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Abstract X-ray absorption spectroscopy at the Mg

K-edge is used to obtain information on magnesium envi-

ronment in minerals, silicate and alumino-silicate glasses.

First-principles XANES calculations are performed for

minerals using a plane-wave density functional formalism

with core-hole effects treated in a supercell approach. The

good agreement obtained between experimental and theo-

retical spectra provides useful information to interpret the

spectral features. With the help of calculation, the position

of the first peak of XANES spectra is related to both

coordination and polyhedron distortion changes. In

alumino-silicate glasses, magnesium is found to be mainly

5-fold coordinated to oxygen whatever the aluminum

saturation index value. In silicate glasses, magnesium

coordination increases from 4 in Cs-, Rb- and K-bearing

glasses to 5 in Na- and Li-bearing glasses but remains

equal as the polymerization degree of the glass varies. The

variation of the C feature (position and intensity) is

strongly related to the alkali type providing information on

the medium range order.

Keywords Magnesium � X-ray absorption spectroscopy �
XANES � Ab initio calculation � Minerals � Glasses

Introduction

Magnesium is a major element of most natural compounds

and can be as abundant as silica in undifferentiated prim-

itive magmas. It has thus probably played an important role

in the differentiation of the primitive Earth. At lower

concentration, magnesium modifies glass properties as

viscosity, glass transition temperature (Dingwell 1995) or

the transmission window of light in car windows (Lefrère

2002). Concerning the durability properties, it has been

found that the weathering rate of nuclear waste glasses is

significantly increased when Mg is present (Curti 2003).

However, in silicate glasses containing sodium and alkaline

earth, Ca2? and Mg2? do not decrease the glass durability,

unlike other alkaline earth (Koenderink et al. 2000).

Despite this similarity, experimental studies have evi-

denced distinct behaviors for the two cations. For instance,

the substitution of Na? by Ca2? in silicate glasses leads to

a linear variation of the glass transition temperature, unlike

the substitution by Mg2? (Branda et al. 1983). In bioactive

glasses, magnesium seems to play a fundamental role in

growth and dissolution of apatite crystals (Jallot 2003). The

complete understanding of the effect of magnesium on

these properties necessitates a precise knowledge of the

structural environment of magnesium in glasses and of the

competition between cations.

Despite its geochemical and technological importance,

the environment of magnesium has been slightly studied
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due to both the refractory character of the concerned sys-

tems and technical difficulties to obtain reliable signals.

The structural environment of magnesium in minerals,

silicate melts and glasses has been investigated by different

spectrocopies, such as 25Mg magic angle spinning nuclear

magnetic resonance (MAS NMR) which predicts four-,

five- and six-fold coordinated Mg in various glass com-

positions (Fiske and Stebbins 1994; George and Stebbins

1998; Kroeker and Stebbins 2000), neutron and X-ray

diffraction that revealed five-fold coordinated Mg in

Mg2SiO4 and Mg2Si2O6 glasses (Wilding et al. 2004) and

in the MgO–Al2O3–SiO2 glass system (Guignard and

Cormier 2008). Besides these experimental methods,

molecular dynamics (MD) simulations lead to four-fold

and five-fold Mg in a MgSiO3 glass (Kubicki and Lasaga

1991), and more recently Reverse Monte-Carlo calcula-

tions (Guignard and Cormier 2008) and molecular

dynamics simulations (Guillot and Sator 2007) have con-

firmed the presence of five-fold Mg in alumino-silicate

glasses.

XANES spectroscopy is a promising technique in order

to investigate the structural environment of magnesium in

silicate glasses, thanks to its chemical selectivity. As

shown by multiple scattering calculations performed at the

Mg K-edge in minerals (Cabaret et al. 1998; Wu et al.

2004), it is sensitive to local and medium range order up to

about 7 Å around Mg. Moreover, this spectroscopy does

not required specific sample preparation contrary to MAS

NMR which requires 25Mg isotope enrichment. However,

Mg K-edge absorption studies are not so frequent in the

literature, notably because of the technical difficulty of

obtaining synchrotron beams with sufficient brilliance and

monochromaticity in the 1,300–1,400 eV energy range

where the Mg K-edge occurs (the 1s binding energy of Mg

in its natural form is 1,303 eV (Thompson et al. 2001)). Mg

K-edge XANES spectrocopy has been used in oxide and

silicate minerals in order to define the fingerprint of the Mg

coordination number on the spectra (Brown et al. 1995;

Ildefonse et al. 1995; Andrault et al. 1998; Li et al. 1999).

Mg K-edge XANES have been also carried out in pyrox-

enes (Cabaret et al. 1998), in olivine minerals (Wu et al.

2004), and in fibrous clay minerals (Sánchez del Rı́o et al.

2005), in order to characterize the local atomic arrange-

ment of Mg. Very recently, a Mg K-edge XANES and

EXAFS (extended X-ray absorption fine structure) study in

pyrope-grossular garnets has been reported (Quartieri et al.

2008). To our knowledge, in silicate glasses, the Mg

K-edge studies only concerns the system CaMgSi2O6–

NaAlSi3O8 (Ildefonse et al. 1995; Li et al. 1999). Besides

the experimental difficulties, the interpretation of XANES

spectra is not straighforward and often requires first-prin-

ciples theoretical tools. Mg K-edge calculations have been

essentially performed on crystalline compounds within the

framework of multiple scattering theory, that uses the

Z ? 1 approximation to model the core-hole-electron

interaction and a muffin-tin formulation of the electronic

potential (Cabaret et al. 1998; Andrault et al. 1998; Wu

et al. 2004). Recently we have shown that the agreement

with experiment is systematically improved by using a full

potential calculated self-consistently for a system including

explicitely the absorbing atom 1s core-hole (Trcera et al.

2007). As an example, the Mg K-edge in MgO, that

remains particularly difficult to calculate within multiple

scattering theory, is very well reproduced by using full

potential approaches (Mo and Ching 2000; Mizoguchia

et al. 2006).

In this paper, we report a Mg K-edge XANES study of a

large selection of minerals and synthetic silicate glasses

belonging to the systems Na2O–K2O–MgO–Al2O3–SiO2

and X2O–MgO–SiO2 (X = Li, Na, K, Rb and Cs). To

ensure the interpretation of the Mg K-edge spectra of

glasses, the selected minerals present a wide variety of Mg

environments, with coordination number ranging from 4 to

8. Relationships between pertinent structural parameters

and the variations observed between XANES spectra of a

selection of minerals are derived from first-principles full-

potential calculations, based on density functional theory.

The method uses plane-wave basis set and treats the core-

hole effects within a supercell.

The paper is organized as follows. The section ‘‘Experi-

mental and calculation methods’’ includes a description of

the crystalline and glass samples. The section ‘‘Results and

discussion’’ is divided in two main parts. The first one is

concerned with the reference minerals. The experimental

spectra are compared with calculations, with a special

attention given to the two-site Mg compounds. In the second

part, the experimental spectra of glasses are presented and

analyzed in the light of the results obtained for the reference

mineral spectra. Conclusions of this work are summarized in

last section.

