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ABSTRACT

A detailed description of the interlayer site in trioctahedral true micas is presented based on a 
statistical appraisal of crystal-chemical, structural, and spectroscopic data determined on two sets of 
trioctahedral micas extensively studied by both X-ray diffraction refinement on single crystals (SC-
XRD) and X-ray absorption fine spectroscopy (XAFS) at the potassium K-edge. Spectroscopy was 
carried out on both random powders and oriented cleavage flakes, the latter setting taking advantage 
of the polarized character of synchrotron radiation. Such an approach (AXANES) is shown to be 
complementary to crystal-chemical investigation based on SC-XRD refinement. However, the results 
are not definitive as they focus on few samples having extreme features only (e.g., end-members, 
unusual compositions, and samples with extreme and well-identified substitution mechanisms). 
The experimental absorption K-edge (XANES) for potassium was decomposed by calculation and 
extrapolated into a full in-plane absorption component ( ) and a full out-of-plane absorption com-
ponent ( ). These two patterns reflect different structural features: || represents the arrangement 
of the atoms located in the mica interlayer space and facing tetrahedral sheets;  is associated with 
multiple-scattering interactions entering deep into the mica structure, thus also reflecting interactions 
with the heavy atoms (essentially Fe) located in the octahedral sheet. The out-of-plane patterns also 
provide insights into the electronic properties of the octahedral cations, such as their oxidation states 
(e.g., Fe2+ and Fe3+) and their ordering (e.g., trans- vs. cis-setting). It is also possible to distinguish 
between F- and OH-rich micas due to peculiar absorption features originating from the F vs. OH oc-
cupancy of the O4 octahedral site. Thus, combining crystal-chemical, structural, and spectroscopic 
information is shown to be a practical method that allows, on one hand, assignment of the observed 
spectroscopic features to precise structural pathways followed by the photoelectron within the mica 
structure and, on the other hand, clarification of the amount of electronic interactions and forces acting 
onto the individual atoms at the various structural sites.
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INTRODUCTION

Crystal chemistry and topology of the interlayer cations in 
micas have been detailed by several authors and readily ap-
peared not only to be sensitive to interlayer composition, but 
also to mirror the topology of other sites occurring in the mica 
structure (i.e., tetrahedral, octahedral, and anionic sites). Pauling 
(1930), in the model describing the idealized and undeformed 
mica structure, assumed a coordination number of twelve for 
the interlayer cation (A), which bonds O atoms on two facing 
tetrahedral sheets (i.e., six tetrahedral basal O atoms on each 
sheet at the same distance). As a consequence, the O atoms 
surrounding the interlayer cation had P(6/m)mm symmetry. 

Later on, an alternative, more appropriate ditrigonal model was 
suggested (Belov 1949; Radoslovich 1961; Radoslovich and 
Norrish 1962). According to this model, the interlayer cation 
has six closest O atoms as nearest neighbors and six other more 
distant O next-nearest neighbors; thus the coordination becomes 
ditrigonal, with the O atoms surrounding the interlayer cation 
(A) arranged in two different configurations having P31m and 
P32m symmetry, respectively (Smyth and Bish 1988). 

Weiss et al. (1992) determined the effective coordination 
number, ECoN (i.e., the number of neighboring anions around 
a cation that are actually linked to it by bonds of nearly equal 
length and force; Hoppe 1979) of the interlayer A cation in 
micas. ECoN was found to be affected by the stacking of the 
layers and by the interlayer separation, which reflects cation and 
anion substitutions in octahedral sites (Brigatti and Guggenheim 
2002), and to vary smoothly and continuously from 12 to 6 as a 
function of the in-plane rotation of the adjacent tetrahedra. Even 
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in micas where K is by far the main A cation, ECoN shows a 
large variation. It is close to 12 in tainiolite and annite, it varies 
from 11 to 9 in polylithionite, ferroan polylithionite, phlogopite, 
and ferroan phlogopite, and it decreases even more in muscovite 
(8–9), probably because of the different size of M1 (vacant cav-
ity) and M2 (mostly Al-occupied) octahedral sites. In all micas, 
ECoN was found to correlate well with the in-plane tetrahedral 
rotation angle (parameter : Takéuchi and Sadanaga 1959). 

