Applied Clay Science 162 (2018) 351-361

Contents lists available at ScienceDirect

Applied Clay Science

journal homepage: www.elsevier.com/locate/clay

Research paper

Quantitative and structural analysis of minerals in soil clay fractions
developed under different climate zones in China by XRD with Rietveld
method, and its implications for pedogenesis

Check for
updates

Wei Zhao™", Wen-Feng Tan"""

2 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Northwest A&F University, Yangling, Shaanxi Province 712100, PR China

® State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Soil and Water Conservation, Chinese Academy of Sciences and the Ministry
of Water Resources, Yangling, Shaanxi Province 712100, PR China

€ College of Resources and Environment, Huazhong Agricultural University, Wuhan 430070, PR China

ARTICLE INFO ABSTRACT

Keywords: Mineral compositions and structures in soil clay fractions can reflect the pedogenesis and the pedoenvironments
X-ray diffraction of the natural soils. However, the simultaneous quantification and structural analysis of all phases in soils by X-
Quantification ray diffraction are difficult, mainly due to overlapping reflections. In this study, quantification and structural
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analysis of the mineral phases in clay fractions in five soils (Alliti-Udic Ferrosol, Claypani-Udic Argosol, and
Hapli-Udic Argosol, Malan loess, and Paleosol), developed under different climate zones in China, were carried
out by the Rietveld method. Before proceeding with these analyses for the natural soil clay fractions by the
Rietveld method, this method was applied to a set of artificial soils of montmorillonite (including a 6.8% quartz
impurity), kaolinite, goethite, hematite, and magnetite to evaluate the accuracy of the method. Moreover, in the
Rietveld method, the structure phase models, background function, profile models, the initial values for the
correction of preferred orientation, and sequence of operations in Rietveld refinement parameters were opti-
mized to improve the accuracy of the method. The evaluation demonstrated the quantitative analysis by the
Rietveld method can obtain relatively satisfied results. The absolute errors for the mineral contents below 5%
were in the range of —0.49%—+0.63%, and those for the mineral contents above 10% were in the range of
—6.32%—+5.00%. The absolute errors for the Al-substitutions in the goethite and hematite are —0.8 Al mol
%-—+3.2 Almol% and — 0.3 Al mol%-+ 3.3 Al mol%, respectively. Employing the above Rietveld method, the
content of every mineral and Al-substituted iron (hydr)oxides (goethite and hematite) in the clay fractions in the
five soils developed under different climate zones were obtained. In combined with the soil physicochemical
properties, the order of pedogenic development of the five natural soils is Alliti-Udic Ferrosol > Claypani-Udic
Argosol > Hapli-Udic Argosol and > Malan loess, respectively.

1. Introduction

The minerals are the skeleton of soil and frequently used as in-
dicators of pedogenesis in soil (Cornell and Schwertmann, 2003).
During the weathering process the pre-existing clay mineral species
may transform into other clay mineral phases (Singer, 1980). The
transformation of illite also produces vermiculite (Wilson, 1999). Det-
rital chlorite tends to disappear by weathering to vermiculite (Banfield
and Murakami, 1998) or smectite (Arocena and Sanborn, 1999), and
vermiculite in turn weathers to form kaolinite and iron oxides (Dere
et al., 2016). Kaolinite originates from almost all primary minerals
(Wilson, 2004).

Iron (hydr)oxides are ubiquitous throughout the soils and sediments
as fine particles and often present as coatings on the surfaces of alu-
minosilicate or phyllosilicate crystals (Wiriyakitnateekul et al., 2007).
Iron (hydr)oxides are also major constituents of mottles and concretions
in soils. Iron (hydr)oxides in soils vary in terms of such parameters as
mineral species, crystal size, structural order and isomorphous sub-
stitution (Wiriyakitnateekul et al., 2007). Variations in these properties
may reflect soil parent minerals and the conditions of pH, redox po-
tential, moisture, and temperature in the soil environment
(Schwertmann and Taylor, 1989). The degree of weathering and for-
mation of pedogenic iron oxides and hydroxides is expressed by the
ratio of citrate-dithionite-bicarbonate-extractable iron (Fey) to total
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amounts of iron (Fe). An increasing Fey/Fe, ratio reflects the pro-
gressive weathering of Fe-bearing minerals with time (Arduino et al.,
1986). Goethite and hematite are the most common iron (hydr)oxides.
Goethite occurs in different types of soils under various climatic con-
ditions, whereas hematite is restricted to soils in warmer, pre-
dominantly subtropical and tropical climates (Torrent et al., 1980;
Schwertmann and Kdampf, 1985; Cornell and Schwertmann, 2003; Rapp
and Hill, 2006). For isomorphous substitution of Al for Fe in goethite, it
can influence the crystallite size of goethite (Fey and Dixon, 1981; Liu
et al., 1994) and account for the inherent structural and thermo-
dynamic stability of goethite (a-FeOOH). In addition, the degree of Al-
substitution in goethite reflects the immediate environment of pedo-
genesis (Fitzpatrick and Schwertmann, 1982). Al-substitution in soil
hematite (Fe,O3) is very common in tropical soils as is the association of
Al-hematite with Al-goethite (Liu et al, 1994; Cornell and
Schwertmann, 2003).

