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Abstract

The high aggregate stability of Andosols and the direct effects of sample drying led to several
inconsistencies during physical soil organic matter fractionation. We have determined that NaCl
addition displayed little influence on clay dispersion. At the microscale, we observed the re-
aggregation of the clay fraction caused by freeze-drying. This issue was avoided by analyzing
aliquots of soil suspension. Thus, we recommend reserving a small soil liquid aliquot to be sub-

jected to microscopy analysis.
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1 Introduction

Soil organic matter (SOM) fractionation is an important tool
used to investigate the distribution and composition of differ-
ently stabilized C pools. Thus, it provides important insight
into its persistence and turnover (Golchin et al., 1994; Six et
al., 2002). Fine mineral soil fractions (i.e., fine silt and clay
size) are used to separate long-term protected OM, as they
contain the majority of organo-mineral associations (Kégel-
Knabner et al., 2008). However, separating fine fractions
especially from allophanic Andosols by physical fractionation
was shown to be critical because the dispersion of such soils
is hampered by the high stability of microaggregates
(< 63 um), which is derived from strong interactions between
organic matter, Al oxides and Fe oxides (Asano and Wagai,
2014; Matus et al., 2014). Silva et al. (2015) demonstrated
that high levels of ultrasonic dispersion (ie., up to
1600 J mL~") were necessary to achieve clay (< 2 um) disper-
sion depending on the soil weathering stage and concentra-
tion of Al and Fe oxides. Studies that sought to obtain even
smaller fractions such as fine clay (< 0.2 um) (Asano and
Wagai, 2014) or nano-clay (< 10 nm) (Calabi-Floody et al.,
2011) required even higher levels of dispersion. In addition,
soil saturation with sodium (i.e., “Na saturation”) has been
used to increase dispersion (Kyuma et al., 1969; Yonebayashi
et al., 1974). However, studies examining the combined
effects of Na saturation with ultrasonic dispersion are still rela-
tively rare.

In addition, clay flocculation after soil dispersion is a common
artifact reported in studies that focused on the fractionation of
Andosols, and performing the procedure within a single day
has been recommended to avoid biases in SOM distribution
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between fractions (Asano and Wagai, 2014; Asano et al.,
2018; Wagai et al., 2018). However, this effect becomes even
more important for analyses at the microscale because it can
potentially preclude spectromicroscopic analysis (e.g., nano-
scale secondary ion mass spectrometry—NanoSIMS) when
the aim is to investigate clay-size particles due to the forma-
tion of sample topography (Mueller et al., 2013). However,
there is still a lack of studies evaluating this flocculation effect
at the microscale.

Therefore, SOM fractionation was performed with and without
Na saturation prior to ultrasonic dispersion in an allophanic
Andosol to evaluate the effects of fractionation on clay disper-
sion. Two different approaches were employed to avoid clay
flocculation at the microscale and analyzed using scanning
electron microscopy (SEM), including the standard method of
using freeze-dried samples and taking a liquid aliquot from
the clay suspension during the final step of fractionation.

2 Material and methods

2.1 Soil samples

We focused on obtaining clay-size fractions to study the com-
position and amount of organo-mineral associated OC in
Andosols. Therefore, a subsoil sample with a lower content of
light particulate fractions (to reduce possible bias from partic-
ulate OM) from an Andosol localized in the Kohala region in
northern Hawaii (20°4'14.16"'N, 155°43'21.94"’'E) was used
in this study. The soil was collected from a B horizon at a
depth of approximately 0.5-0.6 m that contained 50.4 g kg™’
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of total C (SOC). It was sieved to 4 mm mesh size and main-
tained under field moisture conditions at 4°C until the analy-
ses were performed.

2.2 Soil organic matter fractionation

The procedure was adapted from the SOM fractionation
method described by Golchin et al. (1994), who tested three
different dispersion agents followed by ultrasonic dispersion.
All analyzes were performed in triplicate, and a schematic
diagram of the method is presented in Fig. 1.

We used 10 g of field-moist soil (i.e., dry equivalent, sieved to
4 mm), which were gently saturated with the specific fractio-
nation solutions at a solid-to-liquid ratio of 1 to 2.5, and two
different solutions were as follows: (1) 1 M solution of NaCl
and (2) deionized water. After allowing the saturated samples
to equilibrate overnight, the free particulate organic matter
(fFPOM) was removed from the supernatant using an electric
vacuum pump.

