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ABSTRACT

Particle size distribution (PSD) is a soil physical property influenced by organo-mineral
complexes (or-mic) in silt and clay fractions. In Andosols, these fractions are underestimated due
to the presence of or-mic in soil micro-aggregates. This study estimated quantitatively the organo-
mineral fraction by comparing two methodologies of granulometric analysis (sequential dispersion
and sieve-sedimentation) in Andosols and Fluvisols from southern Chile. Or-mic were calculated
through specific dissolution extractions (Al, Si, Fe). In addition, pH_, and soil organic carbon
(SOC) were determined. Correlations between Al (0.74), Alp (0.71), pH in NaF (0.41), and the or-
mic were found. Or-mic were higher in Andosols, varying between 1.5 and 5.2%, which led to an
underestimation of silt and clay fractions of the soil in PSD analysis and, thus, an overestimation of
soil texture due to the continuous formation of micro-aggregates. Therefore, to properly determine
soil PSD, it is essential to estimate or-mic, particularly in highly reactive soils, which are readily
capable of binding organic compounds in their mineral fraction.
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INTRODUCTION often by sieving and sedimentation analyses

(Carter and Gregorich, 2006).

Soil texture is the relative proportion of sand,
silt and clay (mineral particles < 2 mm) and is
determined after the physical disruption and
chemical dispersion of the aggregates (USDA,
2004; Sandoval et al., 2012). Thus, particle size
distribution (PSD) of soil is estimated based on
the proportion and size of these mineral particles,

PSD is a physical property that is often used to
classify soils (Skaggs et al., 2001), and to estimate
soil hydraulic properties through pedotransfer
functions (Rabot et al., 2018), being also a relevant
parameter for the efficient and sustainable
management of soils (Kettler et al., 2001; Di
Stefano et al., 2010). Consequently, PSD provides
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insight into soil behavior (Qi et al., 2018). PSD
of a soil changes over time with soil formation
processes, clay fraction mineralogy and soil
organic carbon (SOC) (Kleber et al., 2015; Zuniga
et al.,, 2019). The chemical structure and type of
organic ligands present in the soil determine
the strength of the binding mechanisms of soil
particles (Wagai et al., 2020), and thus the degree
of stabilization of organo-mineral associations
(Kogel-Knabner et al., 2008). The latter can be a
problem when it comes to the determination of
PSD of a highly reactive soil with a high SOC
content. In this case, additional procedures must
be implemented to reach soil sample dispersion
since micro-aggregates are resistant to dispersing
agents due to the binds of or-mic (mainly Al and
Fe) distributed in the soil (Wagai et al., 2020).
Moreover, under conditions of incomplete
soil dispersion, the drag resistance of particles
increases due to their irregular shapes, reducing
the sedimentation rate and underestimating the
soil clay fraction (Di Stefano et al.,, 2010). On
the contrary, a prolonged dispersion to remove
the cementing agents and separate the fractions
can lead to erroneous PSD results due to the
dissolution of the primary minerals (Velescu
et al., 2010). Therefore, soil textural class is
sometimes used instead of PSD (e.g. Haller et
al., 2015 in Placaquands), which can be critical
when pedotransfer functions based on the PSD
are used.

The clay fraction (< 2 um) is composed
of layered aluminosilicates, metal oxides,
hydroxides, and non-crystalline aluminosilicates
(e.g., allophane and imogolite). This fraction
influences soil aggregation, biological activity,
and physico-chemical processes (Yudina et
al., 2018; Wiesmeier et al., 2019). A high clay
content increases the stability of aggregates
(Six et al., 2002) because clay has a high specific
surface area, which is capable of stabilizing
organic compounds in the soil, influencing SOC
sequestration (Wiesmeier et al, 2019; Clunes
and Pinochet, 2021). A highly reactive mineral
fraction generates strong or-mic (Kleber et al.,
2015), which can alter the determination of clay
and silt fractions and, consequently, of the degree
of C stabilization (Plante et al., 2006).

Although PSD analyses consider soil physico-
chemical dispersion through laser diffraction,
and ultrasonic or sieve-sedimentation methods
(Dumbrovsky et al., 2019), it is important to
consider that, regardless of the dispersion
method used, organo-mineral fractions remain
stabilized. The objectives of this study were to: i)
evaluate whether the degree of dispersion alters
PSD in soils with contrasting reactivity, using two
methodologies: the sequential method (chemical

dispersion) proposed by Velescu et al. (2010), and
the classic method (sieve-sedimentation), and ii)
estimate an organo-mineral fraction within PSD
through reactivity and soil condition indicators.
We use ‘organo-mineral complexes’ (or-mic)
to refer to the organo-clay and organo-mineral
complexes distributed in the soil, assuming
that these associations are due to adsorption,
complexation and aggregation mechanisms
between mineral particles and SOC.

