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ABSTRACT

The mineralogical quantification of soils species is mainly obtained by analysis of X-ray diffraction (XRD) patterns.
The classic method, for these analyses, is limited to semi quantitative determinations due to the overlapping of different
specie’s peaks and processes of absorption of the constituents, the wide range of particle size distribution, etc.

The use of the Rietveld method for XRD quantitative analysis, in mixtures of minerals, has allowed to improve the
accuracy of the quantitative results and to extend it to complex systems, as soils, transforming it in a meaningful tool
for soils investigation.

In this work, quantitative results obtained by the application of classic and Rietveld methods, are compared in different
soils samples from Argentina. A set of mixtures of minerals with similar composition to three studied samples, was
also quantified by Rietveld method, with absolute error lower than 3%. Obtained results indicate that quantitative
analysis by Rietveld method, can improve the results found by XRD classic method and may be used for the quantitative
determination of soil minerals.
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APLICACION DEL METODO DE RIETVELD AL ANALISIS MINERALOGICO CUANTITATIVO
DE ALGUNAS MUESTRAS DE SUELOS DE LA ARGENTINA

RESUMEN

La cuantificacion mineralogica de componentes del suelo es obtenida principalmente por analisis de espectros de difrac-
cionderayos X (DRX). Elmétodo clasico aplicado para dicho analisis esta limitado a determinaciones semi-cuantitativas
debido alasuperposicion de picos de las distintas especies y procesos de absorcion de los constituyentes, el amplio rango
de distribucion de tamafio de particula, etc.

El uso del método de Rietveld para el analisis cuantitativo por DRX, en mezclas de minerales, ha permitido mejorar
la exactitud de los resultados cuantitativos y extenderlo a sistemas complejos, como lo son los suelos, transformandose
en una herramienta significativa para su investigacion.

En este trabajo se comparan los resultados cuantitativos obtenidos por la aplicacion del método clasico y de Rietveld,
a diferentes muestras de suelos de la Argentina. Un grupo de mezclas de minerales con composicion similar a tres de
los suelos estudiados, también se cuantificd por el método de Rietveld, obteniéndose un error absoluto menor al 3%.
Los resultados indican que el analisis cuantitativo por el método de Rietveld, mejoran los resultados obtenidos por el
método clasico de DRX y puede ser usado para la determinacion cuantitativa de los minerales presentes en suelos.

Palabras clave. Suelos, cuantificacion de minerales, difraccion de rayos X, método de Rietveld.

INTRODUCTION

Detailed information on the soil constituents and
their chemical state can be obtained by means of a great
diversity of spectroscopic and electronic microscopy
techniques (Fendorf & Sparks, 1996). However quanti-
fication of crystalline components in the fine fraction
continues being limited to the analysis of each specie’s
peaks from the X rays diffraction (XRD) patterns.

The first limitation in the XRD classic method (which
requires mineral standards with XRD properties similar
to those of the mineral phases in the unknown sample),
is the heterogeneous nature of clays in soils.

Several steps were used to improve the accuracy of
this method. Preliminary treatments of sample preparation
as dispersion of particles, removal of organic matter, etc.
(Bish, 1994; Whittig & Allardice, 1986) were used to
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disperse the sample and to remove crystalline solids
whose diffraction peaks are superimposed interfering in
the determination and/or quantification of certain mine-
rals. Also, separation of different particle fractions (<2-
0,2 mm by Stokes’s law) was managed to improve the
quantitative results obtained by XRD classic method.

The overlapping of peaks, which also contribute to
the inaccuracy of the XRD classic method, can be
eliminated using single line fitting procedure (Naidu &
Houska, 1982), peak deconvolutions or using differential
XRD; the high absortivity (that can cause error higher
than double of the real value) can be overcome by chan-
ging the radiation source (Cu to Mo or Co, etc.; Brindley,
1961) and the use of external standard technique would
decrease the technique error to [always higher than 7%,
(Pawloski, 1985)]. Generally, to improve the results furni-
shed by XRD quantitative analysis, it is necessary to use
other spectroscopy (Mdéssbauer, electronic Microscopy,
etc.) or chemical analysis of the samples.