Considering the indication of mineral composition and structure in
soil clay fractions for pedogenesis, its quantitative phase analysis will
help to better understand soil development. In general, combinations of
two or more methods such as selective dissolution, chemical, thermal,
and spectroscopic analyses, and XRD must be used to accomplish
quantitative soil mineralogic analysis (Weidler et al., 1998; Alves and
Omotoso, 2009; Dias et al., 2013; Prandel et al., 2014). For this reason,
the conventional approaches used for this purpose are often expensive
and time-consuming. Furthermore, some quantitative methods have
drawbacks that give rise to inaccurate results. For instance, Mossbauer
spectroscopy may provide the relative proportion of both crystalline
and amorphous Fe phases, although it poses considerable difficulties in
the correct interpretation of the Mossbauer spectra arising from the
effects of Al substitution in the structure and small particle sizes (Gold
et al., 1979). Rock magnetic methods (Dekkers, 1997) may be used to
identify ferrimagnetic magnetite (Fe3O4,) and maghemite (y-Fe,Os)
with extraordinary sensitivity. However, this method is inapplicable to
identify the ordinary iron (hydr)oxides in soils, i.e. goethite and he-
matite, because the contribution of imperfect antiferromagnetic mi-
nerals to the overall magnetic properties is usually insignificant com-
pared to the signal of magnetite, even when the magnetite content is
low. Diffuse reflectance spectroscopy involves low detection limits and
little time and effort, but the identification of iron (hydr)oxide minerals
such as magnetite in soils is very restricted except for goethite and
hematite (Malengreau et al., 1996; Ji et al., 2001; Barrén and Torrent,
2013). Routine X-ray diffraction is greatly hindered by the small crys-
tallite and low contents of Fe (hydr)oxides in soils because these iron
(hydr)oxides often produce reflections that are broad and weak com-
pared to those produced by the clay mineral matrix.

The application of the Rietveld method to XRD data is a potential
alternative method for accurate and fast soil quantitative mineralogic
analyses. The mineralogical composition of a ferralitic soil was quan-
tified by the XRD Rietveld method (Weidler et al., 1998). Alves et al.
(2007) applied the XRD Rietveld method to quantify the mineral
components in the oxisol clay fraction after iron-removal. Recently,
Prandel et al. (2014) have obtained the quantitative composition of the

Table 1

Basic properties and chemical extraction of iron (hydr)oxides in the natural soils.
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minerals in several ultisol samples through the Rietveld method.
Though these studies employed Rietveld refinement of X-ray diffraction
(XRD) pattern to obtain relatively reliable XRD quantitative results for
the soil mineral compositions, they focused on the highly-weathered
soils, which contain relative high content of well-crystallized iron
(hydr)oxide minerals (45.1-123.2 g Fe /kg soil sample, well-crystallized
iron (hydr)oxide minerals including goethite, hematite, and magnetite)
(Weidler et al., 1998; Brinatti et al., 2010; Dias et al., 2013). For the
weakly-weathered soils which contain low contents of iron (hydr)oxide
minerals, the Rietveld method is seldom applied. In this study, an im-
proved method of X-ray diffraction combined with Rietveld refinement
was established, in which corundum was used as an internal standard to
calibrate the 26 offset and the refinement was performed in the range of
Bragg angle (4-85). The method can be employed to obtain simulta-
neously the absolute content of minerals and unit-cell parameters of
iron (hydr)oxides in natural soil clay fractions with high- or low-content
iron (hydr)oxide minerals. This application is helpful to interpret the
pedogenesis and pedoenvironments of natural soils.

2. Materials and methods
2.1. Collection and treatment of the natural soils

The samples were collected from the top 20-80 cm of the soil pro-
files in Guiyang in Hunan province (N 25.8', E 112.7"), Wuhan in Hubei
province (N 30.5a, E 114.3°), and Tai'an in Shandong province (N 36.2,
E 117.1), respectively. The soils are Alliti-Udic Ferrosol, Claypani-Udic
Argosol, and Hapli-Udic Argosol according to Chinese Soil Taxonomy
(Cooperative Research Group on Chinese Soil Taxonomy, 2001) or
Alumic Acrisol, Eutric Planosol, and Haplic Luvisol according to WRB
reference system (IUSS Working Group WRB, 2014) from Guiyang,
Wuhan, and Tai'an, respectively. The samples of loess and paleosol were
taken from a Malan loess (L) and the most developed Ss_3 soil profile in
Wugong in Shaanxi province (N 34.3", E 108.1"), respectively. These
five natural soils were designated GY, WH, SD, WGL, and WGS, re-
spectively (see Table 1). The soils GY, WH, and SD developed on middle
Pleistocene (Q2) red clay, Late Pleistocene (Q3) Xiashu loess, and gneiss
parent materials, respectively. WGL and WGS developed on the con-
stant earthy accumulation formed under arid and semi-arid conditions
during the Quaternary Period (Liu, 1985). The three natural soils (GY,
WH, and SD) were selected on the basis of the different climate zones
the three soils located. For the other two natural soils, WGS and WGL,
though they are located in the same climate zone, they experienced an
interglacial period and a glacial period in the past, respectively (Huang
et al., 2011; Huang et al., 2012). The differences in the hydrothermal
characteristics of climate lead to many differences in the pedogenesis of
the natural soils. And the differences in pedogenesis result in the dif-
ference in the contents and compositions of the minerals in the natural
soil clay fractions. So, the high distinction in the contents and compo-
sitions of the minerals is suitable to better estimate the applicability of
the Rietveld method to the analysis of minerals in natural soil clay
fractions.

Designated name Soil types pH OM? (g/kg) Chemical extraction of iron (hydr)oxides Fe,/Feq Fey/Fe, (Feq—Fe,)/Fe,
Fe,(g/kg) Feq(g/kg) Fe.(g/kg)

GY Alliti-Udic Ferrosol 6.12 7.4 1.07 44.4 59.5 0.024 0.75 0.73

WH Claypani-Udic Argosol 6.27 22.6 6.27 31.9 53.8 0.2 0.59 0.48

SD Hapli-Udic Argosol 7.30 22.1 2.13 22.1 52.9 0.096 0.42 0.38

WGS Paleosol 8.24 2.7 1.15 24.5 74.6 0.047 0.33 0.31

WGL Malan loess 8.12 6.2 0.49 17.7 58.7 0.028 0.30 0.29

Feq = dithionite-citrate-bicarbonate-extractable iron; Fe, = total iron.
2 OM = organic matter; Fe, = oxalate-soluble iron.
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The natural soil samples (approximately 50 g) were pretreated for
further analysis with an acetic acid solution buffered with sodium
acetate at pH 5.0 to remove calcium carbonate and with 10% H,0, to
remove organic matter. After the final treatment with H,0,, the sam-
ples were heated at a low temperature for approximately an hour to
destroy excess H,O,. The precipitate was then washed several times
with distilled water to remove excess ions and promote dispersion of
the clays. The clay fraction (< 2um) was separated by the settling of
particles in settling columns in accordance with Stokes' law (Stokes,
1845).

