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SHORT ABSTRACT: 20 
Combined size and density fractionation (CSDF) is a method to physically separate soil into 21 
fractions differing in texture (particle size) and mineralogy (density). The purpose is to isolate 22 
fractions with different reactivities towards soil organic matter (SOM), in order to better 23 
understand organo-mineral interactions and SOM dynamics. 24 
 25 
LONG ABSTRACT:  26 
Combined size and density fractionation (CSDF) is a method used to physically separate soil into 27 
fractions differing in particle size and mineralogy. CSDF relies on sequential density separation 28 
and sedimentation steps to isolate (1) the free light fraction (uncomplexed organic matter), (2) 29 
the occluded light fraction (uncomplexed organic matter trapped in soil aggregates) and (3) a 30 
variable number of heavy fractions (soil minerals and their associated organic matter) differing 31 
in composition. Provided that the parameters of the CSDF (dispersion energy, density cut-offs, 32 
sedimentation time) are properly selected, the method yields heavy fractions of relatively 33 
homogeneous mineral composition. Each of these fractions is expected to have a different 34 
complexing ability towards organic matter, rendering this a useful method to isolate and study 35 
the nature of organo-mineral interactions. Combining density and particle size separation brings 36 
an improved resolution compared to simple size or density fractionation methods, allowing the 37 
separation of heavy components according to both mineralogy and size (related to surface area) 38 
criteria. As is the case for all physical fractionation methods, it may be considered as less 39 
disruptive or aggressive than chemically-based extraction methods. However, CSDF is a time-40 
consuming method and furthermore, the quantity of material obtained in some fractions can be 41 
limiting for subsequent analysis. Following CSDF, the fractions may be analyzed for mineralogical 42 
composition, soil organic carbon concentration and organic matter chemistry. The method 43 
provides quantitative information about organic carbon distribution within a soil sample and 44 
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brings light to the sorptive capacity of the different, naturally-occurring mineral phases, thus 45 
providing mechanistic information about the preferential nature of organo-mineral interactions 46 
in soils (i.e., which minerals, what type of organic matter).  47 
 48 
INTRODUCTION: 49 
Soil is a complex system which contains elements of geological and biological origin. The study of 50 
their inter-relation is a cornerstone of our understanding of ecosystem function1. In particular, 51 
organo-mineral interactions are thought to play a key role in soil organic matter (SOM) 52 
dynamics2. Unravelling SOM dynamics is presently a very active research area for several reasons. 53 
A soil with high SOM stocks will tend to show good intrinsic fertility and may also constitute an 54 
environmentally valuable carbon sequestration opportunity3,4.  55 
 56 
Organic matter in soil is highly heterogeneous, with some components turning over in the space 57 
within a few hours while others may persist for thousands of years5. The determinants of this 58 
heterogeneity remain a controversial topic, but association with the mineral matrix is thought to 59 
be particularly important6,7, especially for subsoil horizons8. As a result, mineral phases known to 60 
closely associate with organic components are receiving increasing interest9–11. 61 
 62 
Soils contain a wide range of minerals with qualitatively and quantitatively varying sorptive 63 
potential towards SOM. Minerals with large specific surface areas and/or highly reactive surfaces 64 
have been shown to have a high sorption capacity for organic compounds4,12. In soils, secondary 65 
minerals such as high-activity phyllosilicates (e.g., smectites), iron oxyhydroxides and poorly 66 
crystalline aluminosilicates have all been shown to engage significantly in the sorptive 67 
preservation of some organic compounds13–17. Separating soil into fractions differing in 68 
mineralogy could thus help isolate organic matter pools with relative functional homogeneity. 69 
 70 
The aim of this paper is to present a methodology to isolate organo-mineral complexes according 71 
to composition, which then facilitates the study of their properties. The method combines size 72 
and density fractionation to physically separate bulk soil into a sequence of fractions of different 73 
composition. Combined size and density fractionation (CSDF) integrates two effective physical 74 
fractionation approaches (particle size separation and density separation). The combination of 75 
these two approaches brings improved resolution to our understanding of organo-mineral 76 
associations in soil.  77 
 78 
There are many different approaches (chemical, physical and / or biochemical) that can be used 79 
to specify fractions in a bulk soil sample18,19. Simple density fractionation is a physical separation 80 
which has been widely used by soil scientists to study SOM dynamics (see for instance Grunwald 81 
et al., 2017 and references therein)20. In its classical form, simple density fractionation separates 82 
materials lighter than a given cutoff (generally 1.6 to 1.85 g·cm-3) - the light fraction (LF) from 83 
heavier materials - the heavy fraction (hF). The LF is sometimes further split into free light fraction 84 
(fLF) and occluded light fraction (oLF)21. 85 
 86 
In many soils, the largest SOM pool is found in the hF22. SOM in the hF is generally thought to be 87 
more stable than that in the LF23, yet it has been shown to retain a high compositional and 88 
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probably, functional heterogeneity18. This points to the need to further separate the hF into more 89 
homogeneous subfractions, with the view of isolating pools of SOM with distinct biogeochemical 90 
properties (such as residence time or functionality). Sequential density fractionation, as 91 
described by Sollins et al. (2009)24, has indeed proved to be a successful method; yet a separation 92 
done solely on the basis of density runs the risk of overlooking differences arising from variation 93 
in grain size and thus specific surface area. For instance, kaolinite has approximately the same 94 
density as quartz but may be separated on the basis of its size mode (Table 1). CSDF includes 95 
consideration of grain size and improves the resolution of the fractionation.  96 
 97 
SOM fractionation based on physical, chemical or biochemical properties has a long history. 98 
Physical methods such as CSDF are based on physical attributes of soil components, such as size 99 
(of particles or aggregates) or density. Chemical methods include selective extractions of specific 100 
compounds or classes of compounds, as well as chemical oxidation. Biochemical methods rely on 101 
microbial oxidation under various experimental conditions. Chemical and biochemical methods 102 
are based on different principles and have different objectives compared to physical methods 103 
but are nevertheless briefly reviewed below. 104 
 105 
The alkaline extraction (with sodium hydroxide for example) ranks among the earliest methods 106 
used to chemically isolate the organic component of soils6. Examples of more modern, chemical 107 
methods for SOM fractionation include i) alkaline extraction with Na-pyrophosphate aimed at 108 
isolating SOM bound to minerals; ii) acid hydrolysis (HCl) aimed at quantifying old, persistent 109 
SOM; and iii) selective oxidation of SOM with chemical agents aimed at attacking free or labile 110 
SOM2. While these methods can be useful to gain insight into functionally different organic 111 
matter pool, they suffer from several limitations. First, the extractions can be imperfect or 112 
incomplete. For example, the classical alkaline method extracts only 50-70% of soil organic 113 
carbon (SOC)6. Second, fractionation products may not be representative of the SOM found in 114 
situ and may be difficult to categorize5. Third, these chemical methods only offer limited insight 115 
into the organo-mineral interaction since many of them do not preserve the original association 116 
between organics and minerals. 117 
 118 
Biochemical extraction including incubations experiments are used mainly to study labile and 119 
reactive SOM (see Strosser32 for a review of biochemical methods). Incubation experiments can 120 
be thought of as a measure of biochemical oxygen demand and is intuitively well-suited to the 121 
determination of bioavailable organic substrates. However, the need for long incubation times in 122 
conditions that differ from the field (temperature, humidity, physical disturbance, absence of 123 
