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Abstract Aluminium K-edge X-ray absorption near edge
spectra (XANES) of a suite of silicate and oxides minerals
consist of electronic excitations occurring in the edge re-
gion, and multiple scattering resonances at higher energies.
The main XANES feature for four-fold Al is at around 2 eV
lower energy than the main XANES feature for six-fold Al.
This provides a useful probe for coordination numbers in
clay minerals, gels, glasses or material with unknown Al-
coordination number. Six-fold aluminium yields a large va-
riety of XANES features which can be correlated with oc-
tahedral point symmetry, number of aluminium sites and
distribution of Al-O distances. These three parameters
may act together, and the quantitative interpretation of
XANES spectra is difficult. For a low point symmetry
(1), variations are mainly related to the number of Al sites
and distribution of Al-O distances: pyrophyllite, one Al
site, is clearly distinguished from kaolinite and gibbsite
presenting two Al sites. For a given number of Al-site
(1), variations are controlled by changes in point symmetry,
the number of XANES features being increased as point
symmetry decreases. For a given point symmetry (1) and
a given number of Al site (1), variations are related to sec-
ond nearest neighbours (gibbsite versus kaolinite). The am-
plitude of the XANES feature at about 1566 eV is a useful
probe for the assessment of AlIV/Altotal ratios in 2/1 phyllo-
silicates. Al-K XANES has been performed on synthetic
Al-bearing goethites which cannot be studied by 27Al
NMR. At low Al content, Al-K XANES is very different
from that of a-AlOOH but at the highest level, XANES
spectrum tends to that of diaspore. Al-K XAS is thus a
promising tool for the structural study of poorly ordered
materials such as clay minerals and natural alumino-sili-
cate gels together with Al-subsituted Fe-oxyhydroxides.

Introduction

Aluminium is an abundant element at the Earth�s surface
and a major constituent in many low temperature altera-
tion and weathering minerals. It also occurs as a minor el-
ement in iron oxyhydroxides. The Al coordination num-
ber (CN) is a major parameter governing the formation
and stability of low-temperature weathering minerals,
and inter-site distribution is often derived from calcula-
tions based on chemical analysis using structural models.
In near-surface environments, aluminium is mainly six-
fold coordinated to oxygen, and the local structure of this
octahedral environment is difficult to assess by conven-
tional X-ray diffraction methods, because most clay min-
erals are poorly crystallized or have significant stacking
disorder, which gives them a two-dimensional character.
In this situation, X-ray diffraction is not sensitive to
short-range structure or to the local environment of a spe-
cific element. In addition, compounds that do not exhibit
X-ray diffraction peaks are frequently encountered in near
surface environments: iron and alumino-silicate gels in
soils, lake sediments and stream deposits. Structural char-
acterization of the cation sites in these amorphous materi-
als is not possible using classical X-ray scattering meth-
ods (Ildefonse et al. 1994).

Spectroscopic methods are often highly sensitive to the
local cation environment. Local Al environments have
been extensively studied by 27Al NMR spectroscopy
(see Kirkpatrick 1988 for an overview). The use of 27Al
NMR is however limited, because the samples must have
a low content of paramagnetic components. X-ray absorp-
tion spectroscopy (XAS) is element specific and yields in-
formation about the local environments of the probed at-
om (Brown and Parks 1989) and it is not dependent on the
absence of paramagnetic impurities. XAS is commonly
subdivided into two regions, Extended X-ray Absorption
Fine Structure (EXAFS, see Galoisy et al. 1995, for short
range influence) and X-ray Absorption Near-Edge Struc-
ture (XANES, see Cabaret et al. 1996, for medium range
influence) spectroscopy. XANES spectroscopy can pro-
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vide information about the oxidation state of an atom
(Calas and Petiau 1983; Waychunas et al. 1983; Wong
et al. 1984; Waychunas 1987), about the symmetry and
bonding of its local environment (Bianconi 1988). The
theory needed to describe XANES quantitatively is still
in progress and multiple scattering calculations provided
evidence to show that the number, the intensity and the
shape of resonances are affected by site symmetry, bond
angles and number of nearest-neighbours (Bianconi et
al. 1985; Mc Keown 1989; Sainctavit et al. 1989, 1991;
Cabaret et al. 1996; Wu et al. 1996). Moreover, the ener-
gies of the resonances can be related to interatomic dis-
tances (Natoli 1984). By comparison of the XANES spec-
tra of unknown and model compounds, geometrical infor-
mation about the local and intermediate-range structure of
an absorbing atom can be assessed (Waychunas et al.
1983; Petiau et al. 1987; Brown et al. 1988).

