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Abstract

The room-temperature spectrum of grandidieri te is characterized by a doublet with A :

1.70 mm sec t and D : l . l0 mm sec '(relat ive to metal l ic iron) caused by Fe'+ in the f ive-
coordinated posit ion. The quadrupole spl i t t ing decreases with increasingFe2+ /(Fe2+ + Mg)
f r o m l . 7 2 4  m m  s e c - ' a t  F e l ( F e + M g ) : 0 . 0 3 7  t o  1 . 6 8 1  m m  s e c - ' a t  F e l ( F e + M g ) : 0 . 2 8 8 .
The temperature dependence of the isomer shift indicates a Debye temperature of 300 + 50 K
for divalent iron in this posit ion.

Introduction

The rare borosil icate grandidierite is structurally
closely related to andalusite (Stephenson and Moore
1968) and is the only sil icate in which significant
amounts of ferrous iron are reported to occur exclu-
sively in fivefold coordination. The form of the co-
ordination polyhedron around the (Mg,Fe) site is
somewhere between a trigonal bipyramid and a te-
tragonal pyramid but can best be described as a dis-
torted trigonal bipyramid. A number of other sil i-
cates contain ferrous iron partly in sites that may be
considered as an effective five-coordination or, alter-
natively, as a 5 * I coordination, i.e. a strongly
deformed octahedron. Examples are rhodonile (M4
position, Peacor and Niizeki 1963, Dickson 1975),
pyroxmangite(M6 position, Ohashi and Finger 1975)
and pyroxferroite (M6 position, Burnham l97l).
When the sixth oxygen atom is disregarded, poly-
hedra are obtained that can be described as distorted
tetragonal pyramids. The five-coordinated B site in
vesuvianite (Rucklidge et al., 1975) is exceptional
because ferrous iron (Manning and Tricker 1975) is
surrounded by four oxygen atoms in a quasi-planar
arrangement, with a fifth oxygen situated at nearly
the same distance from the iron atom but outside the
plane defined by the four.oxygens. The polyhedron
can thus be described as a regular tetragonal pyramid
with the cation site situated practically in the base.

The Mdssbauer parameters of Fe2+, coordinated
by oxygen, in square-planar, tetrahedral, octahedral,
and cubic symmetries have been reported by many
authors (see, for example, Bancroft 1973). However,

l itt le information is available for f ivefold coordinated
Fe2+. Because the grandidierite structure appears to
have Fe'+ in only one site, its Mcissbauer spectrum
should be amenable to direct interpretation and thus
provide data that are helpful for the assignment of
peaks in the Mdssbauer spectra of more complex
sil icates (cl Dickson 1975, Manning and Tricker
1975). This paper, therefore, describes the spectra of
several grandidierites.

Experimental

The sources of the natural grandidierite specimens
and their chemical composition are given in Table l.
The material was crushed, separated by a magnetic
separator and carefully handpicked. The concen-
trates obtained were over 99 percent pure (for pos-
sible contaminants, see Table I ). Microprobe analy-
ses were made by K. Abraham, Ruhr University
Bochum, and D. Ackermand, Kiel University. Since
boron enters the structure of grandidierite in
stoichiometric amounts (McKie 1965, Stephenson
and Moore 1968), a boron value of l 0 per 9 oxygens
was assumed. Total iron was calculated as ferrous
iron. No grain-to-grain variations or chemical zoning
was observed. Lattice constants of the phases studied
are reported by Olesch and Seifert (1976).

The Mcissbauer spectra were taken on an Elscint
spectrometer operated in the constant acceleration
mode, using a 5'Co source in rhodium matrix with 50
mCi nominal activity. Duplicate spectra were ac-
cumulated in each half of a 1024 channel multi-
channel analyzer. The velocity increment per channel
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Table I Sources and chemical composition of grandidierites Results

The different grandidierite specimens gave very
similar M<issbauer absorption spectra, characterized
by an intense doublet (called A inthe following) and
a weak doublet (8). Figure I shows the spectrum of
the material from the same locality and batch that
served in the crystal-structure determination by
Stephenson and Moore (1968). The spectra could be
fitted by four Lorentzian peaks (12 peak variables,
one background variable). In some cases constraints
had to be used for the weak doublet (cf. Table 2).In
sample I only one doublet (l ) was encountered. Peak
intensities, half-widths, quadrupole splittings and iso-
mer shifts are reported in Table 2. It should be
pointed out that the B doublet only accounts for 0 to
5 percent ofthe total resonant absorption and that its
parameters are only poorly determined. In addition,
even small deviations in the line shape of doublet .4
from Lorentzian shape will markedly affect the nu-
merical values obtained for the parameters of the
overlapped doublet B. Only little significance should,
therefore, be attached to these values.