Hugo Rietveld (1969) developed a method to refine
crystalline structures using neutron diffraction data. The
utilization of Rietveld’s method to XRD has advanced
quickly, extending its use to structural analysis (McCus-
ter et al., 1999), crystalline perfection investigation,
reticular parameters measurement, phase transforma-
tions (Bish & Howard, 1988; Pascoal et al., 1999; Ortiz
etal., 2000), determination of amorphous content (De la
Torre et al., 2001) and to quantitative analysis of mineral
mixtures (Jones & Bish, 1991; Taylor & Rui, 1992; Bish
& Post, 1993; Raudsepp et al., 1999).

This method fits point-to-point the difference
between experimental intensities of the whole X-ray
pattern and the calculated intensities, based on a certain
model of crystalline structure, optic effects of diffraction,
instrumental factors and other characteristics of the
sample. All lines for each phase are included explicitly
inthe refinement, and linear background is obtained when
agood correlation between the calculated and experimen-
tal X-ray patterns exists. Among others, the advantages
over traditional methods are reduction of effects of pre-
ferred orientation, calibration without use of internal or
external standards, separately handling of the overlapped
reflections and mass absorption effects, etc.

The Rietveld method has shown an appropriate co-
rrespondence in diverse applications in soil studies. It
has been used in the determination of clays in soils
(Weidleretal., 1998; Bravoetal., 2003) and in coal (Chuan-
de & Ward, 2003), of mixtures of minerals (Bonetto ezal.,
2003), of montmorillonites quantification in soils
(Dermatas & Dadachov, 2003) and in the adjustment
among experimental and calculated values of densities
of surface soil charges (Taubaso et al., 2004).
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The objective of this work is to use the Rietveld me-
thod for quantitative analysis of the mineral composition
of some soils samples from Argentina of different origin
and composition. Some soils were also evaluated by a
classic XRD method and also different radiation source
wasused for two soils with high iron content. Also, three
different measurements and refinements were carried out
on artificial mixtures of similar mineral composition of
three studied soils samples.

MATERIALS AND METHODS

Samples of surface horizon (A) of all soils were used. Three
of them belong to the Pampean region (a Typic Ustipsamment,
a Typic Hapludert and a Typic Argiudoll, named Anguil, Gorina
and Castelar, respectively), four other samples belong to soils from
asubtropical zone (Rhodudult, identified as S. Jose, C. Sierra and
C. Azuland Udult, C. Navaja) and the last one is the surface horizon
of a soil in a cold area near the Cordillera de los Andes (Typic
Haplocryoll, Chalten).

The references used for classic XRD analysis were: Quartz,
(99.9%, particle size <44 um, Argentina), Montmorillonite (99%
sodium Montmorillonite, particle size <2 um, Neuquén), Illite (85%
and 15% quartz, particle size <74um, Illinois, USA), Kaolinite
(98%, particle size <2um, Georgia, USA), Magnetite (97.5%Fe,O,,
Argentina), Hematite (99% Fe,0,, analytical grade BDH), Anatase
(TiO, analytical grade Fluka), two feldspar were used: Albite (99%,
particle size <74um, Argentina) and Sanidine (99%, particle size
<74um, VASA), and micronized Fluorite (99.9%, Argentina)

obtained by contrition milling for 15 hr (80% <2mm) as amorphous.

The soil samples were manually crushed ina porcelain mortar
and sieved (<Imm) to eliminate plant residues and gravel, then
leached with distilled water and finally air-dried. Inall soils except
Chalten, due to its low OM content, the organic matter was
removed by treating the sample with 30% w/w H,O,, at 80 °C under
constant stirring (Kunze & Dixon, 1986); the OM remaining in
the samples after the treatment was determined following the
procedure of Richter & Von Wistinghausen (1981). The obtained
samples were crushed, sieved (<125 pum) and used for the XRD
analysis. They will be called hereafter with their origin name
(Anguil, Castelar, C. Sierra, etc.).

To simulate soil composition, mixtures of same minerals in
similar amounts to those of soil chosen were homogenized, mixing
them in an agate mortar for 5 minutes with acetone until its
evaporation.

