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INTRODUCTION

Recent investigations of Zn-contaminated soils have renewed 
interest in the local structural environments of Zn2+ ions in di- 
and trioctahedral phyllosilicates and other layered structures of 
environmental relevance (Manceau et al. 2000; Roberts et al. 
2002; Scheinost et al. 2002; Voegelin et al. 2002; Juillot et al. 
2003). Zn2+ can form end-members or non-ideal solid solutions 
with Mg2+ in trioctahedral phyllosilicates (see, e.g., Brindley and 
Brown 1980; Bailey 1988 and references therein), as illustrated 
by the smectite group minerals sauconite (the Zn end-member) 
and stevensite (the Mg end-member), which form a complete 
solid solution (Ross 1946; Faust 1951). Zn-rich talcs have been 
synthesized by Wilkins and Ito (1967), and sauconites have been 
synthesized at 80 °C by Decarreau (1981, 1983, 1985). The 
serpentine-group minerals zinalsite, the Zn-amesite end-member 

(Wicks and Whittaker 1975), and baumite, a Zn-rich greenalite, 
(Frondel and Ito 1975), have also been reported. In addition, 
baileychlore, a Zn-chlorite end-member, was reported by Rule 
and Radke (1988). The occurrence of structural Zn2+ in diocta-
hedral phyllosilicates is poorly documented in comparison to the 
available literature on Zn2+ incorporation in trioctahedral layered 
minerals in spite of the fact that the former are the dominant clay 
minerals in soils and sediments. As such, they are likely hosts 
of Zn2+ and other divalent cations released from the breakdown 
of primary Zn-containing minerals. In contrast, the slow kinet-
ics of crystallization of 2:1 dioctahedral phyllosilicates at room 
temperature likely hinder the incorporation of Zn2+ ions within 
these phases during the time frame of historical pollution events, 
which do not typically exceed one century at most sites polluted 
by anthropogenic release of Zn. In Zn-impacted soils, anthro-
pogenic Zn should therefore be more closely associated with 
trioctahedral phyllosilicates, whereas Zn-bearing dioctahedral 
phyllosilicates should represent most of the pool of Zn related 
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ABSTRACT

EXAFS spectroscopy has been used to determine the medium-range structural environment 
(within a radius of ≈7 Å) of trace levels of Zn2+ ions within the octahedral sheets of trioctahedral 2:1 
phyllosilicates. EXAFS signatures of trace quantities (800–4000 ppm) of Zn in natural and synthetic 
trioctahedral 2:1 phyllosilicates (talcs and biotite) were analyzed using ab initio FEFF calculations 
(FEFF 8.10 code) in which various second-neighbor atomic confi gurations around a Zn-containing 
octahedral site were examined. Comparison of the results of these model calculations with observed 
Zn K-edge EXAFS spectra provides constraints on the distribution of Zn within the octahedral sheet. 
Zn was found to be randomly distributed within the octahedral sheets of the synthetic talc contain-
ing 4000 ppm Zn. In the natural biotite containing 800 ppm Zn, the distribution of Zn could not be 
determined because of signifi cant Fe content, which precluded unambiguous FEFF analysis. Finally, 
FEFF analysis of single-scattering and multiple-scattering contributions to the EXAFS data of the Zn-
dilute talc sample, followed by comparison with EXAFS data from a natural dioctahedral illite sample 
containing 140 ppm Zn, allowed unambiguous identifi cation of spectral features characteristic of Zn2+ 

ions incorporated within the octahedral sheets of trioctahedral phyllosilicates. These results indicate 
that EXAFS spectroscopy can be used to distinguish between incorporation of trace levels of Zn2+ ions 
within the octahedral sheet of di- or trioctahedral phyllosilicates. They also provide a strong basis for 
determining the speciation of Zn at trace concentration levels in natural phyllosilicates from Zn-con-
taminated soils and sediments using Zn K-edge EXAFS spectroscopy. Because the crystal chemistry 
of other potentially toxic fi rst-row divalent transition elements (i.e., Co2+, Ni2+, and Cu2+) is similar to 
that of Zn2+, this FEFF-based EXAFS approach could be used to (1) complement existing FTIR and 
polarized-EXAFS approaches in assessing the distribution of these elements within the octahedral 
sheets of di- and trioctahedral plyllosilicates and (2) better determine the speciation of these elements 
in contaminated soils and sediments.
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to the geochemical background resulting from natural weather-
ing processes. Better understanding of Zn behavior in impacted 
soils would benefi t from the ability to (1) distinguish between 
Zn in di- or trioctahedral phyllosilicates and (2) evaluate the 
relative chemical stabilities of Zn-bearing di- and trioctahedral 
phyllosilicates.

These two goals are diffi cult to achieve because of the 
similarity of local structures around cations in the octahedral 
sheets of di- or trioctahedral phyllosilicates and because of 
the fact that the chemical stability of phyllosilicates is related 
to the distribution of cations within both the tetrahedral 
and octahedral sheets. Attenuated total reflectance Fourier 
transform infrared spectroscopy in the OH-stretching region 
has been successfully employed to assess the distribution of 
major elements such as Al, Mg, and Fe in the di- or trioctahedral 
sheets of phyllosilicates (Slonimskaya et al. 1986; Besson et al. 
1987; Madejova et al. 1994; Muller et al. 1997; Besson and Drits 
1997a, 1997b; Drits et al. 1997; Vantelon et al. 2001; Petit et 
al. 2004). However, this method has a low sensitivity to trace 
elements. In contrast, EXAFS spectroscopy is sensitive to trace 
levels of cations (>100 ppm) in silicates and has been success-
fully employed to investigate the distribution of trace levels of 
Fe and Ni in di- and trioctahedral phyllosilicates (Manceau and 
Calas 1985, 1986; Manceau 1990; Manceau et al. 1990; Drits et 
al. 1997; Muller et al. 1997; Vantelon et al. 2003).

The main objective of the present study was to investigate the 
crystal chemistry of Zn at trace levels in selected synthetic and 
natural trioctahedral phyllosilicates (synthetic talcs and natural 
biotite). Because of the low Zn content of the samples investi-
gated (as low as 800 ppm), EXAFS spectroscopy was used to ob-
tain information about the local structural environment of Zn. Ab 
initio FEFF 8.10 calculations were used to model experimental 
Zn K-edge EXAFS spectra of Zn-dilute talc and biotite samples. 
Changes in the EXAFS spectra of Zn-bearing phyllosilicates are 
discussed with respect to Zn concentration and the nature (di- or 
tri-) of the octahedral sheets. Particular attention was paid to Zn 
ordering in the trioctahedral sheets to try to distinguish between 
ordered vs. randomly distributed Zn2+ ions.