The line widths for doublet A are generally in the
range 0.29 to 0.35 mm sec-', i.e. rather close to the
line width of a Fe absorber (0.28 mm sec-1) in the
experimental setup used. The intensities for the two
peaks of I are identical within the limits of error,
indicating that the effect of preferred orientation
within the powder sample is negligible. On the other
hand, the half-widths of the I doublet are anomalous
and the intensities are unequal, probably due to the
large inherent errors mentioned above.

By comparison with the crystal structure determi-
nation (Stephenson and Moore 1968), the,4 doublet
is assigned to Fe2+ in fivefold coordination, where it
occurs mixed with Mg. The B doublet is supposedly
due to ferric iron as concluded from the low isomer
shift. Ferric iron is reported, though in small
amounts, in all chemical analyses of grandidierite
where separate determinations of ferrous and ferric
species have been made. At the moment it cannot,
however, be decided whether the small amount of
ferric iron enters the five-coordinated R3+ position

[Al(3)], the five-coordinated R'+ site (Mg), the oc-
tahedral positions Al(1) and Al(2) or even a tetrahe-
dral position. The errors involved also prohibit a
determination of ferrous,/ferric ratios in grandidierite
from the Mdssbauer spectra.

In the four samples studied, a marked near-linear
decrease of the quadrupole splitting with increasing
Fe2+ /(Fe2+ lMg) ratio of the sample has been ob-
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4 ,  F r o m  a  g r a n d i d i e r i t e - m a g f , e t l t e - h e t c y o i E e - c o r u n d u n -
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was about 0.02 mm sec-', and counting times neces-
sary to accumulate from 2 to 14 X 106 counts per
channel were employed. The reported parameters
represent the average of the left- and right-hand sides
that were fitted independently. Velocity calibration
was made against the spectrum of Fe foil (Violet and
Pipkorn l97l), and isomer shifts are reported rela-
tive to metallic iron.

The grandidierite samples were ground to a fine
powder. For experiments at room temperature and
liquid nitrogen temperature the material was baked
into a pellet with transoptical powder. For higher
absorber temperatures the material was packed be-
tween thin aluminium foils. Sample thicknesses gen-
erally ranged from 1 to 4 mg Fe/cm2 (Table 2). The
spectra were fitted to Lorentzian shaped peaks, and
the sum of the normalized squares of the difference
between each channel count and the value ofthe sum
of Lorentzians at this channel (1') was minimized.
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served (Fig. 2). A similar trend has been described
for the high-iron site in cummingtonite (M4), oF
thopyroxene (M2, cf. Hafner and Ghose l97l) and
for olivine (Bancroft et al.,1967). This behaviour can
be interpreted as increasing distortion of the site with
increasing molecular fraction of iron in the sample.
In this context it is important to note that in grandi-
dierite the substitution of Fe2+ for Mg leads to an
anisotropic inflation of the unit cell: whereas c and a
remain essentially constant, b increases systematically
with increasing iron component (Olesch and Seifert
1976). On the other hand, the quadrupole splittings
of individual Fe2+ sites might also change as a func-
tion of nearby Fe concentration. This would imply
that any "doublet" is actually a set of closely spaced
doublets whose intensities change consistent with the
numbers of types of local neighborhoods. The rela-
tively narrow linewidths would, in terms of this
model, indicate very similar quadrupole splittings.
This would, however, be expected, since the fivefold
(Fe'z+,Mg) sites do not share polyhedral elements.
This model could also account for the seneral broad-

ening of l inewidths in the 77 K spectra relative to the
298 K spectra.