2.2. Preparation of artificial soils

2.2.1. Clay minerals and iron (hydr)oxides preparation

Raw kaolinite and montmorillonite were purchased from the
Maoming Kaolin Clay Company (Guangdong Province, China) and
Sanding Limited Company (Zhejiang Province, China), respectively,
and purified as described in the literature (Kunze and Dixon, 1986). The
particle fraction (< 2um) was collected by sedimentation following
Stokes' law and dried at 40 C, ground to pass a 100-mesh sieve, and
stored in a desiccator.

Goethite, hematite, and magnetite were synthesized in accordance
with the procedures described by Schwertmann and Cornell (2000).
The final products were centrifuged and washed with oxygen-free dis-
tilled water until the conductivity of the supernatant was < 6 uS/cm.
The precipitated iron (hydr)oxides were dried at 40 'C, ground to pass a
100-mesh sieve, and stored in a desiccator.

The three types of synthesized iron (hydr)oxides and kaolinite were
pure and characterized by X-ray diffraction. The minor amount of
quartz (6.8%) was found in montmorillonite using Whole Pattern
Fitting and Rietveld Refinement of X-ray diffraction pattern with
Materials Data Inc. (MDI) Jade software.

2.2.2. Artificial soils of clay minerals and iron (hydr)oxides

To simulate soil main composition, mixtures of the minerals pre-
pared, including montmorillonite, quartz, kaolinite, goethite, hematite,
and magnetite, were homogenized, mixing them in various ratios in an
agate mortar for 5min with acetone until its evaporation (Table 2).
Corundum was added to the mixtures for use as an internal standard.
The resulting samples were designated M1, M2, M3, M4, and M5. The
artificial soils are used in the present study to establish the initial
parameters of mineral structures and the sequence of operations in
Rietveld refinement parameters. Also, the artificial soils are used to the
accurate estimation for the Rietveld method mentioned above.
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2.3. Physicochemical properties of natural soils

The total organic matter content was determined by the dichromate
oxidation method (Nelson and Sommers, 1982). The soil pH was
measured at a soil to water mass ratio of 1:1 by using a pH meter
equipped with a calibrated combined glass electrode.

The amount of oxalate-soluble iron (Fe,) in the clay fraction was
measured using Schwertmann's method (1964). The amount of DCB-
extractable iron (Fey) was determined using the method of Mehra and
Jackson (1960). The amount of total iron (Fe,) was determined by X-ray
fluorescence using a Metorex (Finland) XMET920 system with a
3-20 keV probe (109 Cd source).

The low-frequency magnetic susceptibility (yir) and high-frequency
magnetic susceptibility (xur) of the artificial soils and the natural soil
clay fractions was measured using a Bartington magnetic susceptibility
meter with an MS2B dual-frequency sensor at a frequency of 470 and
4700 Hz, respectively. The frequency-dependent susceptibility (Yrp)
was calculated using the formula pp = (Yrr—Xur)/Yr X 100% (Liu
et al., 1992b; Shu et al., 2001).

2.4. Mineral phase analysis for the natural and artificial soils by X-ray
diffraction

2.4.1. Qualitative and semi-quantitative analysis for clay minerals in the
natural soils

To identify the phyllosilicate minerals in the clay fractions of the
natural soils X-ray diffraction (XRD) was performed after removing free
Al- and Fe-oxides from the fractions by the DCB extraction method
(Mehra and Jackson, 1960). For the XRD measurements, specimens of
the clay samples were saturated with magnesium (Mg) or with po-
tassium (K) and mounted as slurries on glass slides. The air-dried Mg
saturated specimens were analyzed at 25 °C after glycerol solvation for
24 h (Mg-glycerol). The air-dried K-saturated specimens were X-rayed
at 25 °C before and after heating at 300 °C and 550 °C for 2h (K-25 °C,
K-300 °C, K-550 °C). All XRD patterns were recorded by a Bruker D8
Advance X-ray diffractometer equipped with a LynxEye detector using
Ni-filtered CuKa radiation (A = 0.15418 nm) generated with 40KkV,
accelerating potential and 40 mA tube current, from 3 to 28° (20) at a
scanning speed of 1° (20) min~"! at a step size of 0.02°.

Identification of the clay minerals is mainly based on the compar-
ison of the XRD patterns obtained under the different measurement
conditions (Fig. 1). Montmorillonite (Viani et al., 2002) was identified
by the presence of the 1.8 nm reflection in the Mg-glycerol specimen
and the absence of this reflection in all K specimens. Kaolinite (Bish and
Von Dreele, 1989) was identified by the presence of a reflection at
0.71 nm in the Mg-glycerol, K-25 °C, and K-300 °C specimen. Vermicu-
lite (Hendricks and Jefferson, 1938) was identified when the 1.4 nm

Table 2
Result of the quantitative mineralogical analysis with the Rietveld method in the artificial soils (% by weight).”
Sample Minerals R-factor
Mt Kaol Goe Hem Mag Q Cor
M1 Known 64.3 16.3 0.4 3.6 0.8 4.7 10.0
Rietveld method 64.0 (4.2) 14.8 (1.3) 0.4 (0.1) 3.7 (0.4) 1.3 (0.5) 4.3 (0.3) 11.5 (0.3) 0.053
M2 Known 57.7 22.8 1.0 3.1 1.0 4.2 10.0
Rietveld method 56.0 (3.7) 24.6 (1.5) 1.3 (0.3) 2.5(0.4) 1.3 (0.5) 4.3 (0.2) 10.0 (0.3) 0.056
M3 Known 52.6 28.4 0.9 2.5 1.4 3.8 10.4
Rietveld method 47.6 (3.1) 31.8 (1.4) 0.7 (0.2) 2.4 (0.5) 1.8 (0.5) 3.7 (0.2) 12.0 (0.3) 0.058
M4 Known 39.7 41.4 2.0 1.9 2.3 2.9 10.0
Rietveld method 36.8 (2.7) 42.7 (1.8) 2.4 (0.3) 1.6 (0.4) 2.3 (0.6) 2.7 (0.2) 11.5 (0.3) 0.060
M5 Known 29.5 53.1 2.0 0.6 3.1 2.2 9.6
Rietveld method 26.9 (2.3) 57.2 (2.2) 1.8 (0.3) 0.8 (0.2) 2.9 (0.7) 2.0 (0.3) 8.6 (0.4) 0.071

