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Crystal structure refinement of a spinelloid in the system FerOo-FerSiOo
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AssrRAcr

A spinelloid phase has been synthesized at 1200'C, 7 GPa from the approximate com-
position Fer rSio rO, (Faoo-Mtu). X-ray precession photographs indicated that it is probably
isostructural with nickel aluminosilicate V. The photographs and backscattered electron
imaging, however, also indicate the presence of at least one other phase, of lower Fe
content, as oriented lamellar inclusions in the spinelloid phase. Single crystal data were
measured, and the structure was refined in space group Pmma la : 5.867(l) L, b :
8.917(l) 4,, c : 8.362( ) Al to an R factor of 4.24o/o, confirming that this phase is isostruc-
tural with nickel aluminosilicate V. Refinement of tetrahedral site occupancies leads to a
bulk composition of Fer rusi. 6408 (Fa.rMtur), which is corroborated by bond-length analysis
of the refined structure.

INtnooucrroN

Phase equilibrium experiments at high pressures in
peridotitic systems have shown that silicate spinels and
spinelloids may be important phases in a peridotitic up-
per mantle at depths between 400 and 650 km (e.g., Ta-
kahashi and Ito, 1987). For the composition Mg,SiO,, the
stable phase at low pressure is forsterite, with the olivine
(or a-MgrSiOr) structure. With increasing pressure,
a-MgrSiOo converts to the B-MgrSiOo structure and to the
spinel (7-MgrSiOo) structure (Ringwood and Major, 1970).
The p-MgrSiO4 structure is related to the spinel phase in
that discrete structural layers in the B phase are topolog-
ically equivalent to layers found in the spinel structure;
the two structures difer primarily in the stacking of these
layers and thus can be considered as stacking polytypes
and members of a more general group of materials, the
spinelloids.

Spinelloid polytypes have been observed in a variety
of systems, including NiAlrOo-Ni,SiOo (Ma, 1974;Ma et
al.,1975; Ma and Til lmans, 1975;Ma and Sahl, 1975;
Horioka et al., l98la, l98lb), MgGa,Oo-MgrGeOo and
MgFerOo-MgrGeOo (Barbier, 1989), NiGa,Oo-NirSiOo
(Hammond and Barbier, l99l), Co,SiOo (Akimoto and
Sato, 1968), and MgrSiOo (Ringwood and Major, 1970).
Both qualitative and semiquantitative models have been
devised to relate the occurrence of the spinelloid phases
with variation in temperature and pressure of formation
(Hazen and Finger, l98l; Price, 1983; Price et al., 1985).

Recently, high-pressure phase equilibrium experiments
have revealed the presence of a spinelloid phase for in-
termediate compositions in the FerOo-FerSiOo system
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(Canil et al., 1990). In this paper, we report on a single-
crystal structure analysis of this spinelloid phase. Com-
plete high-pressure phase relations along the FerOo-
FerSiOo join will be reported elsewhere. The discovery
and description of spinelloid structures in this system may
be important for understanding the crystal chemistry of
spinelloids in general and may also be relevant to the
crystal chemistry of Fe3* and Fe2t in the transition region
of the Earth's upper mantle.

ExpnnnmNTAL PRoCEDURES

Starting materials for experiments along the join FerOo-
FerSiOo were mixtures of reagent grade FerOo (Johnson
Matthey, 99.50/o purity) and pure fayalite (synthesized at
I atm from reagent grade FerO, and SiOr). These mixtures
were loaded in 2.2-mm diameter Au capsules and sealed
by arc welding. Experiments were performed at 7 GPa
and 950-1200 "C in a Sumitomo 1200 split-sphere mul-
tianvil apparatus using Toshiba F grade WC cubes having
an I l-mm truncated edge length for pressure generation,
and lS-mm edged CrrOr-doped MgO octahedra as pres-
sure media. Temperature was measured with a Ft-PtrrRh,.
thermocouple isolated from the capsule by a disk of MgO.
The temperature was not corrected for the pressure effect
on thermocouple emf. Durations of experiments ranged
from 15 h at 950'C to 5 h at 1200'C. Details of the
furnace assembly and pressure calibration employed in
these experiments are given elsewhere (Canil, l99l).

