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dard. The back-scattering bank C allowed us to collect 
data with good statistics for a wider momentum-transfer 
range than is normally the case with X rays.

Combined refi nement of the X-ray and three neutron 
powder-diffraction datasets was done using GSAS 
(Larson & Von Dreele 1987). The X-ray peak profi les 
were fi tted with the Thompson–Cox pseudo-Voigt func-
tion, whereas the neutron peak profi les were fi tted with 
double-exponential pseudo-Voigt convolution function 
(Larson & Von Dreele 1987). The profi le parameters 
for each histogram were refi ned in the initial stages 
of the refi nements, and then fi xed. During the fi nal 
cycles of least-squares refi nement, the scale factors, the 
background coeffi cients (fi fth-order polynomials) and 
the zero shifts for all histograms, lattice parameters, 
positional parameters, occupancy factors and isotropic-
displacement factors were refined. The isotropic-
displacement parameters of each of the Fe, Si and O 
atoms were kept equal during refi nements. 

A single-crystal X-ray-diffraction study of 
manganilvaite was done using a Bruker P4 rotating-
anode four-circle diffractometer operating at 50 kV and 
250 mA, with an 18 kW generator. The high-intensity 
source was monochromated by a vertical incident-beam 
graphite monochromator. The wavelength is calibrated 
against an IUCr ruby standard before and after cell-
parameter measurements. The cell parameters of three 
different crystals of manganilvaite from the Ossikovo 
mine were determined by least-squares fitting the 
centered positions of 20 or 30 low-angle refl ections 
(2� < 30°), and show some variability at the 5� level 
due to variability in composition. The crystal showing 
the sharpest diffraction-peak profi les and measuring 
about 60 � 80 � 120 mm was selected for intensity 
data collection using variable-speed �–2� scans (from 
4 to 10º per minute) on the twice-redundant hemisphere 
(h + 20, k ± 14, l ± 9) out to 2�max = 70º, resulting 
in 6333 reflections in total, with 2673 considered 
unique and having I > 2�(I). The data were correcting 
for Lorentz, polarization and absorption effects. An 
analytical absorption correction was applied using the 
indexed faces and measured distances of the crystal, 

after which the data merging of equivalent refl ections 
gave a discrepancy factor Rint = 0.081. The structure was 
refi ned from the starting positions reported by Finger & 
Hazen (1987) using SHELX–97 (Sheldrick 1997) and 
w = 1.0/(�2(F) + 0.000030F2) weighting scheme and 
converged to Rw = 3.4%.

The Mössbauer spectroscopy was done on an elec-
tromechanical Wissel (Wissenschaftliche Elektronik 
GmBH) spectrometer at room temperature. A 57Co/Cr 
source with an activity 10 mCi was used with �-Fe as a 
standard. The experimental spectra were fi tted as a sum 
of Lorentzians using the least-squares method.

RESULTS

Diffraction studies

The lattice parameters of the Seriphos ilvaite 
(Table 1) are in close agreement with the powder 
neutron-diffraction results of Ghose et al. (1984) 
and with the single-crystal X-ray data of Carrozzini 
(1994). In agreement with previous studies (Carrozzini 
1994, Bonazzi & Bindi 2002), increasing Mn content 
correlates with an increase in the b parameter (Fig. 2), 
whereas a and c remain practically unchanged.

Several models for the Mn occupancy in mangan-
il vaite were examined using combined neutron and 
X-ray powder refi nements (Finney 1995). Simultaneous 
refi nement of the Mn occupancies at the M11, M12 and 
M2 sites failed, indicating that Mn occurs only at the M2 
site. The structure was refi ned with Mn only at the M2 
site, and the refi nement converged to Rwp = 2.3%. Mn 
was then allowed to substitute for Ca at the seven-coor-
dinated site. The residual Rwp converged to 2.1%, with 
Rwp = 4.8% for X-ray and Rwp of 2.3, 2.4 and 1.7% for 
neutron banks A, B and C, respectively. In the Mn-free 
ilvaite from Seriphos, the refi nement converged to an 
overall Rwp of 2.4%. The X-ray-diffraction pattern for 
manganilvaite is shown together with the fi tted intensi-
ties in Figure 3a. The low-2� neutron-diffraction pattern 
(bank A), which is the most sensitive to the occupancy 
factors, together with the fi tted intensities, is shown in 
Figure 3b.

