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Abstract-Structural Fe3+ in kaolinites and dickites covering a broad range of disorder was investigated 
using electron paramagnetic resonance (EPR) spectroscopy at both the X and Q-band frequencies. A 
procedure based on a numerical diagonalization of the spin Hamiltonian was used to accurately determine 
the second and fourth-order fine-structure parameters. A /en.sr-.sqirore.s fitting method was also developed 
to model the EPR spectra of Fe'+ ions in disordered local environments, includillg multimodal site-to- 
site distributions. Satisfactory fits between calculated and observed X and Q-band spectra were obtained 
regardless of the stacking order of the samples. 

In well-ordered kaolinite, Fe?+ ions are equally substituted in sites of axial symmetry (Fe,,,,sites, namely 
Feo,,, and Fe,,,,b) which were determined to be the two non-equivalent All and A12 sites of the kaolinite 
structure. In dickite. Fe"+ ions were also found to be equally substituted for Al3+ in the two non-equivalent 
Al sites of the dickite structure. In poorly ordered kaolinites, the distribution of the fine-structure param- 
eters indicates that Fe)+ ions are distributed between Fe,,,, sites and other sites with the syrnmetry of the 
dickite sites. 

Hence, when stacking disorder prevails over local perturbations of the structure, the near isotropic 
resonance owing to Fe3+ ions in rhombically distorted sites (Fe,,, sites) is a diagnostic feature for the 
occurrence of C-layers in the kaolinite structure, where C refers to a specific distribution of vacant 
octahedral sites in successive layers. 
Key Words-Dickite, Disorder, EPR, FeJ+, Kaolinite. 

INTRODUCTION 

Kaolinite is a ubiquitous clay mineral at the Earth's 
surface (Murray, 1988), and one which is known to 
incorporate defects of various types, either extended 
(e.g., stacking faults) or localized (e.g., due to impu- 
rities). Such defects can often be related to the con- 
ditions of genesis of the mineral (Cases et al., 1982; 
Giese, 198g Muller er al., 1995). Among the point 
defects, structural Fe3- is of special importance as iron 
occurs as the main impurity in all natural kaolinites 
(Muller and Calas, 1993) and is thought to influence 
several macroscopic properties, such as the degree of 
disorder and particle size (e.g., Cases et al., 1982; 
Giese, 1988). 

Due to its high sensitivity, electron paramagnetic 
resonance (EPR) is probably the most convenient tech- 
nique for studying both the abundance and distribution 
of structural Fe3+ in kaolinite (c$, Hall, 1980; Muller 
and Calas, 1993). There has been extensive study of 
the EPR signal of structural Fe3+ in kaolinite (e.g.. 
Goodman and Hall, 1994). X-band EPR spectra show 
superposed signals, referred to as Fe,,, and Fe(ll,, inter- 
preted as being due to Fe3+ in two types of sites with 
different degrees of distortion (Meads and Malden, 
1975; Angel and Vincent, 1978; Brindley et al., 1986). 
The Fe,,, signal was recently demonstrated to corre- 
spond to Fe3+ substituted for Al3+ at two non-equiva- 

lent, axially distorted octahedral sites (All and A12) in 
the kaolinite structure (Gaite et al., 1993). In contrast, 
no satisfactory structural model has been proposed for 
the Fe,,, signal corresponding to Fe3+ ions in sites hav- 
ing a maximum rhombic distortion. The relative con- 
tribution of both types of signal was shown to be re- 
lated to kaolinite stacking order (e.g., Herbillon et al., 
1976; Mestdagh et al., 1982; Brindley et al., 1986; 
Muller and Bocquier, 1987) or mean coherent domain 
size (Muller and Calas, 1993): the Feol) signal is the 
most intense in well-ordered kaolinites, whereas the 
Fe,,, signal is the most intense in poorly ordered sam- 
ples. Also, the Fe,,, signal may originate from local 
perturbations around structural Fe3+ ions, including 
perturbations from radiation damage (Gaite et al., 
1997). The work of Bonnin et al. (1982) suggested 
that a continuous site-to-site distribution of the crystal ' 

field amund Fe3+ is more appropriate than a simple 
two-site model for calculating the Fe,,, EPR sign+, al- 
though the approximations used hindered a full un- 

The purpose of this paper is to better characterize 
the location of structural Fe3+ within the kaolinite 
structure and to clarify the relationship between the 
crystal field symmetry around Fe3+ and the structural 
order of natural kaolinites. Hence, an accurate char- 
acterization of crystal field parameters around Fe3+ 
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Table 1. Characterization of kaolinites (DCV, GB3, AI,  FU7, and B4) and dickites (SC and MEX). (1) Hydrothermal; (2) 
Sediment; (3) Soil: Ancillary mherals: Q = quartz; A = anatase; M = mica; G = gibbsite; wt. % Fe,O, = iron content in 
the raw and DCB-treated samples; R2 = XRD disorder index of Liétard (Cases et al., 1982); EPR disorder index 
(Gaite er aL, 1997) measured at 120 K. 