Experimental and calculation methods

Samples

Ten natural and synthetic minerals bearing Mg in various

environments are studied. Magnesium atoms occupy either

one or two non equivalent crystallographic sites, with eight-

fold ([8]Mg), six-fold ([6]Mg), five-fold ([5]Mg) and four-fold

([4]Mg) coordination. Minerals with a single Mg site are

pyrope ([8]Mg3Al2Si3O12, Arendal, Norway), cordierite

([6]Mg2Al4Si5O18, Bamble, Norway), monticellite (Ca[6]Mg-

SiO4, Mt Vesuvius, Italy), diopside (Ca[6]MgSi2O6, Skardu,

Pakistan), grandidierite (Farges 2001) (([5]Mg,Fe)Al3
BSiO9, Ampamatoa, Madagascar), and spinel ([4]MgAl2O4,
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Beronono, Madagascar). Minerals with two Mg sites are

forsterite ([6]Mg2SiO4, San Carlos, USA), enstatite

([6]Mg2Si2O6, Sagae, Pakistan), talc ([6]Mg3Si4O10(OH)2,

Luzenac Ariège, France), and farringtonite ([5-6]Mg3P2O8,

synthetic (Brunet and Vielzeuf 1996)). The model compound

structures have been checked by X-ray diffraction using a

X’PERT PRO MPD, Co Ka radiation and 2h from 5� up to

110�. Table 1 gives the chemical compositions of the miner-

als, as determined from microprobe analysis carried out

at the Camparis analytical facility of the Universities of Paris

VI and VII.

Glass samples were prepared from powdered oxides and

carbonates. The starting materials (SiO2, MgCO3, Li2CO3,

Na2CO3, K2CO3, Rb2CO3 and Cs2CO3) were dried over-

night, weighted, mixed in an agate mortar and placed in a

platinum crucible. The crucible was placed in a high

temperature furnace Carbolite HTF 1700 and heated up to

600�C in 30 min. Temperature was held to 600�C for 1 h to

start the decarbonatation of the mixture. The temperature

was elevated again up to 1,550�C and maintained at this

temperature for 1 h to obtain a homogeneous liquid. The

bottom of the crucible was then fastly poured into water to

quench the silicate melt into a glass. All glass samples

obtained were transparent and free of crystallites deter-

mined by optical microscopic observation. Glass samples

with varying NBO/T (non bridging oxygen by tetrahedron)

and cation modifier were synthesized. Samples are labeled

XMS2 and XMS3 (for X2O–MgO–2SiO2 and X2O–MgO–

3SiO2 respectively) where X = Li, Na, K, Rb or Cs. XMS2

samples have a NBO/T = 2 while NBO/T, for XMS3

samples, is equal to 1.33, considering Mg as a network

modifier for the NBO/T calculations (Mysen and Richet

2005). Moreover, three alumino-silicate glasses in the

system SiO2–Al2O3–MgO–Na2O–K2O were synthetized

with variable values of aluminium saturation index (ASI).

The ASI characterizes the relative proportion of aluminium

and alcali network modifier and is calculated using the

formula, ASI = mol% Al2O3/(mol% Na2O ? mol% K2O).

The alumino-silicate glasses of this study present three

distinct values of (ASI): 0.6, 1.0 and 1.2. When ASI \ 1,

the peralkaline glass contains more alkali ions than needed

to charge-balance the AlO4
- charge. The proportions of Al

and alkali ions are equal for ASI = 1, and when ASI [ 1,

aluminium is more abundant than alkali ions. The extra

AlO4
- charges may be charge-balanced by Mg. Therefore,

some structural and electronic changes are expected that

could be probed at the Mg K-edge. All samples were

analyzed using a microbeam electron microprobe. The

Li-bearing glasses were analyzed at the CEA (Commis-

sariat à l’Energie Atomique) of Saclay. The other samples

were analyzed at the Camparis analytical facility of the

Universities of Paris VI and VII. The column conditions for

the Na- and K-bearing glasses on a CAMECA SX 100 were

set to 30 kV, 4 nA and samples were analyzed with a

defocused beam during 5 s in order to increase the probed

volume and to minimize eventual volatilization of alkalis.

Rb-, Cs-bearing glasses and natural minerals were analyzed

on a CAMECA SX 50 with the column conditions set to

15 kV, 10 nA and a counting time of 5 s per points. X-ray

intensities were corrected for dead time background and

matrix effects using the PAP routine (Pouchou and Pichoir

1984). The chemical compositions averaged over 10 points

are presented in Table 2.

X-ray absorption measurements

Mg K-edge XANES spectra were collected on the LUCIA

beamline of the SOLEIL facility (Flank et al. 2006), while

located at the Swiss Light Source, with an injected electron

energy and current of 2.4 GeV and 350 mA, respectively.

A two-crystal beryl ð10�10Þ and KTP monochromator were

used as well as KB mirrors to focus the beam down to

10 9 15 lm (vertical and horizontal). The first inflection

point of the Mg K-edge of periclase MgO at 1,306.6 eV

was used to calibrate the monochromator in energy.

XANES spectra were recorded between 1,290 and

Table 1 Chemical composition of the minerals under study obtained from microprobe analysis

Ca Mg Al B Si 0 Fe Mn Ti Na Rb Cs

Pyrope (Mg3Al2Si3O12) 0.324 1.491 1.997 – 2.986 12.0 1.167 0.041 0.002 – – –

Cordierite (Mg2Al4Si5O18) – 1.687 4.000 – 4.977 18.0 0.316 0.003 0.003 0.051 0.012 –

Forsterite (Mg2SiO4) – 1.796 – – 1.011 4.0 0.176 0.003 – – – –

Monticellite (CaMgSiO4) 0.992 0.855 – – 1.001 4.0 0.118 0.026 – – – –

Enstatite (Mg2Si2O6) 0.010 1.677 – – 2.008 6.0 0.281 – – 0.002 – –

Diopside (CaMgSi2O6) 0.999 0.885 0.018 – 1.989 6.0 0.098 0.003 – 0.012 – –

Grandidierite ((Mg,Fe)Al3BSiO9) – 0.838 3.051 0.885 1.027 9.0 0.204 – 0.001 – – –

Spinel (MgAl2O4) – 0.917 2.007 – – 4.0 0.066 – – – 0.003 0.002

The theoretical chemical formulae are indicated in parenthesis. The chemical composition of talc has not been determined due to the impos-

sibility to obtain a plane surface required for microprobe analysis. Farringtonite does not appear in the table since it is a synthetic sample
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1,400 eV with energy steps of 0.1 eV and between 1,400

and 1,550 eV with energy steps of 0.2 eV with a counting

time of 1 s per point. All samples were mounted on copper

slide using glue or silver lacquer. XANES spectra were

collected in the fluorescence mode with a silicon drift diode

detector. To increase the signal to noise ratio, three spectra

per sample were averaged together. Samples were placed

perpendicular to the beam and the detector was placed at

73� of the beam to minimize as much as possible self-

absorption effects. In spite of this precaution, XANES

spectra of spinel, farringtonite, enstatite, forsterite and

pyrope were corrected of self-absorption by using FLUO

software developped by Haskel (1999). For the other model

compounds and the synthetic silicate glasses, self-absorp-

tion was found to be negligible. Spectra were deadtime

corrected, and normalized in absorbance using conven-

tional methods (Winterer 1997).

XANES calculation

The method used to calculate the XANES spectra of model

compounds is a self-consistent full-potential approach1

based on the Density Functional Theory (DFT) in the Local

Density Approximation (LDA): it uses a plane wave basis

set, norm-conserving Troullier-Martins pseudopotentials

(Troullier and Martins 1991) and periodic boundary con-

ditions. Reciprocal-space integrations are performed using

a Monkhorst-Pack k-point grid (Monkhorst and Pack

1976). All-electron wave function are reconstructed using

the Projector Augmented Wave method (Blöchl 1994) and

the cross-section is computed as a continued fraction

(Taillefumier et al. 2002; Cabaret et al. 2005).

