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Abstract—A method is proposed to measure the absolute concentration of paramagnetic Fe3* ions in
kaolinite from various geochemical environments using powder X-band electron paramagnetic resonance
(EPR) data. An Fe**-doped corundum sample is used as a concentration standard. The Fe* signal is
calibrated by calculating the powder EPR spectra of Fe** ions in corundum and low-defect kaolinite. The
paramagnetic Fe’* concentration in other samples is obtained by an extrapolation procedure. This study
provides a direct assessment of the iron distribution between isolated structural Fe’* ions and other iron
species, such as Fe3* concentrated phases and Fe?* ions. The concentration of isolated structural Fe*
ranges between 200-3000 ppm and represents less than half of the total iron within kaolinite crystals.
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INTRODUCTION

Kaolinite is known to contain minor quantities of
transition elements such as iron, vanadium, and man-
ganese. The valence state of the ion and atomic posi-
tion in the structure depend on the conditions of for-
mation of the mineral (Muller and Calas, 1993; Muller
et al., 1995). Iron is the major impurity in kaolinite,
and its concentration correlates with several macro-
scopic properties, such as the defect concentration and
particle size (Cases et al., 1982; Brindley et al., 1986;
Giese, 1988).

Studies (e.g., Bonnin et al., 1982; Schroeder and
Pruett, 1996) have suggested that the distribution of
trivalent iron in kaolinite may be determined spectro-
scopically. Electron paramagnetic resonance spectros-
copy (EPR) distinguishes two forms of trivalent iron:
(1) isolated Fe** ions isomorphously substituted for
Al** within the kaolinite structure, herein referred to
as ““dilute” structural Fe3*, and (2) poorly understood
domains in which Fe** jons reside in close proximity
(a few A typically) to one another (e.g., Hall, 1980;
Bonnin et al., 1982; Muller and Calas, 1993; Good-
man and Hall, 1994). Fe** occurring in these domains
is referred to as ‘‘concentrated” Fe?+. Dilute structural
Fe’* exhibits a paramagnetic signal at low magnetic
field. This signal is characterized by sharp EPR lines
whose intensity increases with decreasing temperature.
Nanometric domains of concentrated Fe’* ions exhibit
superparamagnetic or antiferromagnetic character.
This is characterized by a broad line at high magnetic
field, the intensity of which decreases with decreasing
temperature. Diffuse reflectance spectroscopy (DRS)
suggests that iron oxide or oxy-hydroxide nanophases
may be responsible for this latter EPR response (Mal-
engreau et al., 1994). Magic-angle spinning nuclear
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magnetic resonance studies by Schroeder and Pruett
(1996) and Schroeder et al. (1998) also suggested that
the ordering pattern of Fe3* between “dilute-Fe> and
“clustered-Fe” may vary between different kaolinite
samples.

Although the occurrence of different modes of iron
incorporation within kaolinite crystals is well estab-
lished, the Fe3* distribution among these forms in nat-
ural kaolinites has not been quantitatively determined.
The present study determines a quantitative approach
to measure dilute structural Fe3* by combining calcu-
lation of X-band EPR spectra (Balan ez al., 1999; Mor-
in and Bonnin, 1999) with data from an Fe’*-doped
o-Al,O, standard.

MATERIALS AND EXPERIMENTAL
Samples

Kaolinite. Twelve kaolinite samples (Table 1) were se-
lected from various geochemical environments, in-
cluding hydrothermal deposits, sediments, and soils.
Non-kaolin group minerals present in small quantities
are muscovite, illite, quartz, and Al, Fe, or Ti oxides
or hydroxides. Grain-size separation (Table 1) was
used to remove most of these ancillary phases and to
produce homogeneous samples. Accessible iron oxides
were removed using the complexing dithionite-citrate-
bicarbonate (DCB) method (Mehra and Jackson,
1960). This treatment has no apparent effect either on
the kaolinite structure or on the shape and intensity of
the EPR signal of Fe** (Muller and Calas, 1989). The
remaining iron concentration, measured by inductively
coupled plasma atomic emission spectrometry at the
Centre de Recherches Pétrographiques et Géochi-
miques (CRPG, Nancy, France), was <1 wt. % and
varied between 1800-7700 ppm ([Fe]chem, Table 1).
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Table 1. Characterization of the kaolinites.
Anc.