@ Samples M1, M2, M3, M4, and M5 are the artificial soils. Corundum was added to the artificial soils and used as an internal standard. Letters indicate: Mt.,
montmorillonite; Kaol, kaolinite; Goe, goethite; Hem, hematite; Mag, magnetite; Q, quartz (the impurity in montmorillonite); Cor, corundum. The value of R-factor

indicates the quality of fit. The value in the parentheses is the error of fitting.
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Fig. 1. XRD patterns (CuKa) with Mg-glycerol salvation and K-treatments of oriented clay samples of the natural soils.

reflection in the K-25 °C specimen was absent compared to that in the
Mg-glycerol specimen. Illite (Drits et al., 2010) was recognized by its
1.0 nm reflection in all treatments. Chlorite (Lister and Bailey, 1967)
maintained a 1.4 nm reflection after heat treatment of 2 h at K-550 °C.

Semi-quantitative estimates of the proportions of the clay minerals
in the clay fractions were derived from the integrated areas of the
characteristic reflections (Pai et al., 1999). The relative mass percen-
tages of clay minerals were determined using empirically estimated
weighting factors (Xiong, 1985). Kaolinite and chlorite were identified
by the presence of a reflection at 0.71 nm and separated by the re-
flections at 0.358 nm (kaolinite) and 0.354 nm (chlorite) in the Mg-
glycerol specimen.

2.4.2. Quantitative and structural analysis for minerals in natural and
artificial soils by the Rietveld method

The Rietveld method, as was indicated, fits point-to-point the ex-
perimental intensities of the whole pattern to those calculated. The
“Whole Pattern Fitting” refinement mode included in MDI Jade 6.0
software, was used in the present work and allows the refinement and
subsequent quantitative analysis to be made.

The natural soil clay fractions and artificial soils were ground to a
particle size of smaller than 10 um to reduce the micro-absorption. The
sample was back-filled into an Al holder with a hole to minimize the
effects of preferred orientation of particles when the sample is filled
from the top of the cavity and smoothed with a glass slide. Powder XRD

patterns (CuKa radiation, A = 0.15418 nm, 40kV and 40 mA, diver-
gence slit of 0.2 mm, antiscatter slit of 4°, discrimination lower level of
0.18) were collected using a Bruker D8 Advance (Bruker, Germany)
powder diffractometer with a LynxEye detector. Here the discrimina-
tion lower level is set as 0.18 to minimize the effect of the fluorescence
of Fe from iron (hydr)oxides by Cu radiation on background and re-
flection intensities in XRD analyses. The intensities were measured at
0.02°20 intervals, with a 1.2-s counting time per step over the range of
4°to 85°26.

The refinements were performed over a range of 4-85°20. Fig. 2
shows a flowchart of the Rietveld refinement procedure. The instru-
mental FWHM curve, i.e. instrumental broadening, was estimated using
a reference Si powder (Standard Reference Material 640b of NIST). The
profile parameter (f0, f1, and f2) for all phases was initialized based on
the obtained instrumental FWHM curve. The estimated standard de-
viations of f1 and f2 parameters will be large due to the severe over-
lapping of reflections of multiple phases with each other. So f1 and f2
were not refined, and their values were fixed to zero. The option of
refinement controls, Damp Parameter Shifts, was selected to limit the
maximum shifts allowed per iteration for different refinable para-
meters. This restriction can help refinement convergence in a multi-
phase refinement in which interdependency among refinable para-
meters is high due to severe overlapping of reflections. Before Rietveld
refinement, the choice of structure phase models, background function,
profile models, the correction of preferred orientation, and sequence of
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Fig. 2. Flowchart of the Rietveld refinement procedure. The number in parentheses indicates the round of assignment.

Table 3

Initial correction coefficient of preferred orientation of 020 reflection for clay minerals in Rietveld method.

Height of Kal reflection (CPS)

Correction coefficient of preferred orientation of
020 reflection®

Sample Reflection at Reflection at Reflection at Height ratio of reflection ~ Height ratio of reflection =~ Mt Kaol I Verm Chl offset
1.4nm 1.0 nm 0.72nm at ~1.4nm to reflection at at ~1.0 nm to reflection at
~0.72nm ~0.72nm

M1 10,968(47)" 1255(36) 8.83 - 0.5 4.42 - - - 0.3
M2 10,016(42) - 1829(38) 5.47 - 0.5 274 - - - 0.33
M3 10,884(53) - 2624(54) 4.14 - 0.5 2.07 - - - 0.49
M4 6602(36) - 3793(51) 1.74 - 1 1.74 - - - 0.63
M5 5547(32) - 5345(52) 1.04 - 1 1.04 - - - 0.45
GY 123(12) 335(10) 371(14) 0.33 0.9 - 1.9 1 0.33 - 0.45
WH 520(18) 165(18) 282(13) 1.84 0.59 - 2.43 1 1 - 0.6
SD 792(16) 145(11) 101(9) 7.84 1.44 0.5 4.64 0.5 0.5 - 0.44
WGL 400(17) 445(19) 384(14) 1.04 1.16 1 3.51 1 0.35 0.35 0.43
WGS 288(20) 488(19) 274(14) 1.05 1.78 1 4.13 1 0.35 0.35 0.43