A Philips 3020 apparatus was used to record XRD patterns.
The operating conditions were: 40kV and 30mA, Cuk radiation,
Ni filter. Diffraction data were collected over a 20 range of 3°-
70°, with a step width of 0.02° and a counting time of 2.0 sec/
step. The samples S. Jos¢ and C. Sierra were also analyzed, under
the same working conditions, in a Philips PW1810 with Co
radiation. All samples were analysed by means of the powder
mounting technique.

The classic XRD method for quantitative determination of
the different species was carried out on Castelar, Anguil, C. Sierra,
S. Jose, C. Navaja and C. Azul samples. The identification and
quantification of montmorillonite was carried out on samples
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treated with glycol. The peaks used to measure the intensities were:
Quartz, 3.36 A (Wilding et al., 1977); Montmorillonite, 17.0 A
(Borchardt, 1977); Kaolinite, 7.00 A (Dixon, 1977), Anatase,
3.52 A (Hutton, 1977), Hematite, 2.70 A and Magnetite, 2.97A
(Schwertmann & Taylor, 1977); Illite, 9.3 A (Fanning &
Keramidas, 1977) and Feldspar, 3.30 A (Huang, 1977). The content
of each species was determined by the ratio of the indicated peak
area in the sample with respect to that of the reference, same
crystalline species in pure condition, expressed as percentage.

The absorptive properties of the soil components were
considered by correcting the values of the obtained areas (I) using
the mass adsorption coefficients (m) of each component.

[/1 =(m /m ) xi (1)

Where: the subscripts.x and o correspond to crystalline species
inthe sample and in the standard, respectively; whilexi is the mass
fraction of the species in the sample.

The Rietveld method, as was indicated, fits point-to-point
the experimental intensities of the whole pattern to those
calculated. The “Profile Matching” refinement mode included in
the programs “FULLPROF” (Rodriguez Caravajal, 1990), was
used inthe present work and allows the refinement and subsequent
quantitative analysis to be made even when some phases may have
incomplete structural data (Bonetto et al., 2003). The starting
crystallographic data used for each phase were extracted from the
literature. For montmorillonite quantification, the fitting was
carried out without taking into account the atomic positions. The

structure factors were then calculated based on the measured
intensities ofasample containing 99% of sodium montmorillonite
(Lombardi et al., 2002) whose pattern match with that present
in the samples. These structure factors were used to calculate the
integrated intensities of the sample under study, whereas other
parameters as preferred orientation, profile function parameters,
asymmetry, etc. were refined. The illitic material was adjusted as
IM mica. As Rietveld analysis does not take into account the
presence of phases not detected by XRD and amorphous materials,
micronized fluorite was added as internal standard to quantify these
components (Madsen ez al., 1991). Quartz present in the samples
was used to fitthe background and the 26 shift for the displacement
of each specimen.

RESULTS AND DISCUSSION

Table 1 shows the iron and the organic matter content,
specific surface and particle size after H,O, treatment of
the soil samples.

The high iron content in C. Sierra, S. Jose, C. Navaja
and C. Azul samples denotes its origin and the high clay
content is reflected in the measured values of surface
area. Surface area values of all samples are in agreement
with those found by Torres Sanchez & Falasca (1997).
The high surface area value obtained for Chalten sample
cannotbe directly correlated to any organic matter or clay
content.

Figures 1 to 4 show the observed and calculated
patterns for Castelar, Anguil, C. Sierra and S. Jose.

Table 1. Iron oxide and organic matter contents, specific surface area and particle size composition after H,O, treatment.
Values from (*) Taubaso e al. (2003) and (*) Torres Sanchez et al. (2001).

Tabla 1. Contenido en oxido de hierro y materia organica, superficie especifica y composicion granulométrica después
del tratamiento del suelo con H,0,. Los valores indicados con (*) corresponden a Taubaso et al. (2003) y (*) Torres Sanchez

et al. (2001).