Anc. miner. % wi. Fe,O, R? Eim Sample Reference or source Locolity 

- 1.35 3.1 

GB3 Cases er al.. 1982 Cornwall (1) (GB) M. Q. 0.57 1 .o9 7.0 

- 0.70 9.3 

B4 <20 pm Lucas et al., 1987 Manaus (3) (Brazil) G. A. - 0.23 12.6 

u 7  Cases et al., 1982 Charentes (2) (France) Q, A. 0.98 0.23 14.0 

DCV >2 pm Gaire er al., 1993 Aveyron (1) (France) - 
0.25' 

0.53' 

0.89' 

0.78' 

0.79' 

AI <20 pm Lucas et al., 1987 Manaus (2) (Brazil) - 

sc WARD's Pennsylvania (USA) - 0.082 - - 
MEX WARD's San Juanito (Mexico) - 0.025 - - 

DCB-treated samples. 

was performed by fitting the EPR spectra at X and Q- 
band frequencies. As the existence of C-layers in dis- 
ordered kaolinites was proposed previously (Brindley 
et al., 1986; Prost et al., 1989), dickite samples were 
also investigated to test the possible influence of C- 
layers on the Fe3+ spectra of kaolinite. Kaolinite and 
dickite differ primarily in the distribution of vacant 
octahedral sites in successive layers, where kaolinite 
has every layer consisting of B-type layers and dickite 
alternately has B- and C-layers. 

MATERIALS AND METHODS 

Samples 

E value and high R2 value. This exceptionally well- 
ordered kaolinite is the ordered end-member of these 
samples. In contrast, the FU7 and B4 samples are very 
poorly ordered kaolinites, which are characterized by 
low R2 values and high E values. 

Two dickite samples from 'WARD'S Natural Science 
Establishment Inc. were selected. Sample SC is from 
St. Claire, Pennsylvania, USA. This well-ordered dick- 
ite was used by Bish and Johnston (1993) for a struc- 
ture refinement from powder neutron-diffraction data. 
Another sample (MEX) is from San Juanito, Mexico. 

EPR spectroscopy 

Five natural kaolinite samples were selected from Data acquisition. EPR measurements were performed 
hydrothermal alteration, diagenesis, and pedogenesis using a Bruker ESP300E spectrometer, at both the 9.42 
deposits (Muller and Calas, 1993). These samples are ' GHz (X-band) and 34.0 GHz (Q-band) frequencies. 
listed in Table 1 together with their sources, mineral- 
ogy, and indices relating to structural order. Two sam- 
ples (DCV and GB3) were recently the subject of de- 
tailed EPR investigation (e.g., Gaite et al., 1993, 1997; 
Allard and Muller, 1998). 

The kaolinite content of the samples varied from 
-97% (B4) to near 100% (DCV; references in Table 
1). Other minerals present consisted mainly of mus- 
covite, quartz, and Al, Fe, or Ti oxides. Selected grain- 
sizes were used to eliminate most of these accessory 
phases and to produce homogeneous samples (e.g., 
DCV) for analysis. The EPR E-index (Gaite et aZ., 
1997) is defined from the width of selected EPR lines 
and accounts for the stacking disorder as well as for 
local perturbations related to the presence of point de- 
fects. The X-ray diffraction (XRD) R2-index (Cases 
et al., 1982; Gaite et aZ., 1997), based on the variations 
in the (201, 131) band, only accounts for stacking dis- 
order. A c~mparison of E and R2 values (Table 1) with 
those of Gaite et a¿. (1997) shows that the selected 
samples are representative of the widest range of 
stacking Order. Sample DCV is characterized by a low 

The EPR spectra were recorded-at 120 K,-using a 
cooled nitrogen flow device. Owing to exceptional res- 
olution of the EPR spectra for the DCV end-member 
and dickite samples, measurements were also per- 
formed at ambient temperature, and an X-band spec- 
trum was recorded at 4 K for DCV. At low-tempera- 
ture, the EPR signal owing to paramagnetic centers 
was enhanced with respect to the broad baseline signal 
assigned to residual superparamagnetic iron-oxides 
(Bonnin et al., 1982; Clozel et al., 1994). Calibrated 
silica tubes (suprasil grade) were filled with dry pow- 
dered sample prior to analysis. 

The experimental parameters were as follows: 100 
kHz frequency modulation and 40 mW microwave 
power for both X and Q-band; 5 X and 10-3 T 
modulation amplitude for X and Q-band, respectively. 
The EPR spectra were recorded in the 0-0.4 and 0- 
1.6 T magnetic field range for X and Q-band mea- 
surements, respectively. Magnetic field calibration was 
performed with the DPPH standard (g = 2.0037 -C 
0.0002). Frequency calibration was precisely achieved 
using a Hewlett Packard frequency meter. 
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Baseline correction of EPR spectra. Iron oxides are al- 
ways associated with natural kaolinites (Malengreau et 
al., 1994). These oxides are responsible for a broad res- 
onance (AH > 0.1 T) which is superposed on the EPR 
signal for kaolinite wherever the oxides occur as distinct 
phases or as coatings (.Angel and Vincent, 1978; Bonnin 
et al., 1982). For this reason, Fe oxides were eliminated 
prior to analysis using the dithionite-citrate-bicarbonate 
(DCB) method (Mehra and Jackson, 1960), which has 
no apparent influence on the kaolinite structure or the 
shape and the intensity of the EPR signals of paramag- 
netic species (Muller and Calas, 1989). After this treat- 
ment, the residual signal owing to Fe-oxides was suffi- 
ciently weak to be neglected in the DCV sample. For 
the other samples, a broad isotropic signal remained due 
to residual nanocrystalline, superparamagnetic iron oxide 
species (Muller and Calas, 1993), although the intensity 
of the peak was reduced at low temperature. The contri- 
bution of this signal was subtracted using a spline func- 
tion adjusted on selected points, i.e., between paramag- 
netic lines. For the FU7 and B4 samples, for which para- 
magnetic Fe3+ lines are broad, a trial-and-error procedure 
was used until the best fit of the spectra was obtained 
(see below). 