The relationships between the interlayer cation and its sur-
rounding O atoms were also found to be associated with other 
distortions (Brigatti and Guggenheim 2002), both of the indi-
vidual tetrahedra and of the whole tetrahedral sheet (parameters 
 and z). In an ideal tetrahedron, the flattening angle , defined 

as the average of Oapical-T-Obasal angles (  = 3
i=1(Oapical-T-Obasal )i/3), 

is equal to arcos(–1/3)  109.47°. In real mica structures, the 
value can deviate from its ideal value as a function of the rela-
tive position along c* for the basal O atoms with respect both to 
the tetrahedral cation and to the mean basal-edge length and the 
mean tetrahedral-edge value. These shifts cause a variation in 
the electrostatic energy associated with the tetrahedral cation to 
basal O atom distance, which is compensated by a variation in the 
repulsion between the interlayer and tetrahedral cations (Brigatti 
and Guggenheim 2002). Finally, the basal O atom plane corruga-
tion effect ( z; Lee and Guggenheim 1981) must be considered, 
which reflects differences in distance between apical O atoms 
linked to octahedra of different size. z is limited in trioctahedral 
micas, where the M1 cis-octahedral site is about as great as the 
M2 = M3 trans-octahedral sites, and increases in Li-rich micas, 
which have M1  M3 > M2 (or M1  M2 > M3).

For all these reasons, variations observed in the topology of 
the interlayer site for K-rich trioctahedral micas were always 
attributed to external constraints, such as the adjustment of 
topological changes affecting other structural sites, rather than 
to interlayer chemical substitutions and the ensuing changes in 
bond energy. However, this attribution should be tested. A chemi-
cally specific spectroscopic method such as X-ray absorption 
near-edge spectroscopy (XANES) at the K-edge may contribute 
to a better characterization of the topology of the interlayer site, 
as well as of all the other structural sites affecting this latter 
site, albeit indirectly. Consequently, Cibin et al. (2005) studied 
the potassium K-edge XANES to characterize better the local 
structure and order of this cation, which is dominant in true mi-
cas. They examined powdered trioctahedral mica samples with 
different tetrahedral and octahedral compositions, and found 
that XANES features reflect both cation coordination and the 
contributions of tetrahedral as well as octahedral cations acting 
upon the interlayer. 

The potassium K-edge spectra of trioctahedral micas show 
five discernible features in the energy range 3600–3650 eV that 
is usually assumed to be the XANES region at this energy for 
this type of compound (Bianconi 1988; Mottana 2004). Two or 
three other weak features follow up to 3700 eV; these are within 
the energy range that recent computer codes based on the MS 
theory can satisfactorily explain and reproduce (Benfatto and 
Della Longa 2001; Benfatto et al. 2001; Natoli et al. 2003). They 
can also preferentially be explained and fitted on the basis of 
the single-scattering (SS) theory using EXAFS (Stern and Heald 
1983; Galoisy 2004). 

Spectra in the 3625–3650 eV energy range that comprise the 
intermediate multiple-scattering (IMS) region (Natoli and Ben-
fatto 1986) of all micas are nearly identical in shape, although 
displaying some shifts in energy, as do the higher-energy regions 
extending to the EXAFS region. The constant shape of these 
spectral regions was interpreted as proof of the isostructural 
character of all members of simple solid-solution series (e.g., 
Mottana et al. 2002). This conclusion also holds true for much 
more complex groups of compounds such as the micas, which 
undergo numerous chemically driven structural rearrangements 
(i.e., they are not isotypic, but homeotypic compounds). Con-
versely, this evidence may also be confidently taken to reflect the 
fact that the local structure around the K+ cation is practically the 
same for all interlayers, regardless of whether the mica octahe-
dral sheet is tri- or di-octahedral. Alternatively, it might also be 
explained by suggesting that the photoelectron outgoing from the 
potassium absorber does not cross the barrier represented by the 
O and OH anions located on the outer tetrahedral and octahedral 
planes and that photo-electron pathways are restricted to the 
interlayer only (i.e., they are in-plane). In such a case, numerous 
features observed in the experimental potassium K-edge spectra 
of micas could be interpreted, alternatively, as focusing effects 
against distant potassium atoms all along the interlayer (Kuzmin 
and Parent 1994). In the full multiple-scattering (FMS) energy 
range (3605–3625 eV; Natoli and Benfatto 1986), the XANES 
features do not only arise from contributions that essentially 
depend upon the local atomic structural arrangement around 
the potassium absorber (i.e., bond length and orientation in the 
first and second coordination sphere) but include also long range 
multiple-scattering contributions. They also contain an important 
component arising from electronic contributions to the K+ cation 
that result from its interactions with the anions directly surround-
ing it, as would be related to bond strength. In this sub-region of 
the spectra, there is evidence of systematic changes.