Sample Fe,0, Organic matter Sw particle size composition
(%) (%) (m*/g) (%) (lm)

1000-50 50-5 <5
Castelar 1.8 0.18 (0.01)" 97 (4.0) 10 58 32
Chalten - 0.26 (0.01) 120 (5.5)* 70 20 9
Anguil 3.6% 0.15 (0.01) 59 (2.1) 30 53 17
Gorina 3.5 3.50 (0.02) 88 (3.0) 12 45 43
C. Sierra 20.6% 1.40 (0.02)* 100 (3.6) 12 19 69
S. José 19.6% 1.20 (0.01)* 113 (6.0) 9 18 73
C. Navaja 20.1% 0.54 (0.01)* 100 (3.0) 18 20 62
C. Azul 14.0%* 3.38 (0.03)* 129 (4.0) 13 17 70
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Figure 1. Observed (+) and calculated (line) patterns for Castelar. Crystalline species Bragg position lines. The lower curve shows
the difference between observed and calculated patterns (pr =35.0%, R.,= 15.0%).

Figura 1. Difractogramas experimental (+)y calculado (linea) para el suelo Castelar. Posiciones de las lineas de Bragg de las especies
cristalinas. La curva inferior muestra la diferencia entre los difractogramas experimental y calculado (R,,=35.0%,R_=15.0%).
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Figure 2. Observed (+) and calculated (line) patterns for Anguil. Crystalline species Bragg position lines. (R =35.1%,R_=
16.3%).

Figura2. Difractogramas experimental (+) y calculado (linea) para el suelo Anguil. Posiciones de las lineas de Bragg de las especies
cristalinas. (pr =35.1%, Rexp =16.3%).
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Figure 3. Observed (+) and calculated (line) patterns for C. Sierra.. Crystalline species Bragg position lines. (pr =30.3%, R

=20.6%).

Figura 3. Difractogramas experimental (+)y calculado (linea) parael suelo C. Sierra. Posiciones de las lineas de Bragg de las especies
(R, =303%, R =20.6%).
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Figure 4. Observed (+) and calculated (line) patterns for S. Jose. Crystalline species Bragg position lines. (pr =29.6%, R

=20.2%).

Figura4. Difractogramas experimental (+) y calculado (linea) parael suelo S. José. Posiciones de las lineas de Bragg de las especies
(R, =29.6%, R =20.2%).
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The difference between observed and calculated
patterns (Figures 1 and 2) was significant from around
23t030° (2 6) where the relative moisture of clay samples
play animportantrole (Runpingetal., 2003). Soil samples
with high iron content (Figures 3 and 4) as will be dis-
cussed latter, showed a better fit than that obtained for
the other soils. The best least square fit between obser-
ved and calculated patterns was indicated by R
weighted pattern R-factor, which indicates the quality of
the fitting procedure, and R, values, R-Bragg factor:
which indicates the correspondence between the
calculated and the measured diffraction intensities of in-
dividual phases. The R _for all samples were within 29-
35%, which is typically adequate in X-ray refinements
(Young, 1993) and R values were close to R in soils
C. Sierra and S. José and also similar to those obtained
by Bish & Post (1993) and Bonetto et al. (2003) for
mechanical mixtures of different oxides.

Table 2 summarizes the percentage values obtained
for each species, by classic and Rietveld methods. Felds-

par was obtained as the percentage addition of Albite and
Sanidine species. Analysis of fraction <2um for Gorina,
correction for the presence of amorphous species and
estimated standard deviations for all soils were also
included for the Rietveld method analysis in Table 2.

Gorina s classified as Typic Hapludert with the cha-
racteristic of a clay-rich soil that shrinks and swells with
changes in moisture content. The absence of montmo-
rillonite or expansive clays and the high illite content in
Gorina, could be assigned to a smectite-to-illite transition
(Moore & Reynolds, 1989) and stacking disorders of clays
(Bish, 1993). The different values found forillite in Gorina
and Gorina<2 um follows thatindicated by Laird & Dowdy
(1994) mineralogical composition is independent of
particle size for quartz and kaolinite, however, this
assumption is not valid for the illitic materials in soils.