new inputs) makes the extrapolation to in-situ SOM dynamics delicate.  124 
 125 
Compared to chemical or biochemical methods which are believed to be either transformative 126 
or destructive, physical fractionation techniques can be considered as more preservative22 (with 127 
the important exception of soluble organic compounds, which are lost during the procedure). At 128 
their best, physical soil fractions can be thought of as a ‘snapshot’ of solid-phase soil components 129 
as present in the field and could thus relate more directly to SOM dynamics in situ33. Moreover, 130 
the non-destructive nature of the technique means that the fractions can be subsequently 131 
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characterized using a variety of analyses or further fractionated according to chemical or 132 
biochemical methods. 133 
 134 
Physical fractionation of soils is not a recent idea. Scientific literature about physical separation 135 
techniques dates back to the mid-20 century. Applications of density fractionation were reported 136 
as early as 196534, 35. During the same period and in the following decades, publications about 137 
the dynamics of SOM and its interaction with minerals were already becoming widespread 138 
amongst soil scientists36-39. 139 
 140 
Separation based on density, aggregate size or particle size are the most common physical 141 
separation methods used currently. One of the main challenges of physical separation is the 142 
isolation of homogenous functional SOM pools, as defined by turn-over rate, size or other 143 
indicator of function. Combining separation methods or criteria, as in CSDF, may help bring 144 
functional resolution to soil fractions; indeed, these methods seem to be used more and more in 145 
combination18,40-43. By combining sequential density separation, able to yield fractions with 146 
different organic matter content and mineralogical composition, with size separation, which 147 
accounts for differences attributable to specific surface area, CSDF holds the promise of yielding 148 
insight into the diversity and function of organo-mineral associations in soil. 149 
 150 
CSDF aims to physically fractionate bulk soil samples into fractions of relative mineralogical and 151 
textural homogeneity. The density and particle size cut-offs, as well as the dispersion energy used 152 
here have been selected based on our soil type, but these parameters may be adapted depending 153 
on the samples to be fractioned and the purpose of the study. In this example, we have chosen 154 
to use one dispersion step, two density and one size cut-offs, resulting in the separation of the 155 
bulk soil into 6 fractions (Table 2). Figure 1 gives a conceptual overview of the method. The 156 
materials being fractioned here are tropical soils, but the method can be applied to any soil type 157 
as well as sediments. CSDF is generally used as a preparatory step before further analyses, even 158 
though the distribution of materials among fractions can be very informative in and of itself. 159 
When applied to soils, CSDF yields fractions differing in (1) mineral composition (mineralogy and 160 
texture) and (2) SOM concentration and composition.  161 
 162 
PROTOCOL: 163 
 164 
1. Sample Preparation 165 
 166 
1.1. Air-dry and sieve 20 g or more of bulk soils to 2 mm.  167 
 168 
1.2. Determine the residual moisture content of bulk soil (mass of water still present in air-169 
dried soil) for correction of initial fractionation mass44. 170 
 171 
2. Dense Solution Preparation 172 
  173 
2.1. Add sodium polytungstate (SPT) in portions to deionized (DI) water warmed on a hot stir 174 
plate (~60 °C) to obtain dense solutions of the desired densities (i.e., 1.62 and 2.78 g·cm-3). Use 175 
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Table 3 to approximate proportions of water and SPT to use. Set a vigorous agitation to help 176 
dissolve the SPT.  177 
 178 
CAUTION: SPT is corrosive, and it is harmful if swallowed. It causes serious eye damage. Wear 179 
protective gloves/eyewear. Harmful to aquatic life with long lasting effects. Avoid release to the 180 
environment. 181 
 182 
2.2. Check the final density with a hydrometer once the solution is back to room temperature 183 
(between 20-25 °C). Adjust the density by adding SPT or water. 184 
 185 
NOTE: It is easiest to prepare SPT at a slightly greater concentration (+ 0.02 – 0.05 g·cm-3) than 186 
needed then dilute it to the required density.  187 
 188 
2.3. Store SPT at room temperature in plastic containers. SPT is known to salvage calcium from 189 
glassware and precipitate insoluble Ca metatungstate. SPT can also react with low-quality 190 
stainless steel and ceramics. Avoid storing SPT for several months since crystals will start 191 
nucleating at local supersaturated points. 192 
 193 
3. Light Fraction (LF) Separation 194 
 195 
NOTE: The LFs are isolated by flotation on a solution with the density of 1.62 g·cm-3 prior to 196 
ultrasonic dispersion (fLF) and following dispersion at 280 J·mL-1 (oLF).  197 
 198 
3.1. fLF Separation 199 
 200 
3.1.1 Weigh 5-8 g of air-dried, sieved soil in a 50 mL conical centrifuge tube. Record the mass 201 
of soil with four significant figures. 202 
 203 
NOTE: The amount of soil that can be added to each tube depends on the soil texture. Generally, 204 
smaller amounts should be used for clay soils and higher amounts may be used for sandy soils. 205 
In order to get sufficient amounts of material in each fraction, it is possible to use several tubes 206 
for the same soil (we generally use two) or larger (250 mL) conical bottles. A pilot fractionation 207 
run can help get an idea of the distribution of soil among fractions and adjust starting soil masses.  208 
 209 
3.1.2 Using a graduated cylinder, add 35-40 mL of SPT (1.62 g·cm-3). Aim for a soil/solution ratio 210 
of 1:5 or lower.  211 
 212 
NOTE: To prevent aggregate slaking, it is possible to saturate the soil by capillary rise prior to 213 
adding the solution42,45.  214 
 215 
3.1.3 Balance the total mass of tubes with lids in view of centrifugation. Equalize tube mass 216 
using SPT solution. Install the tubes on a shaking table for 10 min at 200 rpm.  217 
 218 
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NOTE: In soils with poor aggregate stability, this step may be replaced by a gentle inversion by 219 
hand6 or skipped altogether42.  220 
 221 
3.1.4 Set the tubes upright and let the content settle for at least 30 min. Centrifuge for 90 min 222 
at 2500 x g in a swinging-bucket centrifuge to afford a clear separation between the fLF and the 223 
pellet (‘sinking’ material).  224 
 225 
NOTE: Centrifugation times can be reduced for sandy or well-flocculated samples. It is not 226 
recommended to centrifuge at speeds nearing the machine’s maximum capabilities; doing so 227 
risks damaging rotor axis. Bear in mind that most centrifuges are not designed to handle solutions 228 
of density greatly exceeding that of water. 229 
 230 
3.1.5 Remove the tubes from the centrifuge very carefully, avoiding any shock. Set upright.  231 
 232 
NOTE: At this point, it is possible to check the density of the SPT by pipetting 5 mL of the clear 233 
supernatant between the floating material and the pellet and weighing it. This is particularly 234 
important if the soil was not dry. 235 
 236 
3.1.6 Pour all floating and suspended materials (the fLF) into a 250 mL polycarbonate centrifuge 237 
bottle. Ensure that the pellet remains firmly lodged at the bottom of the tube.  238 
 239 
3.1.7 Rinse the material adhering to the wall of the tube into the same polycarbonate bottle. 240 
Use a squirt bottle filled with DI water, holding the tube almost upside down above the 241 
polycarbonate bottle. Be careful not to disrupt the pellet.  242 
 243 
NOTE: For some samples, the pellet may not adhere strongly to the bottom of the tube, making 244 
complete recovery of the fLF difficult. In such cases, aspiration with a pump or a high-volume 245 
pipette can help. 246 
 247 
3.2 Washing the fLs by Ultrafiltration 248 
 249 
NOTE: LFs are rinsed by ultrafiltration, since the density of some organics can be lower than that 250 
of water, precluding washing by centrifugation. A limitation of ultrafiltration is that sub-251 
micrometric, dispersed colloids may not be retained. Commonly used filter pore sizes range from 252 
0.2 to 1.2 μm. Filters with larger pores may not retain colloids as effectively but are less prone to 253 
clogging. Here, we used 0.45 μm filters. 254 
 255 
3.2.1 Setup a vacuum ultrafiltration line with 0.45 μm filters. Slightly moisten the filters and 256 
apply vacuum before tightening the funnels to avoid tears. 257 
 258 