In this paper, we present results of a systematic inves-
tigation of Al K-edge XANES of crystalline model com-
pounds and phyllosilicates which complement previously
published spectra of other Al-containing oxides and sili-
cates (Brown et al. 1983; Mc Keown et al. 1985; Ildefonse
et al. 1994; Li et al. 1995; Fröba et al 1995; Wu et al.
1996; Mottana et al. 1997). The objective of this work
is to determine the local Al-environment in some com-
mon low-temperature minerals and to analyse the differ-
ences in Al-K XANES as a function of their chemical
composition and crystallographic properties. The first part
is dedicated to decriptions of the experimental setup and

the materials. The second is devoted to the results: we
first examine XANES spectra of crystalline model com-
pounds, then we consider the case of 2/1 phyllosilicates
and finally, we focus our attention on aluminous goeth-
ites.

Experimental and materials

Al-K XANES spectra were collected on the SA32 line at the LURE/
Super-ACO facility (Orsay, France) using two a-quartz monochro-
mator crystals (1010). The Super-ACO storage ring was operating
at 800 MeV (lc=18.6 �) and 100±300 mA. Great care was attributed
to possible energy shift during data acquisition by recording repeat-
edly the same reference signal. The sample preparation consists of
powder samples mounted directly on copper slides after dispersion
in acetone and placement in the sample chamber under a vacuum
of 10±5 torr. Al-K XANES spectra were collected over a photon en-
ergy range of 1550±1600 eV in 0.2 eV steps. The X-ray beam is fo-
cused on the sample using a toroidal mirror and the experimental en-
ergy resolution is of the order of 0.5 eV. These spectra include the
pre-edge and near-edge features.

All Al XANES spectra were calibrated with an Al metallic foil at
the inflexion point of the K-edge (1559 eV). XANES data were col-
lected in the total electron yield mode by recording the drain current
from samples onto a high purity copper substrate while the incoming
flux was monitored by an ion chamber. The intensity of Al-K
XANES spectra was normalized relative to the atomic absorption
above the threshold and the XANES spectra were linearly back-
ground fitted so that the pre-edge regions were relatively flat. This
correction facilitates direct comparison with model compounds,
and from these comparisons the Al environment of unknown com-
pounds can be ªfingerprintedº in terms of differences in XANES

Table 1 Al-bearing samples examined in the present work (LMCP Minerals collection of the Laboratoire de MinØralogie-Cristallographie,
Paris), CN Coordination number)

Sample CN Source Composition Reference

Berlinite 4 Synthetic AlPO4 Jumas et al. 1987
High Albite 4 location unknown NaAlSi3O8 this study
Natrolite 4 Dakar, Senegal Na2Al2Si3O10 ´ 2 H2O this study
K-alum 6 Synthetic KAl(SO4)2 ´ 12 H2O this study
Corundum 6 Synthetic a-Al2O3 this study
Boehmite 6 Synthetic g-AlOOH this study
Diaspore 6 Mougla, Turkey a-Al0.9955Fe0.0045OOH Hazemann et al. 1991
Kyanite 6 LMCP Al2SiO5 this study
Pyrophyllite 6 Mariposa, California Al2Si4O10(OH)4 AlIV/Altot=0.00 this study

(Ecole des Mines, Paris)
Gibbsite 6 Vaucluse, France a-Al(OH)3 Guendon 1981
Kaolinite 6 Decazeville, France Al2Si2O5(OH)4 this study
Muscovite 4, 6 LMCP KAl2(Si3Al)O10(OH)2 AlIV/Altot=0.33 this study
Sillimanite 4, 6 LMCP Al2SiO5 this study
Andalusite 5, 6 LMCP Al2SiO5 this study
Smectites 4, 6 Prassa Na0.37(Al1.58Mg0.32Ti0.01Fe3+

0.09) (Si3.94Al0.06)O10(OH)2
AlIV/Altot=0.03 D. Texier (Pers. comm.)

4, 6 Oligocene Na0.03K0.42Ca0.09(Al1.29Ti0.04Fe3+
0.33Mg0.35)

Bassin de Paris (Si3.64Al0.36)O10(OH)2 AlIV/Altot=0.22 this study
Illite/Smectite

2M9 4, 6 Upper Silesia, Poland 88% smectite layer, AlIV/Altot=0.03 Sródon et al. 1986
2R50 4, 6 Upper Silesia, Poland 62% smectite layer, AlIV/Altot=0.08 Sródon et al. 1986
3M2 4, 6 Upper Silesia, Poland 45% smectite layer, AlIV/Altot=0.13 Sródon et al. 1986
2R63 4, 6 Upper Silesia, Poland 32% smectite layer, AlIV/Altot=0.16 Sródon et al. 1986
Illite 4, 6 Puy en Velay, France Na.0.01K0.64Ca0.06(Al1.19Ti0.04Fe3+

