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Abstract — Diffuse reflectance spectra of kaolins have been recorded in samples from different environ-
ments, They show the systematic presence of Fe-oxides, even in bleached kaolins, with no contribution
from the Fe3* ions substituted in kaolinite. Second derivative spectra of various Fe-phases (hematite,
goethite, lepidocrocite, maghemite, akaganeite, ferrihydrite and Fe-polymer) may be differentiated by the
position of a diagnostic band corresponding to the 2(°A,) — 2(*T,(*G)) transition. The systematic com-
parison of diffuse reflectance spectra of unbleached and bleached kaolins has demonstrated the differences
between the Fe-oxides occurring as coatings and as occluded phases. The features observed in second
derivative spectral curves are consistent with assignments of crystal field transitions to goethite, hematite,
akaganeite, and aged hydrous ferric oxides. The optical determination of the Fe-phases associated to
kaolins assists in the interpretation of the formation conditions of these minerals.
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INTRODUCTION

Kaolins are among the most widespread materials
at the Earth’s surface. They occur under a wide range
of geological conditions, including surficial weathering,
sediment deposition, and low-temperature hydrother-
mal alteration (Murray, 1988). Besides minerals of the
kaolinite group, natural kaolins commonly contain (Al,
Fe)-oxides and oxyhydroxides and Ti-oxides, which
chemical and physical treatments do not easily remove
(Herbillon et al., 1976; Jepson, 1988).

The forms of Fe associated with natural kaolinites
can be used as an indicator of the conditions of for-
mation and evolution of kaolins (Kampf and Schwert-
mann, 1983), and they participate in the control of the
hydrogeochemical cycles of the elements at the Earth’s
surface (Davis and Kent, 1990). Furthermore, Fe com-
pounds have undesirable effects on properties of in-
dustrial kaolins (Jepson, 1988). Whether ferric ions are
substituted in the kaolinite structure or occur as sep-
arated phases is often uncertain (Muller and Calas,
1993). The low Fe-content of most deferrated kaolins
and the finely divided nature of the associated Fe-con-
taining phases limit the use of most methods (HRTEM,
Maossbauer effect, EPR spectroscopy) to answer this
question (Jepson and Rowse, 1975; Bonniner al., 1982;
Angel and Vincent, 1978).

Diffuse reflectance spectroscopy has previously been
used 1o investigate natural and synthetic Fe-oxides
(Sherman et al., 1982; Sherman and Waite, 1985; Mor-
ris er al., 1985) and clays, including Fe-bearing soil
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kaolins (Karickhoff and Bailey, 1973; Kosmas er af.,
1984; Barron and Torrent, 1986). It has been used to
monitor the influence of the modification of kaolin
optical properties, e.g., scattering and brightness, as a
function of the Fe-impurity content (Jepson, 1988). We
present a determination of the Fe-oxides intimately
associated with kaolinite, using second derivative dif-
fuse reflectance spectroscopy. These Fe-oxides have
optical spectral properties similar to those of goethite,
hematite, akaganeite, or aged hydrous ferric oxides,
depending on the formation conditions of kaolin.

MATERIALS
Natural kaolins

Highly ordered (KGa-1) and poorly ordered (KGa-
2) sedimentary kaolins are used as reference materials
from the late Cretaceous and early Tertiary Georgia
deposits, respectively (Murray, 1988; van Olphen and
Fripiat, 1979). Their degree of disorder is directly re-
lated to their total iron content (Table 1). Although
X-ray diffraction (XRD) only barely detects the pres-
ence of accessory anatase, the Georgia kaolins contain
various accessory minerals including quartz, micas,
smectite, and heavy minerals such as magnetite, il-
menite, zircon, and goethite (Patterson and Murray,
1984; Jepson, 1988).

Well-ordered hydrothermal kaolins GB1 and GB3
come from a china clay deposit located within the Cor-
nubian ore field of southwest England (St. Austell,
Cornwall: Exley and Phil, 1959). Epithermal hydro-
thermal systems were involved in the development of
these primary, granite-hosted kaolins (Jackson et al.,
1989). These samples contain only minor amounts of
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Table 1. Analytical Fe contents of unbleached and bleached
kaolins.

Fe,0, (%)
Samples Unbleached Bleached
KGa-1 0.24 0.21
KGa-2 1.16 0.88
GB1 0.42 0.40
GB3 0.57 0.53
Cl15 0.60 0.83!
Aba 0.90 0.28
R1 12.41 1.20
R2 8.50 1.20

! Fraction > 2 micrometers.