MATERIALS AND METHODS

Description of the soils and sites

Three soil series were selected. The series
correspond to different soil formation processes
that took place under temperate (Cfb) and
arid (BSk) conditions, according to the climate
classification of Koppen-Geiger (Kottek et al.,
2006). The disturbed material was sampled at
surface (0-30 cm) and sub-surface (30-50 cm)
depths. The Valdivia Soil Series (VAL) corresponds
to a soil derived from volcanic ash, classified
as a Petroduric Silandic Andosol (Salazar et al.,
2005; WRB, 2014) or a Duric Hapludand (Luzio
and Casanova, 2006). This soil was collected from
the Estacién Experimental Agropecuaria Austral
(EEAA) (39° 47" S, 73°13" W) of the Universidad
Austral de Chile. This soil has evolved at a mean
temperature of 12 °C and a rainfall of 2500 mm
per year (Gonzalez-Reyes and Munoz, 2013).
Alerce Soil Series (ALE) is located 17 km northwest
of Puerto Montt city (41° 25’ S, 73° 8" W). This
soil developed from volcanic ash deposited over
glacial till material under wet conditions. A thin
iron cemented layer or placic horizon (Bsm) was
formed in the contact zone between the cemented
till material and the volcanic soil (Carrasco et
al., 2017; Zdaihiga et al., 2019), limiting drainage
through the soil profile. This soil is classified as
a Aluandic Andosol or Duric Histic Placaquand
(CIREN, 2003; Salazar et al., 2005). In terms of
climatic conditions, average annual temperature
in this area is 10.7 °C, while rainfall ranges
between 1783 and 2021 mm per year (Dorner et
al., 2016). Miramar Soil Series (TDF) is located in
the North of Tierra del Fuego Island (52° 39" S,
69° 15" W). This soil is characterized by a histic
horizon developed on fluvial or lacustrine
sediments. Soil textures vary from fine sand at
the surface to clay at greater depths, restricting
internal drainage, and locally known as ‘vegas’
(Filipova et al.,, 2010). In this area, the average
annual temperature is 10 °C and the rainfall
ranges between 350 and 450 mm per year (Diaz
et al., 1960; Valle et al., 2015a). Based on their
dominant clay, samples with a high reactivity
(VAL and ALE) were compared with those with
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low reactivity but a high presence of carbonates
(TDF) due to formation processes.

Soil chemical analysis

The reactivity indicators of the colloidal
materials were determined in each soil using
specific dissolution techniques (Parfitt and
Wilson, 1985). Aluminum, silica and iron were
extracted with Na dithionite-citrate-bicarbonate
(Al-Si-Fe ), 0.2 M acid ammonium oxalate (Al -
Si -Fe ) and 0.1 M sodium pyrophosphate (Al -
Sl -Fe ). The pH, , was determined according to
Fieldes and Perrott (1966), while the content of
SOC was determined using the Walkley-Black
method (Sadzawka et al., 2006).

Particle size distribution analysis

Soil samples (3 replicates x 3 soils x 2 depths)
were dried at 30 °C, sieved at 2 mm and
treated with H,0O, to remove organic matter.
The PSD analysis was conducted using two
methodologies: the sequential method proposed
by Velescu et al. (2010) and the classic method
(sieve-sedimentation).

The method proposed by Velescu et al. (2010)
was conducted as follows: 3 subsamples of soils
(A, B and C) were prepared by weighing 10 g
of dry soil, which were then treated with H,O,.
Sample A was dried in a forced air oven at 105 °C
to determine soil moisture content. Two hundred
mL of 10.38% potassium oxalate solution were
added to samples B and C, which were then heated
in a water bath to 80 °C. Afterwards, 50 mL of a
9.5% oxalic acid solution was added at 90 °C and
stirred with a rod for 5 minutes. Subsequently,
the stirring rod was washed with 25 mL of oxalic
acid, maintaining constant temperature for 3
minutes. Afterwards, samples B and C were
centrifuged at 4000 rpm for 15 minutes, and then
the supernatant was extracted. Subsequently,
samples B and C were treated with 400 mL of a
0.2 M buffered oxalic acid NH, solution with a
pH of 3.2, stirred in the dark for 16 hours, and
then centrifuged at 4000 rpm for 15 minutes. The
supernatant was then removed and centrifuged
again to remove residues of the dispersants used.
25 mL of Na 0.1 M pyrophosphate were added
to facilitate dispersion among the cemented
particles in sample B. Sample C was dried in
a forced air oven at 105 °C and the mass of the
amount of dissolved material was estimated
using the weight difference method. For samples
B and C, the proportion of residual particles was
weighed during each dispersion process. Thus,
the proportion of or-mic present in each soil and
depth was determined (Fig. 1).