MATERIALS AND METHODS

Samples studied
The natural trioctahedral phyllosilicate sample selected for this study is a Zn-

bearing biotite (800 ppm Zn) from an unknown locality.  Crystals exhibit a platey 
habit; formula calculated from ICP analyses of ground separate crystals is K0.95Na0.02 

(Mg2.21Fe0.52Al0.10Ti0.09Mn0.02Zn0.005)(Si2.78Al1.22)O10(OH)2·nH2O (Table 1).
The mineral purity of the sample used in this study (hereafter referred to as 

biotite:Zn) was confi rmed by X-ray diffraction analyses. For comparison, a Zn-
dilute talc sample (4000 ppm Zn), referred to as talc:Zn, and a Zn-end-member talc 
sample, referred to as Zn-talc, were synthesized following the method of Decarreau 
(1983). Initial precipitates were prepared by reacting 50 mL of a starting solution of 
Zn(NO3)20.4H2O and Mg(NO3)20.6H2O with 200 mL of a 0.1 M Na2SiO4 solution 
and 10 mL of a 0.1 M HCl solution. The concentrations of the starting solutions were 
0.29 M Mg(NO3)20.6H2O + 0.01 M Zn(NO3)20.4H2O and 0.3 M Zn(NO3)20.4H2O for 
the talc:Zn, and Zn-talc samples, respectively. For each sample, the precipitate was 
then centrifuged, washed two times with deionized water (milli-Q) and air-dried. 
Air-dried precipitates were then suspended in deionized water at a concentration 
of 5 g/L and aged for 21 days at 200° C under vapor pressure in steel autoclaves 
coated with Tefl on. Following these procedures, the chemical composition of talc 
samples calculated from EPMA analyses are (Mg2.98Zn0.02)Si4O10(OH)2·nH2O and 
Zn3Si4O10(OH)2·nH2O, for talc:Zn and Zn-talc, respectively.

Phase purity of the natural and synthetic samples studied was checked by pow-
der X-ray diffraction (XRD), counting 20 s per 0.04° 2θ step in the 3° to 80° 2θ range 
on a Philips PW1730 diffractometer using CoKα radiation (40 kV, 30 mA). 

Prior to spectroscopic investigations, all samples were reacted for 2 h in a 0.4 
M HNO3 solution to remove any surface Zn species or any Zn ions incorporated 
in miscellaneous Fe- or Mn-oxides that could have been present as trace mineral 
impurities undetected by XRD. This treatment was followed by cation exchange 
with a 1 M CaCl2 solution for 2 h, to remove any possible Zn2+ ions sorbed by 
electrostatic forces onto mineral surfaces. After each treatment, solids were washed 
three times with 40 mL of deionized water (milli-Q) and centrifuged at 2800 g after 
each wash. The solids were then air-dried for spectroscopic investigations.

EXAFS spectroscopy
Zn K-edge EXAFS experiments were performed on wiggler beamline IV-3 

at the Stanford Synchrotron Radiation Laboratory (SSRL, California, U.S.A.) 
using a Si(220) double-crystal monochromator. A Pt-coated mirror was used for 
harmonic rejection above 10 keV. Data were recorded at temperatures of 10–20 
K in an Oxford Instruments liquid helium cryostat in the fl uorescence detection 
mode, using a Canberra high-throughput 13-element Ge array detector. The I0 ion 
chamber detector was fi lled with nitrogen gas. Samples were loaded in Tefl on 
sample holders covered with 0.25 mil thickness Kapton tape windows and dunked 
into liquid nitrogen prior to putting them into a sample cryostat. Slits before the 
monochromator were set at 2 mm vertically and 20 mm horizontally, and slits 
after the monochromator were set at 2 mm vertically and 10 mm horizontally so 
as to avoid the X-ray beam striking the cryostat windows and the sample holder. 
Energy was calibrated with a Zn metal foil placed after the second ion chamber, 
with the Zn K-edge infl ection point chosen to be 9659 eV. For the synthetic Zn-
talc and talc:Zn (4000 ppm Zn) samples, two and three scans of 30 min each were 
accumulated, respectively. For the biotite:Zn sample (800 ppm Zn), 20 scans of 
30 min each were accumulated. A Cu (3T) fi lter was used to attenuate elastic scat-
tering at the Zn K-edge for all samples. For the biotite:Zn sample, an additional 
three absorption length thickness V metal fi lter was used to attenuate high levels 
of Fe fl uorescence from the sample matrix.

Raw fl uorescence spectra were analyzed using standard procedures (see Juillot 
et al. 2003 for details). E0 was set at the edge of the infl ection point (i.e., at 9663 
± 1 eV) for all samples studied. In a fi rst step, the background contribution before 
the Zn K edge was simulated using a linear function and subtracted from each raw 
spectrum. In a second step, a spline function with external knots was removed 
from the post-edge part of each background-subtracted fl uorescence spectrum 
using the XAFS program (Winterer 1997). Each resulting EXAFS spectrum was 
then Fourier transformed from k space to real space to yield a radial distribution 
function (RDF) around the central Zn. A Kaiser window between about 2.5 and 12 
Å–1 with a Bessel weight of 2.5 was used for this latter operation.

