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ABSTRACT

The mineralogical quantification of soils speciesis mainly obtained by analysis of X-ray diffraction (XRD) patterns.
Theclassic method, for theseanalyses, islimited to semi quantitative determinations dueto 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.

Inthiswork, 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
analysishy Rietveld method, canimprovetheresultsfound by X RD classic method and may beused for the quantitative
determination of soil mineras.
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APLICACIONDEL METODODERIETVELDAL ANALISISMINERALOGICOCUANTITATIVO
DEALGUNASMUESTRASDE SUELOSDE LA ARGENTINA

RESUMEN

Lacuantificacion mineral 6gicade componentesdel suel o esobtenidaprincipal mente por andlisisde espectrosdedifrac-
cionderayosX (DRX). El método clasi co aplicado paradicho andlisi sestalimitado adeterminacionessemi-cuantitativas
debidoalasuperposicion depicosdelasdistintasespeciesy procesosdeabsorcion delosconstituyentes, el ampliorango
de distribucién de tamafio de particula, etc.

El uso del método de Rietveld para el andlisis cuantitativo por DRX, en mezclas de minerales, ha permitido mejorar
laexactitud delosresultados cuantitativosy extenderlo asistemas complejos, como |0 son los suel os, transformandose
en una herramienta significativa para su investigacion.

En este trabajo se comparan los resultados cuantitativos obtenidos por la aplicacién del método clasicoy de Rietveld,
adiferentes muestras de suelos de la Argentina. Un grupo de mezclas de minerales con composicion similar atres de
los suel os estudiados, también se cuantificd por el método de Rietveld, obteniéndose un error absoluto menor al 3%.
Losresultadosindican que el andlisis cuantitativo por el método de Rietveld, mejoran los resultados obtenidos por €l
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 agreat
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.

Thefirstlimitationinthe X RD classic method (which
requires mineral standardswith XRD propertiessimilar
to those of the mineral phasesin the unknown sample),
is the heterogeneous nature of claysin soils.

Several steps were used to improve the accuracy of
thismethod. Preliminary treatmentsof samplepreparation
asdispersion 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 peaksare superimposed interferingin
the determination and/or quantification of certain mine-
rals. Also, separation of different particlefractions (<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 linefitting procedure (Naidu &
Houska, 1982), peak deconvol utionsor using differential
XRD; the high absortivity (that can cause error higher
than double of thereal value) can be overcome by chan-
gingtheradiation source(CutoMoor Co, etc.; Brindley,
1961) and the use of external standard technique would
decrease the technique error to [aways higher than 7%,
(Pawloski, 1985)]. Generally, toimprovetheresultsfurni-
shed by XRD quantitativeanalysis, itisnecessary to use
other spectroscopy (M dssbauer, el ectronic Microscopy,
etc.) or chemical analysis of the samples.

Hugo Rietveld (1969) devel oped amethod to refine
crystallinestructuresusing neutron diffraction data. The
utilization of Rietveld’s method to XRD has advanced
quickly, extending itsuseto 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 amorphouscontent (Dela
Torreetal., 2001) andto quantitativeanalysisof 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 acertain
model of crystallinestructure, opticeffectsof diffraction,
instrumental factors and other characteristics of the
sample. All linesfor each phase are included explicitly
intherefinement, andlinear backgroundisobtainedwhen
agood correlation between thecal culated 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 theoverlapped
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 claysin soils
(Weidleretal.,1998; Bravoetal ., 2003) andincoa (Chuan-
de& Ward, 2003), of mixturesof minerals(Bonettoetal.,
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 thiswork isto use the Rietveld me-
thod for quantitativeanal ysisof themineral composition
of somesoilssamplesfrom Argentinaof different origin
and composition. Some soils were also evaluated by a
classic XRD method and also different radiation source
wasused for two soilswith highiron content. Also, three
different measurementsand refinementswerecarried out
on artificial mixtures of similar mineral composition of
three studied soils samples.

MATERIALSANDMETHODS

Samples of surface horizon (A) of al soilswereused. Three
of them belong to the Pampean region (a Typic Ustipsamment,
aTypicHapludert and aTypic Argiudoll, named Anguil, Gorina
and Castelar, respectively), four other samplesbelongto soilsfrom
asubtropical zone(Rhodudult, identified asS. Jose, C. Sierraand
C.Azul andUdult, C. Navaja) andthelast oneisthesurfacehorizon
of asoil in acold area near the Cordillera de los Andes (Typic
Haplocryoll, Chalten).