For the PSD analysis using the ‘classic method’
(sieve-sedimentation), 40 g of sieved dry soil

were digested with H,O, (100 volumes) to
remove organic matter (Sadzawka et al., 2006).
Hydrogen peroxide was applied daily at 20 °C
(room temperature), and then the samples were
placed in a water bath (at about 80 °C) until
the material stopped reacting. To ensure the
removal of the cementing agents and adequate
dispersion of the fine particles, the samples were
pre-treated with sodium dithionite (Na,S,0,), 0.3
M Na citrate (Na,O,C,H,), and 1 M Na acetate
(CH,COONa). After, a volume of 100 mL of
sodium pyrophosphate (0.1 N) was added and
the mixture was stirred for 10 minutes according
to the Bouyoucos method. Silt and clay fractions
were determined using the hydrometer method
(Day, 1965). Finally, sand fractions were physically
separated with a set of sieves (Forshythe, 1974).

Organo-mineral fractions (Or-mic)
Organo-mineral fractions were calculated
using the following equation:

Or - mic=100- (PSD)

Where Or-mic correspond to organo-mineral
fractions (%) and PSD is the sum of sand, silt and
clay contents (%).

Statistical analysis

A correlation analysis (Pearson’s coefficient)
was performed to evaluate the degree of
association or linear dependence between specific
dissolution extractions and the presence of the or-
mic obtained after each dispersant treatment (p <
0.05). A principal component analysis (PCA) was
carried out to identify which reactivity indicators
could explain the variation of the or-mic among
the evaluated soils. The analyses were performed
using R software, version 4.0.2 (R Core Team
2019) and RStudio software, version 1.3.1073

(RStudio, Inc., MA, USA).
RESULTS
Correlation between specific dissolution

extractions and or-mic

Significant correlations (p < 0.05) were found
between the Al (0.74), Al (0.71), Al, (0.69)
and or-mic content (Fig. 2A) This fractlon is
highly associated with aluminum binding to
non-crystalline hydroxides and amorphous
material (Al ) organic compounds (Al ), and
paracrystalline materials (Al,).

The principal components accounted for 93.6%
of the cumulative variance (Fig. 2B). Aluminum
fractioning (eigenvalue -0.401), pH, , (eigenvalue
-0.319) and the or-mic (eigenvalue -0.304) had
a high weight in PC1, and separated Andosols
from Fluvisols (Fig. 2B). PC2 was explained by
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Classic Method Sequential Method
(Velescu et al., 2010)

Air-dried soil sample (< 2 mm)

Hydrogen peroxide
(< 80 °C in water bath during 24 h)
K,C,0,-C,H,0,

Centrifugation
(10’ at 3500 rpm)

1049

Elimination of Oven drying
Fe and Al sesquioxides (at 105 °C)

(dithionithe, citrate and sodium acetate)
Weight loss
Reference weight

Warm at 80 °C during 30'.
Cooling and regulate pH until 2

Centrifugate (10’ at 3500 rpm) and

disperse with Na,P,O, (5%) N,H,C,0

2" 182~y
(10’ at 3500 rpm)
(10" at 3500 rpm)

B C

-C,H,0,

Sedimentation (Stoke’s Law)
(14 h at 30 °C)

Separate the sand fractions
by sieving

Oven drying (at 105 °C) and
weigth the fractions

Oven drying
(at 105 °C)

Fig. 1. Flowcharts for determining particle size distribution through the sieve-sedimentation or
‘classic’ method (green box), and the sequential method (brown box).

the SOC content, separating soils according to  (Velescu et al., 2010). In the present study, this

their reactive fraction (organic or mineral). resulted in the reordering of soil particles in each
soil separate (Table 1).