Thereafter, ultrasonic dispersion (SonopulsHD2200, Bande-
lin, Berlin, Germany) was performed using an energy input of
1500 MJ m=3. The chosen energy level was considered suffi-
cient for providing clay (< 2 um) dispersion of the highly-
stable Andosol without causing damage to the primary miner-
al structure (Silva et al., 2015).

To remove the residual salt, each fraction was rinsed with
deionized water until the electrical conductivity dropped below
0.001 S m~'. Later, the soil was sieved with 20-um sized
mesh to separate the sand and coarse silt fractions; subse-
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quently, the residue was subjected to sedimentation to sep-
arate the medium silt and clay fractions of 20-2 um and
< 2 um, respectively, and SOC recovery was 99.4 and 98.0%
for the NaCl and H,O treatments, respectively. OC content in
the bulk soil sample and each fraction were measured in
duplicate by dry combustion (CHNSO Elemental Analyzer,
Hekatech, Wegberg, Germany).

2.3 Microscopy analysis

To observe clay flocculation artifacts at the microscale on
samples with and without freeze-drying, the clay-size fraction
(< 2 um) was analyze using both fractionation procedures
(e.g., NaCl and H,0) using SEM (JSM 5900LV, JEOL, Tokyo,
Japan). Two different sample preparation approaches were
employed, including: (1) freeze-drying of the clay-size frac-
tion, and (2) direct deposition of the clay-size mineral suspen-
sion from the last step of physical fractionation. Samples
were suspended in water at a proportion of 1 x 10,000, pipet-
ted onto a silica wafer, and dried in a desiccator at room tem-
perature for subsequent SEM analyzes.

3 Results and discussion

3.1 Effectiveness of sodium saturation on clay
dispersion

Regardless of the fractionation solution used, for both soils,

the greatest amount (i.e., more than 95%) of SOC was con-

centrated in the mineral fractions of < 2 um and 20-2 um

(Fig. 2). Such distribution was likely due to the sampling depth
(i.e., below 0.4 m). In subsoil layers, there
is normally a lower concentration of light
fractions recovered as particulate organic
matter and the greatest amount of OC was
concentrated in the mineral fractions
(Golchin et al., 1994).

Overall, the dispersion treatment resulted
in a comparable SOC distribution among
fractions. We expected that NaCl would
increase the < 2 um clay dispersion, but the
difference in the SOC amount of this frac-
tion between the NaCl and the H,O treat-
ments was lower than 2%. The addition of
NaCl solution prior to fractionation, also

supernatant

4000-63 um 63-20

referred to as “Na saturation”, has been a
common procedure used to obtain higher
soil dispersion (Yonebayashi et al., 1974).
The weakening of Ca and Mg cation

Sedimentation «------

20-2 pm

<2 pm

bridges and the expansion of the double
layer on the soil particle surface are the pri-
mary reasons for the enhanced capacity of
NaCl to disperse soils (Edwards and
Bremner, 1967; Kato and Fujisawa, 1973).

Figure 1: Schematic figure of the soil organic matter fractionation procedure. White boxes

represent the different fractions separated by the procedure (i.e., light particulate organic
matter—fPOM; mineral fractions of 400064 um, 63-20 pm, 20-2 um, and < 2 pm).
Dashed arrows and observations represent the procedures performed for conducting

each step.
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When evaluating Andosol aggregation
using different fractionation procedures,
Asano and Wagai (2014) also concluded
that saturation with NaCl was necessary to
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Figure 2: Soil organic matter fractions in subsoil B horizon (0.4-0.6
m) of an Andosol with two dispersion solutions prior to ultrasound
sonication, including 1 M NaCl solution and deionized water (H,0).
Numbers in the columns represent the amount of SOC (g kg™')
retained in each fraction. Error bars represent the standard deviation
of three laboratory replicates.

achieve maximum dispersion and to obtain fractions smaller
than 0.2 um. However, in this study, for clay particles < 2 um,
the NaCl addition did not cause a significant difference when
compared with dispersion only in water. The latter method
has the main advantage of being less time consuming, as salt
washing is unnecessary.