Fe-impurities (Table 1). Several Fe-free phases were
mentioned in the literature, such as muscovite, quartz,
and feldspar (Jepson, 1988). Samples C15 and A6a are
kaolins from hydrothermally altered ignimbritic tuffs
of Tertiary age (Nopal I U-deposit, Chihuahua, Mex-
ico: Calas, 1977; Aniel and Leroy, 1985). C15 sample
is a white kaolin from a fissure system close to a
U-mineralized breccia pipe, while A6a sample occurs
as pseudomorphs of feldspars, also located in the brec-
cia pipe (Muller et al., 1990). Only kaolinite was de-
tected by XRD in all these samples.

The soil kaolins were obtained from two lateritic
weathering profiles. The first profile was developed on
a gneissic basement under humid conditions and dense
forest cover (East Cameroon). Typical profiles exhibit
three main zones from bottom to top: a saprolite, a
ferruginous nodular zone, and a clayey topsoil zone
(Muller and Bocquier, 1986, 1987; Muller, 1988; Bou-
deulle and Muller, 1988). Sample R1 is a red, soft clay-
iron oxide matrix that surrounds ferruginous nodules
in the nodular zone. The second profile was formed
from detrital materials under a dry tropical climate
and savanna cover (Llanos area, East Colombia) and
is composed of three zones from bottom to top: an
indurated ferruginous plinthite; a red, soft, clayey zone;
and an overlying yellow zone (Faivre et al., 1983).
Sample R2 is a red material from the red clayey zone.
The associated Fe phases identified by XRD are goe-
thite and hematite. These Fe-oxides account for the
high Fe content of the soil kaolins (Table 1). R2 sample
also contain some gibbsite. The goethite/goe-
thite+hematite ratios are 45% and 65% in R1 and R2,
respectively. The Al content in hematite and goethite
from the R1 sample is 4 mole % and 15 mole %, re-
spectively (Muller, 1988).

All kaolins were bleached using the dithionite-ci-
trate-bicarbonate (DCB) method of Mehra and Jackson
(1960). This deferration treatment was conducted at
two different temperatures: the Fe-poor kaolins (<1.5
wt. % Fe,0,) were treated six times, at a temperature
of 80°C, with reagents changed every half an hour; and
the Fe-rich samples R1 and R2 (about 10 wt. % Fe,O,)
were bleached at room temperature for 256 hr, while
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monitoring the mineralogical and chemical composi-
tion of the samples and extracted solutions (Jeanroy et
al., 1991). The efficiencies of both types of treatments
are similar (E. Jeanroy, personal communication). In
contrast with the other samples, KGa-1, GB1, and GB3
kaolins show no significant difference in Fe content
before and after deferration treatment, but all bleached
kaolins still contain Fe (Table 1).

Reference samples

The reference kaolinite used in this study is a syn-
thetic hydrothermal sample (Petit and Decarreau, 1990)
with only trace impurities (less than 100 ppm Fe3*
detected by EPR). Pure Fe-oxides, including Al-goe-
thite, used for calibrating second derivative diffuse re-
flectance spectra, were obtained from several sources.
Monodisperse synthetic goethite and hematite were
synthesized from ferrihydrite by R. M. Cornell
(Schwertmann and Cornell, 1991; Cornell et al., 1991),
and their purity was confirmed by XRD and Moss-
bauer spectroscopy at 298 K and 77 K (G. Morin,
personal communication). An Al-substituted goethite
(33 mole % Al) was synthesized by U. Schwertmann
(Schwertmann and Murad, 1990). A tetragonal mag-
hemite, prepared according to the procedure of
Schwertmann and Cornell (1991), was provided by J.
M. D. Coey. Lepidocrocite and akaganeite were syn-
thesized by J. M. Combes according to the procedures
of Schwertmann and Thalmann (1976) and Murphy et
al. (1976), respectively. Two types of hydrous ferric
oxides (HFO) were studied: a ferric polymer synthe-
sized by J.-Y. Bottero from ferric chloride at a hydro-
lysis OH/Fe ratio of 2.8, according to the procedure of
Combes et al. (1989); and a 5-line ferrihydrite from a
natural spring of La Soufriére volcano in Guadeloupe,
which contains 9.16% SiO,.

METHODS
Diffuse reflectance spectroscopy

Diffuse reflectance spectra were obtained between
7000 and 45,000 cm~! in a digital form and at room
temperature with a CARY 2300 spectrophotometer
fitted with a 10-cm-diameter integrating sphere coated
with halon. Samples, 1-2 mm thick, were back-filled
into aluminum frames without any packing to mini-
mize preferential orientation and specular reflection.
Optically treated silica slides covered the sample hold-
ers. Diffuse reflectance measurements were made rel-
ative to halon, the absolute reflectance of which is 99%
or higher over the spectral range of 28,600-5600 cm ™!
(Weidner and Hsia, 1981). Since the transitions are a
function of photon energy, the spectra were converted
to a wavenumber basis (cm~!). The spectral resolution
varied from | nm in the UV region to 2 nm in the
NIR region. The wavelength accuracy of the spectro-
photometer, checked by using emission line peaks from
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deuterium, was within 0.1 nm in the UV and visible
regions.