Shell-by-shell fi tting
For each EXAFS spectrum, fi rst- and second-neighbor contributions in the 

RDF were back-transformed together by Fourier fi ltering to yield partial EXAFS 
spectra arising from these two contributions. Least-squares fi tting of these fi ltered 

TABLE 1. Chemical composition of the natural biotite sample studied 
 Biotite:Zn
(wt%)
SiO2 38.90
Al2O3 15.70
Fe2O3 9.74
MnO 0.26 
MgO 20.78
CaO 0.02 
Na2O 0.14 
K2O 10.40
TiO2 1.62 
P2O5 0.09 
L.O.I. 1.38 
     Total 99.0 
(mg/kg)
Zn 800 
Notes: Data from the Centre de Recherches Petrographiques et Geochimiques 
(CRPG Nancy, France). After fusion with LiBO2 followed by dissolution in HNO3, 
major elements and Zn concentrations were determined by ICP-AES and ICP-MS, 
respectively. L.O.I. = Loss On Ignition.
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k3-weighted EXAFS χ(k) functions was performed using the plane-wave formal-
ism with a Levenberg-Marquard minimization algorithm. Theoretical phase-shift 
and amplitude functions employed in this fi tting procedure were calculated using 
the ab-initio FEFF 8.10 code (Ankudinov et al. 1998). Zn-O, Zn-Mg, and Zn-Si 
phase-shift and amplitude functions were extracted from FEFF calculations on the 
talc structure [Mg3Si4O10(OH)2·nH2O, Perdikatsis and Burzlaff 1981] by substituting 
Zn for the central Mg atom.

FEFF calculations
Theoretical ab initio calculations of Zn K-edge EXAFS spectra for Zn in the 

octahedral sheet of trioctahedral phyllosilicates were performed with the FEFF 
8.10 computer code (Ankudinov et al. 1998) on atom clusters of 8 Å in radius, 
using neither a self-consistent potential nor full multiple-scattering calculations. 
Based on a trial-and-error approach, the criterion for retaining single-scattering 
(SS) paths (NLEG 2, i.e., a central Zn-neighbor path and its way back) and 
multiple-scattering (MS) paths (NLEG 3, i.e., a central Zn-neighbor 1 path, 
followed by a neighbor 1-neighbor 2 path and a neighbor 2-central Zn path, 
NLEG 4, NLEG 5, and NLEG 6) was fi nally reduced down to 1.5% (see FEFF 
8.10 documentation) to account for most of the MS paths which signifi cantly 
contribute to the EXAFS spectrum, and which were observed in the experimental 
data. MS paths with more than 6 legs (NLEG 6) were found to be negligible, 
and the total number of scattering paths was between approximately 500 and 
1200, depending on the mineral investigated. A Debye temperature of 400 K 
and an experimental temperature of 10 K were used as input parameters for all 
calculations and simulate well the attenuation factors observed in the experi-
mental spectra. All calculations were given a constant shift of +8 eV relative to 
the Fermi level to fi t experimental EXAFS spectra. By contrast to the classical 
shell-by-shell fi tting procedure described in the previous paragraph, the present 
ab initio FEFF calculations consisted in simulating the experimental data without 
any automatic fi tting procedure.

The atomic clusters were built using the structural parameters of Perdikatsis 
and Burzlaff (1981) for talc samples and those of Brigatti et al. (1991) for the 
biotite sample. For Zn-dilute samples (talc:Zn and biotite:Zn), a Zn-Mg6 cluster 
was constructed by replacing only the central Mg by Zn in the corresponding 
structure. This fi rst calculation was used to model Zn atoms isolated in the 
trioctahedral sheets. Other clusters based on the Zn-[Fe/Zn]xMg6-x formula were 
also considered to assess the effect of neighboring Fe/Zn around a central Zn 
ion within the trioctahedral sheets of the samples studied. For the Zn-rich talc 
sample (Zn-talc), all Mg positions were fi lled with Zn and a scaling factor of 
1.015 was applied to cell parameters to adjust Zn-neighbor distances found by 
shell-by-shell analyses to obtain the best agreement with experiment. This scaling 
factor refl ects slight local relaxation related to differences in ionic radii between 
Mg2+ and Zn2+ in octahedral coordination ( 0.720 and 0.745 Å, respectively; Shan-
non 1976). Final spectra for trioctahedral phyllosilicates were computed by a 
linear combination of 1/3 and 2/3 of the spectra calculated with the central Zn 
at M1 and M2 sites, respectively. Such a linear combination simulates a random 
distribution of Zn among the M1 and M2 sites. Other spectra were calculated 
with various models simulating preferential occupation of the M1 or M2 site by 
Zn and did not signifi cantly differ from those obtained with the random model. 
As a consequence, the random Zn model was chosen to investigate the infl uence 
of local Zn concentration on the experimental EXAFS spectra of the studied 
trioctahedral phyllosilicates.

Ab initio calculations of Zn K-edge EXAFS spectra for Zn2+ ions located in 
the octahedral sheet of the talc structure, before and after its transformation to 
a proxy for a M1-vacant dioctahedral 2:1 structure, were also performed using 
either SS or MS paths. Results of these calculations were used to demonstrate 
the usefulness of EXAFS spectroscopy to distinguish between incorporation 
of Zn2+ ions within the octahedral sheets of di- or trioctahedral phyllosilicates. 
The progressive transformation of the talc structure to a proxy for a M1-vacant 
dioctahedral 2:1 phyllosilicate during these calculations was done as follows. 
First, a FEFF fi le was generated with the ATOMS code using the structure of talc 
(Perdikatsis and Burzlaff 1981), with Mg at one of the two equivalent M2 sites 
as the central atom. The central Mg was replaced by Zn in the FEFF input fi le. 
This FEFF fi le was then hand-transformed from a trioctahedral to a dioctahedral 
confi guration by removing all of the octahedral cations located in the M1 sites. 
This resulted in a proxy for a M1-vacant dioctahedral 2:1 structure, i.e., a Zn-
Mg3 cluster, which is reported to be the most probable confi guration for illite, 
for instance (Drits et al. 1998; Sainz-Diaz et al. 2001). Remaining Mg atoms 
were then replaced by Al to yield a Zn-Al3 cluster, which is more relevant for 
simulating Zn incorporation within a dioctahedral 2:1 phyllosilicate.

RESULTS

Shell-by-shell fi tting

The k3-weighted Zn K-edge EXAFS data of the three samples 
studied are presented in Figure 1A, their corresponding radial 
distribution functions (RDFs) are shown in Figure 1B, and results 
of the shell-by-shell fi tting are shown in Figure 1C. These results 
are consistent with structural models in which Zn2+ cations are 
incorporated in the octahedral sheets of the studied 2:1 phyl-
losilicates. In each phyllosilicate sample investigated, Zn is 
sixfold-coordinated by oxygen with an average Zn-O distance 
of 2.08 ± 0.02 Å (Table 2). The second-neighbor shell consists 
of a Zn-Mg contribution at 3.00 ± 0.04 Å, corresponding to 
edge-sharing octahedra within the trioctahedral sheets, and a 
Zn-Si contribution at 3.22 to 3.29 ± 0.04 Å, corresponding to 
corner-sharing Zn(OH)6 octahedra and SiO4 tetrahedra.