The precision of Rietveld results (absolute error lo-
wer than 3%) was in all species higher than that obtained
by the classical method, but one must remember that the

Table 2. Weight percentage of minerals obtained by the XRD Classic and the Rietveld methods for the indicated soils. Letters
indicate: Q, Quartz, Mo, Montmorillonite, F, Feldspar (obtained as addition of Sanidine and Albite), K, Kaolinite, I, Illite, Ma,
Magnetite, H, Hematite, T, Anatase and Amor, Amorphous. (') values from Torres et al. (2001).

Tabla 2. Porcentaje en peso de minerales obtenidos por el método Clasico de DRX y Rietveld, para los suelos indicados. Las
letras indican Q, Cuarzo, Mo, Montmorillonita, F, Feldespato (como suma de Sanidina y Albita), K, Caolinita, I, Illita, Ma,
Magnetita, H, Hematita, T, Anatasa y Amor, Amorfo. (') valores de Torres et al. (2001).

Sample Q Mo F K 1 Ma H T Amor
% % % % % % % % %
Classic Method
Castelar 34-40 5-7 31-38 - 20-28 - - - -
Anguil 20-25 4-8 42-45 - 21-27 3-5 - - -
C. Sierra 12-17! 44-54! 3-5 15-20 - -
S. Jose 12-17! 33-38! 3-4 12-19 2 -
C. Navaja 12-17! 52-57! 5-9 7-15 2 -
C. Azul 15-20' - - 16-21' - 5-8 8-18 5 -
Rietveld Method (radiation Cu)
Castelar 37.0 (1.7) 8.0 (2.1) 33.0 (2.3) - 12.0 (3.0) - - - 10.0
Chalten' 30.9 (0.4) 19.4 (1.2) 49.7 (0.9) - - - - - -
Anguil 21.9 (1.3) 9.01(2.1) 48.5 (2.1) - 6.5 (1.7) 2.5 (0.4) - - 15.0
Gorina 459 (1.3) - 36.8 (1.3) - 16.3 (1.4) - - - 1.0
Gorina <2pum  12.4 (0.5)  2.3(0.2) 32.5(1.0) - 52.8(1.8) - - - -
C. Sierra 20.1 (1.1) - - 49.6 (3.0) - 1.0 (0.6) 21.2(2.4) 1.1 (0.6) 7.0
S. Jose 17.2 (0.8) - - 60.2 (3.3) - 1.1 (0.6) 16.1(1.4) 1.0 (0.6) 6.0
C. Navaja 17.1 (0.3) 1.2 (0.7) - 61.2 (0.5) - 5.5 (0.7) 103 (0.9) 3.7 (0.4) 1.0
C. Azul 28.4 (0.5) 1.3 (0.6) - 45.0 (0.4) - 42 (0.7) 142 (1.0) 59 (0.5) 1.0
Rietveld Method (radiation Co)
C. Sierra 23.1 (1.3) - - 50.6 (2.4) - 0.8 (0.6) 23.8(1.2) <1 2.0
S. Jose 17.8 (1.7) - - 63.9 (3.5) - 0.6 (0.7) 17.5(1.4) <1 1.0
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standard deviation for the refined Rietveld parameters
is related to their precision rather than to their accuracy;
thus, accurate estimation of the errors in the quantitative
species-composition analysis requires the use of stan-
dard mixtures.

An approach to evaluate the accuracy of the Rietveld
method in samples of high iron content was to calculate
the quartz and kaolinite percentage from the chemical
analysis data [A1,0,%and SiO,% in C. Sierra were20.7
and42.3%, respectively, while their corresponding values
forS. Jose were 24.2 and 42.0% (Torres etal., 2001)]. For
this purpose the Al,O, amount was considered to come
only from the kaolinite structure, so the quartz propor-
tion was calculated as the difference of total SiO, and
kaolinite. Amounts calculated of kaolinite were of 50%
in C. Sierraand 59% in S. Jose, while values of quartz in
the same materials were 18 and 15%, respectively. The
data differ 2% in kaolinite and quartz with respect to data
obtained by the Rietveld method. The difference obtained
for quartz was assigned to the inadequate hypothesis that
all analytically determined SiO, was crystalline, in
agreement with data obtained by Bish & Post (1993) for
hematite and corundum mixtures.