In order to avoid optical saturation effects (see be-
low), the strongly absorbing reference Fe-oxides were
diluted to 1.0 wt. % with synthetic Na,CO;, a com-
pound which shows no significant absorption in the
spectral range considered. As a result of this dilution,
only the most intense absorption bands are observed
in the diffuse reflectance spectra of all reference Fe-
oxides. The low intensity of the absorption bands mea-
sured in weakly absorbing kaolins was enhanced by
immersing samples in paraffin oil (refractive index 1.47).
The presentation of diffuse reflectance spectra of ka-
olins as an apparent absorbance function, Log I,/1
(where I, and I are the intensity of the light reflected
by the reference and the sample investigated, respec-
tively), further enhances the intensity of the weakly
absorbing bands.

Data reduction: Application of the
Kubelka-Munk theory

Most surficial materials may be considered as min-
eral mixtures with an intermediate transparent-opaque
behavior in the visible range (Strens and Wood, 1979).
The Kubelka-Munk (KM) formalism has previously
been used to model the absorption of the light scattered
by tightly packed Fe-oxides (Barron and Torrent, 1986;
Jepson, 1988). This formalism is well suited, because
it takes into consideration light scattering as well as
absorption processes (Wendlandt and Hecht, 1966). A
remission function is defined as f{lR..) = (I — R_,)*/
2R.. = k/s, in which R, is the diffuse reflectance of the
sample and k and s are the absorption and scattering
coeflicient, respectively (Morris ef al., 1982). The scat-
tering coefficient, s, may differ between the samples as
it depends on the particle size as well as on particle
shape and packing. The absorption coeflicient, k, can-
not be deduced directly from R, unless the effects of
scattering can be constrained by some independent
means (Bedidi and Cervelle, 1993). In the UV spectral
range, Fe-oxides are strong light absorbers and the
specular component of the light reflection cannot be
neglected (Strens and Wood, 1979). The dilution of
reference Fe-oxides with sodium carbonate avoids this
problem. In the present study, the absorbance and re-
mission functions of all kaolins were normalized by
reference to the intensity of the OH overtone at 7160
cm~! of KGa-1 kaolin. If s is considered as a monotone
function, modifications of absorbance and remission
functions should reflect absorption variations due to
impurities along a constant optical path within the ka-
olin mineral particles.

Noise reduction of the experimental spectra was first
performed by fitting each spectrum with a cubic spline
function, which is more amenable to numerical differ-
entiation than the least-squares methods (Dunfield and
Read, 1972). Second derivative functions were then
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calculated using a numerical method (Kosmas et al.,
1984; Huguenin and Jones, 1986). A key feature of the
second derivative is its ability to show the location of
ill-defined absorption bands and to resolve bands that
are too close to be resolved in experimental spectra
(Cahill, 1979). The position of the absorption bands is
indicated by minima on the second derivative curves
(Huguenin and Jones, 1986). The halfwidth of each
band has been estimated from the separation between
the minimum and the maximum measured in the sec-
ond derivative. Because the absorption bands in Fe-
oxide spectra are superimposed on a rising slope, their
apparent position is shifted toward higher wavenum-
bers. Spectral simulations on diluted samples were also
produced by fitting each spectrum with Gaussian ab-
sorption bands superimposed onto a Gaussian wing
continuum. A similar accuracy was obtained on band
positions by Gaussian decomposition, but the second
derivative was preferred as it is easier to use. The actual
band positions can be determined, from second deriv-
ative spectra, to within +80 cm~—!.

RESULTS AND DISCUSSION
Reference Fe-phases

Diffuse reflectance spectra of Fe-oxides exhibit sev-
eral absorption bands in the UV-visible range (Figure
1), which correspond to Fe3**-crystal field transitions
(Sherman and Waite, 1985). Opaque minerals, such as
magnetite or ilmenite, have a low optical band gap and
uniformly absorb radiation in the UV-visible region
(Hunt et al., 1971), resulting only in an increase in the
overall remission function by a constant amount. Sec-
ond derivative spectra show that the number and po-
sition of the absorption bands vary among the Fe-
oxides (Figure 2). The most prominent transitions that
occur in the visible-UV range are: 1) a weak absorption
band near 15,000 cm~! corresponding to the (°A,) —
(*T,(*G)) transition; 2) a marked band located near
19,000-20,000 cm~! corresponding to the 2(°A,) —
2(*T,(*Q)) transition; and 3) a band near 23,400 cm™—!,
observed only for goethite, corresponding to the (°A,)
— (*E,*A,(*G)) transition. Slight differences are ob-
served with the values given in the literature (Table 2),
but the spectra reported earlier seem to be similar to
those of reference samples investigated in this paper.
It is indeed difficult to estimate the position of an ab-
sorption band from the experimental spectrum of pure
Fe-oxides because the overall absorption slope strongly
shifts the apparent position of these bands.