Changes in particle size distribution as a The highest and lowest differences between

function of the methodology used the classic and sequential methods (ACM-

Soil particle size changes its distribution when =~ SM) were found in the silt content in Aluandic
itis subjected to a sequential method of dispersion ~ Andosol (ALE), and in the surface sand content
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Table 1. Particle size distribution determined at surface (0-30 cm) and sub-surface (30-50 cm) horizons
for Andosols and Fluvisols using two methodologies: Sequential dispersion (A) and sieve-
sedimentation (B).

Depth? Sand? Silt Clay Or-mic ASand ASilt AClay
cM* SM CM SM CM SM SM ACM-SM

(tm VA

Soil type

Aluandic Andosol (ALE) 1 6.5 113 585 649 350 222 17 -48 -64 128

2 35.4 89 364 771 282 88 52 265 -407 194
Silandic Andosol (VAL) 1 10.2 114 629 509 268 366 10 -12 120 -98
2 11.7 89 600 731 283 164 15 28 -13.1 119
Histic Fluvisol (TDF) 1 32.3 116 505 754 172 119 11 207 -249 53
2

24.0 28.0 595 307 165 406 13 -40 288 -241

1:1=0-30 cm; 2 = 30-50 cm.
2: Sand = 2000-63 pm; Silt = 63-2 pm; Clay = <2 um.

*: CM: Classic method; SM: Sequential method. All variables in %.

in the Silandic Andosol (VAL), respectively.
The sequential method was able to disperse the
micro-aggregates, increasing silt content in ALE
(-6.4%; 40.7%), VAL (-13.1%) and TDF (-24.9%),
while clay content increased in VAL (-9.8%) and
TDF (-24.1%). The highest values of sand were
found in ALE (26.5%) and TDF (20.7%) by the
classic method.

The clay content obtained by sequential
extractions was higher than that determined
by the classic method in VAL (0-30 cm) and
TDF (30-50 ¢cm). On the contrary, it was lower
when measured with the sequential method of
dispersion in VAL (30-50 cm), ALE (0-30 cm),
ALE (30-50 cm) and TDEF (0-30 cm) (Table 1).
This variation in the clay fraction as a result of
the methodology used was also observed in the
silt content, where VAL (0-30 cm) and TDF (30-
50 cm) were lower and VAL (30-50 cm), ALE (0-
30 cm), ALE (30-50 cm) and TDF (0-30 cm) were
higher by the sequential method (Table 1). With
respect to the sand fraction, this increased in VAL
(0-30 cm), TDF (30-50 cm) and ALE (0-30 cm), but
decreased in VAL (30-50 cm), TDF (0-30 cm) and
ALE (30-50 cm) by the sequential method.

Organo-mineral fraction

As observed in the previous fractions,
when using a methodology with a sequential
dispersion period, PSD was rearranged within
the soil separates and the remaining material in
each dispersion represented an org-min fraction
within the granulometric analysis of the soil.
The highest or-min fraction was obtained in ALE
(5.2%) (Table 1). In all the soils, or-mic content
tended to increase with depth (ALE > VAL >
TDF), suggesting that a translocation process
could be involved in the distribution of or-mic in
the soil profile.

DISCUSSION

Soil reactivity is generally evaluated through
soil chemical indicators (Kleber et al., 2015), which
are useful to determine the physicochemical
associations between mineral and organic
compounds (Dwivedi et al., 2019).

Although Al, showed high correlation with
or-mic, it was not possible to ensure that the Al
came from non-crystalline aluminium silicates
or gibbsite (Garcia-Rodeja et al., 2004; Valle et
al., 2015b; Porras et al., 2017). In fact, Al and
Al have proved to be more reliable to estimate
the reactive fraction in soils (Wagai et al., 2020).
Specific dissolution Al extractions have been
widely used to determine different reactive pools
in soils derived from volcanic ash (Porras et al.,
2017; Valle and Carrasco, 2018; Zufiga et al.,
2019), as well as the pH, . values that represent
the reactivity of the OH edges present in the
soil colloidal fraction capable of binding soluble
organic compounds (Clunes and Pinochet, 2021).
Moreover, these indicators associated with
the mineral fraction have been widely used to
determine the ability to protect SOC (Matus et al.,
2014; Valle et al., 2015b; Panichini et al., 2017; Valle
and Carrasco, 2018; Zuafiiga et al., 2019; Clunes
and Pinochet, 2021), and for differences between
soils with crystalline or short order mineralogy,
presenting pH, . values from 9.7 to 12.0 (Valle et
al., 2015b).