However, micas are phyllosilicates, with the whole crystal 
structure made of overlapping layers that are similar to one 
another. Thus, their XANES spectra should be affected by the 
polarization direction of the incident polarized beam of synchro-
tron radiation onto the layer structure. For this reason, in a more 
advanced work, Cibin et al. (2006) applied angle-dependent X-
ray absorption spectroscopy (AXAS; Brouder 1990; Brouder et 
al. 1990) to study potassium coordination in K-rich trioctahedral 
micas. They found that the in-plane absorption component pat-
tern (i.e., the spectrum calculated back to exactly the 0° angle 

 of the electric vector of the incident synchrotron radiation 
beam) reflects the arrangement of the atoms located in the mica 
interlayer space and facing tetrahedral sheets. The out-of-plane 
component pattern (i.e., the spectrum extrapolated to  = 90° 
from the previous plane) reflects multiple-scattering interactions 
of potassium entering deep into the mica structure, beyond the 
tetrahedral sheet and well into the octahedral sheet.

In this work we aim to match crystal-chemical and structural 
data derived from a detailed description of the mica topological 
variations obtained in a large SC-XRD refinement data set with 
XANES and AXANES data obtained on the same mica samples. 
The purpose of our investigation is to describe better the local 
environment of the potassium atom in the mica structure and the 
constraints imposed by the layer structure onto its coordination, 
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so as to univocally relate the variation of the observed XANES 
features with well-defined structural parameters determined on 
the micas.

DATABASE

The aim of this work, as previously stated, is to use a statis-
tical approach (via SPSS-15.0 Statistical Analyses Package) to 
relate XANES spectral features to a large number of chemical 
and structural parameters, projected on different crystallographic 
planes, and calculated starting from unit-cell parameters and 
atomic coordinates. To this purpose we used structural and spec-
troscopic data that we obtained in the recent past and published 
elsewhere (Brigatti and Poppi 1993; Alietti et al. 1995; Brigatti 
et al. 1996, 1998, 1999, 2000; Tombolini et al. 2002a; Cibin 
et al. 2005, 2006; Schingaro et al. 2005; Marcelli et al. 2006). 
They all can be retrieved from our data bank together those not 
yet available in print, which are available from M.F.B. upon 
request. The experimental conditions and methods used, either in 
recording and fitting the XAFS data or in refining the structures 
by SC-XRD, can be found in the literature just cited.

The data set under study here comprises 16 trioctahedral 
micas, all from 1M polytype, and can be chemically divided in 
three subsets on the basis of crystal-chemical data (Table 11). 
The first and largest subset comprises 10 samples falling pre-
dominantly along the phlogopite-annite join (C2/m symmetry); 
the second subset includes two tetra-ferriphlogopite samples 
with a very substantial amount of tetrahedral ferric iron (C2/m
symmetry); and the third subset contains four Li-rich micas (C2 
symmetry). Some samples larger in size were used for AXANES 
experiments, whereas others, smaller in size, were analyzed only 
via powder XANES experiments.

Schematics of the mica interlayer structure with the positions 
taken by the atoms nearest and next-nearest to the A cation in 
the tetrahedral and octahedral sheets are presented in Figures 1a 
and 1b for C2/m and C2 symmetry, respectively. Spectroscopic 
features and main structural parameters, with focus for the ones 
characterizing interlayer site topology as seen in Figure 1, are 
listed in Tables 2 and 3. Some representative XANES spectra 
are reported in Figure 2. The mathematical derivation and 
definitions for a selected number of parameters are reported in 
the appendix1.

XANES powder spectra

XANES power data discussed in this work refer to a sub-set of 
13 trioctahedral micas (Table 2): ten are micas spanning in com-
position from phlogopite to annite, two are tetra-ferriphlogopites 
and one is a Li-siderophyllite (Table 11). Some selected spectra 
are also reported in Figure 2a, where features, previously dis-
cussed, are labeled from A to E. XANES powder spectra were 

experimentally recorded on randomly oriented powders on the 
sample-holder, in which c* is mostly parallel to the incident SR 
beam direction and the a and b axes are totally disoriented on the 
plane orthogonal to it, where the electric vector  lies. 