0.36Mn0.01Mg0.43)
(Si3.53Al0.47)O10(OH)2 AlIV/Altot=0.28 this study

Al-goethites 6 Synthetic Fe1±xAlxOOH Goodman and Lewis 1981
series 4 with x=10, 15, 20, 25, 30, 33
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(Mc Keown et al. 1985; Ildefonse et al. 1994; Wong et al. 1994; Li
et al. 1995; Fröba et al. 1995). The energy position of the various
edge structures has been determined using second derivative spectra.
In order to estimate the relative amplitudes of edge structures, the
spectra were least-squares fitted using Gaussian components, after
substraction of a polynomial background due to the atomic absorp-
tion (see Ildefonse et al. 1994 for more details). This procedure was
improved to assess the AlIV/Altotal ratio in amorphous alumino-sili-
cates, in comparison with 27Al MAS NMR.

Four-fold aluminium crystalline model compounds are albite,
natrolite and berlinite. In albite, aluminium atoms are in four differ-
ent tetrahedral sites with point symmetry 1. In berlinite and natrolite,
there is one aluminium site, respectively with point symmetry 2 and
1. Six-fold aluminium model compounds are K-alum, corundum,
boehmite, diaspore, pyrophyllite, kyanite, gibbsite, kaolinite. The
first five materials are characterized by one octahedral site with var-
ious point symmetry (from m3m in K-alum to 1 pyrophyllite). In
kyanite, aluminium atoms are in four octahedral sites (point symme-
try 1) and in gibbsite and kaolinite, they are in two octahedral sites
(point symmetry 1). Muscovite and sillimanite are model com-
pounds for minerals containing both six-fold and four-fold Al, and
andalusite is a model compound with both five- and six-fold alumin-
ium.

Low temperature clay minerals investigated in this study include
2/1 phyllosilicates (illite, smectites), mixed layers minerals belong-
ing to illite/smectite group, and synthetic aluminous goethites (series
4 prepared from Fe(II) path at T=25�C, Goodman and Lewis 1981),
for which Al-contents vary between 10 and 33 mol% AlOOH.

All samples have been studied by XRD to assure their purity. Ta-
ble 1 presents their origin and composition.

Results and spectral interpretation

Crystalline model compounds

Four-fold coordinated Al

Figure 1 displays Al K-XANES spectra of albite, natrol-
ite and berlinite, and Table 2 summarizes the energy po-
sitions of the resonances as well as the mean AlIV-O dis-
tances. The experimental spectrum of albite consists of a
strong single-edge maximum (A) at 1565.4 eV (1.5 eV
wide) and four ill-defined features at 1569.5 (B),
1573.5 (C), 1579 (D), and 1583.0 eV (E). The strong
edge feature A is related to a 1s to 3p transition in the
�o (absorption cross-section) for Al (Mc Keown 1989;
Cabaret et al. 1996). The spectrum of berlinite, AlPO4,
shows a strong edge maximum at 1566.8 eV (1.5 eV
wide) and four ill-defined structures at 1570.5, 1574.6,
1577.0 and 1584.0 eV. The Al-K XANES spectrum of
natrolite yields a strong edge maximum at 1566.4 eV
(1.5 eV wide) and three poorly resolved features at
1572.0, 1575.0 and 1583.0 eV. Few differences are then
observed between the XANES spectra of these three ref-
erence compounds for AlIV in a low site symmetry (2)
and (1). The main characteristic of XANES for tetrahe-
dral Al is the presence of an intense white line (2 eV
wide) located between 1565.4 and 1566.8 eV, which rep-
resents about 100% of the atomic absorption. The high-
est energy value (1566.8 eV) is from berlinite, where Al
has P as a second neighbour, and this has a higher elec-
tronegativity than Si (in albite and natrolite). That induc-
es a decrease of the electronic density around oxygen

and is responsible for the shift of the main absorption
feature towards the highest energies. Differences be-
tween spectra concern mainly the structures observed
above the main absorption edge feature. These resonanc-
es, labelled B, C and D, have low amplitudes and are re-
lated to medium range order due to multiple scattering
from several atomic shells, as has been demonstrated
for berlinite and natrolite (Cabaret et al. 1996). By con-
trast, A and E resonances have been partly related to the
first coordination sphere (5 atom cluster calculation by
Cabaret et al. 1996).