Atom parameters are listed in Table 2. The coor-
dinates for the structural model derived from the 
combined neutron + X-ray powder-diffraction data 
are in good agreement with the single-crystal data. 
The refi ned occupancies for manganilvaite and for the 
Seriphos ilvaite are given in Table 3.

The <M11–O> distance in manganilvaite is very 
similar to that in the Seriphos ilvaite (Table 4) and 
other samples of Mn-poor ilvaite (Takéuchi et al. 1983, 
Finger & Hazen 1987, Carrozzini 1994, Bonazzi & 
Bindi 1999), which supports the premise that Mn2+ does 
not occur at the M11 site, despite the very large total 
Mn content. The substitution of Mn2+ for Fe2+ at M2 
increases <M2–O>, refl ecting the greater ionic radius 
of Mn2+ (0.830 versus 0.780 Å, respectively: Shannon 
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1976). The <M2–O> bond length is a linear function 
of Mn content (Fig. 4), in accord with correlation 
proposed by Carrozzini (1994) and Bonazzi & Bindi 
(2002). Also, <M2–O>obs equals 2.201(1) Å (Table 
4), whereas <M2–O>calc equals 2.200(1) Å using the 
empirical equation <M2–O> = 2.1869(3) + 0.0266(9) 

n(Mn2+), reported by Bonazzi & Bindi (2002), where 
n(Mn2+) is the Mn occupancy at the M2 site. The M11, 
M12 and M2 octahedra in the ilvaite structure are not 
regular. In the Seriphos Mn-free ilvaite, the M2 site 
has the largest bond-length <�l> and bond-angle <��> 
distortions among the octahedra (Table 5).

FIG. 2. Variation of b versus Mn content (in apfu) in ilvaite–manganilvaite. Data from: 
(1) Carrozzini (1994), (2) Takéuchi et al. (1983), (3) Finger & Hazen (1987), (4) Ghose 
et al. (1984), (5) Bonazzi & Bindi (1999), (6) Bonazzi & Bindi (2002), (7) Larsen & 
Dahlgren (2002), and the present study (*).

FIG. 1. The crystal structure of manganilvaite and view of one of the double chains of edge-sharing octahedra M11–M12 and 
M2.
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Both Fe2+ and Fe3+ occupy the M11 and the M12 
sites. An order parameter Q has been proposed (Takéuchi 
et al. 1983, Ghose et al. 1984, Finger & Hazen 1987), 
depending on the Fe3+ occupancy [n(Fe3+)] of the M11 
site: Q =  | 0.5 – n(Fe3+) |  / 0.5; Q equals 1 for complete 
order, with Fe2+ and Fe3+ at the M11 and M12 sites, 
respectively (monoclinic symmetry), whereas Q is 0 
for complete disorder (orthorhombic symmetry). The 
Fe3+ occupancy of M11 can be expressed as a func-
tion of <M11–O> assuming <Fe2+–O> = 2.135 Å and 
<Fe3+–O> = 2.025 Å (Ghose et al. 1984): n(Fe3+) = 
[<Fe2+–O> – <M11–O>] / [<Fe2+–O> – <Fe3+–O>].

In the Seriphos ilvaite, Q equals 0.73(10). Hence, 
Fe2+ preferably occupies the M11 octahedra (0.86 Fe2+

 
+ 0.14 Fe3+), whereas the Fe3+ ions occupy mostly the 
M12 position (0.14 Fe2+

 + 0.86 Fe3+) (Table 3). The 
order parameter for the Seriphos ilvaite is the same 

(within 1�) as the values of Q reported by Carrozzini 
(1994) and Ghose et al. (1984), 0.58 and 0.69, respec-
tively, but it is larger than the value given by Finger & 
Hazen (1987), 0.16.