Micas with bulk compositions close to an end-member (ir-
respectively if phlogopite or tetra-ferriphlogopite) show XANES 
spectra that are sharp and well-defined (in particular feature B, 
and also E in the IMS energy range). Intermediate micas rich in 
VIFetot display broad patterns, with their shoulder A, particularly, 
becoming less and less resolved possibly because of enhanced 
absorption. 

Turning now to consider the dependence of the features 
observed in powder XANES spectra (Fig. 2a) on selected crystal-
chemical and structural parameters, several observations can be 
formulated, as follows.

Feature C vs. neighboring O atoms. There is a well-defined 
trend correlating the C energy value to the tetrahedral rotation 

 angle (Fig. 3a), which has long been known to relate directly 
to ECoN (Weiss et al. 1992). This result of the statistical treat-
ment confirms a conclusion already made, albeit more empiri-
cally (Cibin et al. 2005; Fig. 6), and points out that the energy 
position of feature C reflects the coordination of the basal O 
atoms that form the closest neighboring shell of the interlayer 
cation. This turns out to be even more evident when the energy 
variation of feature C with the variance of interlayer cation–tet-
rahedral basal O distances (  A-Obasal) is considered (Fig. 3b). 
This latter parameter, together with interlayer cation-octahedral 

1Deposit item AM-08-022, Table 1 and appendix (the math-
ematical derivation and definitions for a selected number of 
parameters). Deposit items are available two ways: For a paper 
copy contact the Business Office of the Mineralogical Society of 
America (see inside front cover of recent issue) for price infor-
mation. For an electronic copy visit the MSA web site at http://
www.minsocam.org, go to the American Mineralogist Contents, 
find the table of contents for the specific volume/issue wanted, 
and then click on the deposit link there. 

FIGURE 1. Interlayer A cation and its neighboring atoms for the 
C2/m (a) and C2 (b) symmetry. The nomenclature of sites is detailed 
in Brigatti et al. (1996, 2000). Additional numbers in brackets identify 
the actual atom position.
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anionic position distance, is again strictly related to the  angle 
(Fig. 4), which in turn is crystal-chemically constrained by the 
requirement of size-matching of the tetrahedral and octahedral 
sheets. Feature C is also related to the monoclinic  angle of 
the mica unit cell (Fig. 5a), via a non linear relationship. An ap-
proximate linear trend applies between feature C and the cosine 
of the monoclinic  angle, which is related in most samples to 
the A-O4 distance along [100] direction. However, the  and 
angles are usually interrelated in micas, even though they follow 
trends that are different for micas with different symmetries (C2 
and C2/m). Furthermore, feature C energy is also related to the 
A-O4 distance (Fig. 5b).

Feature D vs. A-T(001). Feature D appears to be related to the 
interlayer-tetrahedral sheet distances, especially when they are 
projected onto the (001) plane. In Figure 6, the A-T(001) value 
stands for the mean value of the interlayer cation (A)-tetrahedral 
cation (T) distances projected on the (001) plane. The deviation 
shown by samples phl-2a, 120, 47, and BHG-1 may be attributed 
to increased disorder in their A-T(001) distances, which in turn 
relates to their need to match the adjacent octahedral sheets, 
showing high Al (phl-2a) or Fe atom contents (120, 47, and 
BHG-1). We evaluated this possibility by using the  A-T(001)

parameter, which represents the variance of A-T(001) distances, 
and relating it to the VIFe2+ total content (Fig. 7) as determined 
from crystal chemistry. The deviations from the trend shown by 

Fe2+-rich micas, where annite 120 is the sample outlier, may thus 
be attributed to interlayer cation ordering due to the Fe2+ for Mg 
octahedral substitution, especially when the Fe2+ substitution is 
greater than 1 apfu. 

In general, the A-T(001) distance appears to be related to several 
structural parameters, including the mean <T-O> distance, the b
unit-cell parameter, and the interlayer cation–interlayer cation 
distances that can be expressed as a simple dependence of unit-
cell parameters only. 

Feature E vs. A-T distance and octahedral ordering. 