Six-fold coordinated Al

Experimental Al K-XANES spectra of six-fold coordinat-
ed aluminium compounds are plotted on Fig. 2. The ener-
gy positions of the resonances as well as the mean AlVI-O
distances are listed in Table 3. The XANES spectrum of
a-Al2O3 (corundum) contains five features in the first
15 eV. The first one, located on the low energy side of
the absorption edge (A� component at 1565.4 eV) has a
weak intensity. The second feature (A), at 1567.4 eV
(1.5 eV wide) and highest in intensity, represents about
250% of the atomic absorption. A and B resonances are
separated by a small plateau. The three others features,
B, C and D, at higher energies (1571.6, 1573.1 and
1576 eV) have been related on one hand to shape reso-
nances due to full scattering effects (single and multiple
scattering) from several shells beyond the octahedral
ªcoreº (Mc Keown 1989), and on another hand to the
electronic structure of corundum (Cabaret et al. 1996).
In corundum, octahedral Al is surrounded by six nearest
oxygen neighbours at 1.849 and 1.980 �, and four near
nearest Al neighbours at 2.65 and 2.79 � (Newnham
and de Haan 1962). In contrast to the spectra of four-fold

Fig. 1 K-Al XANES of crystalline model compounds for four-fold
aluminium
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coordinated Al, XANES spectra of six-fold coordinated
Al show much more complex features and shifts in ampli-
tude from material to material (Figs. 2, 3).

The XANES spectrum of K-alum, KAl(SO4)2.12H20,
contains two main edge maxima at 1567.8 (A) and
1572.2 eV (B), this second resonance being symmetric
in contrast to the spectrum of corundum where two com-
ponents are clearly resolved (B and C resonances in
Fig. 2). K-alum has one octahedral site in a cubic symme-
try with six nearest H2O neighbours at 1.908 � and six
next nearest H2O neighbours at 2.690 � (Larson and
Cromer 1967). The XANES of K-alum may be considered
as a reference model for an Al surrounded by 6 H2O mol-
ecules in a symmetric octahedron. The simulation per-
formed by Cabaret et al. (1996) for a 7 atom cluster (Al
absorber and 6 nearest oxygen neighbours in Oh symme-
try) yields only one spectral feature corresponding to peak
A. The occurrence of the second resonance B in K-alum

has to be related to multiple scattering processes from
several atomic shells around the absorber.

The XANES spectrum of boehmite, g-AlOOH, yields
three edge maxima and a shoulder at higher energy. The
feature with the highest amplitude is located at
1567.6 eV and is followed by two resonances with a low-
er amplitude at 1570.2 and 1571.6 eV. A shoulder is also
resolved at 1575 eV. Boehmite contains one Al in a dis-
torted octahedron with point symmetry mm and three
groups of Al-O distances at 1.949, 1.895 and 1.877 �
(Corbato et al. 1985).

The XANES spectrum of diaspore, a-AlOOH, is sim-
ilar to that of corundum, presenting two main absorption
features at 1567.4 and 1571.2 eV separated by a small
plateau. The second feature is nearly symmetric although
the Al containing octahedra are significantly distorted. In
diaspore, Al is located in one octahedral site with point
symmetry m and there are two groups of Al-O average

Table 2 Positions in energy of
main Al-K edge structures in
XANES spectra and mean AlIV-
O distances for four-fold Al in
crystalline model compounds

Sample A B C D E AlIV-O

Albite 1565.4 1569.5 1573.5 1579 1583 1.742 (Kroll and Ribbe 1983)
Natrolite 1566.4 1572.5 1575 1583 1.709 (Alberti et al. 1995)
Berlinite 1566.8 1570.5 1574.6 1577 1584 1.738 (Schwarzenbach 1966)

Table 3 Positions in energy of
main Al-K edge features in
XANES spectra and mean AlVI-
O distances for six-fold Al in
crystalline model compounds

Sample A B AlVI-O

K-Alum 1567.8 1572.2 1.908 (Larson and Cromer 1967)
Corundum 1567.4 1571.6 1.914 (Newnham and de Haan 1962)
Boehmite 1567.6 1571.6 1.907 (Corbato et al. 1985)
Diaspore 1567.4 1571.6 1.915 (Busing and Levy 1958)
Kyanite 1567.4 1571.4 1.907 (Winter and Ghose 1979)
Gibbsite 1567.6 1571.4 1.902 (Saalfeld and Wedde 1974)
Kaolinite 1568.2 1570.8 1.914 (Bish and van Dreele 1989)
Pyrophyllite 1567.8 1571.2 1.912 (Lee and Guggenheim 1981)

Fig. 2 K-Al XANES of crystalline model compounds for six-fold
aluminium. Spectra are presented with respect to the point symmetry
of the octahedron containing Al

Fig. 3 K-Al XANES of crystalline model compounds for six-fold
aluminium in a dioctahedral layer
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distances at about 1.977 and 1.855 � (Busing and Levy
1958). As for corundum, simulation of the XANES spec-
trum of diaspore has to take into account large clusters
(15 � in diameter) which means that medium range order
is reflected by the Al-K XANES spectra. As an example,
the A� feature observed at low energy in all spectra of
Fig. 2, is only present in simulations when clusters larger
than 12 � are considered (Cabaret et al. 1996).