3.2.2 Slowly pour the content of the polycarbonate bottle into the funnel of a vacuum filtration 259 
unit. Do not allow the solution to pool over a depth greater than ~ 1 cm over the filter. Rinse out 260 
any residue left in the polycarbonate bottle into the filtration unit. 261 
 262 
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3.2.3 Once all the solution has passed through the filter, recover it in a plastic jar labelled “used 263 
SPT” for recycling. Subsequent rinses can be discarded in the sink. 264 
 265 
3.2.4 Add more than 10 mL of DI water to the filtering unit at least 3 times to ensure that all 266 
traces of SPT are removed. Make sure to rinse the side of the filtration funnel. Keep track of the 267 
washes by adding a mark on the funnel when adding water. 268 
 269 
NOTE: Complete removal of SPT can be checked by measuring the electrical conductivity of the 270 
last rinse. The conductivity should be ≤ 5 μS·cm-1 46. 271 
 272 
3.3 Recovering and Storing the fLF 273 
 274 
3.3.1 Release the vacuum on the filtration line.  275 
 276 
3.3.2 Remove the funnel from the filtration unit and recover the material adhering to the sides 277 
into a labelled aluminum boat using a squirt bottle filled with DI water. Carefully lift the filter with 278 
tweezers and rinse the material present on it into the same aluminum boat using a squirt bottle 279 
filled with DI water. 280 
 281 
3.3.3 Dry the boat contents at a maximum of 65 °C to constant weight (at least 48 h after 282 
complete evaporation). Cool in a desiccator containing fresh desiccant for at least 30 min. 283 
 284 
NOTE: The use of a freeze-drier is another possibility. 285 
 286 
3.3.4 Gently scrape the material off the aluminum boat with a plastic spatula. If the sample is 287 
strongly adhering to the aluminum boat, it is possible to use a metal spatula. Be careful not to 288 
scratch into the aluminum boat. 289 
 290 
3.3.5 Record the mass of the fLF with four significant figures, then place the sample in a storage 291 
vial. Avoid plastic vials because of static electricity which makes small organic particles adhere to 292 
the sides. 293 
 294 
3.4 oLF Release by Sonication 295 
 296 
NOTE: The goal is to destroy stable macro-aggregates and large micro-aggregates by sonication 297 
to free occluded particulate organic matter, while minimizing extraction or redistribution of 298 
mineral-sorbed polymers. A sonication energy of 280 J·mL-1 was selected here. See the section 299 
on Aggregate disruption strategy in the discussion in order to help with the choice of sonication 300 
energy.  301 
 302 
3.4.1 Calculate the amount of time necessary to reach the sonication target energy of 280 J·mL-303 
1 using a low amplitude (e.g., 30 %) and 20 KHz frequency. 304 
 305 
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NOTE: Each sonifier should be regularly calibrated to relate sonication time to energy output; see 306 
North (1976)47 to help with calibration. 307 
 308 
3.4.2 Add 35-40 mL of SPT (1.62 g·cm-3) to the centrifuge tube containing the pellet from the 309 
fLF extraction. Re-suspend the pellet by tapping the tube upside down and vortexing. 310 
 311 
3.4.3 Insert the ultrasonic probe at 2 cm below the surface of the solution and place the tube 312 
in iced water to prevent bulk solution heating.  313 
 314 
3.4.4 Sonicate the sample using the necessary time to reach the target energy of 280 J·mL-1. 315 
Always prefer low amplitude and longer sonication time. High amplitudes make light materials 316 
such as organic particles slide up the probe and spatter out of the tube, resulting in a loss of 317 
sample.  318 
 319 
3.5 oLF Separation  320 
 321 
3.5.1 Balance the total mass of tubes with lids in view of centrifugation. Equalize tube mass 322 
using 1.62 g·cm-3 SPT solution.  323 
 324 
3.5.2 Set the tubes upright and let the content settle for at least 30 min. Centrifuge for 90 min 325 
at 2500 x g in the swinging-bucket centrifuge. 326 
 327 
3.5.3 Pour all floating and suspended materials (the oLF) into a 250 mL polycarbonate 328 
centrifuge bottle. Ensure that the pellet remains firmly lodged at the bottom of the tube.  329 
 330 
3.5.4 Rinse the occluded light organic material adhering to the wall of the tube into the same 331 
polycarbonate bottle. Use a squirt bottle filled with DI water, holding the tube almost upside 332 
down above the polycarbonate bottle. Be careful not to disrupt the pellet adhering to the 333 
bottom.  334 
 335 
3.6 Washing the oLF by Ultrafiltration 336 
 337 
3.6.1 Setup a vacuum ultrafiltration line with 0.45 μm filters. Slightly moisten the filters and 338 
apply vacuum before tightening the funnels to avoid tears. 339 
 340 
3.6.2 Pour a small amount of suspension from the polycarbonate bottle into the funnel of a 341 
vacuum filtration unit. If the solution does not go through easily, add DI water to dilute the 342 
contents of the polycarbonate bottle. 343 
 344 
NOTE: Samples high in organics (colored) will be difficult to filter. If the filter shows signs of 345 
clogging, set up a second filtration unit or try a pressure filtration system. Another possibility is 346 
to centrifuge diluted contents of polycarbonate bottles; the supernatant should go through the 347 
filter more easily as it contains fewer colloids and suspended particles than the original 348 
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suspension. The settled material can then be re-suspended in water and rinsed by centrifugation. 349 
Eventually, all material needs to be rinsed at least 3 times and recovered.   350 
 351 
3.6.3 Recover the first SPT filtrate in a plastic jar labelled “used SPT” for recycling. Subsequent 352 
rinses can be discarded in the sink. 353 
 354 
3.6.4 Rinse the material on the filtration unit three times with >10 mL of DI water. 355 
 356 
3.6.5 Collect the oLF in an aluminum boat and dry at a maximum of 65 °C to constant weight. 357 
Store in the same way as the fLF (see step 3.3).  358 
 359 
4. Separation of the hFs According to Particle Size 360 
 361 
NOTE: The next step is to fractionate the residue from step 3 (the hF) according to particle size. 362 
The size cut-off here is set at 8 µm and produces a clay + fine silt fraction (< 8 µm) and a coarse 363 
silt + sand fraction (> 8 µm). The grouping of clay and fine silt in the finer fraction reflects the 364 
documented affinity of both clay and fine silt for soil organic matter sorption33,48. Particle size 365 
separation here is done by sedimentation (based on Stokes’ law49). For cut-offs at 50 µm or larger, 366 
the separation can be simply affected by wet sieving without risking too much abrasion or 367 
disruption of organo-mineral complexes.  368 
 369 
4.1 Removing Residual SPT from the hF 370 
 371 
4.1.1 Add 35-40 mL of DI water to the tube containing the residue from step 4. Re-suspend the 372 
residue by tapping the tube upside down and vortexing. Centrifuge for 20 min at 2500 x g. 373 
 374 
4.1.2 Pour out the supernatant. If it looks cloudy or milky, collect it and centrifuge it again to 375 
settle the colloids. Combine the new pellet with the one resulting from the first centrifugation. 376 
 377 
NOTE: More than one rinse may be necessary if there was a significant amount of SPT remaining 378 
in the residue from step 3 (e.g., incomplete decantation of the supernatant). The density of the 379 
suspension should be <1.1 g·cm-3 prior to sedimentation. 380 
 381 
4.2 Dispersing the hF and Sedimentation 382 
 383 
NOTE: Prior to sedimentation, it is important to have a well-dispersed hF. We use sonication 384 
rather than chemical dispersants, which would be difficult to rinse out. Stokes’ law requires a 385 
constant temperature (e.g., 20 °C). Starting with a cold suspension prior to sonication is an 386 
effective way to prevent over-heating.  387 
 388 
4.2.1 Add refrigerated DI water to the tube containing the pellet (to the 40 mL mark). Place in 389 
the fridge for 30 min. 390 
 391 
4.2.2 Sonicate at 75 J·mL-1. Calculate the required sonication time as in 3.4.1. 392 
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 393 
4.2.3 Rinse the ultrasonic probe with DI water to recover all materials. Using DI water, adjust 394 
the volume to the 50 mL mark in the tubes. Check the temperature of the suspension (it should 395 
match the room temperature used in calculation of sedimentation time). 396 
 397 
4.2.4 Homogenize tube content by inverting by hand. Leave the content to sediment for the 398 
time required to allow material (< 8 µm) to settle. Based on Stokes’ law for a mean particle travel 399 
distance of 7 cm at 20 °C, sedimentation time is 20 min.  400 
 401 
4.2.5 Pipet out the supernatant (down to 10 mL mark) into a 50 mL centrifuge tube. 402 
 403 
4.2.6 Repeat the sedimentation step 3 times (steps 4.2.1 – 4.2.5). Collect each supernatant in 404 