Sample Reference Origin miner. [Feliem % Fe**  [Fe™lip R27
DCV >2 pm Gaite et al. (1993) Aveyron' (France) e 2190 31 900 1.35
GB1 Cases et al. (1982) Cornwall' (GB) M, Q 3500 nd 750 1.13
GB3 Cases et al. (1982) Cornwall! (GB) M, Q 4650 435 1700 1.09
KGa-1 van Olphen and Fripiat (1979) Georgia? (USA) A 1840 504 450 1.03
KGa-2 van Olphen and Fripiat (1979) Georgia? (USA) A 7720 nd 3000 0.69
PDP3 <38 pm Delineau et al. (1994) Charentes? (France) G 2020 nd 300 0.90
CHA2 <5 pm Delineau et al. (1994) Charentes? (France) LQ 6140 nd 1250 0.52
FBT2 <38 um Delineau et al. (1994) Charentes? (France) Q, A 7280 nd 1250 0.44
FU7 Cases et al. (1982) Charentes? (France) Q, A 6930 255 1050 0.23
Al <20 pm Lucas er al. (1987) Manaus? (Brasil) _— 5460 nd 2800 0.70
B4 <20 um Lucas e al. (1987) Manaus? (Brasil) G, A 4790 nd 2800 0.23
GOY <0.5 pm Muller and Bocquier (1987) Goyoum?® (Cameroon) — nd nd 2200 0.49

! Hydrothermal.
2 Sediment.
3 Soil.

4 Murad and Wagner (1991).
5 Bonnin et al. (1982).
¢ Delineau (1994).

7R2 : XRD disorder index from Liétard (Cases et al., 1982; Gaite et al., 1993). Ancillary minerals: Q: quartz; A: anatase;
I: illite; M: mica; G: gibbsite. [Fel,.n: iron concentration in ppm measured on samples with Fe-oxides removed by DCB
methods. % Fe?*: divalent iron concentration expressed as a percentage of the total iron concentration. {Fe3*]gpg: trivalent

iron concentration expressed in ppm.

The kaolinite concentration of the samples varied from
~85% (sample GB3) to near 100% (sample DCV).
Most of these samples were recently studied by ex-
amining the shape of the Fe** EPR signal and the de-
fect nature of the kaolinite (Gaite er al, 1993, 1997,
Balan et al., 1999).

Standard. Kaolinite cannot be used as a standard for
concentration measurement of dilute Fe’* because
samples always appear to contain concentrated Fe
phases, including iron oxide or oxy-hydroxide nano-
phases resistant to DCB treatment (Malengreau et al.,
1994). EPR spectra of synthetic iron-doped kaolinites
exhibit a broad superparamagnetic signal arising from
concentrated iron phases (Petit and Decarreau, 1990).
It is thus not possible to obtain a kaolinite standard
with a dilute structural Fe** content equal to the total
iron content. In contrast, Fe-doped a-Al,O; standards
show a homogeneous distribution of Fe** below 1.25
mol % (De Biasi and Rodrigues, 1983).

Boizot (1996) reported that heating gibbsite for 1
wk at 1350°C destroys iron oxide nano-phases and
produces diffusion of Fe** ions through the subse-
quently formed a-Al,O, structure. The absence of con-
centrated Fe domains or Fe phases in the resulting
iron-doped «-Al,O; is indicated both by the lack of
any detectable superparamagnetic absorbance in the
spectra of the calcined corundum powders and by the
linear correlation observed between the EPR intensity
and the iron concentration (to 380 ppm). Therefore, a
sample of a-Al,O, prepared by Boizot (1996) contain-
ing 280 ppm Fe was used as a standard for dilute Fe**
content. Discrepancies in EPR absorbance between a-
AlLO; and kaolinite owing to dielectric losses in the
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resonance cavity are limited because of their close di-
electric constants (10.43 and 11.8, respectively; Ol-
hoeft, 1981; Shannon and Rossman, 1992).