In study, it was observed that the indicators
fulfill the capacity of Andosols to bind organic
compounds and form or-mic in both surface
and subsurface horizons. The high variability in
reactivity indicators observed in ALE (Fig. 2B)
is due to the fact that Aquands have soil depth
limitations (50-80 cm) because of the formation
of a placic horizon (iron-cemented layer),
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which is originated by the chelation processes
between SOC and metallic cations such as iron,
manganese, and aluminium (Zuniga et al., 2019;
Bravo et al., 2021). The high levels of pH,, can be
explained by the presence of carbonates in soils
formed over calcareous materials, such as in TDF,
where fluorine reacts by releasing OH, which is
associated with calcium carbonate.

The percentage of clay determined through
the PSD analysis was not a direct parameter of
reactivity, but an indirect parameter of organic
carbon storage, which agrees with Wiesmeier
et al., (2019). Therefore, a prolonged dispersion
allowed for the separation of SOC from the
micro-aggregates and the colloidal fraction
(Lopez-Sangil and Rovira, 2013). Moreover, SOC
is an appropriate indicator of organic C stabilized
and stored in the soil because its association
with fine soil particles is highly stable (Six et al.,
2002; Wiesmeier et al., 2019; Wagai et al., 2020).
Therefore, it is also a useful indicator of the or-mic
fraction associated with silt and clay fractions.
Soils of non-volcanic origin, such as TDF, do not
show a direct relationship between their incipient
content of organo-mineral complexes and soil
reactivity parameters despite having a dominant
2:1 clay (montmorillonite), which is highly
reactive and expandable (Diaz et al., 1960). The
latter is due to the fact that the aluminum present
in these soils is precipitated.

Particle size distribution and or-mic

The presence of organo-mineral associations
in volcanic ash soils overestimates their PSD,
particularly of the sand and silt fractions of the
soil. This is due to the strong aggregation of
volcanic ash soils as a consequence of organo-
mineral complexes that permit the formation of
micro-aggregates.

An incomplete dispersion underestimates clay
content because particles lower than 2 mm can
form micro-aggregates with organic materials
or or-mic. This can inaccurately estimate part
of the silt fraction, depending on the size of the
aggregate, and alter the textural classification of
soils (Plante et al., 2006). Andosols easily form
micro-aggregates due to their colloidal fraction
(Valle et al.,, 2015b), and have the capacity to
bind organic compounds (Matus et al., 2014).
In addition, they can expand the aggregation
hierarchy by increasing the range among scales,
depending on the order of particles and strength
of the bonds (Asano and Wagai, 2014; Kleber et
al., 2015; Bravo et al., 2021). This can alter results
when soil particle size is determined through the
principle of sedimentation according to Stokes’
Law, since organo-mineral complexes present
a similar behavior to the silt fraction during

sedimentation (Velescu et al., 2010). The mass
distributions of the PSD change after chemical
and/or physical dispersions, i.e. the particles
are relocated into coarse (>250 pm) and fine
(53-250 um) fractions, due to the dispersion of
micro-aggregates formed by carbon compounds
associated with the clay-silt fractions, which
increase clay and silt contents (Plante et al.
2006). Therefore, the carbon content found in the
compounds associated with clay and silt needs
to be estimated in order to reliably quantify the
C content that is potentially stored in the soil
(Matus, 2021).

Furthermore, the soil profile distribution of or-
mic could change depending on the soil horizon
where they are accumulated, content of soil clay
and SOC, and historical management under
environmental changing conditions. Moreover,
the results reveal the importance of proper
particle dispersion not only for volcanic ash
and highly reactive soils, but also question the
accuracy of the method proposed by Day (1965)
in soils originated from calcic sediments in Tierra
del Fuego.

CONCLUSIONS

The determination of PSD varies depending
on the methodology used. This variation
highlights the importance of establishing a
procedure to measure the fraction associated
with organo-mineral complexes for soils that
are highly reactive due to their mineralogical
or organic composition. This fraction could
be detected by sequential soil dispersion and
measured directly on each residual fraction. The
methodological issues identified in PSD analysis
could be overcome by incorporating a fraction
associated with organo-mineral complexes.
Therefore, particle dispersion techniques need to
be considered when evaluating soils capable of
forming organo-mineral complexes as Andosols.