2 Mt. = montmorillonite; Kaol = kaolinite; I = illite; Chl = chlorite; Verm = vermiculite.

b The value in the parentheses is the error of fitting.

operations in Rietveld refinement parameters is important for an ac-
curate result. The starting crystallographic data used for each phase
model were extracted from the literature (described in more detail
later). The amorphous background mode was selected as the back-
ground function. The tie points in the background were sampled au-
tomatically by successive applications of pattern smoothing - causing
sharp reflections to be truncated. The offset of the background curve
from background points was adjusted to make the background of the
observed corundum reflections within the range of 2theta 60°-85° just
over the background curve, and the offset values are listed in Table 3.
The offset of the background curve was determined based on the
background at a high diffraction angle due to its little disturbance from
X-ray fluorescence. The diffraction profile was modeled by a pseudo-
Voigt peak-shape function (PSF). The pseudo-Voigt PSF can also be
tailored into a Gaussion or Lorentzian PSF by the mixing/Lorentzian
factor (p0). The mixing/Lorentzian factor was initially set as 0.5 and
refined. The profile skewness can be adjusted by the profile asymmetry
factor (s0). The profile asymmetry factor was initially set as 0.5 and
refined. For the preferred orientation of clay minerals, 020 reflections
of clay minerals were selected to correct because 020 reflection is the
characteristic reflections for the different clay minerals and the 020
reflections overlap greatly. By the pre-refinement, we found the initial
correction coefficients of preferred orientation of 020 reflections for
clay minerals can be obtained on the basis of the Ka1 reflection heights
at ~1.4, ~1.0, and ~0.72 nm of clay minerals in the section 2.4.3. The
Kal reflection heights at ~1.4, ~1.0, and ~0.72nm of clay minerals
with the profile fitting method in the range of 2theta 4-14° were im-
plemented in MDI Jade software. During the refinement, to make the
contribution of weak reflections to the residual R-factor the same as
that of the strong reflections and to emphasize the high-angle reflec-
tions in lattice constant refinement, the overall weighting of a scanning

355

data point (i) was used and defined as a function of the 2-theta angle
and the intensity of the XRD reflection, i.e. wt(i) = Sin(theta)/I(i). Fi-
nally, the round of refinement for each parameter was assigned: back-
ground (1), scale factor (1), specimen displacement (2), lattice con-
stants (3), FWHM (4), zero offset of goniometer (4), preferred
orientation correction (5), coordinates (6), pseudo-Voigt (7), asym-
metry (8), where the number in parentheses indicates the round of
assignment. To avoid the influence of reflections of clay minerals on the
reflections of goethite and hematite during the Rietveld refinement, the
round of FWHM and coordinates for the two iron (hydr)oxides were
assigned to 7 and 9, respectively.

The initial structural models of clay minerals were taken from the
XRD data of (Lister and Bailey, 1967) for chlorite, (Drits et al., 2010) for
illite, (Bish and Von Dreele, 1989) for kaolinite, (Hendricks and
Jefferson, 1938) for vermiculite, and (Viani et al., 2002) for mon-
tmorillonite. The initial structural models of goethite, hematite, and
magnetite in the soils, which were designated Goe, Hem, and Mag, were
taken from the XRD data of Hazemann et al. (1991), Blake et al. (1966),
and O'Neill and Dollase (1994), respectively. In addition, the initial
structural models of corundum, quartz, and gibbsite were taken from
the XRD data of Lutterotti and Scardi (1990), Antao et al. (2008), and
Balan et al. (2006), respectively. The Al-substitution in goethite was
determined from the unit cell dimension ¢ in units of A (obtained from
the Rietveld refinement) using the equation Al (mole %) = 1730-572 c
(Schulze, 1984). The Al-substitution in hematite was estimated from
the a dimension in units of A (obtained from the Rietveld refinement)
using the equation Al (mole %) = 3109-617.1 a (Schwertmann et al.,
1979).

2.4.3. Initial correction coefficients of preferred orientation of 020
reflections for clay minerals
If only montmorillonite and kaolinite are present in samples, the
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initial correction coefficients of preferred orientation of 020 reflections
for montmorillonite and kaolinite are obtained on the basis of the ratio
of the fitting values of 001 Kal reflection heights of the two minerals
(Eq. 1):

R, = (Hi/Hy)/my (€H)

Where R; is the ratio of the fitting values of 001 Kal reflection
heights of montmorillonite and kaolinite, H; the fitting value of 001
Kal reflection height of montmorillonite, and H, the fitting value of
001 Kal reflection height of kaolinite, m, is a constant and set as 1.

The initial correction coefficient of preferred orientation of 020
reflection for kaolinite is set as the value of H;/H,, the corresponding
initial correction coefficient for montmorillonite is set as mg. If Hy/
H, > 2, by pre-analysis, the initial correction coefficient of preferred
orientation of 020 reflection for kaolinite is set as the value of 0.5*(H,/
H,) better, and the corresponding initial correction coefficient for
montmorillonite is set as 0.5*m,. In this case, good results can be ob-
tained.

If more types of clay minerals are present in samples, the initial
correction coefficients of preferred orientation of 020 reflections for
clay minerals can be obtained as follows:

The initial correction coefficients of preferred orientation of 020
reflections for clay minerals (montmorillonite, kaolinite, chlorite, and
vermiculite) are obtained by pre-analysis on the basis of the fitting
values of Kal reflection heights at ~1.4nm and ~0.72nm of diffrac-
tion pattern (Eq. 2):

RZ = ((H}/H)/H4)/m1 (2)

Where R, is the ratio of the fitting values of 001 Kal reflection
heights of 1.4 nm minerals (montmorillonite, chlorite, and vermiculite)
to that of the Kal reflection height of ~0.72 nm, Hj the fitting value of
Kal reflection height at ~1.4 nm, H, the fitting value of Kal reflection
height at ~0.72nm, n the number of species of 1.4 nm minerals in-
cluded in the sample, and m; is a constant and set as 1.