Paranreter refinement. The fine-structure parameters 
from the X-band and Q-band EPR powder spectra 
were determined using the calculation procedure of 
Morin and Bonnin (1999) based on a numerical di- 
agonalization of the classical spin Hamiltonian (Abra- 
gam and Bleaney, 1970): 

. 

Fine Suuclure Tenn 

where ß = 9.27 X JT-1 is the Bohr magneton; 
g is the gyromagnetic tensor; H is the magnetic field 
vector; S is the spin operator; 0; are the conventional 
Stevens operators (Abragam and Bleaney, 1970; Buck- 
master, 1962; Rudowicz, 1985) and By are the corre- 
sponding fine-structure parameters. The Stevens op- 
erators are related to the indirect effects of the crystal 
field on the spin levels of the paramagnetic ion and 
rhus reflect the local symmetry of the crystal field. For 
Fe3+ ions, the gyromagnetic tensor of the Zeeman term 
is nearly isotropic, with a mean g value equal to 2, 
and the fine-structure terms of the Hamiltonian are 
written using second and fourth-order Stevens opera- 

The numerical diagonalization of the spin Hamiltonian 
allows an accurate determination of the Fe3+ spin tran- 
sitions. These transitions can be characterized by their 
magnetic field positions and transition probabilities as a 
function of the spatial orientation of the magnetic field 
vector with respect to the crystal field tensor principal 
axes. Energy levels are sorted in ascending order and 
designated as (1,2, . . . 6) for convenience. Transitions 

tors (Abragam and Bleaney, 1970). / 

are indexed to the corresponding energy levels and mag- 
netic field orientation. For example, 23X corresponds to 
the transition between levels 2 and 3 when the magnetic 
field vector lies along the X axis and 23XY is the Same 
transition when the magnetic field vector lies in the XY 
plane but not on the X or Y axis. Due to the possible 
crossing of energy levels, transitions may appear several 
times between the same energy levels for a given ori- 
entation. Consequently, a third number is used to specify 
the order orappearance of the transition within the mag- 
netic field r k g e  of measurement, e.g., 230X for the first 
appearancè of the 23 transition along the X axis. The 
EPR powder-absorbance spectrum is computed by sum- 
ming the contribution of each of the orientations of the 
magnetic field vector with respect to the reference frame. 
The classical first derivative EPR spectrum is computed 
by convoluting the calculated absorbance spectrum with 
a first derivative Lorentzian function. The fine-structure 
parameters of the Fe3+ sites are determined by fitting the 
positions of the transitions, with indexing achieved by 
comparing calculated and experimental spectra worin 
and Bonnin, 1999). 

Inversion procedure for  EPR spectra of disordered 
nzaterials. Disordered materials exhibit broad EPR 
spectra which can be interpreted as the result of large 
and nearly continuous variations of fine-structure pa- 
rameters (Kliava, 1986). Therefore, such EPR spectra 
cannot be interpreted using only one set of fine-struc- 
ture parameters. Studies using parameterized distri- 
butions have been used successfully to model the EPR 
spectra of Cr3+ and Fe3+ in glasses (Legein et al . ,  
1995). A crystal field distribution was also proposed 
for the interpretation of the X-band EPR spectra of 
kaolinites (Bonnin et al.,  1982), but this approach was 
of limited utility because it was restricted to the dis- 
tribution of the rhombicity parameter, i.e., the ratio of 
second-order fine-structure parameters (A = B%/B%). In 
the present study, the two-dimensional distribution of 
both Bq and B; parameters are determined to extract 
information regarding the site-to-site variations of the 
crystal field around Fe3+ ions. This approach, which 
does not require a preliminary analytical expression of 
the distribution of the fine-structure parameters, is ex- 
plained as follows. 

The EPR spectrum II(H) of any disordered solid, i.e., 
a solid which presents a broad site-to-site variation of the 
fine-structure parameters, can be described by the follow- 
ing equation (Equation 2.21 from KJiava, 1986): 

n(H) = i/4T I I J P(B;)W(B;, e, 9, H) 
e B;Z 

x F(B;, 6, (p. H)sin(@) de d9 dBt 

(2) 

where H is the magnetic field value, P(B;) is the den- 
sity of probability of the spin Hamiltodm parameters, 
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W(B;y, 8, s, H) is the transition probability, F(B;, 8, s, 
H) is the lineshape function, and 8 and s are the azi- 
muthal and polar angles defining the orientation of the 
magnetic field vector. The triple integration is per- 
formed over all possible orientations of the magnetic 
field and over the distributed values of spin Hamilto- 
nian parameters. P(B;) may be extracted by applying 
an approach similar to that used for modeling Möss- 
bauer spectra of iron in glasses (Levitz et al., 1980). 

As the fourth-order parameters (ti = 4) are weaker 
than the second-order parameters (Gaite et al.,  1993), 
they can be neglected in Equation (2) .  The integration 
over the fine-structure parameters may be thus ap- 
proximated with a summation over discrete values of 
Bq and B:. This results in the following expression: 

X 1 (1/4.irW(B% BS, 6, cp, H) 

x F(Bp, Ba, 8, cp, H))sin(8) d8 dcp (3) 

where P(BP, B;) is the two-dimensional distribution of 
the second-order fine-structure parameters. 

Equation (3) can be simplified by the fact that the 
integral on the right side of this equation is the ex- 
pression of the spectrum resulting from one set of fine- 
structure parameters (Bq, Bf): 

II(H) = 2 2 P(B9, B:)C(Bq, BZ, H) (4) 

where C(Bq, BZ, H) is the intensity of the calculated 
spectrum at field H, for a given (Bq, BZ) couple. 