The calculations were performed on four minerals

whose structures contain a single crystallographic Mg site

(spinel, grandidierite, diopside and pyrope), and three

minerals in which Mg is located in two distinct crystallo-

graphic sites (farringtonite, enstatite and forsterite). In the

case of forsterite, farringtonite and enstatite, the theoretical

Mg K-edge XANES spectrum is the average of the indi-

vidual contributions obtained with the absorbing atom

located at each non equivalent crystallographic site.

Calculations were carried out from the experimental crys-

tal structures listed in Table 3. In the case of forsterite,

pyrope, enstatite, diopside and spinel, calculations were

performed from theoretical chemical compositions, that do

not contain any impurity or trace element. For the calcu-

lation of the Mg K-edge XANES spectrum of grandidierite

((Mg,Fe)Al3BSiO9), the presence of Fe is ignored and Mg

occupies all the divalent sites.

As periodic boundary conditions are used, the core-hole-

electron interaction is taken into account in a supercell

approach, that permits to isolate the absorbing atom.

Convergence is reached for the following size of super-

cells: 2 9 2 9 2 trigonal supercell for spinel (containing

112 atoms), 1 9 1 9 2 monoclinic supercell for diopside

(containing 80 atoms), 1 9 1 9 1 cubic supercell for

pyrope (containing 160 atoms), 2 9 1 9 2 monoclinic

supercell for farringtonite (containing 104 atoms), 2 9

1 9 2 orthorhombic supercell for forsterite (containing 112

atoms), and 1 9 1 9 2 orthorhombic supercell for gran-

didierite and enstatite (containing 120 and 160 atoms,

respectively).

Table 2 Electron microprobe chemical analysis (in weight %) of silicate glasses

SiO2 Al2O3 CaO MgO FeO Li2O Na2O K2O Rb2O Cs2O Total

LiMS2 63.7 n.m. n.d. 20.4 n.m. 15.7 n.m n.m. n.m. n.m. 99.8

LiMS3 72.8 n.m. n.d. 15.6 n.m. 12.0 n.m. n.m. n.m. n.m. 100.4

NaMS2 55.5 n.d. n.d. 16.9 n.m. n.m. 27.7 n.d. n.m. n.m. 100.1

NaMS3 63.3 n.d. n.d. 13.3 n.m. n.m. 22.9 n.d. n.m. n.m. 99.8

KMS2 50.2 n.d. n.d. 15.6 n.m. n.m. n.d. 33.3 n.m. n.m. 99.1

KMS3 56.6 n.d. n.d. 12.0 n.m. n.m. n.d. 29.8 n.m. n.m. 98.4

RbMS2 41.1 0.5 n.d. 12.3 n.d. n.m. n.d. n.d. 43.0 n.d. 96.9

RbMS3 46.8 0.5 n.d. 9.2 n.d. n.m. n.d. n.d. 40.8 0.2 97.5

CsMS2 35.5 n.d. n.d. 10.0 n.d. n.m. n.d. 0.1 n.d. 54.0 99.6

CsMS3 38.8 n.d. n.d. 8.4 n.d. n.m. n.d. n.d. n.d. 52.2 99.4

ASI_1.2 71.6 14.8 n.d. 2.9 n.d. n.m. 3.7 5.6 n.d. n.m. 98.6

ASI_1.0 71.7 12.9 n.d. 3.0 n.d. n.m. 4.1 6.1 n.d. n.m. 97.8

ASI_0.6 71.4 10.9 n.d. 3.2 n.d. n.m. 5.2 8.0 n.d. n.m. 98.7

n.m. not measured; n.d. not detected

1 Calculations were performed with PARATEC (PARAllel Total

Energy Code) by B. Pfrommer, D. Raczkowski, A. Canning, S.G.

Louie, Lawrence Berkeley National Laboratory (with contributions

from F. Mauri, M. Cote, Y. Yoon, Ch. Pickard and P. Haynes). For

more information see http://www.nersc.gov/projects/paratec.
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The norm-conserving pseudopotentials were generated

in the Kleinman-Bylander form (Kleinman and Bylander

1982) using the parameterization given in Table 4. The

pseudopotential of the absorbing atom was obtained by

considering only one 1s electron on the magnesium

electronic configuration. The Mg pseudopotential (with

and without the 1s core-hole) includes non-linear core-

corrections. The self-consistent potential was obtained

in the LDA as formulated by Ceperley and Alder (1980)

with a 60 Ry energy cut-off for the plane-wave

expansion, and a 2 9 2 9 2 k-point grid for spinel,

grandidierite, diopside, pyrope, farringtonite and forste-

rite and a 1 9 1 9 1 k-point grid for enstatite. The cross-

section was calculated using a 4 9 4 9 4 k-point grid

for spinel, grandidierite, diopside and pyrope and a

3 9 3 9 3 k-point grid for farringtonite, forsterite and

enstatite. The continued fraction is calculated with a

constant broadening parameter of 0.5 eV for all the

model compounds. In order to properly align all the

theoretical XANES spectra between each other, we have

used the method described by Cabaret et al. (2007). This

is needed because the 1s energy as well as the conduction

band edge in presence of a core-hole are both site-

dependent.

Results and discussion

Minerals

Experimental XANES spectra

Normalized Mg K-edge XANES spectra of the ten model

compounds are presented in Fig. 1. Despite the great dif-

ferences observed between the experimental spectra, the

edge region can be described by three main features in the

energy range 1,305–1,320 eV followed by a broader and

weaker peak located between 1,323 and 1,331 eV. Labels

have been assigned to the features according to their energy

position. The three main peaks are labeled A, B and C

except for the case of forsterite and cordierite, where the

main features are labeled A, A00, and B since no peak is

present in the energy range of the peak labeled C (1,316–

1,318 eV). The broader peak at higher energy is labeled D.

Four additional labels (P, A0, D0 and D00) are introduced in

order to fully describe the edge region of the model com-

pounds: P is assigned to the pre-edge peak visible on the

spectra of grandidierite, farringtonite, enstatite, talc and

pyrope, A0 is referred to the low-energy shoulder of feature

A of the grandidierite spectrum, D0 is attributed to the extra

peak located between features C and D in forsterite, cor-

dierite, diopside and spinel spectra, and D00 designates the

feature located at 1333.2 eV in the cordierite spectrum.

The experimental spectra of Fig. 1, that have been

recorded in fluorescence detection mode on the recent

LUCIA beam line, are in good agreement with Mg K-edge

spectra recorded in total electron yield detection mode on

other beam lines (see Ildefonse et al. (1995), Andrault et al.

(1998), Li et al. (1999) and Shiono et al. (2002) for spinel;

Li et al. (1999) for grandidierite; Ildefonse et al. (1995) and

Li et al. (1999) for diopside; Andrault et al. (1998), Cabaret

et al. (1998) and Li et al. (1999) for enstatite; Ildefonse

et al. (1995), Andrault et al. (1998), Li et al. (1999) for

pyrope; Wu et al. (2004) for monticellite; and Li et al.