For montmorillonite, the initial correction coefficient for mon-
tmorillonite is set as m;, the corresponding initial part correction
coefficient (p;) of preferred orientation of 020 reflection for kaolinite is
set as the value of (Hz/n)/H,. If (Hs/n)/H, > 2, the initial part cor-
rection coefficient of preferred orientation of 020 reflection for kaoli-
nite is set as the value of 0.5%(Hz/n)/H,, and the corresponding initial
correction coefficient for montmorillonite is set as 0.5*m;.

For chlorite or vermiculite, If (Hs/n)/H4 > 1, the initial correction
coefficient for chlorite or vermiculite is set as m;, the corresponding
initial part correction coefficient (p, or p3) of preferred orientation of
020 reflection for kaolinite is set as the value of (Hs/n)/Hy; If (Hs/n)/
H, > 2, the initial part correction coefficient of preferred orientation
of 020 reflection for kaolinite is set as the value of 0.5*(H3/n)/H,, and
the corresponding initial correction coefficient for chlorite or vermi-
culite is set as 0.5*my; If (H3/n)/H4 < 1, the initial part correction
coefficient (p, or p3) of preferred orientation of 020 reflection for
kaolinite is set as the value of m;, the corresponding initial correction
coefficient for chlorite or vermiculite is set as (Hz/n)/Hy.

The initial correction coefficient of preferred orientation of 020
reflection for illite is obtained by pre-analysis on the basis of the fitting
values of Kal reflection heights at ~1.0 nm and ~0.72 nm of the dif-
fraction pattern (Eq. 3):

R; = (Hs/Hy)/my 3

Where Rj is the ratio of the fitting value of 001 Kal reflection
height of illite to that of the Kal reflection height of ~0.72nm, Hs the
fitting value of 001 Kal reflection height of illite, H, the fitting value of
Kal reflection height at ~0.72nm, and m; is a constant and set as 1.

For illite, the initial correction coefficient for illite is set as m;, the
corresponding initial part correction coefficient (p4) of preferred or-
ientation of 020 reflection for kaolinite is set as the value of Hs/Hy; If
Hs/H, > 2, the initial part correction coefficient of preferred
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orientation of 020 reflection for kaolinite is set as the value of 0.5* Hs/
H,, and the corresponding initial correction coefficient for illite is set as
0.5*m1.

Therefore, the initial total correction coefficient of preferred or-
ientation of 020 reflection for kaolinite is the sum of the initial part
correction coefficient (p;, p2, p3, and p4) mentioned above for kaolinite,

p=ptp,+ptp ()]

where p, is the initial total correction coefficient of preferred orienta-
tion of 020 reflection for kaolinite.

3. Results and discussion
3.1. Chemical extraction of iron (hydr)oxides in the natural soils

Total iron, DCB-extractable iron, and oxalate-extractable iron (Fe,,
Feq, and Fe,) in the natural soil clay fractions are presented in Table 1.
The Fe, content ranges from 0.49 to 6.27 g/kg. The Fe, content ranges
from 17.7 to 44.4 g/kg.

The Fey/Fe, and (Fey—Fe,)/Fe, ratios may be used as a geochemical
index for pedogenesis. The Fey/Fe, ratio ranges from 0.30 to 0.75, and
the (Feq—Fe,)/Fe, ratio ranges from 0.29 to 0.73, which show that the
pedogenesis of GY is highest and that of SD is lowest among the soils
GY, WH, and SD, and that the pedogenesis of WGS is stronger than that
of WGL due to an increase of Fey with progressive weathering of Fe-
bearing minerals (Torrent et al., 1980; Guo et al., 2000; Cornell and
Schwertmann, 2003; Torrent et al., 2010). Because the Fe, content may
reflect the amount of ferrihydrite (Schwertmann, 1964), the Fe,/Feq
ratio between 0.024 and 0.2 indicates a small amount of ferrihydrite in
the five natural soils.

3.2. Magnetic characterization of the artificial and natural soils

The values of (1r, xur, and ¥rp of the artificial soils and natural soil
clay fractions are listed in Table 4. The ¥y reflects the amount of fer-
rimagnetic material and a high correlation between the y;r and the
relative amount of magnetite (xir = 451.6 X magnetite% - 34.5;
R%2=0.9954; n =5, P < 0.001) in the artificial soils was found. The
xrr Of the clay fractions of natural soils GY, WH, and SD is very low
(11.1-45.5 x 10~ 8m?/kg), which indicates that there is little ferri-
magnetic material, such as magnetite. The i of the clay fractions of
natural soils WGS and WGL, however, is very high (234.8 X 10~ 8m?/
kg and 169.4 x 10~ 8m?>/kg, respectively), which suggests that ferri-
magnetic materials are present.

Because ypp is a proxy for the relative abundance of ultrafine
(< 10 nm) superparamagnetic particles (Geiss et al., 2004), the values
of xrp ranging from 1.1% to 1.8% (< 5%) in the artificial soils suggest
that there are few ultrafine superparamagnetic grains (Fine et al., 1992;
1993). This result is consistent with the average crystallite size obtained
by fitting the entire XRD pattern of goethite, hematite, and magnetite
prepared in this study (32.5 * 1.4 nm for goethite, 32.5 * 0.4 nm for
hematite, and 28.4 + 0.3 nm for magnetite, respectively). The ¥zp of

Table 4

Magnetic properties of the artificial and natural soils.
Sample Yer (10 7% m®/kg) Yar (107°m®/kg) Xep (%)
M1 294.3 291.1 1.1
M2 470.2 462.1 1.7
M3 624.7 616.5 1.3
M4 985.3 969.1 1.7
M5 1358.8 1334.3 1.8
GY 45.5 39.0 14.2
WH 14.7 12.8 12.5
SD 11.1 10.4 5.9
WGS 234.8 206.3 121
WGL 169.4 151.7 10.4
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Fig. 3. Observed and calculated XRD patterns for the artificial soil (M4) and the
natural soil (WGS). Cor indicates the reflections of corundum.

the natural soil clay fractions ranges from 5.9% to 14.2% (> 5%), and
the order of the ypp values in these soil clay fractions is GY >
WH > SD and WGS > WGL, respectively. This order suggests that the
number of superparamagnetic grains is greatest in GY and lowest in SD
and that the number of superparamagnetic grains in WGS is larger than
that in WGL. Assuming that the ultrafine superparamagnetic grains
originated primarily from pedogenesis (Liu et al., 1992a; Hao and Guo,
2001), the order of the pedogenesis of the natural soils is GY >
WH > SD, and WGS > WGL, respectively.

