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ABSTRACT

Direct structural characterization of the changes in the local environment of Mg occurring in 

the garnet structure as a function of the Ca content are determined by Mg K-edge X-ray absorption 

short Mg-O2 distance of the dodecahedron slightly decreases, while the long Mg-O4 distance tends 

to increase, so that the dodecahedron is more distorted in grossular-rich garnets than in end-member 

pyrope. This quantitative direct description of the changes in the local environment of Mg in the 

-

putational results.
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INTRODUCTION

Most rock-forming silicates are solid-solution phases. Studies 

of their crystal-chemical properties are mandatory to understand, 

strain. It governs thermodynamic and physical behavior and also 

controls how minor and trace elements can be incorporated. 

depends not only on its atomic radius, but also on bulk composi-

tion, is of importance (for garnets: Quartieri et al. 1995, 1999a, 

1999b, 2002, 2004, 2006; Bosenick et al. 1999; Freeman et al. 

2006; for amphiboles: Oberti et al. 2007). This issue is neces-

sary for instance, for modeling and interpreting trace-element 

partitioning behavior and various petrogenetic studies (van 

garnets (X3Y2Z3O12) are stable over a wide range of temperature 

and pressure, and are abundant in Earth’s crust, upper mantle, 

and transition zone. The aluminosilicate garnet structure has the 

space group Ia3d, where all the cations are located in special 

crystallographic positions. The site symmetries are 222 for X, 3

position. The garnet structure consists of a corner-sharing three-

dimensional network of SiO4 tetrahedra and AlO6 octahedra, 

where the triangular-dodecahedral cavities host the divalent X-
cations. An important feature of the garnet structure is the high 

tetrahedra (2), octahedra (4) and dodecahedra (4). Thus, changes 

in the geometry of the dodecahedron affect the geometry of all 

coordination polyhedra in the crystal structure.

Mg3Al2Si3O12)-grossular (grs, Ca3Al2Si3O12) garnets is important 

because it is highly non-ideal. This non-ideality has been shown 

in a number of different investigations (Newton et al. 1977; 

al. 2006; Dachs and Geiger 2006), and it is generally ascribed 

to the disparate size of the X cations in the solid solution (e.g., 

[8]Ca = 1.12 Å, [8]Mg = 0.89), which causes elastic strain on a 

local scale (Dapiaggi et al. 2005). 

From a structural point of view, nonlinearity in crystal-chem-

ical properties can be observed both at the long-range scale as 

measured by diffraction measurements (Armbruster et al. 1992; 

Merli et al. 1995; Ungaretti et al. 1995) and at the short-range 

scale by spectroscopy (see Geiger 2004 for a review). A crucial 

topic of study concerns the relationships between non-linearity in 

the structural properties and non-ideality in the thermodynamic 

around Ca and Sc in synthetic (Sc-doped) prp-grs garnets by 

X-ray absorption spectroscopy at the Ca and Sc K-edge, in both 

et al. 2006a, 2006b). Analysis of the spectra, based on a model 

Ca-O4 bond length shortens considerably with increasing pyrope 

content, whereas the Ca-O2 bond length increases slightly. The 

two bonds have similar values in grs-poor solid solutions (i.e., 
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function of prp content is consistent with computational studies 

by Bosenick et al. (1999, 2001) and Freeman et al. (2006). A 

different behavior for Ca-O2 bond has been proposed, because 

the computational results indicate little variation of the short bond 

of X-O bonding in prp-grs garnets, structural information on 

the local environment around

In this letter, we cover this gap, reporting the results of a Mg 

K-edge XAFS study done on the same pyp-grs garnet samples 

K-edges. Due to the 

(see below), normally only the near edge region (XANES) of 

the absorption spectra has been used to study magnesium local 

environment. Few EXAFS studies are reported in the literature 

(Ildefonse et al. 1995; Jupe et al. 2001; Sankar et al. 2001). 

K-edge XAFS 

measurements, which include: 

(1) The limited number of facilities worldwide that provide 

required energy range (Mg K
is near the high-energy limit for grating monochromators and 

the low energy limit for crystal monochromators. 