As the 2(°A,) — 2(*T,(*G)) transition is observed at
a different position in the various Fe-oxide references,
we have used it as a diagnostic absorption band for the
determination of Fe-oxides (Table 2). The (°A,) —
(*E,*A,(*Q)) transition band was additionally used to
distinguish the goethite with respect to lepidocrocite.
The two diagnostic bands are shifted towards higher
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Table 2. Second derivative minimum positions and halfwidths of the main diagnostic band corresponding to the 2(°A,) —
2(*T,(*G)) transition 1) for reference Fe-oxides and oxyhydroxides, ferrihydrite, and Fe-polymer determined in this work
compared with the experimental band positions given in the literature; and 2) for the natural unbleached and bleached kaolins.

The mineralogical interpretation of absorption bands observed in the kaolin spectra is also given.

This work Literature
Reference Position Halfwidth Position
Fe-phases (cm ') (cm '} (cm ') Authors
Hematite 18,450 1590 18,900 Sherman and Waite (1985)
Goethite 20,330 2110 20,200 Kosmas et al. (1986)
Lepidocrocite 20.450 2810 20,620 Sherman and Waite (1985)
Akaganeite 19,920 1840 2 Sherman et al. (1982)
Maghemite 20,200 ! 19,010 Sherman and Waite (1985)
19,530 !
Ferrihydrite 19,840 2480 2 Sherman et al. (1982)
Fe-polymer 19,570 3280 2 Evans and Adams (1980)
Unbleached Position Halfwidth Mineralogical
kaolins {cm~') {cm~Y) interpretation
KGa-1 19,960 1110 akaganeite/ferrihydrite
KGa-2 20,370 2120 goethite
GB1 20,160 1600 goethite
GB3 20,160 1420 goethite
C15 20,490 2770 goethite
Aba 18,280 1440 hematite
20,370 1270 goethite
R1 18,620 1455 Al-hematite
20,600 1620 Al-goethite
R2 18,480 1560 hematite
20,325 1970 goethite
Bleached Position Halfwidth Mineralogical
kaolins (em~'} (cm™") interpretation
KGa-1 19,960 1050 akaganeite/ferrihydrite
KGa-2 20,010 1120 akaganeite/ferrihydrite
GBI 20,200 1490 goethite
GB3 20,200 1490 goethite
C15 20,410 2320 goethite
Aba 18,420 1110 (hematite)
20,490 1390 goethite
R1 20,000 1480 akaganeite/ferrihydrite
20,660 1460 Al-goethite
R2 18,520 1050 (hematite)
20,750 1310 Al-goethite

' Undetermined, doublet of superimposed bands.
2 Undetermined band position in the published spectrum.
(Hematite): phase present in very small amount.

wavenumbers when goethite is Al-substituted (Figure
2). The position of the 2(°A,) — 2(*T,(*G)) transition
band ranges from about 20,300 cm~! for unsubstituted
goethite to about 21,400 cm~! for a substitution of 33
mole % Al, which is in good agreement with the find-
ings of Kosmas et al. (1986). The only noticeable ex-
ception is the possible confusion between ferrihydrite
and akaganeite because they show diffuse reflectance
spectra with similar electronic transition energies. The
closely related local structures of both compounds, re-
cently shown by EXAFS (Combes et al., 1989), explain
the similarity of the Fe?**-crystal field in these com-
pounds. Another feature may assist in deciphering
among the possible Fe-oxides; the halfwidth of the fer-
rihydrite absorption band is 1.3 times larger than that
of akaganeite. In hematite, the intensity of the diag-
nostic band is enhanced by magnetic coupling between
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Fe3+ cations in face-sharing FeQ, octahedra (Sherman
and Waite, 1985). It is split in maghemite, in relation
to the presence of Fe3+ in two distinct sites. Eventually,
the diagnostic band of the Fe-polymer is broadened
respective to the other phases, which reflects a distri-
bution of the Fe3*-environments in the disordered
structure of this compound.