The number of second-neighbors around Zn obtained from 
the EXAFS fi tting is systematically smaller than the theoretical 
values (Table 2) because of phase cancellations, which are classi-
cally observed in the EXAFS spectra of phyllosilicates (Bonnin et 
al. 1985; Manceau and Calas 1985; Manceau et al. 1988). Indeed, 
the contribution of the Zn-Mg pair correlation at 3.0 ± 0.04 Å 
to the EXAFS spectrum is out-of-phase with that of the Zn-Si 
pair correlation at 3.3 ± 0.04 Å (Fig. 2a). As a consequence, the 
number of both Mg and Si second-neighbors is underestimated. 
The number of Mg second-neighbors is only 2.5 (instead of 6) 
in the trioctahedral sheets of talc:Zn. Likewise, the number of 
Si second-neighbors is 0.5 (instead of 4) in talc:Zn. The cancel-
lation effects are very strong in the case of talc:Zn due to the 
presence of 6 Mg second-neighbors which cause cancellation of 
the EXAFS signal arising from the 4 Si second-neighbors. For 
the biotite:Zn sample, which contains approximately 1 Fe and 5 
Mg per unit cell, the contribution from the Zn-Fe pair correlations 
is out-of phase with that of the Zn-Mg pair correlation (Fig. 2b). 
As a consequence, the EXAFS signal arising from 5 Mg second-
neighbors is cancelled by the EXAFS signal arising from the 1 
Fe, and a good fi t is obtained with only 2.3 Mg instead of the 5 
and 1.7 Si instead of 4.

FEFF calculations

Infl uence of the nature (single vs. multiple) of the scat-
tering paths. Figures 3, 4, and 5 compare the results of FEFF 

TABLE 2.  Structural data on the local environment of Zn in the 
natural and synthetic trioctahedral phyllosilicates samples 
studied

 First shell (Zn-O)  Second shell (Zn-Cation)
 R (Å)  N σ (Å) R (Å)  N σ (Å) ∆E0(eV)
Zn-talc 2.08 4.6 0.07 3.11 4.8 Zn 0.07  3.0
    3.32 3.3 Si 0.07

Talc:Zn 2.08 4.3 0.07 3.03 2.5 Mg 0.04  5.6
    3.26 0.5 Si 0.04

Biotite:Zn 2.08 5.3 0.08 3.03 2.3 Mg 0.05  4.1
    3.29 1.7 Si 0.05 
Notes: The data were obtained from shell-by-shell analysis of the EXAFS data. N 
is the EXAFS-derived coordination number (accuracy of ±20% for undistorted 
1st-neighbors shell), R is the interatomic distance (accuracy of ± 0.02 Å for the 
average Zn-O distance and ± 0.04 Å for Zn-Cation distances), and σ (Å) is the 
Debye Waller factor. ∆E0 

(eV) values are referenced to metallic Zn.
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calculations with experimental EXAFS data from Zn-talc, talc:
Zn, and biotite:Zn, respectively. Good matches are obtained for 
the three EXAFS spectra and RDFs, provided that appropriate 
multiple-scattering paths are accounted for.

For talc:Zn and biotite:Zn, the agreement between experi-
mental and calculated spectra supports the proposed struc-
tural model in which Zn2+ cations randomly occupy M1 and 
M2 sites within the trioctahedral sheets. The EXAFS spectra of 
Zn-dilute trioctahedral samples (talc:Zn and biotite:Zn) exhibit 
more detailed features, but with lower magnitude than that of 
Zn-talc end-member (Figs. 3A, 4A, and 5A). A dramatic increase 
of the second-neighbor contribution in the RDF (peak B), and 
the disappearance of the third, fourth, and seventh peaks (re-
ferred to as peaks C, D, and G in the RDF of talc:Zn and biotite:
Zn) are observed in going from Zn-dilute trioctahedral samples 
(talc:Zn and biotite:Zn) to the Zn-talc end-member (Figs. 3B, 4B, 
and 5B). In addition, peak F occurs at a shorter distance for talc:
Zn and biotite:Zn than for Zn-talc. Based on FEFF calculations, 
these complex spectral features can be assigned to single-
scattering (SS) and multiple-scattering (MS) paths between 
the central Zn2+ and its surrounding second-neighbor cations 
within the octahedral sheet and between the octahedral and 
tetrahedral sheets. These features are detailed in Table 3 and 
are discussed below.

Zn-talc end-member: FEFF calculations for Zn-talc (Fig. 
3B, Table 3), indicate that peak A arises from Zn-O SS paths 
within the Zn(O,OH)6 octahedra. Peak B arises mainly from 
Zn-Zn SS paths between edge-sharing Zn(O,OH)6 octahedra, 
which are reinforced by in-phase Zn-Si SS paths between cor-
ner-sharing Zn(O,OH)6 octahedra and SiO4 tetrahedra from the 
associated siloxane cavity (Fig. 2B). A small contribution from a 
long Zn-O SS path (3.40 Å) between corner-sharing Zn(O,OH)6 

octahedra and the two nearest SiO4 tetrahedra from the associ-
ated siloxane cavity is also related to this peak (Table 3). Peak 
E is due to Zn-Zn SS paths between non-adjacent Zn(O,OH)6 

octahedra within the sheet. Comparing NLEG 3 and NLEG 2 
calculations clearly shows that SS paths dominate the contribu-

2 3 4 5 6 7 8 9 10 11 12

k3
χ(

k)

k (Å-1)

10

c

b

a

A

0 1 2 3 4 5 6 7 8 9 10

F
T

R+² (Å)

20

c

b

a

B

2 3 4 5 6 7 8 9 10 11 12

T
F

-1
 k

3 χ
(k

)

k (Å-1)

8

c

b

a

C

FIGURE 1. Zn K-edge k3χ(k) functions, RDFs and EXAFS fi ts of (Aa, Ba, Ca) Zn-talc end-member, Zn3Si4O10(OH)2·nH2O; (Ab, Bb, Cb) 
Zn-dilute talc containing ≈ 4000 ppm Zn, (Mg2.98Zn0.02) Si4O10(OH)2·nH2O and (Ac, Bc, Cc) biotite:Zn containing 800 ppm Zn, K0.95Na0.02 (Mg2.21

Fe0.52Al0.10Ti0.09Mn0.02Zn0.005)(Si2.78Al1.22)O10(OH)2·nH2O. Fits were performed on the Inverse Fourier Transform of the two fi rst shells of the RDFs 
(solid lines = experimental; dotted lines = calculated).