The EPR spectrum is recorded as a set of IT,(H,) 
values obtained for discrete values of magnetic field 
Hi. A system of equations is obtained by writing Equa- 
tion (4) for any values of magnetic field. This system 
of equations can be written in the form 

BY Bi 

E = CX (5) 

where E  is a column vector containing the measured 
data values II,(H,). C is a matrix such that each column 
vector corresponds to the calculated spectrum C(Bq, 
Bf, H) for a (Bq, Bt) couple, each row corresponding 
to an Hi value. Finally, X is a column vector containing 
the P(BB, Ba) values. These values are determined by 
solving Equation (5) by minimizing the quantity 

which is equivalent to minimizing the quantity 
(E - CX)2 (6) 

'XCCX - 2?rrCE (7) 
where the superscript, t, refers to the transposed ma- 
trix. 

The C matrix is defined over a triangular lattice of 
B? and Bf parameters with the convention that B$ 2 
Ba and with the implicit assumption that P(B2, BZ) is 

equal to zero beyond this area. Numerical testing al- 
lowed us to eliminate Bq values >0.15 cm-' for the 
EPR spectra of Fe3+ in kaolinites. A BI; step of 0.005 
cm-l was used to maintain the matrix sizes and the 
computation time within practicable ranges. Initial cal- 
culations based on the X-band data gave a noisy un- 
reliable distribution of fine-structure parameters be- 
cause the column vectors of the C matrix at X-band 
frequency may be collinear when Bq = B;. A reliable 
distribution was obtained by performing calculations 
simultaneously on both X and Q-band EPR data. 

Additionally, two types of physically meaningful 
constraints were introduced in the fitting procedure. 
First, the quadratic programming routine E04NAF 
from the FORTRAN NAG library was used during the 
least-squares minimization to keep the P(Bq, Bf) val- 
ues positive. Second, smoothing of the P(BP, B:) dis- 
tribution was achieved by minimizing its second de- 
rivatives, expressed as two matrix F I  and F,, as de- 
fined in Levitz et al. (1980). 

Consequently, P(B!, Bf) values can be determined 
by minimizing the following quantity: 

'X('C,C,  + ~'C, ,C,  + 'YIFI + ~i2F2)X 

- 2'X('C,E, + yx'C,E,)  (8) 

where the x and q indices correspond to X and Q-band 
respectively, ciI and ct2 are numerical constants which 
are chosen such that both the smoothness of P(Bq, B;) 
and the fit of the experimental data are acceptable, x 
is a scale factor applied to the Q-band spectrum and 
y is a numerical constant which allows a weighting of 
the Q-band versus the X-band data. The x value is 
calculated using an iterative process. 

I 

RESULTS 

X aizd Q-band EPR spectra description 

As expected (e.g., Muller and Calas, 1993; Clozel 
et al., 1994), two groups of signals were observed in 
the X-band EPR spectra of the kaolinites analyzed 
(Figure 1). One group, observed at low magnetic field, 
is due to Fe3+ ions in sites with different distortions: 
(1) the Fe(,, signal, which corresponds to rhombically 
distorted sites (A = 1), appears as a nearly isotropic 
signal centered at 0.16 T; (2)  the Feo,, signal, which 
corresponds to sites with a more axial distortion (A 
0.65), consists of an anisotropic signal with resonances 
near 0.074, 0.136, 0.180, and 0.214 T. Note that the 
EPR spectrum of DCV exhibits two Fe(,,) signals (Feo,,, 
and Fe(I,jb) which are attributed to Fe3+ substitutions 
for Al3+ in the two AI sites of the kaolinite structure 
(Gaite et aZ., 1993). With increasing disorder, several 
of these lines cannot be resolved due to line broad- 
ening. The second group of signals, centered at 0.33 
T, results from an overlay of: (1) a broad resonance 
(AH > 0.1 T) due to superparamagnetic Fe oxides, (2) 
a sharp, intense signal due to radiation-induced defects 
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0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
Magnetic Field (TI 

Figure 1. Full range X-band EPR spectra, recorded at 120 
K, for kaolinites DCV, GB3, Al,  FU7, and B4 and for dickite 
MEX. The intensity is normalized to the DCV spectrum and 
the normalization factor is reported. Stacking order for the 
kaolinites decreases from the top to the bottom of the figure. 
Fe,,, and Fecll, = superposed signals at low magnetic field 
arising from Fe3+ ions substituted for Al3+ in the two sites of 
the kaolinite structure; RID = radiation-induced defects 
(sharp signal at high magnetic field); VOZ+ = vanadyl ions 
producing an 8-line hyperfine structure superposed on the 
RID signal (DCV and FU7 samples). Note the line splitting 
for resonances centered at 0.136 and 0.180 T on the EPR 
spectrum of DCV, which indicates the presence of two dif- 
ferent Fe,,,, sites, referred to as Fe,ll,, and Features in- 
dicated by (*) on the DCV and the MEX spectrum correspond 
to Fe3+ centers in dickite and are explained in Figure 6. 

.i 
(RIDS), and (3) for two samples (DCV and FU7), ad- 
ditional lines related to the hyperfine structure of van- 
adyl (VOZ+) complexes. 