EPR spectroscopy

EPR measurements at 9.42 GHz (X-band) were per-
formed at 120 K using a Bruker ESP300E spectrom-
eter equipped with a nitrogen-flow device for cooling.
Low-temperature recording enhances the EPR signal
owing to dilute Fe’* compared to the broad signal ow-
ing to concentrated Fe’* (Bonnin ef al., 1982). Spectra
were recorded with 40 mW microwave power. No sat-
uration of the paramagnetic Fe’* signal was observed
with increasing power to 60 mW. Powder samples
were placed in pure silica tubes (Suprasil grade). To
ensure reliability of intensity measurements, the tubes
were filled to constant volume such that the sample
height was greater than the resonance cavity. All spec-
tra were recorded using the same measurement param-
eters (frequency modulation = 100 kHz, amplitude
modulation = 5 Gauss), whereas the gain depended on
the sample. Spectra were then normalized with respect
to gain and sample weight, which is proportional to
sample density.

RESULTS AND DISCUSSION

The EPR absorbance of paramagnetic Fe** is pro-
portional to the number of isolated Fe* ions within
the resonance cavity. If spectra were recorded under
the same experimental conditions, EPR spectra of the
standard and each kaolinite can be compared to deter-
mine relative variations in dilute Fe3* concentration
(Calas, 1988; Weil et al., 1994). However, because
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Fe** site symmetry between kaolinite and standard dif-
fer and site symmetry strongly modifies the EPR ab-
sorbance, a direct comparison between EPR absor-
bances cannot be made. By calculating the EPR spec-
tra of kaolinite and the standard, this difficulty may be
overcome. However, the fine-structure parameters,
which describe the symmeiry of the various Fe’* sites,
must be determined. Following this procedure, the
concentration of dilute structural Fe’* in a reference
kaolinite sample is obtained by comparison to the stan-
dard. Then, the dilute structural Fe** concentration in
other kaolinite samples is extrapolated from the con-
centration as determined in the reference kaolinite
sample.

EPR spectra and fine-structure parameters for
kaolinites and standard

Figure 1 shows the normalized X-band EPR spectra
of four kaolinite samples recorded at 120 K in the 0.0—
0.3 Tesla (T) range together with the X-band EPR
spectrum of the Fe’+-doped «-Al, O, standard obtained
at 120 K. These kaolinite EPR spectra show the var-
iation in shape and intensity of the Fe’* EPR signal
commonly observed in natural kaolinites (Muller and
Calas, 1993; Gaite er al., 1997). The spectra show two
superposed signals, classically referred to as Fe;, and
Fe,,, which are interpreted as two Fe’* sites with dif-
ferent distortion (e.g., Muller et al., 1995). Determi-
nation of the corresponding fine-structure parameters
(Gaite et al, 1993; Balan e al, 1999) showed that
both Fey, and Fey, signals correspond to Fe** substi-
tuted for AP+ within the dioctahedral sheet of the ka-
olinite structure. The Fey,, signal corresponds to sites
within Jow-defect kaolinite whereas the Feg, signal is
produced by changes of the site symmetry owing to
the random distribution of vacant octahedral sites in
successive layers (Balan et al, 1999). In the low-de-
fect DCV sample, the Fe;, signal includes the contri-
bution of a minor amount of Fe?* in low-defect dickite.

The powder EPR spectrum at 120 K of the dilute
Fe** in a-AlO, differs significantly from those of ka-
olinites. The a-Al,O; spectrum is similar to the room
temperature spectra reported by De Biasi and Ro-
drigues (1983) and Morin and Bonnin (1999). How-
ever, weakly allowed transitions at low magnetic field
are absent because the recording temperatures differ.
The fine-structure parameters of the Fe’* site in a-
Al,O, at 120 K were refined following the method of
Morin and Bonnin (1999), which is based on a full-
diagonalization of the spin Hamiltonian (B = 0.0572
cm™'; 60 X B} = —0.0114 cm™'; 60 X B} = 0.2257
cm™!, where BY, BY, and B} are the conventional fine-
structure parameters for the trigonal symmetry of Fe**
site in a-Al)O;). These parameters differ slightly from
those refined at room temperature (Bogle and Sym-
mons, 1959; Morin and Bonnin, 1999).
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Figure 1. X-band EPR spectra normalized against gain and

sample weight (see text) of four kaolinite sampies (A1, KGa-
1, KGa-2, and DCV) and standard (0.15X). Dotted lines rep-
resent the calculated spectra of the Fe, signal for DCV and
for the standard. To establish a quantitative relation between
the EPR absorbance of the standard and kaolinite, the spectra
were calculated for the same quantity of Fe**. They were
subsequently multiplied by a scale factor, S, to fit the exper-
imental spectra (DCV ., S = 0.80; Standard, S = 0.36).