Feature E shows only limited variation; in some samples, it is 
related to feature D. It appears to relate to the distance between 
A and the T sites, much as feature D also does. The best-defined 
trends link feature E to the distance of the interlayer cation from 
the tetrahedral cation closer to M1 (Fig. 8), but there are some 
discrepancies, especially for Fe2+-rich samples, in which the A-T 
distances shows that the T cation is closer to M2.

Single-crystal AXANES spectra

The number of processed AXANES spectra is fairly small 
(Table 3), but the statistical significance of their treatment is 
supported by the facts: (1) they were taken on trioctahedral 
micas already studied by the powder XANES method, and (2) 
span a fairly comprehensive compositional and structural set. 
Indeed, out of a total number of seven micas in the set that we 

TABLE 2. Experimental powder XANES and some structural features of trioctahedral micas relevant for this work
phl-Fr phl-2a Tae23-1 Tai17-1 Tag15-4 Tag15-3   19 BHG-1 Wa8H 120 Tpq16-6 Tas22-1   47

Energy position of XANES features
E0 3611.5 3611.2 3611.2 3611.4 3611.3 3611.2 3611.3 3611 3611.5 3611.3 3611.5 3611 3711.2
A 3612.4 3612.2 3612.3 3612.4 3613 3612.2 3612.6 3612.2 3612.6 3612.6 3612.6 3612.2 3613.3
B 3616.2 3616.2 3616.3 3616.4 3616 3616.3 3616.4 3616.4 3616.4 3616.6 3616.4 3616.2 3616.1
C 3625.4 3624 3624.9 3625.2 3624.5 3625.1 3625.5 3625.9 3625.6 3626.6 3625.1 3624.5 3626.2
D 3630.4 3632.1 3630.9 3632.3 3631.8 3631.9 3631.5 3631.6 3631.9 3631.2 3632.5 3633 3630.5
E 3639.9 3639.6 3639.9 3639.9 3639.8 3640.1 3640.4 3640.2 3640.4 3639.2 3641 3640.7 3639.9

Geometric parameters derived from crystal-structure refinement 
 (°) 6.73 11.12 8.92 8.97 9.06 8.53 7.63 5.93 7.05 1.51 10.20 10.90 3.40
 (°) 100.08(1) 99.96(2) 99.93(3) 99.94(1) 99.99(1) 100.03(3) 100.19(1) 100.29(1) 100.15(1) 100.86(1) 100.03(2) 99.99(1) 100.73(1)
 A-Obasal (Å) 0.1529 0.2512 0.2021 0.2043 0.2063 0.1939 0.1745 0.139 0.1608 0.0508 0.2339 0.2499 0.0807

A-T( 001) (Å) 3.064(2) 3.062(3) 3.071(3) 3.081(3) 3.076(4) 3.076(4) 3.078(3) 3.087(3) 3.086(3) 3.109(3) 3.093(3) 3.093(4) 3.080(4)
 A-T (Å)* 3.847 4.889 11.945 5.604 16.368 5.470 54.414 95.812 44.087 435.904 16.771 7.196 163.587

A-TM1, (001) (Å) 3.064(2) 3.063(3) 3.072(3) 3.081(3) 3.079(3) 3.076(4) 3.074(3) 3.077(3) 3.081(3) 3.056(3) 3.091(3) 3.092(4) 3.066(4)
A-O4[001] (Å) 4.013(2) 4.045(3) 4.030(3) 4.029(3) 4.017(4) 4.006(3) 3.988(3) 3.979(2) 3.995(3) 3.969(3) 4.038(2) 4.037(3) 3.944(3)
* 10–4.

TABLE 3. Extrapolated single-crystal AXANES and relevant crystal-chemical data of trioctahedral micas
  phl-Fr Tag 15-3 Tas 22-1  47  55  104  66

In-plane component (eV ± 0.03)
E0 3609.3 3611.3 3611.4 3610 3609.1 3609.5 3609.9
A  3611.9 3612.9 3612.2 3612.2 3611.1 3611.8 3612.5
B  3615.3 3618.9 3615.8 3615.3 3614.9 3614.7 3615.4
C  3624.7 3624.6 3624.8 3625 3625 3624.5 3625
D  3630.3 3631.8 3631 3630.4 3630.1 3630.4 3630.6
E  3638.4 3640.1 3639.1 3639.3 3638 3638.2 3639.2