The order parameter for manganilvaite Q = 0.65(10), 
determined from the combined X-ray and neutron 
powder-diffraction refi nements, shows that substitution 
of Mn2+ at the M2 site slightly increases the Fe2+–Fe3+ 
disorder at the M11 and M12 sites (Table 3). The order 
parameter determined from the X-ray single-crystal 
refi nement is even smaller, Q = 0.26(12), which corre-
lates with the difference in the � angle (Table 1) and 
suggests that there may be variation of the order param-
eter in different crystals from the same deposit.

Mössbauer study

Ilvaite has been the subject of numerous 57Fe Möss-
bauer studies (Herzenberg & Riley 1969, Gérard & 
Grandjean 1971, Grandjean & Gérard 1975, Heilmann 
et al. 1977, Nolet & Burns 1979, Amthauer & Evans 
1978, Yamanaka & Takéuchi 1979, Evans & Amthauer 
1980, Litterst & Amthauer 1984, Demelo et al. 1994, 
Cesena et al. 1995, Amthauer et al. 1998, Dotson 
& Evans 1999). It has been shown that the mono-
clinic–orthorhombic transition in ilvaite is accompanied 
by temperature-activated delocalization of electrons 
(Ghazi-Bayat et al. 1989, Güttler et al. 1989). The 
degree of electron delocalization at room temperature 
can be related to the paragenesis of the mineral (Nolet 
& Burns 1979).

Following Nolet & Burns (1979) and Amthauer & 
Rossman (1984), the Mössbauer spectra of the Seriphos 
ilvaite and of manganilvaite (Fig. 5) were fi tted to fi ve 
quadruple doublets: two corresponding to Fe2+ and 
mixed-valence Fe2.5+ ions at the M11 position, two for 
Fe3+ and Fe2.5+ ions at the M12 position, and one doublet 
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FIG. 3. (a) X-ray and (b) neutron powder-diffraction patterns for manganilvaite (crosses). Also shown are results of the Rietveld-
fi tted calculated profi les (solid lines, top) and the residual (bottom).
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for the Fe2+ ions at the M2 position. The low degree of 
occupancy of M11 and M12 by Fe3+ and Fe2+, respec-
tively, makes a seven-doublet model less probable.

The interpretation of the Mössbauer spectrum of 
manganilvaite shows better agreement between the 
experimental and fi tted spectra if electron-exchange 
interactions (Fe2.5+ species) are considered. This model 
is also supported by the results obtained from the X-ray- 
and neutron-diffraction refi nements. The interatomic 
distances between Fe ions in adjacent M11 and M12 
octahedra along the chains in the manganilvaite struc-
ture [2.841(1) and 2.999(1) Å] are close to the optimal 
values and within the 3Å limit (Swinnea & Steinfi nk 
1983) necessary for 3d6Fe2+ � 3d5Fe3+ electron 
exchange. The potential for experimental determination 
of the mixed valence state by Mössbauer spectroscopy 
depends on the TL/TE ratio, where TL is the Larmor 
precession time of the 14.4 keV excited state and TE is 

the electron-relaxation time. If the frequency of electron 
delocalization is higher than 10–7 s–1, then the mixed-
valence state could be registered in the Mössbauer 
spectrum with parameters between those characteristic 
for Fe3+ and Fe2+.