Table 3 Crystallographic structure of minerals used in XANES calculations

Spinela Grandidieriteb Diopsidec Pyroped Farringtonitee Forsteritef Enstatiteg

Chem. formula MgAl2O4 MgAl3SiBO9 CaMgSi2O6 Mg3Al2Si3O12 Mg3(PO4)2 Mg2SiO4 Mg2Si2O6

Cryst. syst. Cubic Orthorhombic Monoclinic Cubic Monoclinic Orthorhombic Orthorhombic

Space group Fd�3m Pbnm C2/c Ia3d P21/n Pbnm Pbca

a (Å) 8.080 10.340 9.746 11.548 7.596 4.755 18.216

b (Å) 10.980 8.899 8.231 10.198 8.813

c (Å) 5.750 5.251 5.078 5.979 5.177

b (�) 105.63 94.05

Z 8 4 4 8 2 4 16

Z is the number of formula units per cell
a from Yamanaka and Takeuchi (1983); b from Stephenson and Moore (1968); c from Cameron et al. (1973); d from Hazen and Finger (1989);
e from Nord and Kierkegaard (1968); f from Bostróm (1987); g from Hawthorne and Ito (1977)

Table 4 Parameterization used for the generation of the pseudo-

potentials

Atom Valence states Local part

Mg 3s0.1 (1.06) 3p0 (1.06) 3d0 (1.06) d

Al 3s2 (1.06) 3p0 (1.06) 3d0 (1.06) d

Si 3s2 (1.06) 3p1.3 (1.06) 3d0.2 (1.06) d

P 3s2 (1.06) 3p1.8 (1.06) 3d0.2 (1.06) d

B 2s2 (0.97) 2p1 (0.97) p

Ca 3s2 (0.77) 3p6 (1.06) 3d0 (0.77) d

O 2s2 (0.77) 2p4 (0.77) p

The core radii of the valence states are indicated in parentheses in Å
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(1999) for talc and cordierite). Some slight discrepancies

could be however noticed between our spectra and those

published by Li et al. (1999). On their spectra, the pre-edge

peak P is missing in the enstatite spectrum, peak A0 is not

present in the grandidierite spectrum, peak C is clearly

observed in the cordierite spectrum and is more pro-

nounced in the pyrope one. Our forsterite Mg K-edge

XANES is slightly different from that of a synthetic for-

sterite (Li et al. 1999; Wu et al. 2004). In particular, this

latter exhibits a peak C and does not present peak D0 at

1,320 eV. The absence of peak C in our forsterite Mg-K

edge spectrum could be related to the presence of Fe (see

Table 1). The main difference between the spectra of

forsterite and olivine Fo50, the intermediate 1:1 member of

the forsterite-fayalite solid solution, as measured by Wu

et al. (2004), is indeed the disappearance of peak C. The

relation between the absence of peak C and the presence of

Fe may be extended to the case of cordierite and pyrope.

While the Mg K-edge spectrum of our Fe-bearing cordi-

erite sample (see Table 1) does not display any feature in

the energy range of peak C, the Mg K-edge spectrum of the

Fe-free cordierite sample of Li et al. is characterized by a

well-resolved C peak, just as mentioned above (Li et al.

1999). Similarly, peak C is more pronounced in the Mg

K-edge spectrum of synthetic pyrope (Andrault et al. 1998;

Li et al. 1999) than in our pyrope spectrum measured on

natural Fe-bearing sample (Table 1).

Considering their overall shape, the ten spectra dis-

played in Fig. 1 can be categorised in three groups. A first

group, composed of the spectra of spinel and grandidierite,

is characterized by a sharp peak A, whose intensity is equal

to that of peak C, and a weak feature B. The environment

of Mg is however substantially different within both

crystallographic structures. While Mg is in a regular tet-

rahedron in the MgAl2O4 spinel structure, it occupies a

distorted five-fold coordinated site within an aluminobo-

rosilicate network in the (Mg,Fe)Al3BSiO9 grandidierite

structure. The geometry of the five-fold site is between

distorted trigonal bipyramid and distorted tetragonal pyra-

mid. A second group, which gathers talc, diopside and

enstatite spectra, is characterized by four peaks A, B, C and

D at almost the same position, peak B being the most

intense. Diopside (CaMgSi2O6) and enstatite (Mg2Si2O6)

are chain silicates and talc (Mg3Si4O10(OH)2) is a layer

one. In the three crystallographic structures, the Mg octa-

hedra are edge-connected within planes located between

SiO2 planes. In the third group, composed of cordierite and

forsterite, the first three major peaks, A, A00 and B, have

increasing intensities with energy, and peak C is absent.

Cordierite (Mg2Al4Si5O18) is a framework silicate char-

acterized by rings of corner-linked SiO4 and AlO4

tetrahedra. These latter are also linked by vertex to MgO6

octahedra, which are indirectly connected to each other via

edge-sharing AlO4 and SiO4 tetrahedra. The forsterite

structure (Mg2SiO4), whose density is greater than that of

cordierite, is an orthosilicate where Mg octahedra share

edges and corners to other MgO6 octahedra and to SiO4

tetrahedra. Although monticellite (CaMgSiO4) belongs to

the olivine cristallographic group, its spectrum does not

look like the one of forsterite: it does not exhibit the A00 and

has a broad peak B located between features A00 and B of

the forsterite spectrum. There are two remaining spectra,

i.e. that of pyrope (Mg3Al2Si3O12), a garnet with eight-fold

coordinated Mg, and farringtonite (Mg3P2O8), a phosphate

mineral with both [5]Mg and [6]Mg, whose XANES spec-

trum is intermediate between that of enstatite and of
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pyrope. From this attempt of classification of spectra

according to their shape, it comes out that the Mg K-edge

XANES spectra are controlled by several structural factors,

and that a fingerprint analysis of the XANES features is not

straightforward.

However, Fig. 1 shows that the first XANES feature

(peak A) is shifted towards higher energies when Mg

coordination number increases. That is a general trend that

has been previously used as a fingerprint of Mg coordi-

nation number (Ildefonse et al. 1995; Li et al. 1999). As

referred to the position of peak A of spinel ([4]Mg), the

maximum shift (2.5 eV) is observed for pyrope ([8]Mg).

For [6]Mg-bearing compounds, the shift of peak A ranges

from 0.8 to 2.2 eV. For grandidierite ([5]Mg), the evalua-

tion of the shift can be done from the position of either

peak A0 (-0.4 eV) or peak A (1.3 eV). The energy position

of peak A as well as the shift (called Dexp) are reported in

Table 5. This observation may provide a useful probe of

the coordination number of Mg in glasses, gels, or poorly

crystallized materials. However, considering solely the

shift of peak A, it should be noticed that five-fold Mg

cannot be clearly distinguished from six-fold Mg in the

model compounds under study (see Fig. 1; Table 5).

Similar trend of edge shift between 4 and 6 coordination

numbers of the absorbing atom has also been observed at

the Si K-edge (Sharp et al. 1996) and at the Al K-edge

(Ildefonse et al. 1998; Guili et al. 2000).

Since coordination number is tightly related to the mean

distance \dMg–O[ , correlation between the energy posi-

tion of peak A and \dMg–O[ may be investigated. In

Table 5, we report the Mg–O mean bond length and the

experimental shifts Dexp and Dexp

0
. Our data are compared

to previous results (Li et al. 1999). In this last study, Li and

co-workers established a polynomial correlation between

peak A position and Dexp

0
only because they have consid-

ered the mean energy position of peaks A0 and A for

cordierite and forsterite (Li et al. 1999). Moreover their

Dexp

0
values are not in full agreement with ours (three over

eight differs by 0.3 eV). Consequently, the use of such

correlation function to determine the mean Mg–O distance

in amorphous materials appears to be awkward.