The XANES spectrum of kyanite, Al2SiO5, yields
three maxima. The highest in amplitude is located at
1567.4 eV and is followed by an asymmetric resonance
at 1571.4 eV (with a shoulder at 1572.4 eV) and by a res-
onance at 1576.1 eV, the lowest in intensity. Kyanite is
characterized by four very distorted octahedral sites with
a range of Al-O distances spread over 1.816 to 1.998 �
(Winter and Ghose 1979).

Figure 3 presents the XANES spectra of reference
model compounds having a low site symmetry (1) and
with octahedra linked by the edge to form a layer where
only 2/3 of octahedral sites are occupied by Al.

The XANES spectrum of gibbsite consists of a broad
peak (8 eV wide) where two main absorption features
can be distinguished, the first one (A) located at
1567.6 eV and the second one (B), very broad and more
intense, at 1571.4 eV. Gibbsite consists of octahedral lay-
ers with two Al sites located in very distorted octahedra:
Al-O distances spread over 1.832 to 1.947 � (Saalfeld and
Wedde 1974).

The XANES spectrum of a well ordered kaolinite, Al2-
Si2O5(OH)4, is close to that of gibbsite, the main feature
being narrower (6 eV wide), and presents six distinguish-
able features. At 1566 eV, a shoulder A� may be related to
a pre-edge feature as that observed in corundum, but hav-
ing a higher amplitude in kaolinite. The second feature
(A) is located at about 1568.2 eV and is less intense than
the feature B at 1570.8 eV. The fourth feature (C) consists
of a shoulder at higher energy around 1573 eV. At higher
energies, D and E resonances occur at 1578 and 1589 eV
respectively. Kaolinite like gibbsite has two Al sites in
very distorted octahedra where Al-O distances are be-
tween 1.880 and 1.969 � without resolved mode (Bish
and von Dreele 1989). In kaolinite, the gibbsite-like layer
is associated to a tetrahedral layer containing Si, which
constitutes the third shell beyond a central Al (two Si at
3.143 and 3.256 �).

The XANES spectrum of pyrophyllite, Al2(Si4O10)
(OH)2, consists also of six features. At 1566 eV, a weak
pre-edge feature (A�) is present. The second feature (A),
at 1567.8 eV (2 eV wide), has the highest amplitude
and is clearly separated from the third B feature, still quite
narrow, at 1571.2 eV. The fourth feature (C) consists of a
weak amplitude peak at 1574.0 eV. D and E resonances

are at the same energies as in kaolinite, but the amplitude
of the D resonance is higher than that in kaolinite and
gibbsite. In contrast to gibbsite and kaolinite, pyrophyllite
has only one distorted octahedral site and Al-O distances
may be grouped in two sets at about 1.92 and 1.88 � (Lee
and Guggenheim 1981). In pyrophyllite, the gibbsite-like
layer is sandwiched between two tetrahedral layers con-
taining silicon, and four Si constitute a third shell beyond
the central Al.

All XANES spectra of the reference model compounds
for six-fold Al yield a feature A which is quite constant in
energy, between 1567.4 eV in diaspore and 1568.2 eV in
kaolinite. The most significant changes among these spec-
tra occur at higher energies and affect shape, number and
shift in energy of XANES features. We have established
that when considering poorly symmetric structures (point
symmetry 1), significant changes in XANES are ob-
served; for example between gibbsite and kaolinite on
the one hand, and pyrophyllite on the other hand.

Mixed coordination number in reference compounds

The XANES spectra of muscovite, sillimanite and andalu-
site, which serve as crystalline model compounds for
mixed CN in minerals, contain three main features
(Fig. 4, Table 4).

In the muscovite spectrum, the first resonance (A) is
narrow (2 eV) and located at 1565.4 eV, the second (B)

Table 4 Positions in energy
of main Al-K edge structures
in XANES spectra and mean
AlVI-O distances for four-,
five- and six-fold Al in crys-
talline model compounds

Sample A B C AlVI-O

Muscovite 1565.4 1567.8 1571.0 1.930 (Rothbauer 1971)
Sillimanite 1565.0 1566.8 1570.4 1.912 (Winter and Ghose 1979)
Andalusite 1565.0 1567.6 1570.4 1.935 (Winter and Ghose 1979)

Fig. 4 K-Al XANES of crystalline model compounds with mixed
CN for Al. (Four- and six-fold Al: muscovite and sillimanite. Five-
and six-fold Al: andalusite)
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is also narrow (2 eV) and more intense at 1567.8 eV and
the third (C), which is asymmetric and has an intermedi-
ate amplitude, is located at 1570.8 eV. In sillimanite,
XANES yields quite similar features but feature C at
1571.4 eV has the highest amplitude while the structure
A at 1566 eV is weakly separated from the second broad
B resonance at 1568.4 eV.