Natural kaolins

The reference kaolinite presents sharp peaks near
7000 cm™~!, which correspond to OH overtones, while
it is featureless in the UV-visible range. The rising slope
indicates light scattering by small particles (Figure 3).
Natural kaolins differ from synthetic kaolinite in that
they exhibit distinct absorption bands superimposed
on the rising background in the UV-visible range. The
positions and intensities of these bands vary among
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Maghemite

Hematite

Lepidocrocite

remission function
o

Fe-polymer

Goethite

Al-gosthite
(33 mole% Al)

0 .
13000 15000 17000 19000 21000 23000 25000
wavenumbers (cm-1)
Figure 1. Raw spectra of diluted reference Fe oxides and
oxyhydroxides, in the 13,000-25,000 cm~! range. The ver-
tical bars indicate absorption band positions; their length var-
ies as a function of the apparent intensity of the band.

. n ) L

the samples. It should be noted that there is no evidence
of crystal-field (CF) transitions due to isolated Fe3+,
Fe2*, and Ti** cations within the kaolinite structure
despite the presence of paramagnetic Fe*+ detected by
EPR spectroscopy (Muller and Calas, 1993). Even for
the field-independent CF transition near 22,500 cm !
(Burns, 1985; Calas, 1986), the low values of the ab-
sorption coefficient k of spin-forbidden Fe3* transi-
tions prevent their observation in diffuse reflectance
spectra. Similarly, no features corresponding to sub-
stituted octahedral Fe?* are observed in the 9000-
11,000 cm~! range, although this cation was suspected
to occur as an impurity in some kaolins (Angel and
Vincent, 1978). Ti** atoms, which also may substitute
for Al within the structure of natural kaolinites (Ren-
gasamy, 1976), do not produce any CF transitions be-
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Maghemite

Hematite

\_E/_\—E/_\'Z
E '

e-polymer

Ferrihydrite

Akaganeite

f(Re) second derivative

Lepidocrocite

Goethite

Al-goethite
{33 mole % Al)

13000 15000 17000 19000 21000 23000 25000
wavenumber (cm-1)

Figure 2. Second derivative curves of diluted reference Fe
oxides and oxyhydroxides in the 13,000-25,000 cm~* range.
The absorption bands are indicated by dashed vertical bars,
the length varying as a function of the apparent intensity of
the band. The remission function values for Fe-polymer, fer-
rihydrite, and lepidocrocite spectra were increased twofold.

cause of their 3d° configuration. Most kaolins exhibit
strong absorption bands near 30,000 cm~!, evidently
due to Ti-O charge transfer in ancillary TiO, phases
such as anatase or Ti-oxide gels (Tossell er al., 1974).
Finally, an intense, broad band near 40,000 cm~!, al-
ready reported in previous studies and attributed to an
O-Fe3* charge transfer (Karickhoff and Bailey, 1973),
was observed for some samples, perhaps related to the
presence of Fe3+ substituted in the kaolinite structure.
The other broad bands in the visible region are similar
to those observed for the reference Fe-oxides, and the
position of the diagnostic band due to the 2(°A ) —
2(*T,(*G)) transition may be used to determine the Fe-
oxides associated to kaolins (Table 2).

The diffuse reflectance spectra of the deeply colored
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Figure 3. Diffuse reflectance spectra of a sedimentary (KGa-
2), a hydrothermal (GB1), and an Fe-free synthetic kaolinite
in the UV-visible-NIR range, normalized to OH feature.

s0il kaolins R1 and R2 show two well-separated, in-
tense absorption bands near 18,500 and 20,400 cm ¢,
that confirm the presence of hematite and goethite,
already detected by XRD (see above). In the R1 sam-
ple, the diagnostic band is shifted to higher wavenum-
bers by 170 and 270 cm~!, relative to reference he-
matite and goethite, respectively. This shift indicates

Normalized absorbance

0 1 L 1 i il
13000 15000 17000 19000 21000 23000 25000
wavenumber (cm-1)

Figure 4. Raw spectra of unbleached hydrothermal (A6a,
GB1) and sedimentary kaolins (KGa-1, KGa-2) in the visible
range. The vertical bars indicate the positions of diagnostic
bands determined from second derivative curves.
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Figure 5. Second derivative curves of unbleached hydro-

thermal (A6a, GB1) and sedimentary kaolins (KGa-1, KGa-
2) in the visible range. The vertical bars indicate the positions
of diagnostic bands.

the presence of Al-bearing hematite and goethite, ac-
cording to the spectral data on Al-goethite (see above)
and Al-hematite (Kosmas et al., 1986).

The diffuse reflectance and second derivative spectra
of hydrothermal kaolins (Figures 4 and 5) exhibit the
two absorption bands characteristic of goethite, al-
though the position of the diagnostic band in the 20,150-
20,500 cm~! range shows some variations. Angel and
Vincent (1978), using EPR spectroscopy, reported that
the Cornish kaolin samples (GB! and GB3) contained
lepidocrocite. No lepidocrocite was identified in the
present study. This discrepancy may arise from similar
properties of superparamagnetic Fe-oxyhydroxide par-
ticles that do not enable an accurate determination of
these Fe-oxides using EPR spectroscopy unless the
shape and size are well constrained. The A6a kaolin
displays an additional band near 18,300 cm~!, which
can be assigned to hematite.