3.3. Analysis of mineral phases in the artificial soils

The initial correction coefficients of preferred orientation of 020
reflections for montmorillonite and kaolinite are listed in Table 3. Fig. 3
shows the calculated pattern generated by the Rietveld method agrees
with the experimental pattern (M4 sample as an example). The absolute
errors between the calculated values and the known values of mineral
contents below 5% were in the range of —0.49%-+ 0.63%. The abso-
lute errors between the calculated values and the known values of
mineral contents above 10% were in the range of —6.32%—+5.00%.
Moreover, the dots in the scatter plots of Known vs Rietveld values lie
closely to a straight line that the slope is 1 (Fig. 4). Al-substitutions in
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Fig. 4. Relation between the known and Rietveld values for the artificial soils.
Mt. = montmorillonite; Kaol = kaolinite; Mag = magnetite; Goe = goethite;
Hem = hematite; Cor = corundum; Q = quartz. Error bars represent estimated
standard deviation of least-squares fits.

the goethite and the hematite, which were calculated from the cell
parameters (—0.8 Al mol%-+3.2 Al mol% for goethite and —0.3 Al
mol%-+ 3.3 Al mol% for hematite), are close to the known values (Al-
substitution is zero for both goethite and hematite), except for that of
goethite (6.9 Al mol%) for M3 and hematite (—6.2 Al mol%) for M5
(Table 5). The method of analysis used in this study, therefore, can be
considered a reliable method for estimating the absolute amounts of
minerals and Al-substitution in iron (hydr)oxides in natural soil clay
fractions.

3.4. Clay minerals in the natural soils

The semi-quantitative phyllosilicate compositions of the natural soils
by the oriented aggregate XRD technique (Hardy and Tucker, 1988) are
summarized in Table 6. On the other hand, the absolute contents of clay
minerals were generated by the Rietveld refinement and listed in Table 6.
Fig. 3 shows the calculated pattern generated by the Rietveld method
agrees with the experimental pattern (WGS sample as an example). To
facilitate the comparison between the Rietveld results and those obtained
from the oriented aggregate XRD technique, the clay mineral mass per-
centages determined by the Rietveld method were recalculated for each
sample to a total of 100% (i.e. according to the montmor-
illonite + vermiculite + chlorite + illite + kaolinite = 100% formula).
Fig. 5 shows the relation between the recalculated proportion of each
clay mineral in each natural soil clay fraction and the mass percentage of
the same clay mineral from the oriented aggregate study. And the dots in
the scatter plots of relative contents by the semi-quantitative method vs
by the Rietveld method lie closely to a straight line that the slope is 1,
indicating that the relative contents of clay minerals by the Rietveld
method agree with those by the semi-quantitative method.

3.5. Iron (hydr)oxides in the natural soil clay fractions

Iron (hydr)oxides in the natural soil clay fractions were quantified
by the Rietveld method mentioned above. The type of Iron (hydr)oxides
included in the whole-pattern fitting of the XRD patterns based on the



W. Zhao, W.-F. Tan

Applied Clay Science 162 (2018) 351-361

Table 5
Cell parameters and Al-substitution for goethite and hematite for the artificial and the natural soils®.
Sample Goe Hem
Unit-cell edge lengths/A Al/mol % Unit-cell edge lengths/A Al/mol %
a b c a c
M1 4.6017 9.9498 3.0227 1.0 5.0386 13.7549 -0.3
M2 4.5754 9.9490 3.0258 -0.8 5.0381 13.7764 0
M3 4.6254 9.9273 3.0124 6.9 5.0328 13.7736 3.3
M4 4.6120 9.9394 3.0199 2.6 5.0374 13.7808 0.4
M5 4.6141 9.9484 3.0189 3.2 5.0482 13.7581 —-6.2
GY 4.6006 9.9344 2.9802 25.3 5.0387 13.8023 oP
WH 4.5921 9.9529 2.9957 16.5 5.0447 13.8309 0
SD 4.5947 9.9298 3.006 10.6 5.0452 13.8646 0
WGL 4.5968 9.9877 3.0106 7.9 5.0581 13.8202 0
WGS 4.5935 9.9261 3.0063 10. 4 5.0410 13.8153 0

2 Samples M1, M2, M3, M4, and M5 are the artificial soils. Letters indicate: Goe, goethite; Hem, hematite.
> The calculated values of Al mol% for hematite are negative (— 12.4——1.8) for the natural soil clay fractions and there is no physical significance. In this case, Al

mol% for hematite is considered as zero.

Rietveld method was determined based on two considerations. To start
with, goethite and hematite are likely present in the five natural soils
(Schwertmann et al., 1982; Mizota and Longstaffe, 1996; Cornell and
Schwertmann, 2003; Rapp and Hill, 2006). In addition, following the
results of soil magnetic properties above, ferrimagnetic materials hardly
occur in soil samples GY, WH, and SD, and certain amounts of ferri-
magnetic materials occur in soil samples WGS and WGL. The ferri-
magnetic material is considered to be magnetite to simplify the analysis
because magnetite and maghemite are common ferrimagnetic materials
in soils and distinguished difficultly between them using XRD due to
their similar structure. Therefore, goethite and hematite were included
in the whole-pattern fitting of the XRD patterns for soils GY, WH, and
SD, and goethite, hematite, and magnetite for soils WGL and WGS.