Calibration of the absorbance of dilute Fe’* in
kaolinite

Fe" in Fey, sites. Sample DCV was used for calibra-
tion of the absorbance of Fe?* in Fey, sites because
the corresponding fine-structure parameters of this
sample were previously determined accurately (Balan
et al., 1999). EPR spectra of Fe** in Fe, sites of DCV
and in a-AlLO; were calculated with the ZFSFIT code
(Morin and Bonnin, 1999), which models powder EPR
spectra with anisotropic line-broadening effects. Both
experimental spectra were adjusted (Figure 1) by fit-
ting a scale factor, S, as a free parameter (Spcy = 0.80;
Sqa = 0.36). Because the Fe?* concentration in the
standard is 280 ppm, a value of 620 ppm is determined
for Fe** in DCV Fey,, sites.

Derivation of total Fe’* concentration. The calibration
of the absorbance of Fe** in Fey, sites is not obtained
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directly because the accurate calculation of the Feg,
signal in kaolinites is both difficult and time-consum-
ing (Balan er al., 1999). The most intense X-band EPR
signal (Figure 2) owing to Fe3* in both Fe, and Fe,,
sites occurs between 0.1-0.25 T (Figure 2a). This sig-
nal arises from the angular dependencies of the spin
transition inside the central spin doublet. Each energy
level is sorted in ascending order and labeled from 1
to 6 for convenience. This transition is thus referred
to as the 34 transition (see Balan et al., 1999). Thus,
the double integration of this signal leads to the total
dilute Fe’* concentration, provided that the Fey and
Fe,, sites contribute similarly to the 34 transition ab-
sorbance.

The Feg, signal actually corresponds to a site distri-
bution ranging continuously between the Fe sites of
low-defect kaolinite and those of low-defect dickite
(Balan et al., 1999). The theoretical integrated absor-
bance of the 34 transition was thus calculated for both
sites and was found to be 10% higher for the dickite
sites. Consequently, the integration of the EPR signal,
including both Fe;, and Fe,, signals in the 34 transi-
tion range, leads to a maximum overestimation of
~10% of the Fe** concentration corresponding to the
Fe,, signal. Because the contribution of each site in
the total spectrum is difficult to determine accurately,
the discrepancy is included in the error range in the
calculation (below) of the Fe’* concentration.

Error range

The major systematic errors are attributed to the fit-
ting of the Fe?* spectra for the standard and the DCV
sample. Note in Figure 1 that small discrepancies re-
main between experimental and calculated spectra.
This is related to parameters not considered, such as
anisotropic broadening of the Fe?* lines of a-ALO,
owing to slight fluctuations of the crystal field (Boizot,
1996; Morin and Bonnin, 1999). However, by com-
parison of calculated and experimental absorbance
spectra (Figure 2c for DCV), the corresponding error
is less than =20%.

Non-systematic errors arise from experimental un-
certainties and from the baseline extraction procedure.
Repeated experiments showed that the uncertainty of
the data is within =10% (Allard et al., 1994). Error
related to baseline extraction is estimated at less than
*10%. Finally, overestimation of the paramagnetic
Fe’+ concentration in the high-defect kaolinites, where
the Fe,, signal dominates, is <10%.
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Consequently, the uncertainty on the absolute values
of the paramagnetic Fe** concentration in kaolinite de-
termined using the present method is assessed by con-
voluting the systematic error with the non-systematic
errors. Assuming a Gaussian distribution for both error
types, results are thus within +35%.

Dilute structural Fe’* content in studied kaolinite
samples

DCV sample. Figure 2b presents the absorbance
curves obtained from the first integration of the EPR
spectra of Figure 2a. The absorbance curves are relat-
ed to the superposition of the absorbances of the 34
and 12 transitions. The latter transition, which appears
on the absorbance curve as a step at 0.07 T, corre-
sponds to the transition inside the lowest spin doublet.
Absorbance bands are superposed on a rising slope
because of the presence of concentrated Fe phases re-
sistant to DCB treatment. Absorbances relating to the
12 transition and concentrated Fe phases are consid-
ered as linear background (Figure 2b). Figure 2c
shows absorbance curves of the 34 transition obtained
by subtraction of this background.