a new centrifuge tube.  405 
 406 
4.3 Collection of the Two Size Fractions 407 
 408 
4.3.1 Set the tubes containing the supernatant to evaporate in the oven at 45 °C. Do not allow 409 
them to dry. Once the volume is sufficiently reduced, consolidate the three supernatants into 410 
one 50 mL centrifuge tube, which now contains the < 8 µm fraction. 411 
 412 
4.3.2 Place the tubes containing the < 8 µm fraction as well as those containing the > 8 µm 413 
fraction (sediment from step 5.2) back into the oven at 45 °C to evaporate the remaining excess 414 
liquid. Do not allow the contents to dry completely.  415 
 416 
NOTE: Check the oven frequently and remove the samples as soon as there is no more pooled 417 
water in the tubes. Desiccation can result in strong aggregation, especially in the fine fractions. 418 
 419 
5 Separation of the Two Size Fractions According to Density  420 
 421 
NOTE: Density fractionation is applied here to both particle size fractions. The objective was to 422 
separate silicates from oxides. We thus opted for a density cut-off of at 2.78 g·cm-3. Optional, 423 
additional separations may be performed. For instance, a 2.4 g·cm-3 solution would allow for the 424 
separation of high-activity clays from kaolinite and primary silicates. Keep in mind than high 425 
organic matter loading will decrease the theoretical density of mineral particles43. 426 
 427 
5.1 Density Fractionation  428 
 429 
5.1.1 Add 35 – 40 mL of SPT with the density of 2.78 g·cm-3 to each size fraction. Balance the 430 
tubes mass in view of centrifugation using SPT solution. 431 
 432 
5.1.2 Re-suspend the material by tapping the tube upside down and vortexing. Agitate for 433 
minimum 4 h on a shaking table at 200 rpm. 434 
 435 
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NOTE: The < 8 µm fraction is difficult to properly re-suspend. If the clods persist after 4 h, set on 436 
the shaking table overnight. Sonication in very dense SPT solution is not recommended. Due to 437 
the high density and viscosity, the sonication energy does not propagate well.  438 
 439 
5.1.3 Set the tubes upright and let the content settle for at least 30 min. Centrifuge for 90 min 440 
at 2500 x g. 441 
 442 
5.1.4 Pour all floating and suspended materials (<2.78 g·cm-3 fractions) into a 250 mL 443 
polycarbonate centrifuge bottle. Ensure that the pellet (> 2.78 g·cm-3 fractions) remains firmly 444 
lodged at the bottom of the tube. 445 
 446 
5.2 Washing the Four hFs by Centrifugation 447 
 448 
NOTE: Following density separation, we have obtained four hFs (hF1 to hF4; Table 2). Each needs 449 
to be rinsed by centrifugation to remove SPT. Ultrafiltration is not recommended for hFs (and not 450 
possible for the fine fractions, hF3 and hF4).  451 
 452 
5.2.1 Transfer the > 2.78 g·cm-3 pellets into 250 mL polycarbonate bottles using a squirt bottle 453 
filled with DI water.  454 
 455 
5.2.2 Add DI water to the polycarbonate bottles to lower the density, without exceeding the 456 
200 mL mark. Do this for all fractions.  457 
 458 
5.2.3 Weigh the bottles and the lids and equalize masses using DI water in view of 459 
centrifugation. Check that the maximum load of the rotor is not exceeded.  460 
 461 
5.2.4 Place on vortex to re-suspend the material. Centrifuge for 20 min at 5000 x g. 462 
 463 
5.2.5 Decant the supernatant into “used SPT” jar for recycling. Following rinses may be 464 
discarded in the sink.  465 
 466 
NOTE: Be careful not to lose fine particles while decanting. Stop the decanting as soon as the 467 
supernatant shows traces of suspended particles (swirls, flakes or cloudy appearance). 468 
 469 
5.2.6 Re-suspend the pellet in DI water (wash 1), not exceeding the 200 mL mark.  470 
 471 
NOTE: It is important to ensure proper re-suspension so that SPT may not remain stuck between 472 
particles. Fine particles adhering to the side of the bottle are most easily suspended using a water 473 
jet from a squirt bottle. The pellet can be re-suspended by tapping the bottle upside down and 474 
vortexing. If the sample remains pelleted, use the shaking table. A low-energy sonication step 475 
(e.g., 75 J·mL-1) is also possible. 476 
 477 
5.2.7 Repeat the washing procedure (steps 5.2.3 – 5.2.6) two more times (wash 2 and wash 3). 478 
 479 
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5.2.8 Check the density of the last supernatant by weighing a volume of 10 mL; its density 480 
should be < 10.1 g·cm-3. If the supernatant is denser than this, perform a 4th wash. 481 
 482 
5.2.9 Perform a final wash using 0.01 M NaCl as a rinse solution to prevent dispersion of 483 
colloids. Fully decant the last rinse solution.  484 
 485 
5.2.10 Collect hFs (pellet + fine particles adhering to the side of the bottles) in an aluminum boat 486 
and dry at a maximum of 105 °C to constant weight. Store in the same way as the LFs. 487 
 488 
6 Recycling of SPT 489 
 490 
NOTE: The SPT solution can be recycled in view of re-use by passing it through a column 491 
containing activated charcoal and a cation exchange resin50. Activated charcoal retains organics 492 
while the sodium-saturated cation exchange resin removes calcium and other cations from the 493 
solution and replaces them with sodium. We digest the SPT in hydrogen peroxide prior to passing 494 
it through the column to ensure quantitative removal of dissolved organics. 495 
 496 
6.1 Setting up and Changing the Recycling Column 497 
 498 
6.1.1 Drill 5-8 holes of approximately 4-5 mm diameter at the base of a 1000 mL polycarbonate 499 
graduated cylinder. 500 
 501 
6.1.2 Cut 2 circular 11 μm-pore-size filters to size and place them at the bottom of the cylinder. 502 
Overlay the filters with 3-5 cm of glass wool. Add 8-10 cm of activated charcoal. 503 
 504 
NOTE: Because the majority of organics are removed by the H2O2 digestion, the amount of 505 
activated charcoal in the column may be reduced compared to the recommendation of Six50. 506 
 507 
6.1.3 Cover with 3-5 cm of glass wool. Add 8-10 cm of new or regenerated cationic exchange 508 
resin. Finish with 3-5 cm of glass wool. 509 
 510 
6.1.4 Clamp the column up onto a metal stand. Place large plastic funnels fitted with 2.5 μm-511 
pore-size filters at the top and bottom of the column. The bottom funnel will be connected to 512 
tubing leading to a plastic bottle.  513 
 514 
6.1.5 Rinse the column by passing 2 L of DI water through the column before first use. 515 
 516 
6.1.6 Replace the activated charcoal and regenerate the cation exchange resin after 517 
approximately 10 to 15 L of SPT have passed through.  518 
 519 
6.2 SPT Cleaning 520 
 521 
6.2.1 Place the used SPT solution on a hot plate with magnetic stirring. Add 15 mL of 35% H2O2 522 
for each liter of used SPT solution and digest for 24 h at approximately 60 °C. 523 
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 524 
6.2.2 Remove the SPT from the hot plate and let the solution sit at room temperature in 525 
plasticware for a minimum of 7 days.  526 
 527 
6.2.3 Percolate through the recycling column. Change the filters in the funnels every day. 528 
 529 
6.2.4 Rinse the column with approximately 2 x 200 mL of DI water to recover all SPT. 530 
 531 
6.3 Evaporation 532 
 533 
6.3.1 Place the recycled SPT on a hot plate with magnetic stirring. Add 15 mL of 70% ethanol 534 
for each liter of SPT solution to neutralize any remaining oxidizing capacity. Excess ethanol will 535 
readily volatilize from the solution during evaporation. 536 
 537 
6.3.2 Evaporate the solution on low heat to desired density.  538 
 539 
6.3.3 Cool the solution and check the density. Store in plastic bottles.  540 
 541 
REPRESENTATIVE RESULTS: 542 
Samples are tropical soils originating from the Albertine rift valley in Uganda. They consist of 543 
profiles from 3 cultivated sites receiving no external inputs such as fertilizer or phytosanitary 544 
products. These samples were chosen to represent a large spectrum of mineralogy. Preliminary 545 
analyses showed that site 1 was least weathered and richest in primary silicates (feldspars). Site 546 
2 showed signs of more advanced weathering with a high content of secondary clays such as 547 
kaolinite and a relative enrichment in quartz. Site 3 was highly weathered with signs of 548 
desilicification and residual accumulation of iron oxides and oxyhydroxides. Site 3 contained an 549 
extremely high total iron concentration (34%, expressed as Fe2O3 oxide) due to the presence of 550 
plinthic material (iron-rich induration51, 52). For each profile, two horizons were sampled: topsoil 551 
(A) and subsoil (B). CSDF was performed on these 6 samples in four replicates. 552 
 553 
The first step in evaluating the effectiveness of the fractionation procedure is to look at recovery 554 