The references used for classic XRD analysiswere: Quartz,
(99.9%, particlesize<44 um, Argentina), Montmorillonite (99%
sodiumMontmorillonite, particlesize<2 um, Neuguén), llite(85%
and 15% quartz, particle size <74um, lllinois, USA), Kaolinite
(98%, particlesize<2um, Georgia, USA), Magnetite(97.5%Fe,0,,
Argentina), Hematite(99%Fe,O,, anaytical gradeBDH), Anatase
(TiO, analytical gradeFl uka), twofel dspar wereused: Albite(99%,
particlesize<74um, Argentina) and Sanidine (99%, particlesize
<74pm, VASA), and micronized Fluorite (99.9%, Argentina)
obtainedby contritionmillingfor 15 hr (80%<2mm) asamorphous.

Thesoil samplesweremanually crushedinaporcelainmortar
and sieved (<1mm) to eliminate plant residues and gravel, then
leachedwithdistilledwater andfinally air-dried. Inall soilsexcept
Chalten, due to its low OM content, the organic matter was
removed by treating thesamplewith 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
procedureof Richter & VonWistinghausen (1981). Theobtained
samples were crushed, sieved (<125 pm) 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 mineralsin
similar amountstothoseof soil chosenwerehomogenized, mixing
them in an agate mortar for 5 minutes with acetone until its
evaporation.

A Philips 3020 apparatus was used to record XRD patterns.
Theoperating conditionswere: 40kV and 30mA, Cuk, , radiation,
Ni filter. Diffraction data were collected over a 26 range of 3°-
70°, with a step width of 0.02° and a counting time of 2.0 sec/
step. ThesamplesS. Joséand C. Sierrawereal so 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
thedifferent specieswascarried out on Castelar, Anguil, C. Sierra,
S. Jose, C. Navgjaand C. Azul samples. The identification and
quantification of montmorillonite was carried out on samples
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treatedwithglycol. Thepeaksusedtomeasuretheintensitieswere:
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 &
K eramidas, 1977) and Fel dspar, 3.30 A (Huang, 1977). Thecontent
of each specieswasdetermined by theratio of theindicated peak
areain 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 thevaluesof theobtained areas(l) using
the mass adsorption coefficients (m) of each component.

/1. =(m/m) xi (1)

Where: thesubscriptsxand o correspondtocrystallinespecies
inthesampleandinthestandard, respectively; whilexi isthemass
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*ProfileMatching” refinement modeincludedin
the programs “FULLPROF” (Rodriguez Caravajal, 1990), was
usedinthepresent work and allowstherefinement and subsequent
guantitativeanalysi stobemadeevenwhen somephasesmay have
incomplete structural data (Bonetto et al., 2003). The starting
crystallographi c dataused for each phasewereextracted fromthe
literature. For montmorillonite quantification, the fitting was
carried out without taking into account the atomic positions. The

structure factors were then cal culated based on the measured
intensitiesof asamplecontai ning 99% of sodiummontmorillonite
(Lombardi et al., 2002) whose pattern match with that present
inthe samples. These structure factorswere used to calculate the
integrated intensities of the sample under study, whereas other
parameters as preferred orientation, profile function parameters,
asymmetry, etc. wererefined. Theillitic material wasadjusted as
1M mica. AsRietveld analysis does not take into account the
presenceof phasesnot detected by X RD and amorphousmaterials,
micronizedfluoritewasadded asinterna standardto quantify these
components(Madsen et al., 1991). Quartz present in the samples
wasusedtofitthebackground and the 26 shift for thedisplacement
of each specimen.

RESULTS AND DISCUSSION

Table1showstheironandtheorganic matter content,
specific surface and particle size after H,O, treatment of
the soil samples.

ThehighironcontentinC. Sierra, S. Jose, C. Navaja
and C. Azul samplesdenotesitsorigin and the high clay
content is reflected in the measured values of surface
area. Surfaceareavaluesof all sasmplesarein agreement
with those found by Torres Sanchez & Falasca (1997).
Thehigh surfaceareaval ue obtained for Chalten sample
cannot bedirectly correlated to any organic matter or clay
content.