The product of a preliminary experiment at 7 GPa and
1200 "C on material of bulk composition FaooMtuo was
found by powder X-ray diffraction analysis to consist
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Fig. l. Precession photograph ofthe Okl reciprocal lattice
plane of the major phase. Some reflections of the minor phase
are marked: note difference in lattice symmetry (2mm vs. 2) in
this section.

(within the limits of resolution) entirely of a phase that
was not spinel. A second synthesis was then performed
under identical conditions with the goal ofrecovering sin-
gle crystals for structure analysis.

Several single crystals up to 500 pm in size were ex-
tracted from these latter synthesis products. The remain-
ing material was mounted for electron microprobe anal-
ysis. The crystals are black and ferromagnetic.

Er,rcrnoN MIcRoPRoBE ANALYSIS

Polished sections of the latter synthesis product were
examined by electron microprobe analysis (EMPA) using
a Cameca SX50 instrument in wavelength dispersive
mode. Operating conditions were 15 kV, probe current
of 12 nA, and counting times of 20 s on peaks. Hematite
(Fe) and orthoclase (Si) were used as standards.

The material separated for electron microprobe anal-
ysis was examined by backscattered electron imaging.
These images showed that the crystals consist of a
groundmass (the "major phase" hereafter) with included
lamellae ca. 0.5 pm in width and apparently 2-5 ptm long,
which make up an estimated l0-200/o (by volume) of the
material. These lamellae (the "minor phase" hereafter)
appear to bear a fixed orientation to the major phase, and
on the basis ofbackscattered electron intensity appear to
have a slightly lower average atomic number than the
major phase; this could be interpreted to indicate that the
minor phase is slightly Fe depleted relative to the major
phase. Unfortunately, the lamellae were too small to an-
alyze by EMPA; therefore the compositional difference
remains inferential. Although some Bragg reflections from

the minor phase could be identified on precession pho-
tographs (see below), the orientational relationship be-
tween the two phases could not be conclusively deter-
mined.

Cnvsrll-r,ocRAPHY

Several of the crystals separated for structure analysis
were examined with a precession camera. Of these, one
was chosen for detailed study, and several diffraction pat-
terns were obtained. The photographs revealed the pres-
ence of at least two distinct phases, identified with the
major and minor phases found by EMPA on the basis of
the relative intensity ofreflections belonging to each.

The space group of the major phase was found to be
Pmma. Despite considerable efforts, reflections corre-
sponding to the minor phase were only found in one pho-
tograph (Fig. l), corresponding to the Okl reciprocal lat-
tice plane of the major phase. The reflections from the
minor phase are distinguishable from those of the major
phase by a difference of plane symmetry in this photo-
graph; the minor-phase reflections show only the required
inversion symmetry, whereas the major-phase reflections
show 2mm symmetry. Further details of the minor phase
are discussed below.

Using the constraints of space group, unit-cell dimen-
sions, and bulk composition of the major phase, the In-
organic Crystallographic Structure Database (Bergerhoff
et al., 1983) was examined for possible structures; a can-
didate structure was found in the nickel aluminosilicate
V structure ofHorioka et al. (l98lb).

In the absence of single-phase crystals, intensity data
were measured using a four-circle diffractometer. A sec-
ond crystal with dimensions 0.20 x 0. I 5 x 0. l2 mm was
selected and mounted on an Enraf-Nonius CAD4 diffrac-
tometer. After preliminary inspection of the crystal to
ascertain its quality, 23 reflections with d between l8 and
22 were centered and the unit-cell dimensions refined
(Table l). The differences between cell dimensions mea-
sured from precession photographs and those refined from
centering of reflections are probably insignificant, consid-
ering the differences in the methods and the problems
with overlapped peaks.