3.2 Re-aggregation effects at the microscale

At the microscale, we observed a clay re-aggregation effect in
freeze-dried samples, while this was avoided when sampling
directly from the soil suspension (Fig. 3). Although the sam-

Clay fraction (< 2 um) after freeze-drying

by

Predominance of larger
artificial assemblages

Nacl H,0
dispersion 20 um dispersion

Predominance of

Clay fraction (< 2 um) taken from soil water suspension

Predominance of
clay-siz
particles (< 2 um)

Nacl o byt
dispersion 10 um

(<2 um)

H,0
dispersion

artificial assemblages

O Predominance of
clay-sized particles

Andosol clay re-aggregation 147

ples were diluted in the same proportion, the freeze-drying
procedure created assemblages larger than 20 um that did
not represent the size of the respective fraction. On the other
hand, aliquots from the soil suspension were predominantly
composed of clay-size particles that were 2 um or smaller.
This re-aggregation was very likely a result of the strong bind-
ing effects of Fe and Al oxides in Andosols (Asano et al.,
2018; Wagai et al., 2018).

Freeze-drying is a common procedure used in different meth-
ods including SOM fractionation but also general soil ana-
lyzes protocols due to its efficiency in sample preservation
(Miller et al., 1999). However, our experimental results dem-
onstrated that for the Andosol used in this study, this proce-
dure created sample artifacts that can clearly affect the analy-
sis when the objective is to isolate the clay-size fraction,
especially with the intent to examine the microscale organic
matter surface coverage or the specific surface area (Vogel
et al., 2014; Schweizer et al., 2018).

Over the last decade, investigating microenvironments using
spectromicroscopy has provided important discoveries with
respect to SOM turnover and C sequestration mechanisms
(Lehmann et al., 2008; Mueller et al., 2012; Steffens et al.,
2017). Among the different process, the formation of organo-
mineral associations occurring at a small spatial scale are
considered as key for C protection in soils (Kégel-Knabner
et al., 2008). In this way, Andosols are a particularly ideal soil
for investigating such interactions, given their high concentra-
tion of short-range order minerals (Dahlgren et al., 2004).
Therefore, avoiding artifacts at the microscale is extremely
important to fully explore microenvironments and understand
their enhanced OC stabilization capacity in soils.

Results of this study indicated that artifacts such as re-aggre-
gation could easily be avoided by taking liquid aliquots from
the soil suspension at the final step of fractionation. There-
fore, we recommend the separation of a small
liquid portion for microscopic analysis to avoid
biases when exploring microenvironments.

4 Conclusions

This study demonstrated that Na saturation
through the addition of 1 M NaCl solution caused
low (less than 2% in SOC amount) clay dispersion
(< 2 um) compared with the dispersion when water
alone was used. Direct effects of freeze—drying on
Andosol clay fractions at the microscale were also
observed, which caused the formation of assemb-
lages larger than 20 um. The presence of strong
binding effects of the poorly crystalline mineral
phases in Andosols is likely the primary reason for
this effect. Therefore, in future studies, we recom-
mend reserving a small liquid aliquot from soil sus-
pensions after sonication to proceed with micro-
scopy analyzes.

10 pm

Figure 3: Scanning electronic microscopy (SEM) images of samples taken from a
clay fraction (< 2 pm) water suspension and the same fraction freeze-dried.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.plant-soil.com



148 Inagaki, Mueller, Lehmann, Kégel-Knabner

Acknowledgments

The authors would like to thank Prof. Louis Derry and Kather-
ine Grant from Cornell University for providing the Andosol
sample used in this study and the technicians, Maria Greiner
and Bérbel Angres, from the Technical University of Munich
for their support with the laboratory analysis. This research
was supported by the Institute for Advanced Study (IAS-
TUM) through the Hans Fischer Senior Fellowship.

References

Asano, M., Wagai, R. (2014): Evidence of aggregate hierarchy at
micro- to submicron scales in an allophanic Andisol. Geoderma
216, 62-74.

Asano, M., Wagai, R., Yamaguchi, N., Takeichi, Y., Maeda, M.,
Suga, H., Takahashi, Y. (2018): In search of a binding agent: Nano-
scale evidence of preferential carbon associations with poorly-
crystalline mineral phases in physically-stable, clay-sized aggre-
gates. Soil Syst. 2, 32-50.

Calabi-Floody, M., Bendall, J. S., Jara, A. A., Welland, M. E., Theng,
B. K. G., Rumpel, C., del lan Luz Mora, M. (2011): Nanoclays from
an Andisol: Extraction, properties and carbon stabilization.
Geoderma 161, 159-167.

Dahlgren, R. A., Saigusa, M., Ugolini, F. (2004): The nature, prop-
erties and management of volcanic soils. Adv. Agr. 82, 113-182.