The qualitative analysis of experimental spectra is

strongly limited although the structural information on

the local arrangement around Mg is contained in Mg

K-XANES. The main structural information that could be

directly extracted from the spectra is the evaluation of the

Mg coordination number. The fingerprint study of the peak

A position indeed permits the discrimination between

Table 5 Peak A energy position (in eV ± 0.1) and shift (in eV) as referred to spinel for the ten minerals

Mineral CN peak A Dexp Dexp

0
Dcalc hMg–Oi r QE AV

Pyrope 8 1,309.7 2.5 2.5 2.4 2.27 0.07 – –

Cordierite 6 1,308.1 0.9 1.2 – 2.11 0.01 1.041 128.5

Forsterite 6 9 2 1,308.0 0.8 1.1 0.8 2.11 0.06 – –

M1 – – – 0.8 2.10 0.03 1.027 95.2

M2 – – – 0.8 2.13 0.07 1.026 89.4

Monticellite 6 1,308.1 0.9 – – 2.13 0.04 1.031 110.0

Enstatite 6 9 2 1,309.1 1.9 2.0 2.1 2.11 0.13 – –

M1 – – – 2.1 2.08 0.06 1.009 27.1

M2 – – – 1.0 2.15 0.16 1.049 139.9

Diopside 6 1,309.1 1.9 1.9 2.1 2.08 0.03 1.005 17.4

Talc 6 9 2 1,309.3 2.1 1.9 – 2.07 0.01 – –

M1 – – – – 2.07 0.01 1.009 28.6

M2 – – – – 2.07 0.01 1.009 28.6

Farringtonite 5, 6 1,309.2 2.0 – 1.9 2.08 0.08 – –

6 – – – 2.5 2.13 0.04 1.018 58.5

5 – – – 1.9 2.05 0.10 – –

Grandidierite 5 1,306.8 (A0) -0.4 – 0.1 2.04 0.08 – –

1,308.6 (A) 1.3 1.7 1.5

Spinel 4 1,307.2 0 0 0 1.92 0.00 – –

Three evaluations of the shift are given: two experimental Dexp (from Fig. 1) and Dexp

0
[from a previous study (Li et al. 1999)], and one theoretical

(from Fig. 2). The coordination number (CN) of Mg, the mean Mg–O distance (Å) and the standard deviation (r in Å) of the Mg–O distance are

also mentioned. For each two-site compound, specific lines (in italic) relative to each non-equivalent Mg site are added. For [6]Mg, the quadratic

elongation (QE) and the angular variance (AV) are given inorder to evaluate the degree of distortion of the octahedron. The structural parameters,

hMg–Oi, QE and AV are determined from the crystallographic structures given in Table 3 and in Hochella et al. (1979), Sharp et al. (1987) and

Perdikatsis and Burzlaff (1981) for cordierite, monticellite and talc, respectively
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[4]Mg, [6]Mg and [8]Mg. However, [5]Mg is difficult to

distinguish from [4]Mg and [6]Mg. Consequently, to go

further on the interpretation of the XANES features, cal-

culations appear to be necessary.

Comparison between experimental and calculated XANES

spectra

Computed XANES spectra for spinel, grandidierite,

farringtonite, diopside, enstatite, forsterite and pyrope

are presented in Fig. 2. An overall good agreement is

obtained between experimental and calculated spectra.

This agreement is especially good in the case of spinel and

farringtonite. All the features of the experimental spectra

(even the pre-edge peak P) are reproduced by the plane-

wave DFT-LDA calculations. Since the method does not

calculate absolute energies, all the calculated spectra are

energy-rescaled by taking into account the 1s-core shift

which is site-dependent (see ‘‘XANES calculation’’). This

rescaling is achieved by applying the same value to all the

calculated spectra, in such a way that the calculated feature

A of spinel coincides with the experimental one. It can be

noticed that the theoretical shift of the A feature (Dcalc) is

in good agreement with the shift observed experimentally

(see Table 5). Nevertheless, in all cases, peaks B, C and D

are at too low energies as compared with experiment. Such

mismatch between theory and experiment is currently

observed within DFT-LDA framework, which is known to

underestimate conduction band energies [see for instance

the Al K-edge in a-Al2O3 (Cabaret et al. 2005), the O

K-edge in GeO2 polymorphs (Cabaret et al. 2007) and

a-quartz (Taillefumier et al. 2002), the Mg K-edge in MgO

and in spinel (Mo and Ching 2000)]. Indeed our method

neglects photo-electron self-energy effects, which give

rise, notably, to an energy dependent shift. The agreement

between the experimental and calculated positions of high-

energy features could be improved by performing addi-

tional GW self-energy calculation using a many-pole

model (Kas et al. 2007).

Two Mg-site spectra

In the case of forsterite, enstatite and farringtonite, since

Mg occupies two non equivalent crystallographic sites, the

theoretical spectrum is the average of two individual con-

tributions, weighted according to the Mg site multiplicity.

In forsterite and enstatite, Mg is located in two six-fold

sites, called M1 and M2, with identical multiplicities.

In farringtonite, Mg is located in five-fold and six-fold

coordinated sites, with a multiplicity ratio of 2:1. The

individual spectra, together with the weighted averaged

spectrum, are plotted in Fig. 3.

In the case of forsterite (Fig. 3a), the M1 and M2 sites

display distinct calculated Mg K-edge absorption spectra,

with strong differences in the relative intensities of features

A, A00, B and C. The M1 spectrum is found to be similar to

the one of cordierite (Fig. 1). Although the cordierite and

forsterite crystallographic structures are substantially dif-

ferent, some similarities in the environment of the forsterite

M1 site and of the cordierite Mg site may be put forward to

justify their common Mg K-edge shape. Indeed the MgO6

octahedra in both environments share edges with six

polyhedra and corners with six other polyhedra: the M1 site

in forsterite is edge-connected to four MgO6 and two SiO4,

and the MgO6 octahedron in cordierite is linked by edge to

six SiO4. The forsterite M2 site differs from the M1 site in
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such a way that it shares edge with only two MgO6 and one

SiO4. Moreover Fig. 3a contains the following information.

Feature B is essentially due to Mg in M1 site, while the A00

peak is a fingerprint of Mg located in the M2 site. The A

feature results from contributions with similar intensity of

both M1 and M2 spectra (a well-resolved peak and a

shoulder of peak A00, respectively). It is then possible to

define a Dcalc value for each Mg site and this value is

identical for M1 and M2 sites of forsterite (see Table 5). It

should be noticed that the calculated spectrum of forsterite

presents a C peak, mainly originating from the M1 site

contribution, whereas it does not exist in the forsterite

experimental spectrum (see ‘‘Experimental XANES spec-

tra’’). The presence of peak C in the forsterite calculated

spectrum corroborates the fact that it may be related to the

asbence of Fe in the Mg crystallographic site. Similarly, in

the case of pyrope (Fig. 2) one can also notice that a weak

peak C is reproduced by the calculation that is performed

on a pure pyrope phase. Nevertheless, further calculations

including iron impurities are required in order to clearly
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evidence such correlation. In the case of enstatite (Fig. 3b),

the M1 and M2 individual spectra both exhibit three main

features, that contribute to the A, B and C of the total

spectrum in a similar way. Some differences between M1

and M2 are however noticeable. First, the three features A,

B and C are broader in the M2 spectrum than in the M1

spectrum. Second, the relative intensity of A and B are

reverse between both M1 and M2 spectrum. Third, the first

peak of the M2 contribution, beside being broader, is at

lower energy as compared to peak A in the M1 contribution.

The corresponding site-dependent Dcalc values are indicated

in Table 5. Fourth, the last significant difference between

both individual spectra lies in the presence of the pre-edge

peak P only in the M2 spectrum. This last observation is

contradictory with full multiple scattering calculation of the

Mg K-edge in the same structure (Cabaret et al. 1998).