A set of 3028 reflections was measured at room tem-
perature in <.,-d mode to approximately sin(0)/I : 0.9 us-
ing graphite-monochromated MoKa radiation (tr :

0.71069 A). fne orientation of the crystal was checked
after every 100 measured reflections, and the intensity of
representative reflections was checked every 3 h. To as-
sess the problem of interference from the minor phase,
all reflections ofindices l0 > h > 0, 15 > k - 0, and 15
> I > - 15 were measured; this yielded two symmetri-
cally equivalent reflections for reflections with I + 0.
Equivalent reflections were averaged, yielding 1588 in-
dependent reflections; the agreement factor for averaging
was 2.lo/o (on 1). After rejection of systematically absent
reflections (none ofwhich had observable intensity), care-
ful scrutiny for interference from the minor phase (by
comparison of the intensities of reflections hkl and hkl,
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Film
Four-circle

Site

5.870(1 )
5.867(1 )

8.920(2)
8.917(1)

TABLE 1. Final unit-cell dimensions, atomic positional parame-
ters, thermal factors, and site occupancies

Unit cell: a

8.366(3) ,lil8.0(2)
8.362(1) 437.2(1)

Uo x 100 xr.

0.1659(1) 0.24s5(1) 47(2)
0 0 62(2)
0.$3q1) v2 52(21
Y2 0.2185(2) 38(2)
0 0.3764(2) 50-
0.325s(1) 0.1321(21 50'
o 0.2477(8) 113(11)
0.1715(8) 0.0031(7) 110(9)
0.1694(8) 0.s010(6) 92(s)
0.3287(6) 0.2513(6) 109(7)
v2 0.0280(12) 134(14)
v2 0.5250(9) 71(11)

. L1* constrained to 50 x 10 'for the tetrahedral sites.

which resulted in rejection of all reflections of the form
0ftl), as well as the rejection of the reflection 400 (which
suffered from extinction), 1315 reflections remained. Of
these, 947 had F"o" > 6o and were used in the refinement.
An empirical absorption correction based on ry' scans was
applied to all reflections.

Cnvsr,q.r, srRUcruRE ANALvsrS

The diffractometer data set corroborated the space-
group and unit-cell determinations from the precession
camera analysis. Refinement of the data using the starting
parameters for the nickel aluminosilicate V structure was
performed. It was assumed that octahedral sites were oc-
cupied by Fe only. As stoichiometry requires that some
Fe occupies the tetrahedral sites, these occupancies were
refined. High correlations between the site occupancies
and thermal parameters, however, required the fixing of
U,*: 50 x l0 a for these sites. A total of 3l parameters
were refined using unit weighting. Full matrix least-squares
refinement of the structure yielded (in the final cycle) an
R factor of 4.24o/o. The final positional, occupancy, and
thermal parameters for this structure are given in Table
l, and the final observed and calculated structure factors
are listed in Table 2.'

DrscussroN

Despite problems with interference with the minor
phase, the structure refinement is satisfactory, and the
identification of the structure of the major phase with that
of the nickel aluminosilicate V structure is confirmed.
This structure contains six crystallographically distinct
cation sites, four of them (M) octahedral and two (T)
tetrahedral (Fig. 2). The Ml and M4 sites form infinite
edge-sharing strips one octahedron wide along b. These

' A copy of Table 2 may be ordered as Document AM -92-495
from the Business Office, Mineralogical Society of America, I130
Seventeenth Street NW, Suite 330, Washington, DC 20036,
U.S.A. Please remit $5.00 in advance for the microfiche.

Fig. 2. Perspective polyhedral diagram ofthe refined FaooMtoo
spinelloid structure. Note that the spinelloid stacking direction
is parallel to the b axis, i.e., the spinel-like planes are parallel to
(0 l 0).

strips are crosslinked along a by corner sharing with Tl
monomers andT2 dimers; edge sharing with M2 and M3
sites establishes connections along c. The M2 polyhedron
forms an infinite edge-shared strip one octahedron wide
along a; these strips are linked along b by corner sharing
of T2 dimers, and by shared edges with the Ml site. Last-
ly, the M3 polyhedra form an edge-shared strip two oc-
tahedra wide running along a, crosslinked by the Tl sites
and sharing further edges with the Ml and M4 polyhedra.
The bond lengths and measures of polyhedral distortion
for all sites are given in Table 3.