Edwards, A., Bremner, J. (1967): Dispersion of soil particles by sonic
vibration. J. Soil Sci. 18, 47-63.

Golchin, A., Oades, J. M., Skjemstad, J. O., Clarke, P. (1994): Study
of free and occluded particulate organic matter in soils by solid
state 'C CP/MAS NMR spectroscopy and scanning electron
microscopy. Soil Res. 32, 285-309.

Kato, H., Fujisawa, T. (1973): Studies on the structure of humus-clay
complexes (part 1): on the dispersion characteristics. Jpn. J. Soil
Sci. Plant Nutr. 44, 251-256.

Kdgel-Knabner, I., Guggenberger, G., Kleber, M., Kandeler, E.,
Kalbitz, K., Scheu, S., Eusterhues, K., Leinweber, P. (2008):
Organo-mineral associations in temperate soils: Integrating
biology, mineralogy, and organic matter chemistry. J. Plant Nutr.
Soil Sci. 171, 61-82.

Kyuma, K., Hussain, A., Kawaguchi, K. (1969): The nature of organic
matter in soil organo-mineral complexes. Soil Sci. Plant Nutr. 15,
149-155.

Lehmann, J., Solomon, D., Kinyangi, J., Dathe, L., Wirick, S.,
Jacobsen, C. (2008): Spatial complexity of soil organic matter
forms at nanometer scales. Nat. Geosci. 1, 238-242.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

J. Plant Nutr. Soil Sci. 2019, 182, 145-148

Matus, F., Rumpel, C., Neculman, R., Panichini, M., Mora, M. L.
(2014): Soil carbon storage and stabilisation in andic soils: a
review. Catena. 120, 102—110.

Miller, D. N., Bryant, J. E., Madsen, E. L., Ghiorse, W. C. (1999):
Evaluation and optimization of DNA extraction and purification
procedures for soil and sediment samples. Appl. Environ.
Microbiol. 65, 4715-4724.

Mueller, C. W., Kélbl, A., Hoeschen, C., Hillion, F., Heister, K.,
Herrmann, A. M., Kégel-Knabner, I. (2012): Submicron scale
imaging of soil organic matter dynamics using NanoSIMS—from
single particles to intact aggregates. Org. Geochem. 42,
1476-1488.

Mueller, C. W., Weber, P. K., Kilburn, M. R., Hoeschen, C.,
Kleber, M., Pett-Ridge, J. (2013): Advances in the analysis of
biogeochemical interfaces: NanoSIMS to investigate soil microen-
vironments. Adv. Agr. 121, 1-46.

Schweizer, S. A., Hoeschen, C., Schliiter, S., Kégel-Knabner, I.,
Mueller, C. W. (2018): Rapid soil formation after glacial retreat
shaped by spatial patterns of organic matter accrual in microaggre-
gates. Global Change Biol. 24, 1637—1650.

Silva, J. H. S., Deenik, J. L., Yost, R. S., Bruland, G. L., Crow, S. E.
(2015): Improving clay content measurement in oxidic and volcanic
ash soils of Hawaii by increasing dispersant concentration and
ultrasonic energy levels. Geoderma 237, 211-223.

Six, J., Conant, R. T., Paul, E. A., Paustian, K. (2002): Stabilization
mechanisms of soil organic matter: implications for C-saturation of
soils. Plant Soil 241, 155-176.

Steffens, M., Rogge, D. M., Mueller, C. W., Héschen, C.,
Lugmeier, J., Kélbl, A., Kégel-Knabner, I. (2017): Identification of
distinct functional microstructural domains controlling C storage in
soil. Environ. Sci. Technol. 51, 12182—-12189.

Vogel, C., Mueller, C. W., Héschen, C., Buegger, F., Heister, K.,
Schulz, S., Schloter, M., Kégel-Knabner, . (2014): Submicron
structures provide preferential spots for carbon and nitrogen
sequestration in soils. Nat. Commun. 5. DOI: https://doi.org/
10.1038/ncomms3947.

Wagai, R., Kajiura, M., Uchida, M., Asano, M. (2018): Distinctive
roles of two aggregate binding agents in allophanic Andisols:
young carbon and poorly-crystalline metal phases with old carbon.
Soil Syst. 2. DOI: https://doi.org/10.3390/soilsystems2020029.

Yonebayashi, K., Kawaguchi, K., Kyuma, K. (1974): Characterization
of the organic matter in the soil organo-mineral complexes. J. Sci.
Soil Man. 1, 34-39.

www.plant-soil.com