Out-of-plane component (eV  0.03)
E0 3609.8 3610.2 3610.3 3609.8 3608.8 3609.3 3609.1
A  3611.5 3611.7 3612.2 3611 3611.5 3611.3 3611.8
B  3614.5 3615.6 3615.7 3614.3 3614.5 3614.2 3614.5
C  3621.9 3623.7 3624.- 3621.6 3621.5 3621.3 3621.5
D  3628.7 3633.- 3631.- 3628.9 3628.4 3628.9
E  3638.9 3634.3 3640.3 3639.6 3639.4 3632.2
B*  3619.3 3619.4

Geometric parameters derived from crystal-structure refinement 
 A-Obasal (Å)  0.1528 0.1939 0.2499 0.0807 0.0958 0.1102 0.0861
 (°)  6.73 8.53 10.90 3.40 3.95 4.62 3.65

A-M1[001] (Å)  4.997(3) 5.051(4) 5.076(3) 4.979(3) 4.952(3) 4.960(3) 4.980(4)
Note: - indicates 1 eV error in the energy value.
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are now going to process statistically, two are micas belonging 
to the phlogopite-annite join (Tombolini et al. 2002b; Cibin et al. 
2006), four are lithian micas along the polylithionite-siderophyl-
lite join (Cibin et al. unpublished manuscript 2007), and one is a 
typical tetra-ferriphlogopite (Cibin et al. 2006). All these micas 
occur as large undeformed flakes and have potassium as their 
predominant A cation (Table 11). Two samples, in particular, 
are close to end-member composition, respectively phlogopite 
(phl-Fr) and tetra-ferriphlogopite (Tas22-1). 

These micas mainly cover the exchange vectors VIMg–1
VIFe2+, 

IVAl–1
IVFe3+, and IVSiIVAl–1

VIFeVILi–1. The first exchange concerns 
only the octahedral sheet, the second the tetrahedral sheet, and the 
third both sheets together. The F–1OH anionic exchange vector is 
also represented. Taken together, all these substitutions account 
for most of the chemical and geometric variability in the 2:1 layer 
of the trioctahedral subgroup of micas (Ferraris and Ivaldi 2002; 
Brigatti and Guggenheim 2002). The symmetry of the 2:1 layer 
is C2/m for all trioctahedral micas with the exception of lithian 

FIGURE 2. Potassium K-XANES spectra of some representative 
trioctahedral micas. (a) XANES powder spectra; (b) single-crystal 
AXANES spectrum at  = 0° and  = 90° for sample phl-Fr.

FIGURE 3. (a) Relationships between the energy position of spectral 
feature C (±0.03 eV) and the value of the tetrahedral rotation angle . 
(b) Relationship between the energy position of spectral feature C and 
the variance of the distances from interlayer A cation to tetrahedral basal 
O atoms. Symbols: open circle = phl-Fr; open triangle up = phl-2a; 
open triangle down = Tae23-1; open diamond = Tai17-1; open square 
= Tag15-3; open hexagon = Tag15-4; open star = 19; diamond crossed 

= Tpq16-6. The relative error bar is at the lower left corner.
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micas, which are C2 (Table 11). Thus, lithian micas have three 
independent M1, M2, and M3 octahedra, and layer symmetry 
C12(1), whereas the other trioctahedral micas have only two 
independent octahedra (M2 and M3 are symmetry related), and 
layer symmetry C12/m(1).

Again we studied statistically the A, B, C, D, and E features 
(Fig. 2b) as given by the AXANES algorithm, now for two sepa-
rate groups: (1) for those extrapolated at 0° (i.e., along the plane 
defined by the [100] and [010] vectors), and (2) at 90° (i.e., along 
the direction rigorously normal to the previously defined plane). 
Several significant dependencies were identified.

Feature A at  = 0°. Although limited in its energy varia-
tion, this feature appears to be negatively related to Si content. 
Therefore, it depends on tetrahedral substitutions (Fig. 9). Con-
sequently, it is also correlated with many tetrahedral features, 

FIGURE 4. Variance of distance between interlayer cation and 
tetrahedral basal O atoms ( A-Obasal) vs.  for several mica 1M crystals 
reported in the literature. 