The two sedimentary kaolins (Figures 4 and 5) pres-
ent different signatures. The KGa-2 spectrum exhibits
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the two diagnostic bands of goethite near 20,370 and
23,400 cm~'. In contrast, the KGa-1 spectrum presents
an absorption band at 19,960 cm~! that can be attrib-
uted to akaganeite or ferrihydrite. These results are also
in disagreement with the findings of Angel and Vincent
(1978), who concluded that these Georgia kaolins con-
tained hematite. Here also, EPR spectroscopy barely
deciphers among the superparamagnetic Fe-oxides
particles.

Bleached kaolins

Optical spectra of bleached kaolins reveal a system-
atic presence of residual Fe-oxides and/or oxyhydrox-
ides (Table 2).

The R1 sample displays three bands at 20,000 cm !,
20,660 cm~!, and near 23,200 cm~! (Figures 6A and
6B), with the disappearance of the band near 18,500
cm~! ascribed to hematite. The band at 20,000 cm~!
can be attributed to akaganeite or ferrihydrite, although
its halfwidth is closer to that of akaganeite (Table 2).
The bands at 20,660 cm~! and 23,200 cm~! indicate
the presence of Al-goethite. The band position at the
end of the deferration treatment indicates a substitu-
tion of 12 mole % Al (Kosmas et al., 1986), which is
close to the amount of Al-substitution estimated from
the XRD data (15 mole %) (Muller, 1988). The spec-
trum of the R2 sample also shows the two characteristic
bands of an Al-goethite estimated to be about 14 mole
% Al. In contrast to sample R1, a weak band near
18,520 cm~!, only detected by sample immersion in
paraffin oil, indicates the presence of small amounts of
hematite. The absorbance values and the absorption
band intensities are higher for bleached R2 than for
bleached R1 although the total Fe content is identical
in both samples (1.2 wt. % Fe,0;). EPR spectra show
that superparamagnetic Fe-oxides have a smaller size
in R1 as compared with R2 (Malengreau and Allard,
unpublished data). A small particle size may account
for a weaker light absorption in R1 diffuse reflectance
spectrum, according to studies on simulated reflectance
spectra of Fe-oxide powders (Bedidi and Cervelle,
1993).

The spectra of the four bleached hydrothermal ka-
olins exhibit the two bands characteristic of goethite
(Table 2) and, unlike the bleached soil kaolins, no shift
of the bands associated with the 2(°A,) — 2(*T,(*G))
transition was observed. According to the intensity of
the absorption bands, the goethite content is not af-
fected by the deferration treatment while hematite is
nearly removed in A6a.

The bleached sedimentary kaolins exhibit peculiar
optical spectra with three bands that do not correspond
to goethite or hematite. Two bands near 21,500 cm—!
and 23,000 cm~! indicate the presence of Fe-bearing
anatase. The third band, at 19,960 cm~' and 20,010
cm~! in KGa-1 and KGa-2, respectively, is character-
istic of akaganeite or ferrihydrite (Figures 7A and 7B).
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Figure 6. Raw spectra (A) and second derivative curves (B)
of bleached soil samples (R1, R2) in the visible range. Re-
mission function values for R1 have been multiplied by two
for a better comparison of features with R2 sample. The band
near 23,400 cm™! is characteristic of goethite. The vertical
bars on (A) indicate the positions of diagnostic bands deter-
mined from second derivative curves.
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However, the halfwidths of these bands are smaller
than those of reference samples (1100 cm~! instead of
2000-3000 cm~!: Table 2). This difference will be dis-
cussed below.

It is interesting to compare the speciation of Fe in
bleached kaolinites having similar total Fe-contents,
such as the hydrothermal C15 and the sedimentary
KGa-2 kaolinite samples that both contain 0.8 wt. %
Fe,O, (Table 1). Sample C15 is characterized by a well-
resolved, intense optical signal due to a goethite-like
phase, as well as a low content of Fe3* ions substituted
in kaolinite and detected by EPR (Muller et al., 1990).
In contrast, sample KGa-2 lacks clear evidence of goe-
thite according to optical spectra and presents an Fe3+
EPR signal three to four times more intense than sam-
ple C15 (Muller and Calas, 1993). These differences
indicate that the Fe is mainly in the form of occluded
Fe-oxides in C185, while it is mainly substituted within
the kaolinite structure in KGa-2. In addition, C15 shows
a weak EPR signal due to superparamagnetic Fe-ox-
ides, as is typical of the hydrothermal kaolinites from
this area (Muller e al., 1990). This indicates that the


https://doi.org/10.1346/CCMN.1994.0420204

144

normalized absorbance

f(Reo) second derivative

18000 19000 20000 21000 22000 23000 24000 25000
wavenumber (cm-1)