Figures 1 to 4 show the observed and cal culated
patterns for Castelar, Anguil, C. Sierraand S. Jose.

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

Tabla 1. Contenido en 6xido 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,O, Organic matter Sy particle size composition
(%) (%) (m?g) (%) (Hm)
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. Serra 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. Navgja 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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Figurel. Observed (+) and calculated (line) patternsfor Castelar. CrystallinespeciesBragg positionlines. Thelower curveshows
the difference between observed and calculated patterns (pr =35.0%, R, = 15.0%).

Figural. Difractogramasexperimental (+) y calculado(linea) parael suelo Castelar. Posicionesdelaslineasde Bragg delasespecies
cristalinas. Lacurvainferior muestraladiferenciaentrelosdifractogramasexperimental y calculado (R, =35.0%, R, =15.0%).
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Figure 2. Observed (+) and calculated (line) patternsfor Anguil. Crystalline species Bragg positionlines. (R, ,=351% R, =
16.3%).

Figura2. Difractogramasexperimental (+)y cal culado (Iinea) parael suelo Anguil. PosicionesdelaslineasdeBraggdelasespecies
cristalinas. (R, = 35.1%, R, = 16.3%).
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Figure 3. Observed (+) and calcul ated (line) patternsfor C. Sierra.. Crystalline species Bragg position lines. (pr =30.3%,R
= 20.6%).

Figura3. Difractogramasexperimental (+)y calculado(lineg) parael sueloC. Sierra. PosicionesdelaslineasdeBragg delasespecies
(R,, =30.3%, R, = 20.6%).
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Figure 4. Observed (+) and calculated (line) patternsfor S. Jose. Crystalline species Bragg position lines. (pr =29.6%, R
= 20.2%).
Figura4. Difractogramasexperimental (+) y calculado (linea) parael suelo S. José. PosicionesdelaslineasdeBragg delasespecies
(R,, = 29.6%, R, = 20.2%).

exp

Ci. SUELO (ARGENTINA) 25(1) 65-73, 2007



70 STELLA M. ZABALA et al.

The difference between observed and calculated
patterns (Figures 1 and 2) was significant from around
23t030° (20) wheretherel ativemoistureof clay samples
play animportant role(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, whichindicatesthequality of
the fitting procedure, and Rap values, R-Bragg factor:
which indicates the correspondence between the
calculated and themeasured diffractionintensitiesof in-
dividual phases. TheR _forall sampleswerewithin 29-
35%, which istypically adequate in X-ray refinements
(Young, 1993) and R, valueswerecloseto R insoils
C. Sierraand 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 val ues obtained
for each species, by classicand Rietveld methods. Felds-

par wasobtained asthe percentageaddition of Albiteand
Sanidinespecies. Analysisof fraction < 2umfor Gorina,
correction for the presence of amorphous species and
estimated standard deviations for all soils were also
included for the Rietveld method analysisin Table 2.

Gorinaisclassified as Typic Hapludert with thecha-
racteristic of aclay-rich soil that shrinksand swellswith
changes in moisture content. The absence of montmo-
rillonite or expansive claysand the highillite content in
Gorina, couldbeassignedtoasmectite-to-illitetransition
(Moore& Reynolds, 1989) and stackingdisordersof clays
(Bish,1993). Thedifferent valuesfoundforillitein Gorina
and Gorina<2pmfollowsthatindicatedby Laird& Dowdy
(1994) mineralogical composition is independent of
particle size for quartz and kaolinite, however, this
assumption is not valid for theillitic materialsin soils.

The precision of Rietveld results (absolute error lo-

wer than 3%) wasin all specieshigher 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 theindicated soils. Letters
indicate: Q, Quartz, Mo, Montmorillonite, F, Feldspar (obtained asaddition of Sanidineand Albite), K, Kaolinite, I, lllite, 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 Clésico de DRX y Rietveld, paralos suelosindicados. Las
letras indican Q, Cuarzo, Mo, Montmorillonita, F, Feldespato (como sumade Sanidinay Albita), K, Cadlinita, I, lllita, Ma,
Magnetita, H, Hematita, T, Anatasay Amor, Amorfo. (*) valores de Torres et al. (2001).