FIGURE 5. (a) Relationship between the energy position of spectral 
feature C (±0.03 eV) and monoclinic  angle. (b) Relationship between 
the energy position of spectral feature C and the projection of A-O4 
distance on [001]. Symbols and samples as in Figure 3. The relative 
error bar is at the lower right corner. 

FIGURE 6. Relationship between the energy position of spectral 
feature D (±0.05 eV) and the projection of A-T distance on (001). 
Symbols and samples as in Figure 3. The relative error bar is at the 
lower right corner.

FIGURE 7. Relationship between octahedral Fe2+ content and the 
variance of the A-T(001) distance. Symbols and samples as in Figure 3. 
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such as the A-T(001) distance [i.e., the interlayer cation-tetrahedral 
cation distance projected on (001)].

Feature A at  = 90°. In all but one samples, this feature 
energy was found to be related to the variance in the A-O basal 
distances (Fig. 10a) and thus to the distortion of the interlayer 
coordination polyhedra. Consequently a well-defined correla-
tion with the tetrahedral rotation  angle was also observed 
(Fig. 10b).

Feature C at  = 90°. The energy of this feature is directly 
related to that of feature B at  = 90° (Fig. 11). Both these en-
ergy features are related to the c unit-cell parameter and to the 
distance between the interlayer cation and the closest octahedral 
cations along the direction [001] (Fig. 12). Moreover, the energy 

of feature C at  = 90° seems to be affected by the octahedral 
anionic position and in particular by the F for OH substitution 
(Fig. 13). 

Finally, it should also be considered that feature B* at  = 
90° (a second effect following near B at  = 90°) appears only 
in samples with tetrahedral Fe content, i.e., trending to the tetra-
ferriphlogopite end-member.

DISCUSSION AND CONCLUDING REMARKS

The following main conclusions could be drawn on powder 
XAFS spectra, experimentally recorded on randomly oriented 
powders.

(1) The energy of feature C is mostly related to the local en-
vironment around the interlayer cation (i.e., the basal O atoms of 
the facing tetrahedral sheets), and mostly reflects the distortion 
of the interlayer cation coordination. 

(2) The energies of features D and E are interrelated and 
mostly related to the unit-cell lateral dimension b, and thus to 

FIGURE 8. Relationship between the energy position of spectral 
feature E (±0.03 eV) and the A-T distances pertaining to M1. Symbols 
and samples as in Figure 3. The relative error bar is at the lower right 
corner.

FIGURE 9. Relationship between the energy value of feature A at  = 
0° (±0.03 eV) and Si content. Symbols: open circle = phl-Fr; open square 

error bar is at the lower left corner.

FIGURE 10. (a) Relationship between the energy value of feature 
A at  = 90° (±0.03 eV) and the variance of A-Obasal distances. (b) 
Relationship between the energy value of feature A at  = 90° and the 
tetrahedral rotation angle . Symbols and samples as in in Figure 9. The 
relative error bar is at the lower right corner.
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the distances between the interlayer cation and their neighbor-
ing interlayer cations, as well as to interlayer cation–tetrahedral 
cation distances projected on (001): A-T(001). 

(3) Certain samples deviate from the trends previously iden-
tified for features D and E vs. A-T(001). In particular, these are 
samples, in which the Fe2+ octahedral content is greater than 1 
apfu, and this effect is more and more enhanced with increasing 
Fe content (e.g., in annite). These deviations also produce an 
increase in the variance of the A-T(001) individual distances. 

(4) As a consequence of points 2 and 3, the energies of features 
D and E must be related to both the unit-cell lateral dimension 
(the distance between the interlayer cations themselves), to 
interlayer cation–tetrahedral cations distances along (001), and 
to their variance. 

(5) As expected because of higher order multiple scatter-

ing contributions and/or electronic contributions, the energy 
positions of features A and B cannot simply associated to any 
structural parameters.

These conclusions on powder XAFS spectra are also sup-
ported by AXANES results. 

However, feature A at  = 90° seems to be sensitive to the 
same crystal chemical parameters as was feature C in powder 
XANES spectra, namely, to the distortion of the interlayer cation 
coordination. The positions of features B at  = 90° and C at 
= 90° are related to one another and are all correlated with the F 
for OH substitution and to the distance between interlayer and 
octahedral cations along the direction [001].