The Mössbauer spectra are shown in Figure 5 and 
the corresponding parameters [isomer shifts (IS), quad-
rupole splittings (QS) and full widths at half maximum 
(FWHM)] are listed in Table 6. Doublet 1 exhibits a 
small isomer shift typical for Fe3+ in octahedral coordi-
nation (Nolet & Burns 1979, Hawthorne 1988) and can 
be assigned to Fe3+ at the M12 site, taking into account 
the occupancies of the M12 site in manganilvaite and 
the Seriphos ilvaite (Table 3). Doublets 4 and 5 have 
IS and QS parameters characteristic of high-spin Fe2+ 
(Nolet & Burns 1979, Hawthorne 1988). Doublets 2 
and 3 have IS parameters intermediate with respect to 
Fe3+ and Fe2+, i.e., they can be assigned to the mixed-
valence Fe2.5+ species. The bond-length and bond-angle 
distortions of the M2 octahedra are almost 50% larger 
than for the M11 octahedra in both the structures of 
manganilvaite and the Seriphos ilvaite (Table 5). Using 
empirical relations between the degree of polyhedron 
distortions and the quadrupole splitting in silicate 
minerals (Hawthorne 1988), we can easily assign 
doublet 5 to the M2 site and doublet 4 to the M11 site. 
In the Seriphos sample, the bond-length distortion of 
the M11 octahedron is larger than that of the M12 octa-
hedron, whereas their bond-angle distortions are practi-
cally the same. Thus we tentatively assign doublets 2 
and 3 in both samples to the Fe2.5+ species at the M12 
and M11 sites, respectively. The differences in QS 
parameters for the Seriphos ilvaite and manganilvaite 
correlate with the corresponding changes in their bond-
length distortions (especially for the M11 site).

The contribution of mixed-valence ions in the Seri-
phos spectrum, measured at room temperature, is insig-
nifi cant (almost within the error limits). Thus the M1:
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M2 G ratio is ~2:1, as expected from the stoichiometry. 
The distribution of the Fe ions over the M1 (= M11 + 
M12) and M2 sites in manganilvaite is practically the 
same (the G values of the components are normalized 
to 100% not considering the Mn2+ ions occupying M2). 
However, the presence of Mn2+ in the ilvaite structure 
leads to a signifi cant increase in the mixed-valence 
contribution. The replacement of Fe2+ by Mn2+ at the 
M2 site results in complex deformations of the M11 and 
M12 octahedra (Table 5) as well as some changes in 
the M11–M12 distances. There are two different M11–
M12 distances along the double chains of octahedra: 
M11–M12 and M12–M11´. In the Seriphos ilvaite, 
M11–M12 = 3.004(1) Å and M12–M11´ = 2.854(1) Å. 
The distance M12–M11´ remains practically the same 
[2.855(1) Å] in manganilvaite, whereas the M11–M12 
distance decreases slightly [2.994(1) Å], providing more 
favorable conditions for electron transfer between these 
ions. Mössbauer studies on synthetic ilvaite of low Mn 
content (<0.19 apfu) also suggest that incorporation 
of Mn2+ enhances the valence fl uctuations in ilvaite 
(Ghazi-Bayat et al. 1992, Amthauer et al. 1998).

CONCLUSIONS

1) The present structural studies confirm that 
manganilvaite, the new Mn-dominant end-member 
of the ilvaite group, has the monoclinic ilvaite-type 
structure.

2) Compositional variations in the ilvaite–
manganilvaite series are common among samples from 
the same deposit and even within a single crystal.

3) In manganilvaite, Mn2+ occurs at the M2 and Ca 
sites. The small charge defi cit at the Ca2+ site, usually 
existing in Mn-bearing samples, is the result of partial 
replacement by Mn, whereas the majority of Mn2+ 
substitutes for Fe2+ at the M2 site.

4) Replacement of Fe2+ by Mn2+ at the M2 sites 
leads to an increase in bond-angle distortion of the M2 
octahedron, increase of the Fe2+–Fe3+ disorder, and to 
an increase in Fe2+ � Fe3+ charge transfer between the 
M11 and M12 sites.

FIG. 4. Variation of <M2–O> with Mn content (in apfu) in ilvaite–manganilvaite. Data 
from: (1) Carrozzini (1994), (2) Takéuchi et al. (1983), (3) Finger & Hazen (1987), 
(4) Ghose et al. (1984), (5) Bonazzi & Bindi (1999), (6) Bonazzi & Bindi (2002), and 
the present study (*). The line representing the empirical linear equation <M2–O> = 
2.1869 + 0.0266(9) Mn2+ (apfu) is the one proposed by Carrozzini (1994) and Bonazzi 
& Bindi (2002).
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FIG. 5. Mössbauer spectra for Mn-free ilvaite from Seriphos and manganilvaite from 
Ossikovo.
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