(2) Even for samples with high Mg contents, transmission 

-

electric absorption cross-sections. Thus, thin samples should also 

possess a high lateral homogeneity. Therefore, Mg-rich samples 

requires self-absorption effects to be taken into account. 

(3) The range of photoelectron wavenumbers is often limited 

due to the closely spaced absorption edges in the soft X-ray 

range. 

measurements made to describe the local environment around 

EXPERIMENTAL AND DATA ANALYSIS
Details of the synthesis conditions, chemical analysis, and X-ray diffraction 

60grs40, prp20grs80) are 

reported in Oberti et al. (2006a, 2006b). For this work, samples were prepared by 

grinding the garnet powders in a mortar to reduce the grain size, and then deposition 

on a carbon tab. Magnesium K-edge XANES and EXAFS spectra were recorded at 

detector. MgO was used as a reference compound to test the reliability of data 

collection and analysis procedures. 

The raw XANES spectra were subtracted from the pre-edge background and 

samples with different absorber contents. Since Mg is not a dilute element in the 

-

lowing the procedure outlined in Carboni et al. (2005).

The EXAFS absorption spectra were collected in the energy range 1210–1560 

K
signal 

o) and post-edge absorption calculation ( o), 

atomic absorption background ( 0

range 2–7 

Å (k) data; we found this choice more 

in the limited available spectral range was found to produce quite large distor-

tions. Theoretical amplitude and phase shift functions were calculated by FEFF8.0 

(Ankudinov et al. 1998) assuming the crystallographic structure of Sc-doped pyrope 

(Oberti et al. 2006a). All the two-body signals (single-scattering contributions) 

derived from the crystallographic models out to about ~4 Å were considered; 

multiple scattering contributions were found to be of negligible amplitude. The 

was performed using the capabilities of MINUIT (James 1994) to determine the 

XAFS investigations performed on these garnets at the Sc K-edge (Oberti et al. 

2006b) revealed the incorporation of about 0.3 apfu of Sc in the X dodecahedral site 

of pyrope, with the consequent local charge balance obtained by substitution of some 

incorporated in the solid solutions, but distributed over different crystallographic 

atoms in tetrahedral coordination, four Al atoms in octahedral coordination, four 

Si atoms and four Mg atoms at the same distance from the central absorbing atom, 

scale origin (E0), the bond distances (Ri

Ri values of the outer shells 

Ri

-

the solid-solution samples prp60grs40 and prp20grs80, the Mg-Ca contribution (instead 

RESULTS AND DISCUSSION

The measured XANES spectra are shown in Figure 1. The 

spectra, displayed from top to bottom as a function of the Mg con-

centration, are all similar. They are characterized by the presence 

of four peaks (A to D in Fig. 1) at the same energy positions. As 

discussed by Ildefonse et al. (1995), this indicates that the local 

structural environment around Mg is substantially maintained 

and that only minor variations in the overall geometry occurs 

-

served by Oberti et al. (2006a) in the Ca K-edge XANES spectra 

for prp60grs40 and prp20grs80 solid solutions. The strong variations 

variations in the local Ca environment along the prp-grs binary. 

The results of the Mg K-edge EXAFS data analysis are reported 

in Table 1, Figures 2 and 3. In particular, for a comparison, Figure 

TABLE 1. Local structure around Mg in pyrope and garnet solid solu-
tions as obtained by EXAFS !tting results