In addition, Figure 1 shows a strong variation of the 
relative intensities of Fe,,, and Fe(,,, signals as a func- 
tion of stacking order: the well-ordered DCV kaolinite 
only exhibits the Fe,,,, signal whereas the poorly or- 
dered FU7 and B4 kaolinites mainly show a broad (AH 

Magnetic Field (T) 

Figure 2. Full range Q-band EPR spectra, recorded at 120 
K, for kaolinites DCV, GB3, Al ,  FU7, and B4 and for dickite 
MEX. Stacking order for kaolinites decreases from the top to 
the bottom of the figure. Arrows indicate specific features 
presented by the EPR spectrum of B4 kaolinite and MEX 
dickite. 

= 0.02 T), nearly isotropic signal at 0.16 T, i.e., the 
Fe(,, signal. 

Note also in Figure 1 that the signal centered at 0.16 
T in the X-band spectrum of the MEX dickite and the 
Fe(,, signal observed in the X-band spectrum of the B4 
kaolinite have a similar shape, although the dickite sig- 
nal presents more defined lines. As rhombic signals 
around 1.6 T are very common features of Fe3+ spectra 
in the X-band, caution must be used in interpreting 
these signals on such a similarity. In contrast, the Q- 
band spectra should provide less ambiguous informa- 
tion concerning the local symmetry around Fe3*. 

The Q-band EPR spectra of the kaolinites and the 
MEX dickite are presented in Figure 2. Numerous 
lines occurring at similar positions are observed in the 
Q-band spectra of the kaolinites. The most intense 
(dotted lines in Figure 2) are located in the low-field 
region (0-0.2 T) and at 0.29, 0.57, 0.71, and 0.92 T. 
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340ZA+B 

I 

11 340X 

exp. 
(120 K) 

0.05 0.1 0.15 0.2 0.25 

Magnetic Field (Tesla) 

Figure 3. Comparison of the X-band EPR spectra of DCV 
kaolinite obtained at 293 and 120 I( with the calculated spec- 
tra. Note that 230ZY transitions are inter-doublet transitions. 

Using rough line indexation, Meads and Malden 
(1975) suggested that these lines are due to three Fe3+ 
sites. We show below that these lines may be assigned 
to Fe3+ ions substituted for Al3+ in the kaolinite struc- 
ture. 

In contrast to the X-band spectra, the Q-band spec- 
tra cannot be easily interpreted as the superposition of 
two distinct signals corresponding to the Fe,,, and Fe,,,, 
signals. Indeed, the shapes of the Q-band spectra do 
not vary drastically between samples; no shift of the 
main lines is observed for the poorly ordered kaolin- 
ites with respect to their-position in DCV. An overall 
increase in line broadening is observed as a function 
of increasing stacking disorder. The most disordered 
samples (B4 and FU7) exhibit three additional weak 
bands at 0.27, 0.68, and 0.87 T (arrows on Figure 2) 
which may be related to the Fe,,, signal observed on 
X-band spectra. These features are also observed in 
the Q-band spectrum of the Mexico dickite. This sug- 
gests the occurrence of dickite layers in poorly ordered 
kaolinites. 

In addition to the lines attributed to Fe3+ ions, a 
broad signal caused by the superparamagnetic Fe ox- 
ides is observed in the region 1-1.4 T of the Q-band 

spectra of kaolinites. Superposed on this signal is the 
sharp signal due to radiation induced defects (RIDS), 
which is particularly intense for the GB3 and FU7 
samples. Hyperfine transitions of VOZ- were too weak 
to be clearly distinguished, except in the MEX spec- 
trum. 

Determination of $ne-structiire paraineters for  Fe3+ 
in well-ordered samples 

Parameter rejiizenzeizt for kaolinite. Gaite et al. (1993) 
showed that the main lines (3402, 340X, 340Y, and 
120Y) of the and Fe(,,,, spectra on the X-band 
spectrum of well-ordered DCV sample obtained at 120 
K may be interpreted using only second-order fine- 
structure parameters. We attempted to calculate the Q- 
band EPR spectra of DCV kaolinite at 120 K (calcu- 
lated spectra not shown), using the second-order pa- 
rameters calculated by Gaite et al. (1993) and those 
determined directly at the same temperature in this 
study. Using this approach, the general shape of the 
experimental spectrum can be reproduced, indicating 
that the lines of the Q-band spectrum are related to 
Feo,, parameters defined by the X-band spectra. How- 
ever, owing to the improved resolution of the lines, 
discrepancies were observed for line positions and line 
Splittings between the experimental and the calculated 
spectra. These discrepancies indicate that fourth-order 
Stevens operators must be used for correctly modeling 
the Q-band spectrum. Similar conclusions were made 
by Morin and Bonnin (1999) from the study of EPR 
powder spectra of Fe3+ in various oxide minerals. 

The second and fourth-order parameters were thus 
refined by simultaneously adjusting -10 line positions 
for each site for the X and Q-band data. Refinement 
was performed in the second-order principal axes 
frame. Calculated X and Q-band spectra at 120 K are 
compared to the observed spectra in Figures 3 and 4, 
respectively. Each calculated spectrum is the sum of 
the calculated Fecll,, and Fe,,,,, spectra added in the 
same proportions. The introduction of fourth-order 
terms resulted in a satisfactory fit between the calcu- 
lated and the observed spectra. This agreement con- 
firms that the Fe3+ ions are equally distributed across 
both Feo,, sites. Coupling X and Q-band data in the 
refinement procedure yields high accuracy (-t-O.001 
cm-I) for the second-order parameters as evidenced by 
the correct modeling of the 230ZY lines in the X-band 
and of the low magnetic field lines (0-0.25 T) in the 
Q-band. Indeed, these lines are highly sensitive to 
slight variations in second-order fine-structure param- 
eters as they correspond to inter-doublet transitions. 