rates, (i.e., whether the initial material is quantitatively retrieved at the end of the experiment). 555 
We assessed recovery rates based on the whole soil and SOC contents.  556 
 557 
Overall, whole soil recovery rates were considered to be very good, with 16 out of 20 replicates 558 
having recovery rates of more than 90% and 4 replicates showing recovery rates between 85-559 
90% (Table 4). The cause of incomplete recovery was most likely a loss of dissolved and colloidal 560 
substances during rinsing. Two replicates showed a slight gain of mass (in the order of 1%) that 561 
could possibly be caused by SPT residues or weighing imprecisions. It should be noted that 562 
reasonable mass imbalances (<10-15%) are common and do not generally compromise the 563 
validity of the fractionation. 564 
 565 
SOC recovery was generally within the range of reports from other studies53, 54 and remarkably 566 
constant considering the large variation in initial SOC content (Table 5). Most samples showed a 567 
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SOC recovery rate of 80-85%. Losses are attributable to the flushing of soluble C, which is an 568 
unavoidable feature of the method; however, soluble organic C can easily be quantified using a 569 
separate extraction in water, salt or chemical dispersant55. A small loss of dispersed organic 570 
colloids during fractionation is also likely. One site showed a slight gain of carbon which can 571 
probably be attributed to analytical error, as the absolute value for the difference was small (3 572 
mg).  573 
 574 
The method reproducibility may be verified by analyzing dispersion between replicates. We 575 
assessed the standard error of the mean (SEM) as well as the coefficient of variation (CV) of 576 
fraction mass between replicates.  577 
 578 
Standard errors of the mean were small (Table 6), being generally 1 to 2 orders of magnitude 579 
smaller than mean values. This shows that working in 4 replicates allowed us to reliably estimate 580 
the central tendency for distribution of materials between fractions.  581 
 582 
Coefficients of variation ranged from 2 to 70% (Table 7). All CVs greater than 35% occurred for 583 
fractions with small amounts of material (<0.25 g). These high values are simply due to the fact 584 
that division by a small mean yields high CVs. A few hF1 and hF3 fractions (coarse and fine 585 
silicates) showed relatively high CVs, between 20–35%, yet comprised large amounts of materials 586 
(1 – 4 g). This may reflect the high potential for human errors during several sensitive steps (i.e., 587 
(1) the separation of floating and suspended materials from the pellet in dense solutions, (2) 588 
sedimentation to isolate particle size fractions, (3) sample rinsing and recovery). This result 589 
confirms the need to work in several replicates to obtain robust results. It is also recommended 590 
that the whole process be handled by the same person, who becomes an expert in performing 591 
manipulations in a reproducible way and will acutely notice any details that might be different 592 
from previous batches. 593 
 594 
The distribution of material mass between fractions showed strong differences between sites, as 595 
could be expected given the initial differences in mineralogy (Figure 2). At site 1, dominated by 596 
primary silicates such as quartz and feldspars, most of the material was recovered in hF1 597 
(designed to concentrate coarse silicates). Site 2 showed a greater percentage of phyllosilicates 598 
(mostly kaolinite) during mineralogical analysis; accordingly, hF3 (designed to concentrate fine 599 
silicates) had more materials than at site 1. Finally, site 3 was the richest in oxides and also 600 
showed the greatest amount of material in hF2, designed to concentrate coarse oxides. This 601 
indicates that the method was successful in physically fractionating bulk samples into their main 602 
mineralogical components. 603 
 604 
The amount of materials recovered in coarse (hF1 + hF2) versus fine (hF3 + hF4) fractions was 605 
compared to what was expected based on particle-size distribution determined by laser 606 
granulometry (Table 8). Agreement was good (< 10%) for three samples. The three other samples 607 
showed an excess of material in the order of 20% in the coarse fractions. The large amount of 608 
oxides in the soils (particularly at site 3) may be partially responsible for this difference. Oxide 609 
grains have a greater density compared to silicates and will sediment faster. Other factors could 610 
include incomplete dispersion or partial flocculation of samples during sedimentation, since we 611 
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did not use chemical dispersion, and removal of some fine materials in the light fractions (fLF and 612 
oLF). Finally, laser granulometry is based on volume estimates under the assumption of particle 613 
sphericity, while sedimentation yields mass-based estimates. These contrasting principles of 614 
measurement are likely to give somewhat diverging results.  615 
 616 
CSDF isolates fractions of relative mineralogical homogeneity and their associated organic matter 617 
(organo-mineral complexes). It is most useful as a preparation step prior to subsequent 618 
geochemical, biochemical and mineralogical analyses. Arguably, the most powerful experiments 619 
will aim to characterize both the organic matter and the minerals in each fraction. This will 620 
provide direct evidence for the nature of organo-mineral association in soils.  621 
 622 
Sample analyses could include determination of SOM quantity (e.g., elemental analysis of organic 623 
C and total nitrogen) and quality (e.g., differential Fourier-transform infrared spectroscopy, 624 
pyrolysis gas chromatography mass spectrometry, or thermal analysis such as Rock-Eval 625 
pyrolysis56–58). When looking at the mineral partner, useful analyses could include particle size 626 
analysis, quantification of reactive aluminum and iron phases59, X-ray diffraction (XRD) on 627 
powdered samples for bulk mineralogy or on oriented slides for clay mineralogy60. 628 
 629 
Techniques able to yield simultaneous information on both the organic and inorganic 630 
components could be of particular interest. Elemental mapping by secondary ion mass 631 
spectrometry (SIMS) or electron microscopy coupled with X-ray microanalysis (WDS or EDS, 632 
wavelength or energy dispersive X-ray spectroscopy) can allow for the co-localization of C, N and 633 
elements associated with reactive mineral phases such as Fe, Al, Mn or Ca. X-ray photoelectron 634 
spectroscopy (XPS) can reveal the chemical composition of SOM and the surface elemental 635 
composition of each fraction61.  636 
 637 
FIGURE AND TABLE LEGENDS: 638 
Figure 1: Flowchart. Fractionation steps and cut-offs used in the method are presented here. 639 
 640 
Figure 2: Distribution of materials between fractions as a function of soil mineralogy for two 641 
horizons (A and B) at three sites. (A) Bar chart showing the repartition of materials between 642 
fractions. Bars represent the mean and error bars represent the standard error of the mean of 643 
four replicates. For each sample, the five bars sum to 100%. (B) Bulk sample mineralogy as 644 
assessed by powder X-ray diffraction. 645 
 646 
Table 1: Main soil components in order of increasing density. Their prevalence in the main 647 
textural classes (clay fraction, 0-2 µm; silt fraction, 2-50 µm; sand fraction, 50-2000 µm) for 648 
moderately weathered soils is also indicated. 649 
 650 
Table 2: List of fractions resulting from CSDF using one sonication, two density and one size 651 
separation steps.  652 
 653 
Table 3: Guide to the preparation of common SPT solutions.  654 
 655 
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Table 4: Recovery rate of whole soil, showing the starting mass at the beginning of the 656 
fractionation procedure and final mass calculated as the sum of all fractions. Differences are 657 
expressed as % starting mass.  658 
 659 
Table 5: Recovery rate of soil organic carbon. Initial SOC content was calculated as the product 660 
of organic C concentration measured by elemental analysis and initial sample mass. Final SOC 661 
content was calculated as the product of organic C concentration and each fraction mass, 662 
summed for all fractions. Differences are expressed as % starting mass.  663 
 664 
Table 6: Mean value and SEM for fraction mass (g). Each cell represents a mean of 4 replicates.  665 
 666 
Table 7: Coefficients of variation of fraction mass for 4 replicates.  667 
 668 
Table 8: Comparison between soil’s texture determined by laser granulometry and the 669 
distribution of particles in size fractions. The last column shows the excess of materials in the 670 
coarse fractions compared to what was expected based on textural analysis. 671 