Indeed in Cabaret et al. (1998), the pre-edge peak is

reproduced on both M1 and M2 individual spectra. Since

pre-edge features are known to be strongly sensitive to

details of the electronic structure around the absorber, the

presence of peak P in the M1 spectrum of Cabaret et al.

(1998) then appears to be a theoretical artefact due to the use

a non self-consistent muffin-tin potential, with a core-hole

modelled in the Z ? 1 approximation. The origin of the pre-

edge peak will be discussed at the end of the subsection.

In the case of farringtonite (Fig. 3c), the individual

computed spectra exhibit very different shapes. At least to

a certain extent, the [5]Mg spectrum looks like the gran-

didierite spectrum, where Mg is in five-fold coordination

too, and the [6]Mg is quite close to the forsterite M2

spectrum. Similarly to the M2 site of forsterite, the six-fold

Mg site of farringtonite is connected by edge to quite few

polyhedra (2 MgO5 only). The [6]Mg individual spectrum

mainly contributes to the B and C features. On the contrary

peak A is essentially due to the [5]Mg individual contri-

bution, with a Dcalc value equal to the 1.9 eV value of the

resulting spectrum (see Table 5). For the [6]Mg contribu-

tion, the Dcalc is found to be greater (2.5 eV); it is

determined from the position of the shoulder observed in

the edge jump at 1,309.7 eV. The pre-edge could appear as

a fingerprint of five-fold Mg since it originates from the
[5]Mg individual spectrum.

Relation between peak A position and distortion

of the MgO6 octahedron

As seen before, the coordinence of the absorbing atoms

affects the position of the first main peak (A). Peak A

moves to higher energy as the coordination number of Mg

increases. The calculations permit the determination of the

site-dependent D values in the case of two-Mg site com-

pounds. Table 5 shows that the variation of position of

peak A is about 1.7 eV (Dcalc ranges from 0.8 eV for

forsterite to 2.5 eV for farringtonite). However the position

of peak A also varies within the series of six-fold coordi-

nated Mg minerals (see D values in Table 5). The Mg–O

mean distance is thus not a fully relevant structural

parameter to be correlated to the energy position of peak A.

The shift of peak A for six-fold coordinated Mg minerals

may be related to the distortion of the MgO6 octahedron,

which varies strongly among the investigated references.

As established by Robinson et al. a convenient and quan-

titative measure of the octahedron distortion is the

quadratic elongation, that is found to be linearly correlated

to the angular variance (Robinson et al. 1971). The qua-

dratic elongation (QE), which is dimensionless, and the

angular variance (AV) are given by:

QE ¼ 1

6

X6

i¼1

li

l0

� �2

;

AV ¼ 1

11

X12

i¼1

hi � 90�ð Þ2;

where li corresponds to the Mg–O distance within the octa-

hedron, l0 is the Mg–O distance in an octahedron with Oh

symmetry whose volume is equal to that of the distorted

octahedron, and where hi is the octahedral angle. According

to the values of QE and AV indicated in Table 5, the less and

the most distorted octahedra in the selected compounds are

M1 site of diopside and M2 site of enstatite, respectively.

In Fig. 4, the D shift representing the peak A position

referred to that of spinel is plotted as a function of QE. Two
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sets of data are noticeable, corresponding to D ^ 2 eV and

D ^ 1 eV. The data point relative to the six-fold Mg site

of farringtonite is not exactly within the first set. This may

come from the fact that farringtonite is a phosphate while

all the other minerals are silicates (Figure 1 does show that

the whole spectrum of farringtonite is shifted to higher

energy as compared to the other spectra). Figure 4 exhibits

a general trend that is a ^1 eV shift of peak A towards

lower energy as the distortion of octahedron increases. An

EXAFS analysis performed at the Mg K-edge within the

pyrope-grossular garnet system reveals an increase of the

Mg coordination sphere distortion as the position of peak A

decreases (Quartieri et al. 2008).

At the [6]Al K-edge in minerals, the same trend can be

observed from the data presented in Ildefonse et al. (1998).

The Mg K-edge spectra of diopside crystal and glass with

same composition are compared by Ildefonse et al. (1995).

The glass spectrum arises at lower energy than the crystal

one (1 eV). The authors conclude that Mg is five-fold

coordinated in the glassy state. In the light of Fig. 4, the

shift between crystal and glass spectra could be also

interpreted as an increase of distortion within the

octahedron.

Pre-edge

A pre-edge is present in the Mg K-edge experimental

spectra of grandidierite ([5]Mg), farringtonite ([5]Mg and
[6]Mg), talc ([6]Mg), enstatite ([6]Mg) and pyrope ([8]Mg).

Thanks to the calculations, it was found that the pre-edge

of farringtonite and enstatite originates in the individual

contributions of the [5]Mg site and M2 site, respectively.

Since pre-edge arises in spectra where Mg is five-fold

coordinated, six-fold coordinated or eight-fold coordinated

to oxygen, the Mg coordination number is not a relevant

parameter to predict its existence. On the other hand, the

asymmetric environment of Mg seems to be tightly

involved in the presence of pre-edge. Intense calculated

pre-edge peaks are obtained in [5]Mg K edge spectra and in

the case of M2 site of enstatite, which is the most distorted

site among the [6]Mg sites selected in this study (see

Table 5). With a very long Mg–O distance (2.45 Å) the

enstatite M2 site presents the strongest standard deviation

of distance (r = 0.16 Å). The asymmetry of the enstatite

M2 site is then closer to that of the [5]Mg site of farring-

tonite and grandidierite than to that of the other [6]Mg sites.

Cordierite which also presents important distortion of Mg

site (QE = 1.041) is characterized by a weak standard

deviation of Mg–O distance (r[ 0.01 Å), so that no pre-

edge is visible in the Mg K-edge spectrum. However talc,

with weak QE and weak r, exhibits a pre-edge. Talc is the

unique compound of this study with Mg bound to OH and

we assume that OH may play a significant role in the origin

of the pre-edge. However, the pre-edge observed on the

talc spectrum could also be due to the fact that the phyl-

losilicate structure is oriented. In the case of pyrope, the

calculated pre-edge is weaker than the experimental one.

The Mg site is characterized by two groups of four equal

distances which are rather different (i.e. 2.20 and 2.34 Å),

that could be at the origin of the calculated pre-edge. The

experimental spectra of pyrope shown in Ildefonse et al.

(1995), Andrault et al. (1998), Li et al. (1999) and Quartieri

et al. (2008) do not exhibit a well-defined pre-edge. In our

pyrope sample, the total amount of Mg atoms does not

exceed 1.5 instead of 3 in the theoretical chemical com-

position. In addition, the sample contains a non-negligible

quantity of iron, whose 3d empty orbitals could be virtually

involved in the Mg K pre-edge.

Unlike the K pre-edge of 3d elements in metal oxides,

the origin of the K pre-edge of low-Z cation such as Mg or

Al is not much discussed in the literature. In the case of 3d

elements, three kinds of electronic transitions are used to

describe the pre-edge features, as recently explained by de

Groot (2007): (1) electric quadrupole transitions, 1s? 3d;

(2) non-local electric dipole transition, 1s? p where the

empty p of absorbing atom are hybridized with the 3d

states of the nearest metal neighbours via the 2p states of

oxygen; (3) local electric dipole transition, 1s? p where

the empty p of the absorbing atom are hybridized with the

empty 3d of the absorbing atom. In this latter, the p-d

mixing is possible only if the absorbing atom site is not

centrosymmetric. Our calculations, which are performed in

the electric dipole approximation, reproduce the pre-edge

peak. Therefore, it is due to transitions from 1s to p empty

Mg states. Obviously, the role played by 3d empty states is

not as important as it is in the case of 3d elements. In the

Mg K-pre-edge, the 3s Mg states could also be involved in

the pre-edge. The formal charge of Mg being ?2, the 3s

states are empty and may contribute as an important part to

the bottom of the conduction band. For non-centrosym-

metric Mg site (that is not the case only for the M1 site of

forsterite and for the six-fold Mg site of farringtonite), p-s

and p-d mixing are allowed. However the identification of

non-local effects as point (2) or local effects as point (3),

and their connection to the site asymmetry mentioned

above, would require precise calculations of local density

of states performed on supercells including the Mg 1s core-

hole, and such calculations are beyond the scope of this

paper.