Pyrope prp60grs40 prp20grs80

R (Å) DW (Å2) R (Å) DW (Å2) R (Å) DW (Å2)
Mg-O2 4 2.19 (4) 0.017(7) 2.18(2) 0.010(5) 2.17(3) 0.02(1)
Mg-O4 4 2.32(6) 0.026(6) 2.37(3) 0.013(5) 2.38(5) 0.03(1)
Mg-Si 2 3.12(2) 0.001 3.00(3) 0.007(2) 3.01(3) 0.008(2)
Mg-Al 4 3.34(2) 0.001 3.28(3) 0.007(2) 3.29(3) 0.008(2)
Mg-Mg(Ca) 4 3.48(2) 0.001 3.49(3) 0.007(2) 3.52(3) 0.008(2)
Mg-Si 4 3.48(2) 0.001 3.49(3) 0.007(2) 3.52(3) 0.008(2)
Mg-O 8 4.24(2) 0.002 4.14(3) 0.013(2) 4.17(3) 0.016(2)
Notes: For Pyrope, k-range = 2.0–7.6, E0 = 2.16, R2 = 0.25. For prp60grs40, k-range = 
2.0–7.6, E0 = 4, R2 = 0.18. For prp20grs80, k-range = 2.0–7.1, E0 = 3.8, R2 = 0.23. R2

= { k[kn exp(k) – kn mod(k)]2}/{ k[kn exp(k)]} = normalized residual goodness function 
that is an indicator of overall !t quality, accordingly to the recommendations of 
the Standards and Criteria Committee of the International XAFS Society.  
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bond distances determined in this work, those deduced by Geiger 

composition grs90prp10, and the values determined by Freeman 

Considering the limited k-range of the EXAFS data, the quality 

-

Å in Table 2] are in good agreement with those determined for 

reported in Figures 2b and 2c, and comments similar to the 

be made. The EXAFS results indicate that with decreasing Mg 

content from prp to prp20grs80, the long Mg-O distance tends to 

increase in length, while the shorter bond remains roughly con-

stant or slightly contracts in length. The inspection of the outer 

Mg-O shell (last line of Table 1) reveals that it undergoes a slight 

Mg-O shells, our results show that Mg-O2 and Mg-O4 bonds in 

grs-rich garnet differ in length from one another more than they 

do in the end-member pyrope. This Mg-O bond behavior is in 

good agreement with the computational results of Freeman et al. 

(2006), even if the longer Mg-O4 distance is larger than that de-

termined by EXAFS analysis. The results are also in satisfactory 

(1999) for the garnet grs90prp10. This solid solution was studied 

(Mg-O2 = 2.1 Å, Mg-O4 = 2.5 Å), which is measurably different 

from the bond lengths in pyrope. The results of our work allow 

effects of composition on local environments around the Mg atom 

in prp-grs garnets. Indeed, our EXAFS results obtained on the 

sample prp20grs80 agree with the trend proposed by Geiger and 
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,-!.FIGURE 1. XANES spectra at the Mg K-edge. Individual spectra 

have been normalized with respect to the high-energy side of the curve. 

FIGURE 2.
prp60grs40 and prp20grs80

individual contributions to the EXAFS signal. 

Armbruster (1999) for Mg-O bond distances, but indicate a less 

deformed Mg coordination geometry [i.e., Mg-O2 = 2.17(3) Å, 

Mg-O4 = 2.38(5) Å]. Finally, we can further test the reliability 

of our XAS results by comparing the mean X-O bond distances 

60grs40 and prp20grs80

garnets (Oberti et al. 2006a) with the values calculated by averag-

ing the EXAFS bond lengths on the basis of their contribution to 

2.320(1) and 2.382(1) Å for prp60grs40 and prp20grs80, respectively. 

The corresponding mean distances determined by EXAFS data 

are 2.31 and 2.36 Å, respectively, in good agreement with the 

The results of this work have highlighted the effects of the 

Mg:Ca substitution in causing Mg-O bond-length variations 
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demonstration that the local dodecahedral environment of Mg 

-

tent, will have also implications on the models used to interpret 

the partitioning behavior of minor and trace elements into this 

garnet solid solution.

ACKNOWLEDGMENTS

-

and an anonymous reviewer are also acknowledged for improving the manuscript 

with their suggestions.

REFERENCES CITED

-

alogist, 77, 512–521.

pyrope-grossular garnets synthesized at different temperatures revealed by 29Si MAS 

Bosenick, A., Dove, M.T., and Geiger, C.A. (2000) Simulation studies of pyrope-

grossular solid solutions. Physics and Chemistry of Minerals, 27, 398–418.