The rhombicity parameters (A = BijB4 = 0.61 and 
0.66, for Fe,n), and Feo,,,, respectively) based on our 
data are similar to those determined by Gaite et al .  
(1993) (A = 0.62 and 0.67, respectively) from X-band 
data. However, the Bq and B; values calculated here 
differ slightly from those reported by Gaite et al .  
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Figure 4. Comparison of the Q-band EPR spectra of DCV kaolinite obtained at 293 and 120 K with the calculated spectra. 

(1993) (Table 2). This discrepancy is explained by the 
introduction of fourth-order parameters in this study, 
which cannot be determined from X-band data only. 
The Bi parameter is well constrained because the di- 
agonal 0: Stevens operator has a strong effect on nu- 
merous line positions in the Q and X-band. In addition, 
the position of the 351ZX transition and the splitting 
of the 340 transition around 1.4 T (Figure 4) indicates 
high Bi and B43 values. The Ba and Ba terms were 
necessary to match the position of several Q-band 
lines in the XOY plane, especially the 12OY, 230Y, 
and 340X lines. The Bz2 and Bh4 terms were used to 

Table 2. Fine-structure parameters (cm-I) for Fe3+ sites in 
DCV kaolinite at different temperatures. 

Temp. Site B: B: 60 X BO 
~ 

293 K Feo,,, 0.1104 

120 K Fe(,ll, 0.1156 
Fe,,,,, O. 1 120 

4 K  Fe,,,,, 0.1198 
Fe,,,,, 0.1 150 

Fe(I,ib 0.1057 

120 K' Feol,, 0.1 1 
Fe" 0.12 

0.0666 -0.0025 
0.0661 -0.0021 
0.0721 -0.0033 
0.0753 -0.0020 
0.0739 nd. 
0.0768 nd. 
0.069 nd. 
0.077 nd. 

Note: accuracy is +0.0010 cm-1, nd.: not determined. 
I Gaite et al. (1993). 

reproduce the splitting of the angular dependency of 
the 230 transition in the XOY and -XOY planes. The 
BA and Bjl parameters were not used because they 
were not constrained sufficiently to be refined. Be- 
cause Q-band lines arising from A and B-sites overlap 
frequently (e.g., near 0.92 and 1.2 T), the assignment 
of 351ZX, 340ZX, and 230XY lines to either site was 
ambiguous. Despite this ambiguity, the fourth-order 
parameter values used for spectra calculations are 
probably of the correct order of magnitude because A 
and B-sites have very similar spectra. Only accurate 
and unambiguous determined values, namely Bq, BZ, 
and Bi, are reported in Table 2. 

Gaite et al, (1993) showed that the rhombicity pa- 
rameter of the Fe(,,, signals is temperature-dependent. 
The present study confirms this observation: on Q- 
band spectra (Figure 4), a lowering of temperature 
from 293 to 120 K results, for example, in important 
shifts of the 130Y, 2402,12OY, 230Y, 230X, and 340X 
transitions. Fine-structure parameters were also refined 
for spectra obtained at 293 K (X and Q-band spectra) 
and 4 K (X-band spectrum only). Spectra obtained at 
293 K and the corresponding calculated spectra are 
presented in Figures 3 and 4. The refined values of 
fine-structure parameters are reported in Table 2. Note 
that the B$ vaIues for Fenr), and Fe,, sites increase in 
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Figure 5. 
for DCV and SC as a function of temperature. 

Variation of the experimental B: parameter (cm-I) 

parallel and linearly as a function of decreasing tem- 
perature (see Figure 5). A regular increase was also 
observed for the B: values, but the variations were not 
linear. 

Parameter rejïnemeizt for dickite. The X-band EPR 
spectra of SC and MEX dickite samples obtained at 
120 K in the 0.14-0.19 T region are presented in Fig- 
ure 6. These detailed spectra correspond to the central 
lines observed around 0.16 T on the full-range X-band 
spectra of DCV and MEX presented in Figure 1. The 
X-band spectrum of DCV in the 0.14-0.17 T region 
is also reproduced for comparison. In this region, the 
observed lines are attributed unambiguously to Fe3+. 
The two spectra for dickite exhibit seven common 
lines. Six of these (vertical dotted lines in Figure 6) 
are interpreted as resulting from the angular depen- 
dencies of the 340 transition of two distinct Fe3+ spec- 
tra, referred to as Fe,,, and Fe,, below. Fine-structure 
parameters for both sites, refined by adjusting the po- 
sitions of these lines at both 120 K and room temper- 
ature are reported in Table 3 and Figure 5. Fe, sites 
in dickite exhibit Bq values close to those determined 
for the Fe(,,, sites in kaolinite. In contrast, the BZ pa- 
rameters are significantly larger than those determined 
for kaolinite, the Fe, sites being more rhombically dis- 
torted. Fitting of the experimental X-band spectrum 
indicates that the Fe,,, and FeDa sites are occupied 

Magnetic Field (Tesla) 

Figure 6. Comparison of the X-band EPR spectra of the two 
dickite samples (SC and MEX), obtained at 120 K in the 
region 0.14-0.19 T, and of the DCV kaolinite, obtained at 
120 K i n  the region 0.14-0.17 T, with the calculated spectrum 
of SC dickite and the corresponding observed spectrum. Note 
that the two spectra for dickite exhibit six common lines 
(marked by vertical doted lines), four being also present in 
the DCV spectra. Arrows indicate unexplained features. 

equally by Fe3+, one signal (Fe,,) being slightly broad- 
er than the other. The residual signal [minor lines at 
0.158 (MEX, SC), 0.154, and 0.162 T (MEX) indi- 
cated by arrows in Figure 61 could not be interpreted 
from the data. 