The XANES of andalusite presents also three narrow
and resolved resonances at 1565.8, 1568.3 and 1571.7 eV.

By analogy with the XANES of reference compounds
for four- and six-fold Al, and since the spectra of musco-
vite, sillimanite and andalusite yield sufficiently narrow
resolved resonances, we develop the following fingerprint
approach. Since the six-fold coordinated Al gives origin
to the feature located around 1570 eV, one can say, with
reasonable confidence, that the first feature (A) at lower
energy may be related to four-fold Al in muscovite and
sillimanite, and to five-fold Al in andalusite. The origin
of the B resonance is still a puzzle that can only be solved
by careful calculation. The resonance C, at higher energy
may be mainly related to six-fold Al. These interpreta-
tions of the spectra differs from that of Li et al. (1995).
These authors related the B feature to five-fold Al in and-
alusite, although this feature is at the same energy as that
for sillimanite. They did not consider the low energy
shoulder in their spectrum which occurs as in our spec-
trum at the energy of the A resonance in sillimanite and
in muscovite. One important point for us is that some of
their spectra are much different from ours without any
sensible explanation.

The 2 eV shift between the first and the second reso-
nance, related to four- and/or five- and to six-fold alumin-
ium respectively, makes Al-K XANES a fingerprinting
method for the determination of Al-CN, as previously
stated by Brown et al. (1983), Mc Keown et al. (1985),

Mc Keown (1989), Ildefonse et al. (1994), Wong et al.
(1994), Li et al. (1995), Fröba et al. (1995), Mottana et
al. (1997). However four- and five-fold Al cannot be dis-
tinguished in the reference compounds studied.

2/1 phyllosilicates: estimation of AlIV/Altotal

The Al-K XANES spectra of a suite of dioctahedral 2/1
phyllosilicates have been recorded: pyrophyllite (Fig. 3),
two smectites and two micas (illite and muscovite)
(Fig. 5a). All samples present the same low point symme-
try (1) and only one octahedral site. Pyrophyllite and mus-
covite represent two end members with no structural
charge (AlIV/Altotal=0) and one charge (AlIV/Altotal=0.33)
respectively. In Fig. 5a, XANES spectra are presented ac-
cording to the amount of four-fold Al estimated by calcu-
lation from chemical analysis. All the XANES spectra
yield two main absorption features, B and C. At lower en-
ergy, the first feature (A) (1565.6±1566.0 eV) sees its am-
plitude increased as AlIV/Altotal ratio increases in the sam-
ples studied. The second feature (B), the most intense,
varies in energy position between 1567.6 and 1568.0 eV.
The third feature (C), at higher energy (1570.6±
1571.0 eV), is quite broad.

A second set of dioctahedral phyllosilicates has been
studied. It consists of four illite/smectite mixed layers,
presenting a range of 32 to 88% smectite layers as deter-
mined by XRD (Srodòn et al. 1986). XANES spectra of
these four samples are presented on Fig. 5b. They are very
similar in shape to other dioctahedral phyllosilicates stud-
ied above, and two main features are always distinguish-
able with constant position in energy at 1567.8 eV for B
and 1571.0 eV for C. These two main structures, B and C,
indicate that aluminium in these mixed-layer minerals is
mainly in octahedral coordination, and the low energy
shoulder (A component at 1566 eV) increases in ampli-
tude as the illite content increases in the studied samples.
This change is in agreement with the montmorillonitic
character of the smectitic layers in mixed layers illite/

Fig. 5a, b a K-Al XANES of dioctahedral 2/1 phyllosilicates (micas
and smectites). Spectra are sorted as a function of the AlIV/Altotal ra-
tio. b K-Al XANES of dioctahedral illite/smectite mixed layers min-
erals. Spectra are sorted as a function of the % of smectite layers



118

smectite and with the increasing illitic layers, which con-
tain four-fold Al (Srodòn et al. 1986).