TABLE 3.  Major SS and MS paths (in angstroms) contributing to 
the diff erent peaks on the RDFs of natural and synthetic 
trioctahedral phyllosilicates samples studied

 Zn-Talc Talc:Zn Biotite:Zn
Peak A Zn-O @ 2.05 Zn-O @ 2.05 Zn-O @ 2.05

 Zn-Zn @ 3.10 Zn-Mg @ 3.05 Zn-Mg/Fe @ 3.05
 Zn-Si @ 3.30 Zn-Si @ 3.25 Zn-Si @ 3.25
Peak B Zn-O @ 3.40* Zn-O @ 3.35* Zn-O @ 3.40*
  Zn-O-Si @ 3.50 Zn-O-Si @ 3.50
  Zn-O-Mg @ 3.55 Zn-O-Mg/Fe @ 3.60

  Zn-O @ 3.70 Zn-O @ 3.70
Peak C  Zn-O @ 4.05 Zn-O-O @ 4.10
  Zn-O-O @ 4.10 Zn-O @ 4.15
  Zn-O-O @ 4.40 Zn-O-O @ 4.35

  Zn-Si @ 4.45 Zn-Si @ 4.50
Peak D  Zn-O-Si @ 4.45 Zn-O-Si @ 4.65
  Zn-O @ 4.55 Zn-O-O @ 4.60
  Zn-O-O @ 4.60 Zn-O @ 4.70

Peak E Zn-Zn @ 5.35  

 Zn-Zn @ 6.20 Zn-Si-O @ 6.00 Zn-Mg-Mg @ 6.10
Peak F Zn-Zn-Zn @ 6.20 Zn-Mg-Mg @ 6.10 Zn-Mg-Mg-Mg @ 6.10
 Zn-Zn-Zn-Zn @ 6.20 Zn-Mg-Mg-Mg @ 6.10 Zn-O-Si @ 6.15

  Zn-O @ 6.75  Zn-O-O @ 6.75
Peak G  Zn-O-O @ 6.75 Zn-O-K @ 6.80
   Zn-K @ 6.80*
   Zn-Si-K @ 6.85
Note: All paths, except those labeled with a star, are mean paths between two 
or more similar paths within a range of 0.2 Å.
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tions to these three RDF peaks (Figs. 3Bc and 3Bd, Table 3). 
Peak F also includes a small contribution from Zn-Zn SS paths 
between non-adjacent Zn(O,OH)6 octahedra, but “3-leg” Zn-
Zn-Zn and “4-leg” Zn-Zn-Zn-Zn focusing MS paths between 
collinear edge-sharing Zn(O,OH)6 octahedra mainly contribute 
to its magnitude (Table 3).

Zn-dilute talc: For talc:Zn (Fig. 4B, Table 3), peak A arises 
from Zn-O SS paths within Zn(O,OH)6 octahedra. Peak B is 
located at a shorter apparent distance than for Zn-talc because 
of the larger phase-shift for the Zn-Mg pair than for the Zn-Zn 
pair. The NLEG 2 calculation shows that half of the magnitude 
of this peak arises from the combination of Zn-Mg SS paths be-
tween edge-sharing Zn(O,OH)6 and Mg(O,OH)6 octahedra with 
out-of-phase Zn-Si SS paths between corner-sharing Zn(O,OH)6 
octahedra and the two nearest SiO4 tetrahedra from the associ-
ated siloxane cavity. A long Zn-O SS path (3.35 Å) between the 
corner-sharing Zn(O,OH)6 octahedra and the two nearest SiO4 
tetrahedra from the associated siloxane cavity also contributes 
to this peak (Table 3). The NLEG 3 calculation shows that the 
other half of the magnitude of peak B comes mainly from Zn-O-
Mg MS paths between edge-sharing Zn(O,OH)6 and Mg(O,OH)6 

octahedra, and Zn-O-Si MS paths between corner-sharing 
Zn(O,OH)6 octahedra and SiO4 tetrahedra defi ning the associated 

siloxane cavity(Table 3). Peaks C and D both arise from “3-leg” 
Zn-O-O MS contributions between edge-sharing Zn(O,OH)6 and 
Mg(O,OH)6 octahedra, and Zn-O-Si MS contributions between 
corner-sharing Zn(O,OH)6 octahedra and SiO4 tetrahedra from 
the associated siloxane cavity. However, the main contributors to 
these peaks are long Zn-O (up to 4.55 Å) and Zn-Si (up to 4.45 
Å) SS paths between Zn(O,OH)6 octahedra and SiO4 tetrahedra 
from the associated siloxane cavity (Table 3). Peak F arises 
primarily from “3-leg” Zn-Mg-Mg and “4-leg” Zn-Mg-Mg-Mg 
MS focusing paths between collinear edge-sharing Zn(O,OH)6 
and Mg(O,OH)6 octahedra. At such long distances, the contribu-
tion from Zn-Mg SS paths from non-adjacent Zn(O,OH)6 and 
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FIGURE 2. FEFF calculated partial Zn K-edge k3χ(k) functions for 
(a) Zn-Si and Zn-Mg paths in talc:Zn, and (b) Zn-Fe and Zn-Mg paths 
in biotite:Zn.
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Mg(O,OH)6 octahedra is negligible compared to that of Zn-Zn 
SS paths found in Zn-talc. Peak G comes from both Zn-O SS 
paths between Zn(O,OH)6 octahedra and SiO4 tetrahedra from 
the associated siloxane cavity, and “3-leg” Zn-O-O, “4-leg” 
Zn-O-O-O, and “5-leg” Zn-O-Zn-O-O MS paths, either within 
Zn(O,OH)6 octahedra or between Zn(O,OH)6 octahedra and SiO4 
tetrahedra from the associated siloxane cavity.