Five of the lines common to SC and MEX dickite 
samples are also observed on the spectrum for DCV 
(Figure 6). They correspond to the weak rhombic sig- 
nal observed between the main 3402 and 340X Feo,, 
lines of the DCV X-band spectra presented in Figure 
3 in the present paper and in Figure 3 and 4 in Gaite 
et al. (1993). This provides clear evidence of the oc- 
currence of a minor quantity of ordered dickite in the 
DCV sample. 

Table 3. Fine-structure parameters (cm-') for Fe3+ sites in 
SC dickite at 120 and 293 K. 

60 X BU Temo. Site RO B! 
~ 

293 K Fe,, 0.1084 0.0851 0.0001 
Fe,, 0.1218 0.9926 0.0024 

120 K Fe,, 0.1146 0.0901 -0.0005 
0.0016 Fe,, 0.1279 0.1031 

Note: accuracy is It0.0010 cm-1. 
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Figure 7. Comparison of X and Q-band spectra, recorded at 120 K, for the variably ordered kaolinites GB3, Al ,  FU7, and 
B4 with the spectra caIcuIated using the inversion procedure. Note that satisfactory fits were obtained for the X-band spectra 
whereas some discrepancies.are observed for the Q-band spectra. Points = observed data, continuous line = calculated spectra, 
dotted line = baseline. 

Distribiition of jne-structirre parameters ìn poorly 
ordered samples 

The inversion procedure (see methods section) was 
applied to all the kaolinite samples except DCV to 
correlate line broadening (see above) with the distri- 
bution of fine-structure parameters. In Figure 7, the 
computed X and Q-band spectra for the GB3 and A l  
kaolinites (with Fe,,,, signal more intense than the Fe(,, 
signal) and for FU7 and B4 kaolinites (with a domi- 
nant Fe(,, signal) can be compared to the spectra ob- 
tained at 120 K. Satisfactory fits between the calcu- 
Iated and the observed X-band spectra (Figure 7a) 
were obtained, although some discrepancies remained 
between the calculated and observed QTband spectra 

for the GB3 and Al samples which have high stacking 
order. These discrepancies are due to the limited num- 
ber of EPR spectra (496 in total for each frequency) 
used to model the distribution of fine-structure param- 
eters and also to the use of only second-order param- 
eters for EPR spectra computation. 

The distributions of fine-structure parameters for 
GB3, Al, FU7, and B4 are presented in Figure 8. The 

' 

(Figure 7b). These discrepancies are most I pronounced 

calculated values for fine-structure parameters are 
mostly concentrated in a relatively narrow area (0.10 
cm-1 5 Bi 5 0.13 cm-I; 0.06 cm-1 5 BI 5 0.11 cm-I). 
A one-mode distribution around the Feo,, fine-structure 
parameters is observed for the ordered GB3 and Al  
kaolinites. Note that the maximum of the distribution 
is systematically shifted relatively to the Fe(,,, param- 
eters along an axis of constant rhombicity (AK = B$/ 
Bi = 0.65). This shift is attributed to the use of sec- 
ond-order parameters only in the distribution calcula- 
tion. In contrast, several modes can be distinguished 
for the poorly ordered F u 7  and B4 kaolinites. Three 
modes are particularly well differentiated for the B4 
sample. Two modes are close to the two distinct fine- 
structure parameter sets calculated for the FeDa and 
Fe,, sites in dickite. Here again and for the same rea- 
son, a systematical shift is observed between the max- 
imum of the distribution and the Fe, parameters along 
an axis of constant rhombicity (A, = B$¡@ = 0.8). 
Note that the shifts are in opposite directions for the 
Fe(,,, and Fe, sites because the specific positions of the 
related lines of these sites for the X and Q-band con- 

, 

strain the distribution calculation differently. The third r -4 

1 5 ,  

i, 

. -  . - -  . 
. 
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Figure 8. Calculated distribution of the fine-structure parameters for the GB3, AI, FU7, and B4 kaolinites. Highly ordered 
GB3 and A l  kaolinites are characterized by only one distribution mode around the Feo,, fine-structure parameters whereas 
the poorly ordered FU7 and B? kaolinites exhibit two additional distribution modes, corresponding to the two distinct fine- 
structure parameter sets calculated for the Fe,, and Fe,, sites in dickite. Note the systematic shifts along axes of constant 
rhombicity (A, and A,) observed between the maxima of the distribution and the reference parameters. 

mode is close to the parameters calculated for Fe,,,, 
sites in well-ordered kaolinite. For the FU7 sample, 
these three modes can also be recognized, although 
they are less pronounced. An additional mode is ob- 
served around Bq = 0.11 cm-] and B$ = 0.065 cm-] 
for this sample. This mode does not contribute to the 
Fe,,, signal, but it is related to axial contributions ob- 
served on the X-band spectrum, i.e., the outer tails of 
the broadened 340 Fe,,,, lines. 

