proportion of the total root C. SOM is a complex mixture of biopolymers 442 

1 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, 443 

aliphatic compounds, and lignin 43-46. Present in the plant-derived compounds are aromatic, 444 

phenolic and carboxylic C groups (Dhillon et al., 2017), while aliphatic-C and C=N bonds of 445 

imidazol structures, carboxyl/carbonyl-C, amide- and O-alkyl-C functionalities dominate in 446 

organic C isolated from soil fungal and bacteria 47, 48. All these compounds and C groups do not 447 

readily react with OsO4. Thus, it is not surprising that such small portion of the present C could 448 

be directly identified via Os staining (Table 2). Our observations agree with 0.02 Os:C atomic ratio 449 

reported for Os stained cell tissues in a course of scanning transmission electron microscopy49. 450 

Very low Os staining of biochar (Fig. 4, Table 2) supported our initial hypothesis. Biomass 451 

pyrolysis during biochar production leads to depletion of double C bonds and prevalent formation 452 

of aromatic polycyclic structures dominated by benzene rings 50.  453 

Nevertheless, our observations suggest that it might be worth the effort to explore 454 

possibilities for the Os method as an empirical tool for quantifying organic C distribution patterns 455 

within intact soil samples. In this study we examined 4 soil materials representing a gradient of 456 

levels of non-particulate SOM, listed from the lowest to the highest as: low C soil < high C soil + 457 

fine sand 50:50 mixture < high C soil original < high C soil with sand excluded. The gradient of 458 

C levels in these materials was remarkably well related to Os concentration (Fig. 7). Occurrence 459 

of such a relationship is a promising sign for future development of a tool for visualizing locations 460 

of non-particulate SOM. Such tool is especially important given the major role that non-particulate 461 

SOM plays in soil C accrual. Currently, a complete absence of any other means for in situ SOM 462 

visualization at comparable scales warrants further exploration of this technique. A potential future 463 

strategy for quantifying soil C spatial patterns based on the Os approach can consist of building a 464 

soil C vs. Os calibration curve for the specific soil of interest. Then, the calibration curve can be 465 
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used to convert a 3D image of Os saturation into a 3D map of C spatial patterns within the soil 466 

matrix of the intact samples. Since SOM composition can vary substantially among different soils 467 

as well as within the profile of the same soil 16, such calibration curves will probably need to be 468 

developed specifically for each studied soil.  469 

 470 

Figure 7. Os levels, SOs, as calculated from Eq. (1), plotted versus soil organic C for the four 471 

studied soil materials. Shown are the means for the low C soil (data from Experiment 3) and high 472 

C soil (with sand excluded) (data from Experiment 1) and respective standard errors. Values 473 

from the two studied spheres with bulk high C soil and high C soil mixed with fine sand are 474 

shown as individual dots (data from Experiment 2). Black line is linear regression fitted to the 475 

data. 476 

 477 
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 479 
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Our findings regarding the influence of pore-size distributions on the effectiveness of Os 485 

staining are controversial. On one hand, Os concentrations were not affected by the distance from 486 

the surface, i.e., by the length of the diffusion path for OsO4 vapors, in either coarse or fine sands; 487 

and the differences between the two sands for the biochar and the high C soil inclusions were 488 

Concentration of Os, mg cm-3 

low C soil 

high C soil + sand mixture 

high C soil, bulk 

high C soil, with sand excluded 

So
il 

or
ga

ni
c C

, g
 k

g-1
 



25 
 

relatively minor (Fig. 4). Also, there were only minor decreases in Os concentrations with the 489 

distance from the surface within the 50:50 sand plus soil mixture and within the high C soil-only 490 

sphere; the decrease that appeared only at 3-4 mm distances from the surface (Fig. 5). These 491 

observations suggest that the impediments to diffusion of OsO4 vapors in the studied experimental 492 

conditions were relatively low. Os staining of the in-grown roots in Experiment 3 also supported 493 

negligible limitations of OsO4 diffusion. Os concentrations in the small pore soil material and in 494 

the roots there were not significantly different from their large pore soil counterparts (Fig. 6).  495 

But, on the other hand, the Os concentrations within the plant root inclusions in the coarse 496 

sand of Experiment 1 were substantially higher than those in the fine sand (Fig. 4). One possible 497 

explanation is that the two different roots that were used to prepare the root inclusion fragments 498 

for coarse and fine sand samples of our experiment differed in their content of C compounds with 499 

double C bonds. Further assessment of variability in Os staining efficiency of plant materials 500 

would be needed to determine plausibility of this explanation. However, even assuming that our 501 

root inclusion results are an artifact, we would recommend exercising caution when interpreting 502 

SOM estimations obtained via Os staining by passive diffusion of OsO4 vapors at distances greater 503 

than 3-4 mm from the surface of the material or from the large pores within such material. Caution 504 

would be particularly warranted for the materials dominated by only few-micron sized pores.    505 

Active explorations of OsO4 applications in electron microscopy started >75 years ago 51 506 

and since then OsO4 has been widely used for visualization of unsaturated lipids and membranous 507 

structures 52. Thus, even though OsO4 is highly toxic, the protocols for its safe use for staining 508 

samples have long been tested and in-place. In our experience, the approach for staining soil 509 

samples with OsO4 vapors did not differ from that needed for cell and tissue samples, and, overall, 510 

was much less time and cost consuming than many standard soil measurements. Getting access to 511 
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a synchrotron source for dual-energy scanning of the stained samples is probably the only main 512 

challenge that might face the researchers interested in implementing the method. Yet, globally, the 513 

synchrotron sources are offering free access and assistance to public research projects and dual-514 

energy capabilities for Os determination are available at several such facilities.  515 

 516 
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Supplemental Table 1. Calculations of the percent of total C within the studied materials that responded to OsO4 staining.  

Material 
Os, 
mg 
cm-3 

Total C 
in the 
Material, 
% 

Bulk 
density 
of the 
Material, 
g/cm3  

C in cm3 of 
the 
Material, g 

C in cm3 of the 
Material, N C 
atoms 

Average 
amount of Os 
in cm3 of the 
Material, g 

Average 
amount of Os 
in cm3 of the 
Material, N 
atoms 

Max amount of 
C (4 C atoms 
per one Os) 
reacted with 
one cm3 of the 
Material, N 
atoms 

Max amount of 
C reacted with 
one cm3 of the 
Material, g 

% of C that 
responded 
to Os 

Switchgrass 
roots 8.4 39.4 0.80 0.312 1.57E+22 8.41E-03 2.66E+19 1.06E+20 2.12E-03 0.7 

High C soil, 
sand free 5.3 

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 
(50:50) 

2.0 
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 1.1 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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