Zn-dilute biotite: For biotite:Zn (Figs. 5A and 5B, Table 
3), FEFF calculations indicate that the positions of all features 
observed in the experimental EXAFS spectrum and in the cor-
responding RDF could be reproduced with SS paths, but that MS 
paths were necessary to obtain their correct relative amplitudes. 
Assignment of the RDF peak is similar to that in talc:Zn. Peak A 
in the RDF is related to short Zn-O SS paths within Zn(O,OH)6 
octahedra. SS paths related to peak B are mainly Zn-Mg, Zn-Fe, 
Zn-Si, and long Zn-O (3.40 Å) SS paths between edge-shar-
ing Zn(O,OH)6 and Mg(O,OH)6 octahedra and corner-sharing 
Zn(O,OH)6 octahedra and the two nearest SiO4 tetrahedra from 
the associated siloxane cavity (Table 3). This peak also comes 
from Zn-O-Mg MS paths between edge-sharing Zn(O,OH)6 
and Mg(O,OH)6 octahedra, and to Zn-O-Si MS paths between 
corner-sharing Zn(O,OH)6 octahedra and the two nearest SiO4 
tetrahedra from the associated siloxane cavity (Table 3). Peaks 
C and D arise mainly from long Zn-O (up to 4.70 Å) and Zn-Si 
(up to 4.50 Å) SS paths between corner-sharing Zn(O,OH)6 oc-
tahedra and SiO4 tetrahedra from the associated siloxane cavity 
(Table 3). As for Talc:Zn, “3-leg” Zn-O-O MS paths between 
edge-sharing Zn(O,OH)6 and Mg(O,OH)6 octahedra and Zn-
O-Si MS paths between corner-sharing Zn(O,OH)6 octahedra 
and SiO4 tetrahedra also contribute to this peak (Table 3). Peak 
F arises from “3-leg” Zn-Mg-Mg and “4-leg” Zn-Mg-Mg-Mg 
focusing MS paths between collinear edge-sharing Zn(O,OH)6 
and Mg(O,OH)6 octahedra. Peak G is related to both Zn-O SS 
paths between Zn(O,OH)6 octahedra and SiO4 tetrahedra from 

the associated siloxane cavity, and “3-leg” Zn-O-O, “4-leg” 
Zn-O-O-O, and “5-leg” Zn-O-Zn-O-O MS paths, either within 
Zn(O,OH)6 octahedra or between Zn(O,OH)6 octahedra and SiO4 
tetrahedra from the associated siloxane cavity. In contrast with 
talc:Zn, additional Zn-K SS paths, and “3-leg” Zn-Si-K and Zn-
O-K MS paths including K ions in the interlayer position also 
contribute to peak G (Table 3).

Infl uence of the nature (light vs. heavy) of the cations 
occupying the second-neighbor shell around Zn2+ ions. FEFF 
calculations with the central Zn2+ ion surrounded by Mg2+ cations 
or by a mixture of Mg2+ and Zn2+/Fe2+ cations in the trioacthedral 
sheets of Zn-dilute talc and biotite samples indicate that the k 
region in the Zn EXAFS spectrum between 7 and 9 Å–1 is very 
sensitive to the composition of the second-neighbor shell around 
a central Zn (Figs. 6 and 7). The same observation was made 
by Scheinost and Sparks (2000), who applied the FEFF 7.02 
code to distinguish among Ni/Al-LDH, layered Ni hydroxide, 
and Ni-containing phyllosilicates. Because of this sensitivity, 
FEFF calculations can be used to assess the number and types 
of Zn second-neighbor cations within the octahedral sheets of 
the phyllosilicates studied.

Zn-dilute talc: In the synthetic talc:Zn sample, comparison of 
FEFF-calculated and experimental EXAFS spectra showed that 
the EXAFS spectrum calculated with only second-neighbor Mg2+ 

cations around a central Zn is a good match with the experimental 
spectrum (Figs. 6a and 6b). FEFF calculations assuming one or 
more Zn2+ ions in the second-neighbor shell did not reproduce 
the experimental EXAFS spectrum, as illustrated in Figures 6c 
and 6d for Zn-Zn1Mg5, and Zn-Zn2Mg4 clusters.

Zn-dilute biotite: In the natural biotite:Zn sample, a FEFF 
calculation based on a Zn-Mg6 cluster matches the experimental 
spectrum of biotite:Zn reasonably well, but it failed to accurately 
reproduce the relative amplitudes of the features in the k-range 
7–9 Å–1 (Figs. 5A and 7b). In contrast, a calculation including 
one Fe/Zn in the second-neighbor shell around a central Zn [i.e., 
a Zn-(Fe/Zn)1Mg5 cluster] yielded the correct relative amplitudes 
of the features in the k-range 7–9 Å–1 (Fig. 7c). Adding more than 
one Fe/Zn in this shell yields changes in the calculated EXAFS 
spectrum that do not agree with the experimental spectrum, as 
is shown for a Zn-(Fe/Zn)2Mg4 cluster (Fig. 7d). Because Fe and 
Zn have similar electron backscattering amplitudes, distinction 
between these two cations is not possible with EXAFS spec-
troscopy in this case.

Infl uence of the nature (di- vs. tri-) of the octahedral sheet. 
Figures 8A and 8B compare the RDFs of FEFF calculations for 
Zn2+ ions incorporated within the octahedral sheet of a Zn-dilute 
talc, before and after its transformation to a proxy for a M1-va-
cant dioctahedral 2:1 structure, with experimental EXAFS data 
from trioctahedral talc:Zn. A good match is obtained between 
calculation and experiment only with the initial trioctahedral 
structure and when appropriate MS paths are accounted for 
(Figs. 8Ab and 8Ac). If the talc structure is transformed to a 
proxy for the M1-vacant dioctahedral structure , FEFF calcula-
tions cannot reproduce peak F, and the intensity of peak B is 
strongly decreased, even when MS paths are considered (Figs. 
8Bb and 8Bc). These results are in agreement with the fact that 
peak F arises from a combination of “3-leg” Zn-Mg-Mg and 
“4-leg” Zn-Mg-Mg-Mg MS focusing paths between collinear 
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edge-sharing Zn(O,OH)6 and Mg(O,OH)6 octahedra. When M1 
cations are removed from the initial trioctahedral talc structure 
to yield a proxy for a M1-vacant dioctahedral 2:1 structure, 
such MS processes can no longer occur, and peak F does not 
appear in the FT of the EXAFS data. Peak G is observed in the 
FEFF-calculated RDfs with the talc structure transformed to a 
proxy for a M1-vacant dioctahedral 2:1 structure because MS 
paths related to this peak occur between Zn(O,OH)6 octahedra 
and SiO4 tetrahedra from the associated siloxane cavity and thus 
are not dependent on the focusing effect.