DISCUSSION 
structural Fe3+ in well-ordered samples 

Kaolinite. Although the superposition model (SPM) 
(Newman and Urban, 1975) does not always give con- 
vincing results (Lehmann, 1980), it was tentatively 

used to interpret the fine-structure parameters of Fe3+ 
in kaolinite. In this model, it is assumed that the fine- 
structure parameters for a cation can be assessed by a 
sum of axially symmetric contributions of the sur- 
rounding ligands. For kaolinite, SPM calculations 
were performed using the atomic positions around 
Al3+ determined by Rietveld refinement on XRD and 
neutron-diffraction data at room temperature (Bish and 
Von Dreele, 1989) and at 1.5 K (Bish, 1993) on the 
Keokuk kaolinite. SPM calculations were performed 
in the reference frame a*bc’. c’ is orthogonal to a*b 
and is thus nearly collinear to c. The second-order 
principal axis Z, lies close to the [O011 direction ((G, 
c) < 30”) for both All and A12 sites at both temper- 
atures. This orientation is consistent with the orienta- 
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tion of the Z axis assessed experimentally by Meads 
and Malden (1975) on oriented kaolinite samples. In 
addition, for both AI sites, the decrease of the calcu- 
lated B&,value as a function of increasing tempera- 
ture is in relative agreement with the variation of the 
observed Bq values determined here. This decrease is 
due to the stretching of the structure along the c axis 
(Bish, 1993) and is consistent with the Fe3+ substitu- 
tion for AP+ in All and A12 sites of kaolinite. The 
three-fold pseudo-symmetry axis Z, (Gaite and Rager, 
1997) also lies close to the crystallographic c axis for 
both Al-sites ((Z3, c )  < 16”). The near coincidence 
between the Z2 and Z, axis directions ((Z3, Z2) < 15”) 
may explain why the experimental Bj and B43 values, 
refined in the second-order principal-axis frame, have 
highest values among the fourth-order parameters for 
both Feo,, sites. 

Dickite. The occurrence of two Fe3+ centers in dickite 
is in agreement with the existence of two non-equiv- 
alent crystallographic Al3+ sites in the dickite structure 
(Bish and Johnston, 1993). A decrease in the deter- 
mined BP value is observed for both Fe3+ centers as a 
function of increasing temperature, and this decrease 
is of the same magnitude as that observed for Fe,,,, 
sites in kaolinite (Figure 5). Hence, the EPR signals 
for Fe3+ in dickite correspond to Fe3* substitutions for 
Al3+ in the two AI sites of the dioctahedral layer. 

Structura I Fe3* in poorly ordered kaolinites 

According to Bookin et al .  (1989), adjacent 1:l lay- 
ers in ordered kaolinite are shifted by -al3 and the 
vacancy corresponds to the B site of the dioctahedral 
sheet (B-layer). In contrast, the vacancy in the mono- 
clinic two-layer structure of dickite alternates between 
the B and C sites to produce a regular alternation of 
B and C-layers. Note that the real structure of the ka- 
olinite B-layer differs from that of the dickite B-layer. 
Until now, disorder in kaolinites has been mainly ex- 
plained using models based on the combination of var- 
ious defects, such as stacking faults related to layer 
rotation (2120”) or layer translation (+b/3 shift), OC- 

currence of enantiomorphic layers, or vacancy dis- 
placement (e.g., Giese, 1988; Bookin et al., 1989). 
Plançon et aE. (1989) proposed a model based mainly 
on translations of B-layers with a minor contribution 
from vacancy displacement. A continuum from the ka- 
olinite structure to the dickite structure was also sug- 
gested from infra-red spectroscopy (Brindley et al., 
1986). In such a continuum, the disordered kaolinite 
may correspond to an intermediate state between a 
well-ordered kaolinite and a well-ordered dickite. 

The match between two distinct modes of the dis- 
tribution of the fine-structure parameters for FU7 and 
B4 samples and the parameters of the Fe,, and Fe,, 
sites of dickite demonstrates unambiguously the OC- 

currence of layers possessing a dickite 1: 1 layer struc- 

ture interstratified with kaolinite layers. As clearly 
demonstrated by Prost et al. (1989), a dickite-like hy- 
droxyl configuration occurs in the disordered kaolinite 
structure. Moreover, the model for the disordered ka- 
olinite structure proposed by Artioli et al. (1995), 
based on XRD modeling and electrostatic calculations, 
combines’the random occurrence of triclinic B and C- 
layers with their enantiomorphic layers. 

The EPR results presented here indicate the exis- 
tence of F$+ sites with symmetry intermediate be- 
tween that of Fe,,,, and Fe, sites and suggest a contin- 
uous chanie of Fe3+ site symmetry from that of the 
Fe sites $n the ordered B-B kaolinite stacking (Fe,,,, 
sites) to’that of the Fe sites in the ordered B-C dickite 
stacking (Fe, sites). As the fine-structure parameters 
are primarily sensitive to the symmetry of the first 
coordination shell, this suggests a structural change of 
the intercalated C-layer and of the adjacent B-layers 
towards the structure of dickite C and B-layers, -re- 
spectively. This distortion would probably depend on 
the length of the dickite-type sequence. We emphasize 
the assumption of Plançon et al. (1989) that “the oc- 
currences of C-layers among B-layers probably induc- 
es a distortion of the layer structures so that they are 
more similar”. Consequently, the occurrence of a con- 
tinuous distribution of fine-structure parameters for the 
most disordered samples supports the hypothesis of 
random intercalation of C-layers among kaolinite B- 
layers, giving the observed Fe,,, signal, rather than a 
sum of dickite and kaolinite EPR spectra. 

Hence, when long range disorder prevails over local 
perturbations, the occurrence of an Fe,,, signal on the 
X-band EPR spectra of poorly ordered kaolinites is a 
diagnostic feature for the occurrence of C-layers in the 
kaolinite structure. 
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