The total concentration of dilute structural Fe3* is
deduced by comparing the absorbance curve areas.
Because the area of the Fe,;, absorbance curve corre-
sponds to 620 ppm of Fe?*, the total concentration of
dilute structural Fe?* is ~900 ppm. This low Fe** con-
centration in DCV is consistent with the negligible
contribution of dipolar magnetic broadening arising
from limited interactions between dilute paramagnetic
Fe’* ions. Indeed, the 17 Gauss line-width of the 12
line at 0.07 T is consistent with the expected line-
width from super-hyperfine interactions between the
electronic spin of Fe3* and the Al nuclear spin (De
Biasi and Rodrigues, 1983).

Other samples. Dilute structural Fe** concentrations
(Table I, [Fe**]gpp) for the other studied samples were
determined by comparison with the DCV sample. In-
tegrated signals obtained for samples Al, KGa-1, and
KGa-2 are compared to DCV in Figure 3. The con-
centration determined by weight of dilute structural
Fe** in the kaolinite samples is <3000 ppm (Figure
4). In each case, the [Fe’*]gpg is less or equal to half
of the total iron concentration. This indicates signifi-
cant partitioning of iron in natural kaolinites.

In addition to dilute structural Fe+, three other
forms of iron may account for the remaining part of

Figure 2.

JEEN

(a) Normalized X-band EPR spectrum of DCV and calculated Fe, spectrum showing the relationship of the main

EPR signals to the angular dependencies of the 34 transition. (b) Comparison of the experimental and calculated absorbance
of DCV showing the superposition of the 34 transition to a baseline owing to the 12 transition and to the broad superpara-
magnetic signal on the experimental absorbance. (¢) Comparison of the experimental and calculated Fe,, absorbance of the
34 transition after baseline correction. The ratio of the integrated areas allows for the determination of the paramagnetic

structural Fe?* concentration in DCV.
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Figure 3. Comparison of experimental 34 absorbances of

four kaolinite samples (A1, KGa-1, KGa-2, and DCV). The
baseline owing to the 12 transition and to the broad super-
paramagnetic signal is approximated by the dotted line. The
ratio of the integrated areas of Al, KGa-1, and KGa-2 to the
DCV area allows the determination of the dilute structural
Fe’* concentration.

iron in the natural kaolinites examined here: Fe?* ions,
clusters of Fe’* ions substituted within the kaolinite
structure (Schroeder and Pruett, 1996), and nano-par-
ticles of iron oxy-hydroxides or oxides (Malengreau
et al., 1994). Mossbauer spectroscopy provides addi-
tional data for Fe?* jons in some of the kaolinites in-
vestigated here (FU7, KGa-1, GB3, and DCV samples;
Bonnin et al.,, 1982; Murad and Wagner, 1991, Deli-
neau, 1994). The corresponding Fe?* concentrations
range within 25-50% of the total iron concentration
(Table 1). The [Fe’*];pr values are significantly lower
than the Fe3* concentrations calculated from the Moss-
bauer data. A substantial part of Fe’* is thus segre-
gated into small oxy-hydroxide phases or concentrated
in clusters within the kaolinite structure.

No clear relationship was found between the para-
magnetic structural Fe3* concentration and the concen-
tration of stacking defects of kaolinite. This indicates
that the structural modifications linked to dilute struc-
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Figure 4. Dilute structural Fe3* concentration plotted as a

function of the total iron concentration determined by chem-
ical analysis. Error bars represent *35%, the estimated un-
certainty. Note that the paramagnetic structural Fe’* concen-
tration is always lower than the total iron concentration.

tural iron do not have a strong influence on the for-
mation of stacking faults. Such observation is in agree-
ment with those of Brindley et al. (1986). In addition,
further investigations are needed to identify the other
iron phases or clusters in kaolinite to obtain a better
understanding of the relation between iron incorpora-
tion in kaolinite and specific geochemical parameters
prevailing during crystal growth.
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