DISCUSSION

Comparison of experimental and FEFF-calculated Zn EXAFS 
spectra of the phyllosilicates considered in this study allowed 
us to distinguish between possible atomic models of the local 
environment of Zn2+ ions, including the local concentration of 
this element and the nature (di- or tri-) of the octahedral sheets. 
We fi rst discuss changes in the EXAFS spectra of synthetic talc 
and natural biotite samples with respect to Zn concentration in 
the trioctahedral sheets. This is followed by a discussion of the 
distribution of Zn in trioctahedral sheets of these phyllosilicates. 
Finally, the infl uence of the nature (di- or tri-) of the octahedral 
sheets on the EXAFS spectra is discussed based on a comparison 
of FEFF calculations for tri- and dioctahedral sheets.

Effect of Zn concentration on the EXAFS spectrum of Zn2+ 

in the octahedral sheets of trioctahedral 2/1 phyllosilicates

Differences between the EXAFS spectra of the Zn-dilute 
trioctahedral samples (talc:Zn and biotite:Zn) and that of the 
Zn-talc end-member refl ect changes in local Zn concentration, 
which are expected from the different total Zn concentrations 
in the three samples. Several peaks in the RDFs can be used 
to distinguish between high and low Zn concentrations in the 
local vicinity of the central Zn atom probed by EXAFS (Figs. 
3, 4, and 5). Peak B is the most sensitive to Zn concentration 
because of the large contribution of SS paths between adjacent 
Zn(O,OH)6 octahedra in the Zn-talc end-member, or between 
adjacent Zn(O,OH)6 and Mg(O,OH)6 octahedra in the Zn-dilute 
samples (talc:Zn and biotite:Zn). Because of the higher electron 
backscattering amplitude of Zn compared to Mg, the larger the 
number of Zn2+ cations in the trioctahedral sheets, the higher 
the magnitude of this peak. Peaks C and D are only observed in 
the RDF of the Zn-dilute samples (talc:Zn and biotite:Zn). As 
discussed earlier, these peaks are mainly due to long Zn-O and 
Zn-Si SS paths between corner sharing Zn(O,OH)6 octahedra 
and SiO4 tetrahedra. These paths are not clearly observed in the 
RDF of Zn-talc end-member mainly because their contribution 
is small with respect to that of the strong Zn-Zn contributions 
from adjacent octahedra.
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Local distribution of Zn2+ ions in the octahedral sheet of 
Zn-dilute trioctahedral 2/1 phyllosilicates

The distribution of cations within the octahedral sheets of 
phyllosilicates can be assessed by comparing their average sec-
ond-neighbor environment derived from EXAFS analysis with 
the average environment calculated from the structural formula 
assuming a random distribution. Observed deviations from a 
random distribution indicate either clustering or maximum sepa-
ration of cations. Considering a random distribution of a cation 
M, the probability of fi nding various local cluster confi gurations 
can be assessed by a binomial law of the following form:

Pk = Cn
k xk (1-x)n-k    (1)

where Pk, n, and x are, respectively, the probability of fi nding 
k M cations adjacent to a central atom, the number of adjacent 
sites, and the concentration of the M cation with respect to the 
total number of sites (e.g., x = number of M per cell/Σ number 
of octahedral cations per cell). Using this formalism, we can 
examine the relative distribution of Zn with respect to Mg, Al, 
and Fe within the octahedral sheets of the samples studied, as 
discussed below.

Zn-dilute biotite. In the synthetic biotite:Zn sample, where 
Zn is present at a minor level (800 ppm Zn), the binomial law 
can be applied to assess the Zn local environment in the case of 
a random distribution of this element over all octahedral sites. 

Assuming such a random distribution, the low Zn concentration 
(800 ppm wt. Zn; xZn = 0.0017) in the biotite:Zn sample yields 
a very low probability (1 – Pk=0 = 0.01) of fi nding adjacent Zn 
(pairs + trimers + others) around a central Zn, according to Equa-
tion 1. However, the signifi cant Fe concentration of biotite:Zn 
[chemical formulae derived from EPMA is K0.95Na0.02(Mg2.21Fe0.52 

Al0.10Ti0.09Mn0.02Zn0.005)(Si2.78Al1.22)O10(OH)2·nH2O] indicates 
that an average of one Fe and fi ve Mg should be found in the 
second-neighbor shell around a central Zn, unless Fe and Zn 
concentrate in separate areas.

FEFF calculations indicate that each central Zn has, on 
average, one Fe/Zn atom within its second-neighbor shell 
(Fig. 7). Adding more than one Fe/Zn in this second-neighbor 
shell yields changes in the calculated EXAFS spectrum that 
do not agree with the experimental data. This EXAFS result 
can be interpreted as being due to either a “random” or an 
“ordered” distribution of Zn, depending on the distribution 
of Fe. If Fe is randomly distributed over the octahedral sheets, 
results of FEFF calculations indicate that Zn is also randomly 
distributed over all octahedral sites, and the transition element 
within the second-neighbor shell around central Zn is Fe. If Fe 
concentrates in specifi c areas, Zn might be either segregated 
in Zn-rich clusters within Fe-poor zones or randomly distrib-
uted over all octahedral sites, including Fe-rich and Fe-poor 
regions. The uncertainty about the local distribution of Zn in 
this Fe-rich biotite sample comes from the fact that Fe and 
Zn cannot be distinguished by EXAFS spectroscopy because 
they have similar electron backscattering amplitudes. A fi rst 
attempt using FTIR in the OH-stretching region to try to assess 
the distribution of Fe within the octahedral sheets of the Zn-
dilute biotite sample was not successful because of the lack 
of appropriate reference spectra in the literature; further FTIR 
analyses are in progress.