Sample Q Mo F K | 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* - - 44-541 - 3-5 15-20 -
S. Jose 12-17* 33-38t 3-4 12-19 2
C. Navaga 12-17* 52-571 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) 80 (21) 33.0 (2.3 12.0 (3.0 10.0
Chalten? 30.9 (0.4) 19.4 (1.2) 49.7 (0.9) - - -
Anguil 219 (1.3) 9.01(2.1) 485 (2.1) 6.5 (1.7) 2.5 (0.4) 15.0
Gorina 45.9 (1.3 - 36.8 (1.3) 16.3 (1.4) - 1.0
Gorina <2um  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) 11 (06) 7.0
S. Jose 17.2 (0.8) - 60.2 (3.3) 11 (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) 55 (0.7) 103 (0.9) 3.7 (04) 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
isrelated to their precision rather than to their accuracy;
thus, accurate estimation of the errorsin the quantitative
species-composition analysis requires the use of stan-
dard mixtures.

Anapproachto evaluatetheaccuracy of theRietveld
method in samples of high iron content wasto calcul ate
the quartz and kaolinite percentage from the chemical
anadysisdata[Al,0,%and SIO,%in C. Sierrawere20.7
and42.3%, respectively, whiletheir correspondingval ues
for S. Josewere24.2and 42.0% (Torresetal., 2001)]. For
this purpose the Al,O, amount was considered to come
only from the kaolinite structure, so the quartz propor-
tion was calcul ated as the difference of total SiO, and
kaolinite. Amounts cal culated of kaolinite were of 50%
inC. Sierraand 59%in S. Jose, whilevaluesof quartzin
the same materials were 18 and 15%, respectively. The
datadiffer 2%inkaoliniteand quartzwith respect todata
obtained by theRietveld method. Thedifferenceobtained
for quartzwasassigned to theinadequate hypothesisthat
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)itisfoundthat thevaluesobtained withthefirst
methodswerewithinthe X RD experimental error ( 7%)
and with the Rietveld were + 3% for all components.

Theiron percentageobtai ned by theRietveld method
agreed with that found by chemical analysis (Table 1).
For C. Navgjaand C. Azul, it must betaken into account
that some 20% of the total iron was in the kaolinite
structureasisomorphicsubstitution (Torresetal ., 2001).
Data obtained with Co anode agreed within the method
error found with Cu anodein thetwo samples (C. Sierra
and S. Jose) taken as example for comparison.

Table3showsthenominal valuesinwt%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 compositionof C. Sierraand S. Joseeva uated, whi-
le percentage of kaolinite, anatase and iron oxides were
always lower than those of the nominal values used. It
isimportant to mention thelower montmorillonitevalue
(0.8%) obtained by Rietveld methodincomparisontothat
of the mechanical mixture (8.0%), which point out the
difficulty to identify expansible minerals. The con-
centrationsobtained for the oxide mixturesshow that the
absolute errors do not exceed 3wt %.

Table3. Nominal valuesinwt% of crystalline speciesdetermined by Rietveld method inthe oxidesmixtureswith
similar composition of C. Sierra, S. Jose and Castelar. Lettersindicate samemineralsasin Table 2.

Tabla3. Vaoresnominal esdeporcentajeen pesodelasespeciescristalinas, determinadospor el métododeRietveld,
enmezclasdeodxidosconcomposiciénsimilar alossuelosC. Sierra, S. Joséy Castelar. L asletrasindicanlosmismos

mineralesqueenlaTabla2.

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 | Am.
% % % % % %
Castelar 43.8 (0.2) 0.8 (0.1) 11.1 (0.2) 19.3 (0.2) 9.7 (02) 123 (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 mineralsin
soil samplesisalong standing problem in soil science.
Thegood resultsobtai ned with X RD techniquesonoxide
mixtures and on soil samples of different composition,
confirm the usefulness of the profile matching mode for
mineral quantificationinsoils. TheRietveld 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 differencein quantitative analy-
siswas obtained between the uses of Cu or Co anodein
high iron content samples.

Thereferencemixturemeasured and quantified 3times
demonstratesthat the average error values obtained and
the error values from asingle refinement are similar.

Thepresenceof amorphoussoil phasesmust betaken
in consideration to determine the percentage of soil
minerals.
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