LITERATURE CITED

Asano, M., and R. Wagai. 2014. Evidence of
aggregate hierarchy at micro-to submicron
scales in an allophanic Andisol. Geoderma
216:62-74. https://doi.org/10.1016/j.
geoderma.2013.10.005

Bravo, A., F. Zuaiiga, S. Valle, O. Thiers, D. Dec,
J. Clunes, and ]. Dorner. 2021. Propiedades
fisicas de los agregados de suelos en
bosques y praderas con régimen Aacuico.
Agro Sur 49(1):29-42. https://doi.org/10.4206/
agrosur.2021.v49n1-05



Clunes et al. Organo-mineral complexes in soils 101

Clunes, J., and D. Pinochet. 2021. Leucine retention
by the clay-sized mineral fraction. An
indicator of C storage. Agro Sur 48(3):37-46.
https://doi.org/10.4206/agrosur.2020.v48n3-05

Carrasco, M. D., Dec, S. Valle, F. Zuihiga, and J.
Dorner. 2017. Historial de uso de un suelo
Nadi: consecuencias sobre la capacidad
efectiva de almacenamiento de agua/aire
y la continuidad del medio poroso. Agro
Sur  45(1):39-51.  https://doi.org/10.4206/
agrosur.2017.v45n1-06

Carter, MR, and E.G. Gregorich. 2007. Soil
sampling and methods of analysis. CRC
press. https://doi.org/10.1201/9781420005271

CIREN. 2003. Estudio Agrologico X Region.
Publicacion CIREN No. 123. Centro de
informacion de Recursos Naturales, Santiago,
Chile. Available at http://bosques.ciren.cl/
handle/123456789/25572

Dumbrovsky, M., L. LariSova, V. Sobotkova,
and M. Kulihova. 2019. Comparison of
Different Texture Analysis for Soil Erodibility
Calculations of Loamy and Sandy-Loam
Soils in Moravian Regions. Acta Universitatis
Agriculturae et Silviculturae Mendelianae
Brunensis 67(2):383-393. https://doi.
org/10.11118/actaun201967020383

Day, P.R. 1965. Particle fractionation and particle-
size analysis. Methods of Soil Analysis: Part
1 Physical and Mineralogical Properties,
Including Statistics of Measurement and
Sampling 9:545-567.

Diaz C., C. Avilés, and R. Roberts. 1960. Los
grandes grupos de suelos de la Provincia de
Magallanes. Agricultura Técnica 20:227-308.

Di Stefano, C., V. Ferro, and S. Mirabile. 2010.
Comparison between grain-size analyses
using laser diffraction and sedimentation
methods. Biosyst. Eng. 106(2):205-215. https://
doi.org/10.1016/j.biosystemseng.2010.03.013

Dérner, J., D. Dec, O. Thiers, L. Paulino, F. Zaniga,
S. Valle, O. Martinez, and R. Horn. 2016.
Spatial and temporal variability of physical
properties of Aquands under different land
uses in southern Chile. Soil Use Manage.
32(3):411-421. https://doi.org/10.1111/
sum.12286

Dwivedi, D., J. Tang, N. Bouskill, K. Georgiou,
S.S. Chacon, and W.J. Riley. 2019. Abiotic
and biotic controls on soil organo-mineral
interactions: developing model structures to
analyze why soil organic matter persists. Rev.
Mineral. Geochem. 85(1):329-348. https://doi.
org/10.2138/rmg.2019.85.11

Fieldes, M., and K.W. Perrott. 1966. The nature
of allophane in soils: Part 3. Rapid field and
laboratory test for allophane. N. Z. J. Soil Sci.
9:623-629.

Filipov4, L., R. Hédl, and N. Covacevich. 2010.
Variability of soil types in wetland meadows
in the south of the Chilean Patagonia. Chil.
J. Agr. Res. 70(2):266-277. http://dx.doi.
org/10.4067/50718-58392010000200010

Forsythe, W. 1974. Fisica de suelos: manual de
laboratorio. IICA, San José, Costa Rica.

Garcia-Rodeja, E., J.C. Novoa, X. Pontevedra,
A. Martinez-Cortizas, and P. Buurman.
2004. Aluminium fractionation of European
volcanic soils by selective dissolution
techniques. Catena 56(1):155-183. https://doi.
org/10.1016/j.catena.2003.10.009

Gonzalez-Reyes, A., and A.A. Munoz. 2013.
Precipitation changes of Valdivia city (Chile)
during the past 150 years. Bosque 34(2):200-
213.