 672 
DISCUSSION:  673 
The success of CSDF experiments hinges on the selection of appropriate parameters for the 674 
method, so that fractions of relatively homogeneous composition may be isolated. Key 675 
considerations in the selection of fractionation parameters are discussed below. 676 
 677 
The fLF represents organic matter for which interaction with minerals is minimal. Extraction of 678 
this fraction is delicate, since the mixing of soil with the dense solution may already break-up 679 
some macroaggregates. There are, however, indications that the organic matter present in 680 
macroaggregates may be more similar to the fLF stricto sensu than to the oLF released by high-681 
energy sonication18. Some authors have even proposed a low-energy sonication step to isolate 682 
the pool of free and weakly mineral-interacting organic matter, termed ‘intra-aggregate 683 
particulate organic matter’, iPOM54.  684 
 685 
For the release of occluded organic matter, different techniques exist to disrupt soil aggregates. 686 
The most widespread are sonication, agitation with glass beads and the use of chemical 687 
dispersants33,62,63. Sonication was chosen here because the output energy can be finely 688 
controlled and is believed to distribute more or less uniformly in the sample. By precluding the 689 
need to use chemical dispersants, sonication may be considered as relatively preservative 690 
towards organo-mineral complexes22, 33. The dispersion step, however, remains one of the most 691 
delicate operations. On the one hand, a weak dispersion will leave the aggregates intact and may 692 
lead to an over-estimate of hF SOC; on the other hand, a highly vigorous dispersion step could 693 
cause re-distribution of SOC across the fractions by partial destruction of organo-mineral 694 
complexes. Weak organic-sand associations may be particularly vulnerable to this process. Since 695 
occlusion within aggregates and surface sorption are processes occurring along a continuum2, no 696 
perfect solution exists. Therefore, the energy level of sonication needs to be adjusted 697 
thoughtfully according to the soil properties. Kaiser and Berhe64 have published a very helpful 698 
review that proposes a strategy to minimize artifacts caused by ultrasound when dispersing soils.  699 
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 700 
Reported sonication energies range from 60 to 5000 J·mL-1. Several research groups have 701 
reported that 100 J·mL-1 could be sufficient to destroy macroaggregates and effectively disperse 702 
sandy soils, while 500 J·mL-1 would destroy large microaggregates and provide a reasonable 703 
dispersion of reactive soils63, 65-68. In physical fractionation schemes, complete dispersion of silt 704 
and clay-sized aggregates may not be necessary, since the protection mechanism is likely to 705 
become indistinguishable from sorptive stabilization in these size ranges. A reasonable objective 706 
of dispersion prior to size or density fractionation may be to disrupt macro- (> 250 μm) and large 707 
micro- (> 53 μm) aggregates. Energies of 100 J·mL-1 (sandy soils) to 200 J·mL-1 (loamy soils) may 708 
be appropriate choices. An energy of 200 J·mL-1 may already extract a portion of microbial 709 
metabolites (supposedly mineral-associated)69, thus the use of higher sonication energies should 710 
be subject to caution. However, mineralogically reactive soils with cemented aggregates could 711 
require up to 500 J·mL-1 to disperse. It is essential that the dispersion energy be adjusted to match 712 
each soil type as well as study objectives. Finally, it is important to remember that even after 713 
supposedly complete ultrasonic dispersion, clay-sized microaggregates are likely to persist70.  714 
 715 
A difficulty with harmonizing physical fractionation techniques resides in the heterogeneity 716 
found in soils, in particular in their mineral composition. The choice of dense solutions should be 717 
made on the basis of known or inferred soil mineralogy, with the ultimate goal to isolate fractions 718 
which are as homogeneous as possible.  719 
 720 
In the article, the dense solution used was SPT – pH 371, 72. The low pH minimizes losses of soluble 721 
organic compounds. However, density fractionation may be performed with different dense 722 
solutions. Historically, organic liquids were used (tetrabromoethane, tetrachloromethane), but 723 
were gradually abandoned at the profit of inorganic salts (sodium iodide, SPT) because of the 724 
toxicity of halogenated hydrocarbons and the inherent contamination of soil organics. Nowadays, 725 
SPT is the preferred solution because its density can be adjusted between 1.0 to 3.1 g·cm-3, it can 726 
be recycled and has a low toxicity (unless ingested)22, 50. Main manufacturers offer a range of SPT 727 
grades differing in the level of carbon and nitrogen contamination. For density fractionation of 728 
soils, the purest grade is recommended, particularly if the fractions are to be analyzed for isotopic 729 
composition.  730 
 731 
A solution of density 1.6 g·cm-3 has classically been used to separate light organic from mineral-732 
associated fractions - see for example Golchin et al.21. While some authors have suggested that 733 
a density of 1 g·cm-3 (water) could be sufficient to extract most of the light fraction73, 74, others 734 
have proposed higher density cut-offs such as 1.62 or 1.65 g·cm-3 based on the idea that some 735 
organic components could show densities up to 1.60 g·cm-3 33,75,76. Densities as high as 1.85 g·cm-736 
3 have even been employed50. When selecting a density to separate light from heavy fractions, it 737 
should be noted that no perfect solution exists. Indeed, lower densities risk attributing some 738 
‘light’ organics to the heavy fractions, while higher densities risk including some minerals into the 739 
light fractions. This last effect can be detected when observing the carbon content of the light 740 
fractions, with a % SOC lower than 40-45% indicating some degree of mineral contamination. 741 
 742 
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For heavy fractions, preliminary analysis such as XRD can provide insight into the mineralogy of 743 
the bulk sample60 and help define density cut-offs capable of distinguishing between the main 744 
mineral components of a soil, keeping in mind that high organic loadings will lower the density 745 
of a mineral compared to its theoretical value. Similarly, for particle-size separation, a textural 746 
analysis77,78 can help set appropriate limits. Particle-size separation is a particularly attractive 747 
addition to simple density fractionation whenever sequential density fractionation is difficult. 748 
This is the case for instance for soils containing large amounts of oxyhydroxides and low-activity 749 
clays, which result in sample dispersion and prevent clear separations in heavy liquids. A particle-750 
size separation step is also indicated to separate minerals of similar densities but different sizes 751 
(e.g., quartz and illite). 752 
 753 
Free calcium ions will react with SPT to form insoluble Ca metatungstate. The procedure is thus 754 
inappropriate for alkaline soils containing large amounts of poorly crystalline, pedogenic 755 
carbonates. Small amounts of low-reactivity carbonates do not interfere with the fractionation 756 
as long as the samples are not left in contact with SPT for too long. Ca metatungstate precipitates 757 
will lead to an over-estimate of fraction masses. If LFs are run on an elemental analyzer for C 758 
concentration, the problem will be discovered but the fractionation will be compromised. 759 
 760 
In addition to these technical difficulties, the fundamental limitation of CSDF (or of any physical 761 
fractionation scheme) stems from the fact that reactive minerals in soils rarely occur as discrete 762 
separates, but instead as coatings and cements. The occurrence of highly sorptive but very thin 763 
coatings on otherwise unreactive minerals (such as quartz) can lead to a biased view of organo-764 
mineral associations. Caution is thus required when interpreting results, particularly for soils 765 
whose reactivity is dominated by poorly crystalline and oxide phases. Further characterization of 766 
fractions can help alleviate such ambiguities. Nevertheless, detailed physical fractionation 767 
methods such as CSDF have an unmatched ability to gain insight into the composition of 768 
naturally-occurring organo-mineral complexes. Such insight is expected to yield new 769 
understanding of the biogeochemistry of the largest pool of organic matter in soils, the mineral-770 
associated one. 771 
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Soil component Class Density [g cm-3] Size distribution Source