Since A, B and C resonances occur at energy values
which are very close from one sample to another, and
since the amplitude of the first resonance (A) increases
as AlIV/Altotal ratio increases, XANES could be used for
the assessment of AlIV/Altotal ratios in these phyllosili-
cates. Decomposition of the spectra in gaussian compo-
nents has been carried out for a better estimation of the
A/A+B amplitude ratios (Ildefonse et al. 1994). There
is a good quantitative correlation between the intensity
of the XANES feature for four-fold Al (estimated as pre-
sented above) and AlIV/Altotal determined from chemical
analysis for these two sets of phyllosilicate samples
(Fig. 6a). At high AlIV/Altotal ratios (muscovite), the rela-
tionship is not linear. Since the spectrum of pyrophyllite
also yields a feature at the same energy as that of four-
fold Al, and in order to obtain the signal for AlIV, we cor-
rected the A/A+B amplitude ratios of illite/smectite
mixed layers by the same value measured in pyrophyllite,
which contains only six-fold Al. If we consider illite and
pyrophyllite as end members for AlIV/Altotal=0.28 and 0
respectively, the amplitude of the A feature (at 1566 eV)
may be used to calculate the AlIV/Altotal of illite/smectite
mixed layers. We compare the derived AlIV/Altotal values
to the %illite layers calculated by XRD (Fig. 6b). The
straight line is the ideal correlation based on the AlIV/Alto-

tal in pyrophyllite and illite. All points depart from the
straight line. This discrepancy could be related to the
overestimation of illite layers measured by XRD. This
trend is in agreement with TEM data obtained on illite/
smectite minerals, which indicate that the XRD determi-
nation of smectite layers has to be increased when consid-
ering that the edges of particles are made of smectitic in-
terlayers (Srodòn et al. 1990).

Local Al environment in Fe1-xAlxOH

Goethite and diaspore have the same structure (space
group Pnma) and a partial solid-solution is known to exist
between these two minerals. Al-goethites are widespread
weathering minerals in lateritic soils. Up to 33 mol% of
AlOOH can substitute for Fe (Fitzpatrick and Schwert-
mann 1982). In diaspore, only 15 mol% of FeOOH is
known (Hazemann et al. 1991). XANES spectra of syn-
thetic Al-goethites (10 to 33 mol% of AlOOH) are pre-
sented on Fig. 7.

Significant differences are observed between spectra,
which may be distinguished according to the energy posi-
tion and the respective amplitude of the two main resonanc-
es, A and B. On the spectrum corresponding to 10 mol% of
AlOOH, A and B features are located at 1567.9 and
1571.1 eV respectively. As the AlOOH mole ratio increases
to 33%, peak A is shifted to lower energy while peak B is
shifted to higher energy. Thus the separation between the
two features increases, and becomes in agreement with that
observed in the diaspore case (see Table 3).

Fig. 6a, b a Relation between the calculated AlIV/Altotal ratio from
the chemical analysis and the A/(A+B) amplitude ratio from
XANES of 2/1 dioctahedral clay minerals studied. b Relation be-
tween the AlIV/Altotal ratio estimated from the XANES data and
the % of illite layers calculated from XRD

Fig. 7 K-Al XANES of synthetic Al-goethites. Spectra are sorted as
a function of their mol% of AlOOH
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At low Al concentrations, the low energy feature is
less intense than that at higher energy. When the Al in-
creases in goethite, the respective amplitude of the low
energy feature increases and for the 33 mol% sample
the low energy feature has the highest amplitude (Fig. 7).

We have performed full multiple scattering calcula-
tions for diaspore with the goethite crystallographic pa-
rameters. We found that this model is unable to reproduce
the spectral modifications with concentration. Then the
reduction of peak A and the decrease of energy separation
between A and B come from the electronic modifications
due to the Al substitution for Fe. In diaspore, as well as in
goethite, cations (Al and/or Fe) are in a single octahedral
site. Each octahedron shares an edge with four neighbour-
ing octahedra and a double corner with four neighbouring
octahedra. For low Al-concentrations, Al-K XANES
spectra of Al-goethites are more similar to that of gibbsite
(Fig. 3) than that for diaspore (Fig. 2). At low Al-concen-
tration, substituted Al may be mainly located in octahedra
which share only edges with their near neighbours as in
gibbsite. At higher concentrations, Al could be distributed
in edge-sharing and corner-sharing octahedra as in dia-
spore. This assumption has to be verified by full multiple
scattering calculations which are in progress and beyond
the scope of this paper.

Conclusions

Determination of the CN of aluminium

XANES is a fingerprinting method for the determination
of the coordination number of aluminium in minerals. A
2 eV shift distinguishes the four-fold and the six-fold
Al, but all minerals with only six-fold aluminium yield
a low amplitude feature located at the same energy as that
of the main absorption feature for four-fold Al. Neverthe-
less, quantitative determination of AlIV/Altotal ratios in un-
known samples can be performed provided that a close
reference compound containing only six-fold Al is avail-
able. In allophanes, such a procedure was done by using
imogolite (Ildefonse et al. 1994), and in the present paper
pyrophyllite was used as a reference compound for 2/1
phyllosilicates. Four-fold Al can be detected in clay min-
erals provided that a good background subtraction is
done. As little as 3% four-fold Al can be observed. There
is also a monotonic relationship between the intensity of
the feature due to four-fold Al and the AlIV/Altotal ratios
determined by chemical analysis.