The effect of temperature on the hyperfine parame-
ters of grandidierite has been studied in detail for
sample 4 and is summarized in Figure 3. The quad-
rupole splitt ing (Fig. 3a) shows a marked nonlinear
temperature dependence with a large change from
liquid-nitrogen temperature to room temperature
and a much slower decrease at higher temperatures.
However, these effects cannot be evaluated at pres-
ent, because they depend on the lattice contribution
and the valence contribution to the quadrupole split-
t ing, both of which are unknown. In the case of the
highly distorted polyhedron around Fe2+ in grandi-
dierite, the lattice contribution certainly cannot be
neglected (cl Huggins 1975). An additional compli-
cation results from the low symmetry of the site.

The temperature dependence of the isomer shift
(Fig. 3b) was found to be practically l inear at temper-
atures above 150oC, decreasing at a rate of 0.00071
mm sec-' deg-1. At lower temperatures the effect is
smaller. Neglecting the intrinsic temperature depen-

Table 2. Hyperfine parameters of grandidierites
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dence of the isomer shift of Fe2+ that is only in the
order  of  l0- ' to  l0-5 mm sec- 'deg- ' (Hazony 1973),
the data can be interpreted by the second-order Dop-
pler shift. Using the formalism put forward by Clark
et al. (1967, equ. 23b) but modified for the isotropic
case, we obtained an optimum fit between observed
and calculated isomer shifts with 6 : 1.339 mm sec-l
and a Debye temperature of 300 + 50 K. The use of
an isotropic model is justif ied by the observation of
Stephenson and Moore (1968) that the root-mean-
square displacements calculated from the X-ray data
are spherical within the l imits of error.

2 , 0  1 , 0
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Discussion: Hyperfine parameters of Fe2+ in fivefold
coordination

The following silicates are known to contain part
or the entire divalent iron in a fivefold coordination:
grandidierite, vesuvianite, rhodonite, pyroxmangite,
and pyroxferroite. No Mdssbauer data exist for py-
roxmangite, and the assignment of peaks to the (5+ I )
coordinated position cannot be made unambiguously
in pyroxferroite because of considerable overlap of
several peaks (Dowty and Lindsley 1974). Divalent
iron in a fivefold coordination has also been claimed

-2.0 ,0

UELOCITY
Fig.  l .  Mcissbauer spectrum of  grandidier i te (sample 2,  Table l )  taken at  298 K.  The sol id l ine is  a least-squares f i t  assuming four

Lorentz ians ( twelve l ine var iables,  one background var iable) .  The deviat ions of the sol id l ine f rom the data (d iv ided by the square root  of
the background) are plotted below the spectrum. The doublet designated I corresponds to Fe't in fivefold coordination and that
designated B to Fe3+.
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by Duncan and Johnston (1974\ to occur in cordier-
ite, An alternative explanation (electron hopping
mechanism involving octahedral and tetrahedral Fe
only) of the M<issbauer spectrum of cordierite has
been put forward by Pollak (1976), and is preferred
here because of its consistency with optical absorp-
tion spectra.

Table 3, therefore, gives hyperfine parameters of
vesuvianite, rhodonite, and grandidierite only, in ad-
dition to parameters obtained for a square planar and
two different octahedral environments for compari-
son. Qualitatively, the sequence from left to right in
Table 3 can be interpreted as increasing distortion
from an octahedral coordination. In accordancewith
the well-known empirical relationship between co-
ordination or geometry of a site and the quadrupole
splitting, it is seen that this parameter decreases sys-
tematically from a slightly distorted octahedron to a
square planar coordination. The temperature de-
pendence of the quadrupole splitting, on the other
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298 K) on the Fe'1+/(Fe'?+*Mg) molecular ratio of grandidierite.
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Table 3. Hyperf ine parameters ofutFe'+ in various coordination polyhedra, and their temperature dependence
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o f  i n c r e a s i n g  d i s g o r t i o n  f r o m  o c t a h e d r a l  s y m n e t r y .

hand, does not follow such a simple trend, probably
because it is the net result of two opposing effects, the
lattice contribution and the valence contribution to
the electric f ield gradient. Sirhilar to the quadrupole
splitt ing, the isomer shift decreases from left to right
in Table 3 and, although less clearly, so does its
temperature dependence. In terms of the Debye
model this indicates looser bonding (lower isotropic
Debye temperatures) in the less distorted sites (cl
Hafner  and Ghose 1971).
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