Organic Organic matter 1.00-1.50 Variable Multiple sources. See Rühlmann et al. (2006)
25

 for a review

Imogolite Poorly crystalline phase 1.70-2.33 Clay Wada and Wada (1977)26 

Allophane Poorly crystalline phase 1.84-2.35 Clay Wada and Wada (1977)
26

 ; Wilson (2013)
27

Opal Poorly crystalline phase 1.90-2.30 Variable Hudson Institute of Mineralogy (2017)28

Montmorillonite Clay mineral 2.30-2.35 Clay Wada and Wada (1977)26; Wilson (2013)27

Vermiculite Clay mineral 2.30-2.50 Clay Wilson (2013)27

Gibbsite Al oxide 2.34-2.42 Variable Hudson Institute of Mineralogy (2017)
28

K-feldspars Primary Si-rich silicates 2.54-2.57 Silt and sand Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Albite Primary Si-rich silicates 2.60-2.62 Silt and sand Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Kaolinite Clay mineral 2.60-2.68 Clay and silt Klein and Philpotts (2017)
29

; Wilson (2013)
27 

Quartz Primary Si-rich silicates 2.63-2.66 Silt and sand Klein and Philpotts (2017)
29

; Hudson Institute of Mineralogy (2017)
28

Calcite Carbonate 2.71 Variable Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Anorthite Primary Si-rich silicates 2.74-2.76 Silt and sand Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Illite Fine-grained mica 2.75-2.80 Clay Wilson (2013)
27

; Hudson Institute of Mineralogy (2017)
28

Muscovite Mica 2.77-2.88 Variable Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Biotite Mica 2.78-3.20 Variable Klein and Philpotts (2017)29; Skopp (2000)30

Dolomite Carbonate 2.84-2.86 Variable Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Amphiboles Primary ferromagnesian silicates 3.00-3.40 Silt and sand Klein and Philpotts (2017)
29

; Hudson Institute of Mineralogy (2017)
28

Pyroxenes Primary ferromagnesian silicates 3.20-3.60 Silt and sand Klein and Philpotts (2017)29; Hudson Institute of Mineralogy (2017)28

Goethite Fe oxide 3.30-4.37 Variable Hiemstra and van Riemskijk (2009)
31

; Klein and Philpotts (2017)
29

Ferrihydrite Fe oxide 3.50-3.90 Clay Hiemstra and van Riemskijk (2009)31

Lepidocrocite Fe oxide 4.00-4.13 Variable Hiemstra and van Riemskijk (2009)31; Hudson Institute of Mineralogy (2017)28

Hematite Fe oxide 4.80-5.30 Variable Klein and Philpotts (2017)29; Skopp (2000)30
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Name of fraction Abbreviation Cut-offs

Free organics fLF < 1.62 g cm
-3 

(before sonication)

Occluded organics oLF < 1.62 g cm-3 (after sonication)

Coarse silicates hF1 > 8 µm, 1.62 g cm-3< hF1 < 2.78 g cm-3

Coarse oxides hF2 > 8 µm, > 2.78 g cm-3

Fine silicates hF3 < 8 µm, 1.62 g cm
-3

< hF3 < 2.78 g cm
-3

Fine oxides hF4 < 8 µm, > 2.78 g cm-3
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Solution volume [mL] Desired density [g cm-3] Mass SPT [g] Volume H2O [mL]

1000 1.6 741 856

1000 1.8 990 810

1000 2 1250 750

1000 2.2 1490 715

1000 2.4 1803 595

1000 2.6 2052 545

1000 2.8 2297 504

1000 3 2552 450
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Site Horizon Replicate
Starting mass

[g]

Final mass

[g]

Difference

[g]

Difference

[%]