Zn-dilute talc. As for natural biotite:Zn, the binomial law 
can also be used to predict the local environment of Zn in the 
case of a random distribution of Zn over all octahedral sites of 
the synthetic talc:Zn sample (4000 ppm Zn). According to Equa-
tion 1 and considering the Zn concentration (4000 mg/kg) which 
yields a xZn value of 0.0067, the probability of fi nding adjacent 
Zn (pairs + trimers + others) around a central Zn is 1-Pk=0 = 
0.04. This value indicates that if Zn is randomly distributed in 
the trioctahedral sheets of talc:Zn, 96% of the Zn2+ ions should 
be surrounded by 6 Mg atoms in the second-neighbor shell. 
FEFF calculations indicated that a Zn-Mg6 cluster better fi ts the 
experimental spectrum than Zn-ZnxMg6-x clusters (Fig. 6). This 
result demonstrates that Zn is surrounded dominantly by Mg 
and that little if any Zn occurs within the second-neighbor shell 
of an average Zn2+ ion in talc:Zn. This conclusion is consistent 
with a random distribution of Zn in this sample, according to 
the binomial law.

The good match between experimental Zn K-edge EXAFS 
spectra of the synthetic Zn-dilute talc samples and ab-initio 
FEFF-calculated EXAFS spectra for model clusters based on a 
random distribution of Zn demonstrates that a few thousand ppm 
of Zn can be randomly incorporated in the octahedral sheets of 
trioctahedral phyllosilicates. To the best of our knowledge, no 
other data are available that constrain the local distribution of 
Zn in clay minerals. However, our results can be discussed in 
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light of several FTIR and EXAFS studies carried out on other 
elements such as Fe and Ni. In a recent ATR-FTIR study, Petit 
et al. (2004) found evidence for a random distribution of Fe in 
natural talc samples at Fe concentrations ranging from 15 to 0.35 
wt% Fe2O3, with the lowest concentration sample being similar 
to that of Zn in our talc:Zn sample. However, our results contrast 
with previous investigations of Manceau (1990) and Manceau 
et al. (1990) who concluded that Ni or Fe segregated within the 
trioctahedral sheets of Ni- or Fe-phyllosilicates. The differences 
between our results for dilute Zn-phyllosilicates and those of 
Manceau and co-workers for Ni- and Fe-phyllosilicates could be 
related to differences in concentration of the divalent cations in 
the phyllosilicates studied. Indeed, the lowest Ni/(Ni + Mg) and 
Fe/(Fe + Mg) ratios explored in the studies of Manceau (1990) 
and Manceau et al. (1990) were 0.04 and 0.06, respectively. These 
ratios are much higher than the Zn/(Zn + Mg) ratio of 0.007 in 
the most concentrated of our Zn-dilute trioctahedral sample (talc:
Zn), which suggests that divalent cations could be randomly 
distributed in the trioctahedral sheets of phyllosilicates below a 
threshold concentration, whereas they would segregate within 
these sheets above this concentration. However, the results of 
Petit et al. (2004), which indicate a random distribution of Fe 
within the trioctahedral sheets of natural talc samples, are also 
applicable for higher Fe/(Fe + Mg) ratios (0.27) than those of 
Manceau and co-workers. This difference relative to previous 
studies emphasizes the fact that other factors in addition to the 
M/(M + Mg) ratio, especially the temperature of formation, are 
expected to have a signifi cant infl uence on the local distribution 
of cations within the octahedral sheet of clay minerals.

Further work should be undertaken to explore the rela-
tive importance of the nature of the cations, the total cation 
concentration, and the temperature of synthesis on the dis-
tribution of divalent cations within octahedral sheets of trioc-
tahedral phyllosilicates, and to determine the impact of these 
distributions on thermodynamic properties. The FEFF-based 
approach to EXAFS data analysis used in this study could be 
very useful for such future studies.

Comparison of EXAFS signals arising from Zn2+ ions in 
Zn-dilute di- or trioctahedral sheets of 2/1 phyllosilicates

The main difference between the EXAFS data for Zn2+ ions 
in the octahedral sheet of Zn-dilute di- and trioctahedral phyl-
losilicates is the absence of MS peaks around 6 Å in the RDF 
of dioctahedral phyllosilicates (Figs. 8A and 8B). This differ-
ence is due to the fact that vacancies in the dioctahedral sheets 
hinder the MS focusing effects responsible for these peaks in 
the trioctahedral sheets, as illustrated by FEFF calculations 
performed on the trioctahedral talc structure, before and after 
its transformation to a proxy for a M1-vacant dioctahedral one. 
This relative importance of MS vs. SS paths contributing to the 
EXAFS signal of Zn at trace levels in the octahedral sheets of 
phyllosilicates allows a relatively clear distinction between Zn 
incorporation within di- or trioctahedral sheets.

The relationship between the peaks around 6 Å in the RDF 
values of trioctahedral layered minerals and MS paths between 
collinear edge-sharing M(O,OH)6 octahedra was previously 
pointed out by O’Day et al. (1994) in Co-layered double hy-
droxide (Co-LDH) after Co sorption onto kaolinite edge sites 

(followed by partial dissolution of the kaolinite and co-precipita-
tion of Co-LDH), by Manceau et al. (2000) for Fe in nontronite, 
and by Trainor et al. (2000) in Zn-LDH after Zn sorption onto 
the α-Al2O3 surface (followed by partial dissolution of alumina 
and co-precipitation of Zn-LDH). However, in contrast with 
these previous studies, where the main M cation in collinear 
edge-sharing M(O,OH)6 octahedra responsible for these MS 
peaks was Co, Fe, or Zn (i.e., a transition element with strong 
electron backscattering amplitude), our FEFF analysis based 
on the structure of trioctahedral talc and biotite indicates that 
these MS peaks can also be observed when the backscattering 
M cation in collinear edge-sharing M(O,OH)6 octahedra is a light 
element (i.e., Mg). These MS peaks should therefore be observed 
in dilute phyllosilicate samples, assuming the concentration of 
M cation is suffi cient to be detected by electron backscattering 
in the EXAFS spectrum.

Based on these results, it should be possible to use the 
occurrence or absence of MS peaks around 6 Å in the RDFs of 
dilute, or concentrated, phyllosilicates to unambiguously dis-
tinguish between M cation incorporation within dioctahedral 
or trioctahedral sheets of phyllosilicates. This conclusion is a 
very useful one for studies of contaminated samples contain-
ing phyllosilicates or other layered minerals with dilute levels 
of potentially toxic fi rst-row transition elements (i.e., Co, Ni, and 
Cu) in which EXAFS MS focusing effects are operative.
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