Figure 7. Raw spectra (A) and second derivative curves (B)
in the absorption region (18,000-25,000 cm—!) of bleached
sedimentary kaolins (KGa-1, KGa-2) immersed in paraffin
oil. The two bands near 21,000 cm~! and 23,000 cm~! are
likely due to Fe-bearing anatase. The vertical bars on (A)
indicate the positions of diagnostic bands determined from
second derivative curves.

goethite-like phases have a particle size greater than
10 nm. In contrast, the EPR signal of superparamag-
netic Fe-oxides is more intense in KGa-2. This is con-
sistent with the identification of akaganeite/ferrihy-
drite-like phases whose dimensions are probably too
small (less than 10 nm) to enhance their superpara-
magnetic character.

DISCUSSION

The present study shows the differences between the
Fe-oxide coatings and occluded phases in natural ka-
olins. As Fe-oxide coatings are more recent than the
kaolinite crystals they surround and as they are easily
bleached, they are thus sensitive to environmental
changes after kaolin formation. In contrast, occluded
Fe-oxides are contemporaneous (or may be syngenetic)
with kaolinite and are protected from changing envi-
ronmental factors according to their insensitivity to a
deferration treatment. Thus, comparison between op-
tical spectra of raw and bleached kaolins could be use-
ful in deriving information on the conditions of kaolin
formation and subsequent evolution (Table 2 and Fig-
ure 8).

The origin of the primary granite-hosted kaolinite
deposits from Cornwall has been widely disputed for
a number of years (Jackson et al.,, 1989). Hypotheses
were discussed in the literature on the possible hypo-
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study. The position of the bands on second derivative curves
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gene or supergene origin of these kaolinites. On one
hand, Alderton and Rankin (1983) provided evidence,
from fluid inclusion studies of veins and altered granite
materials, for both hypothermal (200°-500°C) and ep-
ithermal (less than 200°C) hydrothermal origin. On the
other hand, Sheppard (1977) from stable isotope stud-
ies, and Bristow and Exley (in Jackson er al., 1989)
from observations of sections and cores gave evidence
for a supergene origin by deep tropical weathering. In
this present study, the optical evidence of goethite in
GBI and GB3 kaolins shows that kaolinite formation
occurred at temperatures lower than 200°C, as goethite
dehydrates into hematite at temperatures between 120°
and 200°C (Watari et al., 1983). In consideration of
the hydrothermal characteristics of the EPR spectra of
GBI and GB3 samples (Muller and Calas, 1993), iron
oxyhydroxides included within kaolinite particles can
be considered as indicators of a temperature of less
than 200°C (i.e., epithermal conditions). In the mul-
tistage model proposed by Bristow (1993), the GBI
and GB3 kaolins could have formed during the low-
temperature water-rock interaction that would have
followed an early hydrothermal activity.

The origin of kaolinite in the Nopal I hydrothermal
alteration system is also under debate. Fluid inclusion
studies (Leroy er al., 1987) provide evidence for ka-
olinization at temperatures as high as 150°C, but stable
isotope geochemistry indicates a hydrothermal origin
at a lower temperature of about 60°C (Ildefonse e al.,
1990). The presence of the goethite-like phase in
bleached C15 supports the lower (60°C) formation tem-
perature, with the kaolinization process occurring in a
shallow convective groundwater system. The presence
of hematite coatings on particles of A6a kaolin pro-
vides evidence for a later higher temperature episode
within the breccia pipe.

The evidence in soil kaolins of occluded particles
with optical properties similar to Al-goethite is con-
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sistent with the idea that kaolinite and associated Al-
goethite are syngenetic, the Fe content of kaolinite be-
ing correlated with the Al content of goethite (Muller,
1988). This syngenetic relationship is also supported
by the epitaxial growth of goethite upon kaolinite ev-
idenced in materials from lateritic soils (Boudeulle and
Muller, 1988), where Fe-oxide clusters may have acted
as nuclei for an epitaxial growth of goethitic phases.
The determination of goethite and hematite from op-
tical spectroscopy in unbleached R1 and R2 is consis-
tent with XRD results (Muller and Bocquier, 1987).
Hematite is completely removed after the deferration
treatment of R1, but a small amount remains in R2.
The observation that hematite, which constitutes about
65% of Fe-oxides in the unbleached sample, is dis-
solved during DCB treatment implies that its forma-
tion is after that of kaolinite, which confirms previous
conclusions based on microscopic observations (Mul-
ler, 1988). The intimate association of a small amount
of hematite and goethite within the R2 kaolinite could
signify that they crystallized simuitaneously with ka-
olinite. Owing to the control of the macroclimate on
Fe-oxide formation (Schwertmann et al., 1982), the
presence of hematite in R2 would imply both higher
temperatures and less rainfall than during the forma-
tion of R1. The presence of a ferrihydrite-like phase
occluded within the bleached R1 sample is not readily
explained. A possible explanation is that rapid crys-
tallization of kaolinite allowed insufficient time for
Fe-oxide formation from hydrous ferric oxides. A si-
multaneous inhibitory effect of growth poisons such as
organic compounds could also be considered (Cornell
and Schwertmann, 1979; Schwertmann, 1988).