1 10.110 9.531 0.579 5.73

2 10.057 9.354 0.703 6.99

3 10.010 8.589 1.421 14.19

4 10.043 10.197 -0.154 -1.53

1 10.054 9.891 0.163 1.62

2 10.069 9.746 0.323 3.21

3 10.058 9.699 0.359 3.57

4 10.059 9.782 0.277 2.76

1 10.130 9.252 0.878 8.67

2 10.182 9.246 0.936 9.20

3 10.053 9.372 0.681 6.77

4 10.031 9.577 0.454 4.53

1 10.123 8.824 1.299 12.83

2 10.052 8.938 1.114 11.08

3 10.029 9.006 1.023 10.20

4 10.086 9.118 0.968 9.60

1 10.020 9.187 0.833 8.32

2 10.060 9.139 0.921 9.15

3 10.069 9.386 0.683 6.79

4 10.049 9.638 0.411 4.09

1 10.071 9.207 0.864 8.58

2 10.065 9.314 0.751 7.46

3 10.155 10.241 -0.086 -0.85

4 10.046 9.549 0.497 4.95

3

A

B

1

A

B

2

A

B
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Starting SOC mass Final SOC mass Difference Difference

[g] [g] [g] [%]

A 0.50 0.41 0.09 18.07

B 0.026 0.029 -0.003 -10.63

A 0.34 0.27 0.07 20.19

B 0.07 0.06 0.01 12.33

A 1.08 0.94 0.14 12.56

B 0.31 0.27 0.05 14.51
3

Site Horizon

1

2
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Site Horizon
fLF

1.62 g cm-3

oLF

1.62 g cm-3

hF1

> 8 µm

< 2.78 g cm-3

hF2

> 8 µm

> 2.78 g cm-3

hF3

< 8 µm

< 2.78 g cm-3

hF4

< 8 µm

> 2.78 g cm-3

A 0.0794 ± 0.0052 0.1093 ± 0.0076 5.2188 ± 0.3079 0.3925 ± 0.0416 3.3699 ± 0.1504 0.2478 ± 0.0689

B 0.0044 ± 0.0005 0.0074 ± 0.0011 8.4351 ± 0.16 0.2569 ± 0.0301 0.9528 ± 0.1013 0.1226 ± 0.0124

A 0.066 ± 0.011 0.1353 ± 0.0152 5.722 ± 0.1033 0.2575 ± 0.008 3.0761 ± 0.1464 0.1047 ± 0.0364

B 0.0024 ± 0.0002 0.0165 ± 0.0022 4.5416 ± 0.0387 0.3082 ± 0.0072 4.0005 ± 0.0547 0.1025 ± 0.0268

A 0.2107 ± 0.0099 0.1489 ± 0.0223 3.8507 ± 0.6801 1.762 ± 0.0923 3.2862 ± 0.4892 0.0792 ± 0.0165

B 0.0305 ± 0.0035 0.0433 ± 0.0065 2.5929 ± 0.376 4.1277 ± 0.1025 2.6909 ± 0.13 0.0927 ± 0.0087

1

2

3
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Site Horizon
fLF

< 1.62 g cm
-3 

oLF

< 1.62 g cm
-3 

hF1

> 8 µm

< 2.78 g cm
-3

hF2

> 8 µm

> 2.78 g cm
-3

hF3

< 8 µm

< 2.78 g cm
-3

hF4

< 8 µm

> 2.78 g cm
-3

A 0.13 0.14 0.12 0.21 0.09 0.56

B 0.22 0.29 0.04 0.23 0.21 0.20

A 0.33 0.22 0.04 0.06 0.10 0.70

B 0.17 0.26 0.02 0.05 0.03 0.52

A 0.09 0.30 0.35 0.10 0.30 0.42

B 0.23 0.30 0.29 0.05 0.10 0.19

1

2

3
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Site Horizon Texture  

< 8 µm     

%

Texture  

> 8 µm     

%

Materials in fine fractions 

(hF3 + hF4)                                                   

%

Materials in coarse fractions 

(hF1 + hF2)                                         

%

Coarse fraction 

'excess'                         

%

A 48 52 39 61 9

B 31 69 11 89 20

A 43 57 35 65 8

B 46 54 46 54 1

A 58 42 37 63 21

B 52 48 29 71 23

1

2

3
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Name of Material/ Equipment Supplier
Fractionation

Sodium polytungstate Sometu

Hydrometers (1-1.5, 1.5-2, 2-2.5, 2.5-3 g.cm
-3

) Allafrance
Vortex mixer Fisher
Sonifier VWR

Sonifier stand VWR
Sonifier enclosure VWR

Swinging-bucket centrifuge Beckman

High-speed centrifuge with fixed angle rotor Beckman
50 mL centrifuge Falcon tubes Corning

250 mL centrifuge bottles Beckman
Vaccum filtration units Semadeni

Polypropylene hose Semadeni
Ultrafiltration disks, 0.45 µm pore size Millipore
Dessicator cabinet Fisher scientific

Drierite absorbent indicating Millipore
Scintillation vials Fisher scientific

150 mL aluminium boats (smooth sides) Fisher scientific
Laboratory oven Fisher scientific

Recycling SPT column
Cation exchange resin Sigma-Aldrich
Activated charcoal Sigma-Aldrich

Glass wool Fisher scientific

Filter paper, 2.5 µm pore size Sigma-Aldrich
Hydrogen peroxide Sigma-Aldrich
Ethanol Sigma-Aldrich
Polycarbonate 1000mL graduated cylinder Semadeni

Stand and clamp Sigma-Aldrich
Polypropylene hose Semadeni

Polypropylene hose clamp Semadeni
Polypropylene funnels Semadeni

Polypropylene bottle (1L, 2L) Semadeni
Heating plate Fisher scientific
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Catalog number or description

SPT 0 (low C and N) is recommended. Lower grade polytungstate may contaminate samples. 
Calibrated at 20 °C, e.g. 3050FG250/20-qp

Fixed speed standard vortex mixer, e.g. 02-215-410

Qsonica LLC - Q500 system with standard probe 4220
Large clamp stand
Soundproof cabinet (optional)

Able to achieve speeds of 4000 g or more, fitted with rotor accommodating 50 mL Falcon tubes

Able to achieve speeds of 7500 g or more, fitted with rotor accommodating 250 mL bottles

e.g. 352070
Polycarbonate bottles (e.g. 352070) are recommended because they are clearer than other plastics.
Polusulfone reusable units, e.g. 3029

To connect the filtration unit to vaccuum source
e.g. HAWP04700 

3 shelves, e.g. 305317-0120
Blue drierite, e.g. 10276750
HDPE - separated cap 20mL, e.g. 12341599

Any model.

Any model.

Dowex® Marathon™ C sodium form, strongly acidic, 20-50 mesh

Darco S-51, 4-12 mesh
Pyrex

Whatman grade 42, e.g. WHA1442150
Reagent grade.
Reagent grade.

Any model.

Size L - 2-prong
Any model.

Any model.

Any model.
Any model.
Any model.
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4. Retention of Rights in Article.  Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
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Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
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picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the 
Materials. Payment is due in 21 days of invoice. Should the 
Materials not be published due to an editorial or production 
decision, these funds will be returned to the Author. 
Withdrawal by the Author of any submitted Materials after 
final peer review approval will result in a US$1,200 fee to 
cover pre-production expenses incurred by JoVE.  If payment is 
not received by the completion of filming, production and 
publication of the Materials will be suspended until payment is 
received. 

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees.  This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to any 
conflict of law provision thereunder.  This Agreement may be 
executed in counterparts, each of which shall be deemed an 
original, but all of which together shall be deemed to me one 
and the same agreement.  A signed copy of this Agreement 
delivered by facsimile, e-mail or other means of electronic 
transmission shall be deemed to have the same legal effect as 
delivery of an original signed copy of this Agreement.   
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