Haller, P., D. Dec, F. Zuihiga, O. Thiers, J. Ivelic-
Saez, R. Horn, and J. Dorner. 2015. Efecto
del estrés hidraulico y mecanico sobre la
resistencia y resiliencia funcional del sistema
poroso de un Nadi (Aquands) bajo distintos
usos de suelo. Agro Sur 43(2):41-52. https://
doi.org/10.4206/agrosur.2015.v43n2-06

Kettler, T.A., J.W. Doran, and T.L. Gilbert. 2001.
Simplified method for soil particle-size
determination to accompany soil-quality
analyses. Soil Sci. Soc. Am. J. 65(3):849-852.
https://doi.org/10.2136/ss5aj2001.653849x

Kleber, M., K. Eusterhues, M. Keiluweit, C. Mikutta,
R. Mikutta, and P.S. Nico. 2015. Mineral-
organic associations: formation, properties,
and relevance in soil environments. Adv.
Agron. 130:1-140. https://doi.org/10.1016/
bs.agron.2014.10.005

Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F.
Rubel. 2006. World Map of the Képpen-Geiger
climate classification updated. Meteorol. Z.
15(3):259-269.  https://doi.org/10.1127/0941-
2948/2006/0130

Kogel-Knabner, I., G. Guggenberger, M. Kleber, E.
Kandeler, K. Kalbitz, S. Scheu, K. Eusterhues,
and P. Leinweber. 2008. Organo-mineral
associations in temperate soils: Integrating
biology, mineralogy, and organic matter
chemistry. J. Plant Nutr. Soil 171(1):161-82.
https://doi.org/10.1002/jpIn.200700048

Lopez-Sangil, L., and P. Rovira. 2013. Sequential
chemical extractions of the mineral-associated
soil organic matter: An integrated approach
for the fractionation of organo-mineral
complexes. Soil Biol. Biochem. 62:57-67.
https://doi.org/10.1016/j.s0ilbio.2013.03.004

Luzio W., and M. Casanova. 2006. Avances en
el conocimiento de los suelos de Chile.
Universidad de Chile y Servicio agricola y
ganadero (SAG). Santiago. Available at https://
repositorio.uchile.cl/handle/2250/182304



102 s: Chilean J. Agric. Anim. Sci., ex Agro-Ciencia (2022) 38(1):94-103.

Matus, F., C. Rumpel, R. Neculman, M. Panichini,
and M.L. Mora. 2014. Soil carbon storage
and stabilisation in andic soils: A review.
Catena 120:102-110. https://doi.org/10.1016/;.
catena.2014.04.008

Matus, F.J. 2021. Fine silt and clay content is
the main factor defining maximal C and N
accumulations in soils: a meta-analysis. Sci.
Rep-UK 11(1):1-17. https://doi.org/10.1038/
s41598-021-84821-6

Qi, F., R. Zhang, X. Liu, Y. Niu, H. Zhang, H. Li, J.
Li, B. Wang, and G. Zhang. 2018. Soil particle
size distribution characteristics of different
land-use types in the Funiu mountainous
region. Soil Till. Res. 184:45-51. https://doi.
org/10.1016/j.still.2018.06.011

Panichini, M., R. Neculman, R. Godoy, N.
Arancibia-Miranda, and F. Matus. 2017.
Understanding carbon storage in volcanic
soils under selectively logged temperate
rainforests. Geoderma, 302:76-88. https://doi.
org/10.1016/j.geoderma.2017.04.023

Parfitt, R.L., and A.D. Wilson. 1985. Estimation of
allophane and halloysite in three sequences
of volcanic soils, New Zealand. In: Fernandez
Caldas E, Yaalon DH (eds) Volcanic Soils.
Catena-Verlag Supplemment 7, Cremlingen,
pp 1-8.

Porras, R.C., C.E. Hicks Pries, K.J. McFarlane, P.J.
Hanson, and M.S. Torn. 2017. Association
with pedogenic iron and aluminum: effects
on soil organic carbon storage and stability in
four temperate forest soils. Biogeochemistry
133(3):333-345. https://doi.org/10.1007/
s10533-017-0337-6

Plante, A.F., R.T. Conant, C.E. Stewart, K.
Paustian, and J. Six. 2006. Impact of soil
texture on the distribution of soil organic
matter in physical and chemical fractions.
Soil Sci. Soc. Am. J. 70(1):287-296. https://doi.
org/10.2136/sssaj2004.0363

Rabot, E., M. Wiesmeier, S. Schliiter, and H.J.
Vogel. 2018. Soil structure as an indicator
of soil functions: a review. Geoderma
314:122-137. https://doi.org/10.1016/].
geoderma.2017.11.009

Sadzawka, A., M.A. Carrasco, R. Grez, M.L.
Mora, H. Flores, and A. Neaman. 2006.
Recommended methods of analysis for soils
in Chile. Serie de Actas INIA no. 34. Santiago,
Chile. Available at http://www.schcs.cl/doc/
libros/ An%C3%Allisis %20de%20suelos.pdf

Salazar, O., M. Casanova, and W. Luzio. 2005.
Correlacion entre World Reference Base y
Soil Taxonomy para los suelos de la X region
de «Los Lagos» de Chile. Revista de la ciencia
del suelo y nutricién vegetal 5 (2):35-45.

