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INTRODUCTION

The crystal structure of natural alluaudite was determined by 
Moore (1971) in the monoclinic C2/c space group, and led to 
the general structural formula X2X1M1M22(PO4)3 with Z = 4. 
However, more recent structural reÞ nements of synthetic phos-
phates with the alluaudite structure (Yakubovich et al. 1977; 
Antenucci 1992; Warner et al. 1993; Antenucci et al. 1993, 
1995; Lii and Shih 1994; Leroux et al. 1995a, 1995b; Lii and 
Ye 1997; Korzenski et al. 1998; Hatert et al. 2000, 2002, 2003, 
2004; Chouaibi et al. 2001; Guesmi and Driss 2002; Daidouh et 
al. 2002; Ben Smail and Jouini 2002; Durio et al. 2002; Hidouri 
et al. 2003) clearly demonstrate the existence of three cationic 
sites that were not reported by Moore (1971). These sites are 
located in the channels at crystallographic positions which are 
different from those of the X1 and X2 sites. Based on detailed 
structural studies, Hatert et al. (2000) proposed a new general 
formula, (A2A2')(A1A1'A12'')M1M22(PO4)3, for alluaudite-type 
compounds.  

In granitic pegmatites, alluaudite exhibits chemical composi-
tions ranging from Na2Mn(Fe2+Fe3+)(PO4)3 to  NaMnFe2

3+(PO4)3, 
with Mn2+ or some Ca2+ replacing Na+ at the A1 site, Fe2+ replac-
ing Mn2+ at the M1 site, and some Mg2+ or Mn2+ replacing iron 
at the M2 site, where ■■ represents a lattice vacancy at the A2  ̓
site. The transition between these two end-member compositions 

corresponds to the substitution mechanism Na+ + Fe2+ → ■■ + Fe3+ 
(Fransolet et al. 1986), and occurs during the oxidation processes 
affecting the complex phosphate associations within granitic peg-
matites, particularly in the beryl-columbite-phosphate subtype of 
the rare-element pegmatites (Černý 1991). Numerous oxidized 
Na-Mn-Fe-bearing alluaudite specimens have been synthesized 
by solid state reactions in air (Hatert et al. 2000, 2004; Hatert 
2002a), but only a few compounds containing both Fe2+ and Fe3+ 
have been hydrothermally synthesized (Yakubovich et al. 1977; 
Corbin et al. 1986; Korzenski et al. 1998).

To better understand the crystal chemistry of the weakly 
oxidized end-members, the Na2(Mn1�xFex

2+)2Fe3+(PO4)3 solid 
solution, with x = 0.00, 0.25, 0.50, 0.75, and 1.00, has been 
synthesized by hydrothermal methods. Rietveld reÞ nements of 
powder X-ray diffraction patterns, and infrared and Mössbauer 
spectral studies reveal the structural consequences of the replace-
ment of Mn2+ by Fe2+ in the octahedral chains of the structure. 
Mössbauer spectroscopy is an especially valuable tool for this 
study because it provides accurate information about the cation 
distributions at the M1 and M2 crystallographic sites (Hermann 
et al. 2002; Hatert et al. 2003, 2004). 

EXPERIMENTAL METHODS

Compounds of the Na2(Mn1�xFex
2+)2Fe3+(PO4)3 series, with x = 0.00, 0.25, 0.50, 

0.75, and 1.00, were hydrothermally synthesized at 400 °C and 1 kbar. Stoichio-
metric quantities of NaH2PO4⋅H2O, FePO4, MnO, and FeO were homogenized in 
a mortar and 100 mg of the mixture was sealed in silver tubes together with 10 * E-mail: fhatert@ulg.ac.be
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ABSTRACT

Several compounds of the Na2(Mn1�xFex
2+)2Fe3+(PO4)3 solid solution have been hydrothermally 

synthesized at 400 °C and 1 kbar; pure alluaudite-like compounds have been obtained for x = 0.00, 
0.25, 0.50, 0.75, and 1.00. Rietveld reÞ nements of the powder X-ray diffraction patterns indicate 
the presence of Na+ at the A1 and A2' sites, Mn2+ and Fe2+ at the M1 site, and Mn2+, Fe2+, and Fe3+ at 
the M2 site. The presence of small amounts of Na+ at the M1 site and Mn2+ at the A1 site indicates a 
partially disordered distribution of these cations. An excellent linear correlation has been established 
between the M1-M2 distance and the energy of the infrared band attributed to the M2+-O vibrations. 
The Mössbauer spectra, measured between 85 and 295 K, were analyzed in terms of a model which 
includes the next-nearest neighbor interactions at the M2 and M1 crystallographic sites. Fe2+ and Fe3+ 
isomer shifts are typical of the alluaudite structure and exhibit the expected second-order Doppler 
shift. The derived iron vibrating masses and Mössbauer lattice temperatures are within the range of 
values expected for iron cations in an octahedral environment. The Fe2+ and Fe3+ quadrupole splittings 
are typical of the alluaudite structure, and the temperature dependence of the Fe2+ quadrupole splitting 
was Þ t with the Ingalls model, which yielded a ground state orbital splitting of ca. 460 to 735 cm�1 for 
the Fe2+ sites. The isomer shifts and quadrupole splittings of Fe2+ at the M1 site are larger than those 
of Fe2+ at M2, indicating that the M1 site is both larger and more distorted than the M2 site.