Sensitivity to octahedral point symmetry

XANES spectra of six-fold Al differ with different Al-site
symmetry. Following Mc Keown et al. (1985), one can
notice that for the selected compounds of Fig. 2, XANES
features which increase in number and decrease in ampli-
tude as site symmetry decreases from K-alum to kyanite.
Although compounds with similar environment with high

symmetry are expected to be almost identical, one ob-
serves in Fig. 3 that low symmetry Al can obviously yield
very different spectral features.

Sensitivity to number of Al sites and to second neighbours

The differences in K-Al XANES of minerals having Al
point symmetry 1 may be related to the number of alu-
minium sites and to the influence of the second neigh-
bours. For minerals having only one Al site (pyrophyllite,
dioctahedral micas, smectites and illite/smectite), the two
edge maxima are clearly separated and the edge maxi-
mum is located at low energy near 1568 eV. For minerals
having two Al sites (kaolinite-group minerals and gibbs-
ite), there is a large XANES feature with a maximum at
higher energy near 1570 eV. These differences may be ra-
tionalized using the results of Garcia et al. (1986) for oc-
tahedral aqueous complexes of transition metal cations,
and those of Cabaret et al. (1996) for Al oxides and sili-
cates. These authors have shown using multiple scattering
calculations that the B structure is determined by a full
multiple scattering resonance where all multiple scatter-
ing contributions to the total cross section are in phase.
When two AlVI-sites are present, such as in gibbsite and
kaolinite, the probability of constructive multiple scatter-
ing contributions decreases because of the distribution of
site symmetry and interatomic distances. As a conse-
quence, the amplitude of the B resonance decreases.

A gibbsitic octahedral layer can be considered as a
prototype octahedral sheet for clay minerals, but the Al-
K XANES spectra of gibbsite and dioctahedral phyllosil-
icates (2/1 and 1/1) are significantly different. These spec-
tra are very sensitive to the second neighbouring atoms of
aluminium: in gibbsite, edge sharing octahedra constitutes
a dioctahedral layer (only two out of three octahedral sites
are occupied), in 1:1 phyllosilicates (kaolinite-group min-
erals) a gibbsitic sheet is linked to a tetrahedral layer, and
in 2:1 phyllosilicates (pyrophyllite, micas, smectites) a
gibbsitic sheet is sandwiched between two tetrahedral lay-
ers. Moreover, for these last minerals, the number of Al
sites may be more important as discussed above. Thus,
contributions of atomic shells beyond the octahedral oxy-
gens must be taken into account for a better understanding
of the XANES features.

Multiple scattering effects

Careful interpretation of XANES spectra requires theoret-
ical calculations. Several attempts have been made to sim-
ulate and interpret Al-K XANES spectra. The pioneering
work was performed by Mc Keown (1989) who made cal-
culations on small clusters (16 atoms at maximum). Al-
though the agreement between experimental and calculted
spectra were still poor, he demonstrated that multiple
scattering processes have to be taken into account for ex-
plaining the high energy features. More recently, Li et al.
(1995) interpreted the Al-K XANES spectra of reference



120

compounds by using results obtained on Si-compounds
where resonances features were related to electronic tran-
sitions according to molecular orbital theory. The transpo-
sition of Si data to Al data is not strictly valid since the
electronic configuration of Al is different from that of
Si. Besides, for six-fold Al compounds, XANES features
were assigned to electronic transitions assuming an Oh
symmetry for the octahedron whereas all studied com-
pounds have distorted octahedral sites and then symmetry
lower than Oh. Finally, recent calculations of Al-K
XANES spectra have been performed by using the full
multiple scattering method (Natoli et al. 1980) on large
clusters (40±100 atoms). They have shown that for both
four-fold and six-fold Al in reference compounds (berlin-
ite, natrolite, corundum, diaspore, garnets), resonances
above the white line were characterized by multiple scat-
tering effects and medium range order (Cabaret et al.
1996; Wu et al. 1996). Calculations proved that, for the
Al K-edge, the mean free path of the photoelectron is
larger than 30 �.

Since EXAFS at Al-K edge is difficult in silicates due
to the limited energy range probed, XANES is a powerful
method for understanding structural changes in amor-
phous compounds and in poorly ordered minerals present
in low temperature environments at Earth�s surface pro-
vided that simulations of spectra could be extended to dis-
ordered systems.
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