Studies of thorium geochemistry (Dombrowski and
Murray, 1984) support the idea that Georgia kaolins
were originally formed from crystalline rocks under
intense weathering conditions and then transported and
deposited in adjacent coastal basin. However, EPR
spectra show that sedimentary kaolins suffered diage-
netic alteration (Muller and Calas, 1993). Diffuse re-
flectance spectra of bleached sedimentary and R1 soil
kaolins both show the presence of an akaganeite/fer-
rihydrite-like phase, with similar band positions but
different halfwidths (Table 2). Spectroscopic data would
thus be consistent with sedimentary kaolins resulting
from a limited modification of detrital soil kaolins dur-
ing diagenesis.

The band positions of the diagnostic band of Fe-
oxides in kaolins are similar to those observed in ref-
erence samples. However, with the exception of KGa-2
and C15 kaolins, it should be noted that the halfwidths
measured in kaolins are narrower than in Fe-oxide
references. The better defined features on the diffuse
reflectance spectra may indicate an intimate associa-
tion of these ferric phases with kaolinite, e.g., as surface
precipitates on kaolinite (O’Day et al., 1990). A rela-
tionship between properties of occluded Fe-oxides and
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the defect structure of kaolinite, as described by Plan-
con et al. (1988, 1989), could be expected if Fe-phases
are sandwiched between the basal faces of kaolinite
crystals. For instance, the concentration of Fe3** sub-
stituted in distorted sites at the boundary of kaolinite
coherent domains (Fe(I) sites: Muller and Calas, 1993),
is correlated with the structural order (Meads and Mal-
den, 19735; Mestdagh et al., 1980). Fe clusters may act
as nuclei for the epitaxial growth of Fe-phases. This
intimate association between kaolinite and Fe-oxides
could favor a better ordered Fe-oxide and then explain
the narrower band halfwidths. HRTEM studies are in
progress to confirm this hypothesis.

CONCLUSIONS

Diffuse reflectance spectroscopy method is a pow-
erful tool for studying the Fe-speciation and the nature
of iron oxides and oxyhydroxides in natural kaolins.
Several conclusions can be derived from this study:

1) There is no evidence for Fe3* or Fe?* cations sub-
stituted in kaolinite, but Fe-oxides are ubiquitous.
Diffuse reflectance spectroscopy may detect these
Fe-oxides in kaolins, even as minor components
which cannot be observed with other methods.

2) The use of second derivative spectra improves the
resolution of diffuse reflectance data. Crystal field
transitions do not occur at the same position in the
various Fe-oxides, including Fe-polymers. The
2(6A,) — 2(*°T,(*Q)) transition has been used as a
diagnostic band for deciphering among the various
Fe-oxides, including the Al-substitution rate in goe-
thite and hematite.

3) Comparison of spectra of kaolins before and after
a deferration treatment enables the identification of
Fe-oxides in the form of coatings and of occluded
phases. The distribution of Fe-oxides in kaolins was
eventually used to provide a genetic interpretation.
The significance of both types of Fe-oxides is dif-
ferent, as a) occluded Fe-oxides are indicators of
the growth conditions of kaolinite and b) the coat-
ings show the environmental changes subsequent
to kaolinite formation.

The information drawn from diffuse reflectance
spectroscopy of kaolins is illustrated by examples in
the three main environments in which kaolins are found.
In hydrothermal systems, the Fe-oxides indicate ep-
ithermal conditions (T < 200°C) during kaolinite for-
mation, involving shallow convective groundwater
systems, rather than high-temperature episodes of al-
teration as indicated by isotopes or fluid inclusions.
Fe-oxides chronology is clarified in soil kaolins, in which
the Fe-substituted kaolinite and Al-substituted goe-
thite are syngenetic in soft, red materials from two
tropical soils, with subsequent formation of hematite
(the dominant soil Fe-oxide). The presence of akaga-
neite/ferrihydrite-like phases in the Cretaceous and
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Tertiary sedimentary kaolins support the hypothesis
that sedimentary kaolinites derived from pre-existing
deep weathering in a nearby emerged continent and
were subsequently affected by basin diagenesis.
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