By comparing the classical and the Rietveld method
when applied to data obtained for the Castelar sample

(Table 2) itis found that the values obtained with the first
methods were within the XRD experimental error (+ 7%)
and with the Rietveld were + 3% for all components.

Theiron percentage obtained by the Rietveld method
agreed with that found by chemical analysis (Table 1).
For C. Navaja and C. Azul, it must be taken into account
that some 20% of the total iron was in the kaolinite
structure as isomorphic substitution (Torres etal., 2001).
Data obtained with Co anode agreed within the method
error found with Cu anode in the two samples (C. Sierra
and S. Jose) taken as example for comparison.

Table 3 shows thenominal values in wt% of crystalline
species identified in the oxides mixtures with similar
composition of C. Sierra, S. Jose and Castelar.

Quartz amount obtained by Rietveld method was
slightly higher than that used in the oxide mixtures of
similar composition of C. Sierraand S. Jose evaluated, whi-
le percentage of kaolinite, anatase and iron oxides were
always lower than those of the nominal values used. It
is important to mention the lower montmorillonite value
(0.8%) obtained by Rietveld method in comparison to that
of the mechanical mixture (8.0%), which point out the
difficulty to identify expansible minerals. The con-
centrations obtained for the oxide mixtures show that the
absolute errors do not exceed 3wt %.

Table 3. Nominal values in wt% of crystalline species determined by Rietveld method in the oxides mixtures with
similar composition of C. Sierra, S. Jose and Castelar. Letters indicate same minerals as in Table 2.

Tabla3. Valores nominales de porcentaje en peso de las especies cristalinas, determinados por el método de Rietveld,
enmezclas de 6xidos con composicionsimilaralossuelos C. Sierra, S. José y Castelar. Las letras indican los mismos

minerales que en la Tabla 2.

Q K Ma H T
% % % % %
C. Sierra 1 24.7 (0.3) 52.3 (0.3) 0.5 (0.1) 20.5 (0.5) 2.1 (0.1)
2 25.0 (0.2) 51.4 (0.4) 0.4 (0.2) 20.8 (0.7) 2.2 (0.3)
3 24.9 (0.4) 51.6 (0.5) 0.4 (0.1) 20.5 (0.6) 2.4 (0.4)
Nominal values 22.3 53.2 1.2 22.2 1.2
S. Jose 18.5 (0.3) 63.1 (0.6) 0.5 (0.3) 15.7 (0.5) 2.1 (0.4)
18.0 (0.8) 63.4 (1.3) 1.0 (0.5) 16.0 (1.2) 1.4 (0.8)
17.8 (0.6) 63.8 (0.8) 0.8 (0.4) 16.1 (0.7) 1.5 (0.4)
Nominal values 17.3 64.6 1.0 16.2 1.0
Q Mo Albite Sanidine 1 Am.
% % % % % %
Castelar 43.8 (0.2) 0.8 (0.1) 11.1 (0.2) 19.3 (0.2) 9.7 (0.2) 12.3 (0.2)
43.6 (0.5) 1.0 (0.6) 10.8 (0.3) 19.5 (0.6) 9.2 (0.5) 15.9 (0.3)
43.1 (0.4) 0.8 (0.8) 11.6 (0.7) 19.2 (0.8) 8.9 (0.4) 16.4 (0.4)
Nominal values 42.6 8.0 10.1 19.7 9.0 -
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CONCLUSIONS

An accurate and rapid quantification of minerals in
soil samples is a long standing problem in soil science.
The good results obtained with XRD techniques on oxide
mixtures and on soil samples of different composition,
confirm the usefulness of the profile matching mode for
mineral quantificationin soils. The Rietveld quantitative
analysis applied to soil samples provides lower errors
than those obtained by the classical method XRD
(without requiring laborious sample pre-treatment).

Also, no significant difference in quantitative analy-
sis was obtained between the uses of Cu or Co anode in
high iron content samples.

Thereference mixture measured and quantified 3 times
demonstrates that the average error values obtained and
the error values from a single refinement are similar.

The presence of amorphous soil phases must be taken
in consideration to determine the percentage of soil
minerals.
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