Glasses

Alumino-silicate glasses

The Mg K-edge absorption spectra of the three alumino-

silicate glasses are shown in Fig. 5. The three spectra are
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characterized by one pre-edge peak P and two well-defined

resonances A and B, followed by one broad feature C. The

positions of the four features remain constant as the index

of aluminium saturation (ASI) varies. Peak A arises at

1,308 ± 0.1 eV yielding a shift D = 0.8 eV as referred to

peak A of spinel (see Table 6). According to the study of

the minerals, this value of D suggests that Mg is either six-

fold coordinated to oxygen atoms within a rather strongly

distorted octahedron (as shown in Fig. 4) or five-fold

coordinated to oxygen atoms. However the occurrence of
[4]Mg cannot be excluded. On the contrary the presence of
[8]Mg is almost improbable. In alumino-silicate glasses

belonging to the system CaMgSi2O6–NaAlSi3O8, the Mg

K-edge spectra also exhibit three main features, and the

energy position of peak A coincides with D ^ 1 eV,

meaning that Mg would be mainly six-fold coordinated to

oxygen in a distorted octahedron, coexisting with [5]Mg

(and eventually with [4]Mg) (Li et al. 1999). The difference

between shifts could be related to various [4]Mg, [5]Mg and
[6]Mg proportions. Very recently, neutron and X-ray dif-

fraction and reverse Monte Carlo modeling have revealed

in the MgO–Al2O3–SiO2 glass system the coexistence of
[5]Mg and [6]Mg (in a lesser proportion) (Guignard and

Cormier 2008). The presence of pre-edge in the spectra of

Fig. 5 would significate that the local environment of Mg is

highly asymmetric in good agreement with the previous

interpretations of Mg coordination number. All these

results are in perfect agreement with recent molecular

dynamics simulations of complex alumino-silicate glasses

that prevail Mg in 5-fold coordination (Guillot and Sator

2007).

Peak B arises at around 1,313 eV, as in cordierite, for-

sterite, talc and pyrope Mg K-edge spectra, but this spectral

particularity is difficult to connect to an eventual common

structural feature. Peak C appears around 1,324 eV that is

6-7 eV higher than in mineral spectra. On the contrary in

Mg K-edge of CaMgSi2O6–NaAlSi3O8 glasses (Li et al.

1999), peak C is located around 8 eV above peak A as in

minerals. Therefore, the unexpected position of peak C in

spectra of Fig. 5 could be associated to the glass compo-

sition specificity, i.e. the presence of potassium atoms.

Following the Natoli’s rule (Natoli 1984), stating that the

energy range between two XANES features is reverse-

proportional to the characteristic interatomic distance

squared (ER2 = cst), the assignment of peak C to the

presence of K in our glasses and to Ca in glasses of Li et al.

makes sense (Li et al. 1999). Indeed potassium atoms, with

large atomic radius, generate Mg–K distances greater than

Mg–Ca ones.

Unlike the energy positions, the relative intensities of

the XANES features are sensitive to the ASI. As ASI

increases, the K proportion decreases (see Table 2) and so

does the intensity of feature C, corroborating the assign-

ment established above. Besides, when ASI increases,

features A and B become more intense, and pre-edge peak

P is better resolved. Such modifications imply structural

atomic rearrangements around Mg that depend on the ratio

Al/alkali, and that are not concerned with the coordination

number of Mg. But such information is hardly extractable

from the spectra without robust simulations.

XMS2 and XMS3 glasses

The experimental Mg K-edge XANES spectra of the XMS2

and XMS3 Mg-bearing silicate glasses are shown in

Fig. 6a, b, respectively. The spectra are characterized by

three main peaks, labeled A, B and C, and a pre-edge
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Fig. 5 Experimental Mg K-edge XANES spectra of the synthetic

aluminosilicate glasses with different aluminium saturation index

(ASI)

Table 6 Feature A position and shift (as referred to spinel) of the Mg

K-edge spectra of the studied glasses

Glasses peak A (in eV ± 0.1 eV) D(eV)

ASI_1.2 1,308.0 ?0.8

ASI_1.0 1,308.0 ?0.8

ASI_0.6 1,307.9 ?0.7

LiMS2/LiMS3 1,308.5/1,308.2 ?1.3/?1.0

NaMS2/NaMS3 1,308.1/1,307.9 ?0.9/?0.7

KMS2/KMS3 1,307.3/1,307.5 ?0.1/?0.3

RbMS2/RbMS3 1,307.1/1,307.2 -0.1/?0.0

CsMS2/CsMS3 1,307.0/1,306.9 -0.2/-0.3
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feature P. Features A and B are well defined. In contrast,

C is a broad feature which is scarcely observable for

Li-bearing glasses, and which is clearly split into two

components C1 and C2 in the case of Cs-bearing glasses.

The fundamental structural difference between both

XMS2 and XMS3 series is concerned with the degree of

polymerization of the silicate network. Indeed the XMS2

and XMS3 glasses are characterized by NBO/T = 2 and

NBO/T = 1.33, respectively. A qualitative comparison

between XMS2 and XMS3 XANES spectra for the same

alkali network modifier X does not evidence any significant

changes in the relative intensities and the energy position

of the features. This behaviour is confirmed by the position

of the peak A of a NMS10 glass (spectrum not shown)

which is located at 1,307.8 eV. Thus the Mg K-edge

spectra are not sensitive to the variation of the silicate

network polymerization suggesting that the Mg atomic

environment is not affected by the change of polymeriza-

tion of the silicate network in XMSa glasses (a = 2 or 3).

The effect of polymerization is however difficult to predict.

In the system CaO–SiO2–Al2O3 with NBO/T varying

between 0 and 2 (Neuville et al. 2004) a shift (between 0.5

and 0.8 eV roughly) of the first peak of XANES spectra of

glasses measured at the Ca K-edge spectra is observed. No

shift is observed at the Al K-edge for the same glass

compositions. In contrast, in the system Na2O–CaO–

Al2O3–SiO2, no shift is observed at the Ca K-edge as NBO/

T varies from 0.2 to 1.33. However, the edge of the Na K-

edge XANES spectra shifts (Cormier and Neuville 2004).

In more simple glass compositions (Na2O–2SiO2, Na2O–

3SiO2, Na2O–4SiO2) no shift is observed at the Na K-edge

for glasses (de Wispelaere et al. 2004). These results sug-

gest that the shift of the first peak of XANES spectra at the

K-edge of modifier cation strongly depends of the glass

composition. No general trend can be drawn here. At the Si

K-edge, a shift of the main peak towards the lower energy

is observed as a function of the increase of depolymer-

ization for different model compounds (Li et al. 1995). The

same observations can be done for glasses in the system

Na2O–SiO2 where the NBO/T varies from 0 up to 1.33

(Henderson 1995).