Sandoval M., J. Doérner, O. Seguel, J. Cuevas, D.
Rivera. 2012. Métodos de analisis fisicos de
suelos. Chillan: Publicaciones - Departamento
de Suelos y Recursos Naturales. Available at
https://hdl.handle.net/20.500.14001/59208.

Six, J.,, R.T. Conant, E.A. Paul, and K. Paustian.
2002. Stabilization mechanisms of soil
organic matter: implications for C-saturation
of soils. Plant Soil 241(2):155-176. https://doi.
org/10.1023/A:1016125726789

Skaggs, T.H., LM. Arya, P.J. Shouse, and B.P.
Mohanty. 2001. Estimating particle-size
distribution from limited soil texture data.
Soil Sci. Soc. Am. J. 65(4):1038-1044. https://
doi.org/10.2136/sssaj2001.6541038x

USDA, N.R.CS., 2004. Soil survey laboratory
methods manual. Soil survey investigations
report, 42.

Valle, S., S. Radic, and M. Casanova. 2015a. Suelos
asociados a tres comunidades vegetales
de pastoreo importantes en Patagonia Sur.
Agro Sur 43(2):89-99. https://doi.org/10.4206/
agrosur.2015.v43n2-10

Valle, S.R., J. Carrasco, D. Pinochet, P. Soto, and
R. Mac Donald. 2015b. Spatial distribution
assessment of extractable Al, (NaF) pH and
phosphate retention as tests to differentiate
among volcanic soils. Catena 127:17-25.
https://doi.org/10.1016/j.catena.2014.12.011

Valle, S. R., and J. Carrasco. 2018. Soil quality
indicator selection in Chilean volcanic
soils formed under temperate and humid
conditions. Catena 162:386-395. https://doi.
org/10.1016/j.catena.2017.10.024

Velescu, A., T. Mefimer, T. Scholten, and P. Kiihn.
2010. Removal of short-range-order minerals
prior to grain-size analysis of volcanic ash
soils. J. Plant Nutr. Soil 173(6):799-804.
https://doi.org/10.1002/jpIn.201000111

Wagai, R., M. Kajiura, and M. Asano. 2020. Iron
and aluminum association with microbially
processed organic matter via meso-density
aggregate formation across soils: organo-
metallic glue hypothesis. Soil 6(2):597-627.
https://doi.org/10.5194/s0il-6-597-2020

Wiesmeier, M., L. Urbanski, E. Hobley, B. Lang,
M. von Liitzow, E. Marin-Spiotta, B. van
Wesemael, E. Rabot, M. Lies, N. Garcia-
Franco, U. Wollschlager, H-J. Vogel, and L
Kogel-Knabner 2019. Soil organic carbon
storage as a key function of soils-A review
of drivers and indicators at various scales.
Geoderma (333):149-162. https://doi.
org/10.1016/j.geoderma.2018.07.026



Clunes et al. Organo-mineral complexes in soils

WRB. 2014. International Soil Classification
System for Naming Soils and Creating
Legends for Soil Maps. World Soil Resources
Reports. Food and Agriculture Organization
of the United Nations, Rome pp. 106.

Yudina, A.V., D.S. Fomin, A.D. Kotelnikova, and
E.Y. Milanovskii. 2018. From the notion of
elementary soil particle to the particle-sizeand
microaggregate-size distribution analyses: A
review. Eurasian 51(11):1326-1347. https://
doi.org/10.1134/51064229318110091

Zuniga, F., D. Dec, S.R. Valle, O. Thiers, L.
Paulino, O. Martinez, O. Seguel, M.
Casanova, M. Pino, R. Horn, and J. Dorner
2019. The waterlogged volcanic ash soils of
southern Chile. A review of the “Nadi” soils.
Catena 173:99-113. https://doi.org/10.1016/;.
catena.2018.10.003