The most reliable way of computing X-ray absorption spectra 
ab initio has been discussed over the past decades, so as mak-
ing XAFS a truly quantitative method exploring the interaction 
pathways of the photoelectron within the probed compound. The 
present study fits in this frame, although it approaches the task 
from a completely different perspective. 

We have demonstrated that the observed XANES features in 
mineral solid solutions can be correlated with crystal structure 
data. Quantitative structural and electronic information can be 
early extracted and confirmed by simulations performed with 
packages mainly based on ab initio methods and requiring several 
hours of computational time.

With the exception of bond distance calculations (Bianconi et 
al. 1983; Natoli 1984) and of pre-edge fitting (Bajt et al. 1994; 
Galoisy et al. 2001; Wilke et al. 2001) almost no work of this 
kind has been undertaken. Bugaev et al. (2001) developed a 
method for quantitative determination of interatomic distances 
and coordination number that is based on Fourier filtration of 
experimental XANES in the middle range order shells, followed 
by a fitting that is essentially an extension to the XANES energy 
range of the classical procedure of EXAFS fitting (Sayers et al. 
1970, 1971; Lytle et al. 1974, 1975; Stern and Heald 1983). Their 
method works well in crystalline materials consisting of low-Z 
(Z < 20) atoms, because it allows the first shell distance to be 

FIGURE 11. Relationship between the energy value of feature C at 
= 90° (±0.03 eV) and B at  = 90° (±0.03 eV). Symbols and samples as 
in Figure 9. The relative error bar is at the lower right corner.

FIGURE 12. Relationship between the energy value of feature C at 
 = 90° (±0.03 eV) and the distance between interlayer cation and M1 

octahedral site along [001]. Symbols and samples as in Figure 9. The 
relative error bar is at the lower right corner.

FIGURE 13. Relationship between the energy value of feature C 
at  = 90° (±0.03 eV) and substitution at the O4 anionic site. Symbols 
and samples as in Figure 9. The relative error bar is at the lower right 
corner.
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extracted together with the coordination number of the related 
atom, i.e., the same data determined on the EXAFS part of the 
XAFS spectrum. Their results are supported by our statistical 
relationships, and both methods suggest that the IMS region in 
XANES spectra is mainly reflecting the structural properties of a 
compound rather than the local electronic properties of the atom 
hosted in that compound. Tombolini et al. (2002a), as a matter 
of fact, could develop a method that relates the experimentally 
determined shift of one IMS feature in a mineral series to its 
composition and, by solving a set of equations, determines the 
average sizes of the individual tetrahedra centered by Si and Al. 
The method works well for micas, but so far has not been tested 
on other mineral families. No one, to our knowledge, ever tried 
relating distances determined by SC-XRD refinement to specific 
XANES or AXANES features.

The present study makes it now clear that certain features 
observed in experimental and extrapolated XANES vs. AXANES 
spectra statistically relate to certain atom distances, determined 
by SC-XRD methods that are considered to be highly reliable. 
Therefore, generalizing, we conclude that XAFS features reflect 
the existence of multiple scattering pathways of the photo-elec-
tron ejected from the absorber with nearby atoms. This result 
is obvious for the closest coordination shells, but it is not as 
obvious for the most distant shells. It was statistically shown, 
here, that in trioctahedral micas the photo-electron interacts 
not only with the atoms in the tetrahedral sheet or on the plane 
of the octahedral sheet closest to the interlayer, but also enters 
deeply in the octahedral sheet itself. The photo-electron returns 
to the absorber with energy and intensity features that may be 
related to the chemical (speciation) properties of the centro-
octahedral atom encountered. In particular, the interaction with 
the octahedral anionic positions is related to peculiar features 
of XANES spectra, thus hinting at either an interaction of the 
emitted photo-electron with the species populating the O4 site 
or mirroring modifications of the interlayer topology to anionic 
substitutions. Only feature B (and to a lesser extent feature A), 
which is the closest to and the most characteristic of the K-edge 
defies correlation with structural parameters, probably predomi-
nantly reflecting the atom absorption and electronic properties 
rather than its being involved in the structure. 

The present results open a way to calibrate the binding forces 
between atoms in the structure by a method that is purely based 
on experimental measurements, with no generic pre-requisites 
such as electronegativity or size. The test has been made here for 
K only, and needs now to be extended to other atoms such as Mg, 
Al, Si, and Fe, as well as to minerals other than the micas. 
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