28, 177–187.

Scripta, T115, 986–988.

Dachs, E. and Geiger, C.A. (2006)

grossular (Mg3Al2Si3O12-Ca3Al2Si3O12) garnet solid solutions: A low-temperature 

calorimetric and a thermodynamic investigation. American Mineralogist, 91, 

894–906.

Dapiaggi, M., Geiger, C.A., and Artioli, G. (2005) Microscopic strain in garnet solid 

solutions determined by synchrotron X-ray diffraction. American Mineralogist, 

90, 506–509.

1–134203-8.

properties. American Mineralogist, 78, 583–593.

Geiger, C.A. (2004) Spectroscopic investigations relating to the structural, crystal-

chemical and lattice-dynamic properties of (Fe2+, Mn2+, Mg, Ca)3Al2Si3O12 garnet: 

in Mineralogy, 6, p. 589–645. European Notes in Mineralogy, Eötvös University 

Press, Budapest.

93, 360–372 (this issue).

Geiger, C.A. and Armbruster, T. (1999) The crystal structure of a grossular-pyrope 

garnet solid solution (Ca0.9Mg0.1)3Al2(SiO4)3

and Si) K-edge X-ray absorption spectroscopy in minerals and disordered systems. 

The site occupancy of Mg in the brownmillerite structure and its effect on hydra-

tion properties: an X-ray/neutron diffraction and EXAFS study. Applied Crystal-

lography, 34, 55–61.

chemical variability. European Journal of Mineralogy, 7, 1239–1249.

May 12, 2004, 705, 450–453.

2O3-SiO2. Geochimica 

Cosmochimica Acta, 41, 369–377. 

(2006a) Distinct local environments for Ca along the non-ideal pyrope-grossular 

solid-solution: a new model based on crystallographic and EXAFS analysis. Chemi-

cal Geology, 225, 347–359.

Eeckhout, S. (2006b) Site preference and local geometry of Sc in garnets: I. 

91, 1230–1239.

investigation. Physics and Chemistry of Minerals, 22, 159–169.

characterization of the structural site of Yb in synthetic pyrope and grossular garnets. 

Physics and Chemistry of Minerals, 26, 251–256.

Quartieri, S., Chaboy, J., Antonioli, G., and Geiger, C.A. (1999b) XAFS characterization 

of the structural site of Yb in synthetic pyrope and grossular garnets. II: XANES 

Chemistry of Minerals, 27, 88–94.

Characterization of trace Nd and Ce site preference and coordination in natural 

melanites: a combined X-ray diffraction and high-energy XAFS study. Physics 

and Chemistry of Minerals, 29, 495–502.

new data on the site geometry of dysprosium. Physics and Chemistry of Minerals, 

31, 162–167.

crystal-chemistry of octahedral Sc in the andradite-Ca3Sc2Si3O12

Mineralogist, 91, 1240–1248. 

architecture of Mg(II) centres in MAPO-36 solid acid catalysts. Journal of Syn-

garnet: crystal-structure evidence and modelling. European Journal of Mineralogy, 

7, 1299–1312.

trace-element partitioning between garnets and anhydrous silicate melts. American 

Mineralogist, 84, 838–847.

J.A. (2003) Trace element incorporation into pyrope-grossular solid solutions: an 

atomistic simulation study. Physics and Chemistry of Minerals, 30, 217–229.

-

sular, Mg3Al2Si3O12-Ca3Al2Si3O12, solid solution from lattice dynamics calculations 

and Monte Carlo simulations. American Mineralogist, 91, 1815–1830.

MANUSCRIPT RECEIVED OCTOBER 22, 2007
MANUSCRIPT ACCEPTED OCTOBER 30, 2007
MANUSCRIPT HANDLED BY BRYAN CHAKOUMAKOS

FIGURE 3.
determined Mg-O bond lengths as a function of prp mole fraction in the 

solid solution. Full symbols = this work; open symbols = Freeman et al. 

2006; crossed symbols = Geiger and Armbruster (1999).