In contrast, changing the alkali ion substantially influ-

ences the XANES spectral shape. The energy positions of

XANES features, as well as their relative intensities,

depend on the nature of the alkali ion. Peak A is shifted

towards lower energy when the alkali atomic number

increases: for Li-bearing glasses, the shift of peak A (still

referred to the case of spinel) is greater or equal to 1 eV,

while for Cs it becomes negative (D ^ -0.2 eV), as

reported in Table 6. Comparing the D values of the glasses

with those of minerals (Table 5), Mg would mainly be in

distorted six-fold or five-fold coordination in Li- and

Na-bearing glasses, as in the alumino-silicate ASI glasses,

whereas a four-fold coordination is preferred in the case of

K-, Rb- and Cs-bearing glasses. The occurrence of [4]Mg in
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Fig. 6 Experimental Mg K-edge XANES spectra of the synthetic

XMS2 (a) and XMS3 (b) glasses where X = Li, Na, K, Rb and Cs

Phys Chem Minerals (2009) 36:241–257 253

123



the potassium bearing glass is in good agreement with a

recent NMR study on glasses in the same system (Shimoda

et al. 2007). Similar effects have been observed for Ni-

(Galoisy and Calas 1993), Ti-bearing glasses (Dingwell

et al. 1994), and Fe-bearing glasses (Jackson et al. 2005). A

distribution of Mg coordination number cannot be however

excluded in Na- and Li-bearing glasses and is even highly

probable as was observed by NMR spectroscopy for glas-

ses in the system Na2O–MgO–SiO2 (Fiske and Stebbins

1994). The presence of a pre-edge in each spectrum also

suggests a disorder within the Mg coordination sphere, that

can be translated into an asymmetry in the mean environ-

ment of Mg. The existence of a distribution of Mg sites

(4 ? 5) is close to that found in Fe2?-bearing glasses [cf.

Rossano et al. (2008) and reference therein] or in Ni2?-

bearing glasses (Galoisy and Calas 1993) thus suggesting a

similar role for the two cations in glasses. This similarity

could explain the close behaviour observed for Mg2?,

Fe2?, and Ni2? in partitioning coefficients (Beattie 1994;

O’Neill and Eggins 2002; Toplis 2005).

The assumption establishing a correlation between the

position of peak C and the Mg–X distance (dMg–X) (see

subsection ‘‘Alumino-silicate glasses’’) seems to be cor-

roborated by the Mg K-edge spectra in the XMSa system

(a = 2 or 3). Indeed Fig. 6 show that the energy position of

feature C depends on the nature of the network modifier,

but without following the atomic number as in the case of

peak A. Peak C arises at around 1,321.5 eV for Na-bearing

glasses, around 1,322 eV for Rb bearing glasses, and

around 1,323.5 eV for K-bearing glasses. This latter coin-

cides with the energy position of peak C of the alumino-

silicate glasses (Fig. 5). This variation in position would

mean that dMg–Na [ dMg–Rb [ dMg–K. In the case of Cs-

bearing glasses, peak C is separated in two components at

around 1,318 and 1,325 eV. By carrying on the argument,

these two features would be the sign of two distinct Mg–Cs

distances, thus two distincts Cs local environments. In the

case of Li-bearing glasses, the scattering power of Li being

so weak, peak C is weak and its energy position is difficult

to evaluate. To conclude on this point, complementary

spectroscopic studies combined with molecular dynamics

calculations are needed to determine the local environment

of the alkali-ions, and finally to confirm or invalidate our

analysis of the Mg K-edge spectra.

Unlike that of peak A and C, the energy position of peak

B is not much sensitive to the nature of the alkali ion (from

1,312.5 eV for CsMS3 to 1,313.3 for KMS2). The position

of this peak appears to be quite a constant at the Mg K-edge

in all the studied compounds.

The relative intensities of features A and B are also

dependent on the alkali element. However, as in alumino-

silicate glasses, the analysis of such variations is not

straightforward and would require XANES simulations. As

in crystals, the starting point of XANES simulations in

glasses is a structural model. Glass structural models can be

obtained from molecular dynamics calculations. To our

knowledge, very few studies have been devoted to the

simulation of XANES in oxide glasses, using MD models

(Levelut et al. 2001; Cabaret et al. 2001; Farges et al.

2004). Indeed the coexistence of various sites for the

absorbing atom increases the computing time and compli-

cates the spectral analysis. However the coupling of MD

and robust XANES simulations is a promising approach for

structural investigations in glasses.

Conclusion

X-ray absorption near-edge spectroscopy (XANES) was

used at the Mg K-edge in order to extract information at

short and medium range order around magnesium in glas-

ses. Prior to glass analysis, Mg-bearing minerals have been

studied. As Mg environment (coordination, polyhedron

geometry and neighbours) varies, both relative intensities

and positions of the XANES features are affected. The

results presented highlight the impossibility to interpret all

the observed variations by the fingerprint method.

First-principles calculation of seven crystalline com-

pounds were performed in order to investigate the

relationship between crystallographic structures and the

shape of XANES spectra. The calculation method allows to

reproduce with a good agreement the energy position of the

first peak (labeled A) and the relative intensities of all the

features including pre-edge. Although regions can be

clearly assigned to Mg–O bond length for a given coordi-

nation number, the energy position of the first peak does

not allow to distinguish between five-fold and six-fold

coordinated Mg. The analysis of the Mg K-edge in crys-

talline compounds has shown that the shift of the feature A

is the signature of a change in coordination number and/or

in coordination polyhedron distortion.

Although used as reference compounds for the glass

study, the results obtained on the minerals are very inter-

esting and will be continued. For example, the good

reproduction of the pre-edge feature within the electric

dipole approximation shows that this feature is due to 1s to

Mg p empty states. Its origin should be further explored by

performing local density of states calculations (for super-

cells including the core-hole). Such calculations would

permit the identification of the states which are hybridized

with Mg p-empty states, giving information about the

covalent or ionic character of the Mg–O bond. Moreover, it

would precise the role played by the asymmetry of the Mg

site in the origin of the pre-edge feature. In the case of talc,

the influence of OH (as Mg first neighbours) or of the

oriented structure of phyllosilicate on the pre-edge feature
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could be investigated. In the case of pyrope, complemen-

tary calculations are needed to clarify the possible

participation of Fe states, not only in the pre-edge region,

but also in the energy range of peak C. While the evidence

of the connection beween peak C and the absence of iron

seems to be established in the case of forsterite, and from

experimental observations in the case of cordierite, it is

indeed less obvious in the case of pyrope.

Considering the results obtained for crystalline com-

pound XANES spectra combined to MD and NMR results

published in the litterature, the magnesium coordination

number has been evaluated to be mainly 5 in alumino-

silicate glasses. In the XMS2 and XMS3 series, we have

shown that polymerization does not affect the XANES

spectra in the range investigated here. However, the type

of alkali (Li, Na, K, Rb or Cs) does affect the position of

the first peak A thus inducing a coordination change for

the magnesium atoms. Magnesium is mainly 4-fold co-

ordinated in Cs-, Rb- and K-glasses while its mean

coordination number increases in Na- and Li-glasses being

close to 5, with probably a distribution of coordination

number. These results show that magnesium coordination

number varies with composition thus explaining the con-

troversies of the literature. The variation observed on peak

C as a function of ASI value or alkali type has been

assigned to a medium range order effect. This assumption

has however to be confirmed by calculation of XANES

spectra of glasses based on molecular dynamics simula-

tions. This will allow to explore the relationship between

alkali and magnesium and confirm the variation of coor-

dination number while changing the alkali type.
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