The resulting absolute amounts of the iron (hydr)oxides in the clay
fractions in the five natural soils were 2.3%-5.9% for goethite,
1.1%-3.3% for hematite, and 1.7%-2.6% for magnetite (Table 6). So
the calculated contents of well-crystallized iron (hydr)oxides ranged
from 28.5-60.2 g/kg, which are closed to the values by the chemical
extraction (17.2-43.3 g/kg). The degrees of Al-substitution in the goe-
thite and the hematite in the clay fractions in the five natural soils are
7.9 Al mol%-25.3 Almol% and 0 Almol%, respectively, which were
calculated from unit cell of iron (hydr)oxides based on the empirical
equations (Schwertmann et al., 1979; Schulze, 1984).

3.6. Implications of the minerals in the natural soil clay fractions for
pedogenesis

The relative content of the kaolinite in order is GY > WH > SD
(Table 6) indicating that the pedogenesis of GY is strong and the ped-
ogenesis of SD is weak since kaolinite relative content is often inter-
preted as chemical weathering proxy (Gylesjo and Arnold, 2006). In
addition, the presence of gibbsite in GY sample, accounting for 21.6%
of the total minerals, indicates the GY soil is highly developed. The
major components of WGS and WGL are illite, chlorite, vermiculite,
kaolinite, and montmorillonite. The relative content of chlorite and
vermiculite in WGS is the two third of and closed to that in WGL, re-
spectively. The soils WGS and WGL have nearly constant and low
quantities of kaolinite. The relative content of illite in WGS is higher
than that in WGL, implying that the pedogenesis of WGS is stronger
than that of WGL since the relative content of illite increases with
pedogenesis (Gylesjo and Arnold, 2006).

As shown in Table 6, the order of the Hem/(Goe + Hem) ratio in the

natural soil clay fractions is GY (0.36) > WH (0.26) > SD (0.25) and
WGS (0.41) > WGL (0.30), respectively, which is consistent with the
orders of pedogenesis of the five natural soils based on the ygp values
and Fey/Fe; and (Fey—Fe,)/Fe, ratios. Using the Hem/(Goe + Hem)
ratio as a sensitivity proxy aids in the interpretation of the pedogenesis.
In the soils GY, WH, and SD in succession from south to north, the
relative amount of goethite increases and that of hematite decreases
with the decrease in pedogenesis. In the soils WGS and WGL, the re-
lative amount of goethite increases and that of hematite decreases with
the decrease in the pedogenesis. This change in mineralogy is asso-
ciated with variations in the climate, from relatively warm and wet in
southern China to relatively cold and dry in northern China for GY, WH,
and SD, and from typical of an interglacial period to typical of a glacial
period for WGS and WGL. The goethite, therefore, indicates cold and
dry conditions, while the hematite indicates warm and wet conditions,
which is similar to the conclusions reported by Ji et al. (2001).

In addition, the amount of magnetite is lower and the amount of
hematite is higher in the paleosol (WGS) than in the loess (WGL)
(Table 6). This result is attributed to the transformation of primary
magnetite to superparamagnetic maghemite or hematite, based on their
similar parent minerals (Lagoeiro, 1998). The magnetic susceptibility
and frequency-dependent susceptibility of WGS, thus, are higher than
those of WGL (Table 4).

Table 5 shows that the goethite contains more Al in its structure
than does the hematite, which is attributed to Al going preferentially
into goethite (Cornell and Schwertmann, 2003). The amount of Al-
substitution in the goethite and hematite may reflect the pedogenesis
and the pedoenvironments of the natural soils. And highly Al-sub-
stituted goethite characterizes a pedogenic environment of strong de-
silication (Fontes and Weed, 1991). In this paper, the degree of Al-
substitution in the goethite in the soils GY, WH, and SD decrease from
south to north, which confirms the conclusion that the pedogenesis of
GY is higher than that of WH and SD. The degree of Al-substitution in
the goethite is higher in WGS than that in WGL, which confirms that the
pedogenesis of WGS is higher than that of WGL.

4. Conclusions

Rietveld refinement served as a reliable method for quantifying the
absolute amounts and analyzing the structures of minerals in natural
soil clay fractions was established on a set of artificial soils of mon-
tmorillonite (including a 6.8% quartz impurity), kaolinite, goethite,
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Fig. 5. Relation between the relative contents of minerals in the natural soil clay
fractions by the oriented aggregate XRD technique (i.e. the semi-quantitative
method) and by Rietveld method. Mt. = montmorillonite; Kaol = kaolinite;
I = illite; Chl = chlorite; Verm = vermiculite. Error bars represent estimated
standard deviation of least-squares fits. To facilitate the comparison between the
Rietveld results and those obtained from the oriented aggregate XRD technique,
the clay mineral mass percentages determined by the Rietveld method were re-
calculated for each sample to a total of 100% (i.e. according to the montmor-
illonite + vermiculite + chlorite + illite + kaolinite = 100% formula).

hematite, and magnetite. Iron (hydr)oxide minerals at contents below
1% can be quantified. The absolute errors between the calculated va-
lues and the known values of mineral contents below 5% were in the
range of —0.49%-+ 0.63%. The absolute errors between the calculated
values and the known values of mineral contents above 10% were in the
range of —6.32%-+5.00%. The method was used to obtain the abso-
lute contents of minerals and analyze the microstructure of iron (hydr)
oxide minerals in the five natural soil clay fractions with high- or low-
content iron (hydr)oxide minerals in China. The contents and compo-
sitions of minerals in the natural soil clay fractions and the degrees of
Al-substitution in the (hydr)oxides obtained from the Rietveld method
indicate that the order of pedogenic development of the soils is
GY > WH > SD and WGS > WGL, respectively. The order of pedo-
genic development of the natural soils is consistent with the conclusions
obtained from the magnetic properties and chemical extraction of iron
(hydr)oxides. The relative amount of hematite increases and those of
goethite and magnetite/maghemite decrease with the increase in ped-
ogenesis. The goethite indicates cold and dry conditions, whereas the
hematite indicates warm and wet conditions.
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