The tetrahedral bond lengths are significantly longer
than the value 1.624 A predicted for Si-O by the bond-

Trau 3. Bond lengths and polyhedral distortion indices'

X-O bond length
Quadratic
elongation

Angle
vanan@

2.064 A
2.084 A
2.084 A
2 . 1 1 3  A
2.071 A
2 . 1 1 9  A
2.071 A
2.080 A
2.099 A
2.061 A
2.145 A
2.155 A
1.Srils A
1.841 A
1.746 A
1.7s0 A
1.783 A

M1 Vc
M2 V2
M3 Y2
M4 la
T1 Va
T2 V4
01 0.5046(13)
02 V4
03 th
04 0.49s1(8)
05 1/t
06 V4

1
1
1
1
0.84(1 )
0.60(1)

M2

M3

4 x
2 x
2 x

2 x

T1

r2

2 x
2 x

2 x
4 x
2 x
2 x
2 x

1.00037

1.00086

1 .00197

1.01149

1.00013

1.00261

0.97

2.27

6.88

39.70

0.78

10.81

. Ouadratic elongation and angle variance after Hazen and Finger (1 982).
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TreLE 4. Site occupancy calculation

ldeal bond lengths. Site

r6rFeP+-2.140 A
r6rFe,3*_2.016 A
rrFe3+-1.865 A
r4rsi4*_1.624 A

- ldeal bond lengths based on Brown and Altermatt (1985).

length bond-strength model of Brown and Altermatt
(1985), indicating that significant Fe is incorporated in
these sites. If we assume that Fe2* is confined to the oc-
tahedral sites, and Si to the tetrahedral sites, the ideal
bond lengths (Brown and Altermatt, 1985) given in Table
4 yield the site compositions given in that table. Fe3*
appears from these calculations to be largely excluded
from the M4 site, perhaps because of the strong distortion
of this site, whereas the Fe3* contents of the other octa-
hedral sites indicate relatively minor site preference. Both
tetrahedral sites show significant amounts of Fe3*; how-
ever preference is indicated for the less-distorted Tl site.
It should be noted that the tetrahedral site occupancies
arrived at in this calculation are in relatively good agree-
ment with those obtained from the structure refinement.
These site occupancies yield a bulk composition of
Fe, .rSio urOr, corresponding to Fa0.34Mt0 uu. Although this
figure is subject to significant error, it indicates a com-
position somewhat more Fe rich than the bulk compo-
sition, as was expected from examination of the back-
scattered electron images. On the basis of this inferred
composition and the unit-cell volume (as measured on
the ditrractometer), the calculated density of this material
at I atm is 5.064 g/cm3.

The stability of intermediate spinelloids relative to a
physical mixture of end-member spinels is thought to be
in part due to an increase in configurational entropy caused
by cation disorder (Akaogi and Navrotsky,1984;, Barbier
and Hyde, 1986; kinenweber and Navrotsky, 1989;
Hammond and Barbier, l99l), e.9., for nickel alumino-
silicate V (Horioka et al., l98la; Akaogi and Navrotsky,
1984), A,S"."r : 2.09 callmol.K (four-O atom basis).
FerSiOo spinel is nearly perfectly normal (Finger et al.,
1979); assuming that Fe.Oo is perfectly inverse and ig-
noring the entropy contribution of electron exchange,
AS..*: 1.80 callmol'K for the structure reported here.
Nevertheless, AS.-, for a spinel with the same composi-
tion is still larger (2.22 caVmol.K), but if the enthalpy of
formation of a spinelloid of a composition between a nor-
mal and inverse spinel increases with the proportion of
spinel-type units (as suggested by Akaogi and Navrotsky,
1984). the nickel aluminosilicate V structure would be
favored over that ofa spinel. The difference in enthalpy
between a spinel solid solution and the spinelloid phases
may be due to the variability of sites. In the spinel struc-
ture, cations of a variety of sizes are forced to mix on two
crystallographic sites, thus setting up local strains due to

misfit between coordination polyhedra. The nickel alu-
minosilicate V structure, with a more complex topology,
offers a range of cation sites and thus more opportunity
for cation redistribution and adjustment of coordination
polyhedra. That this effect (discussed by Hazen and Fin-
ger, l98l) is contributory to the stability ofthe spinelloid
is seen in the strong site fractionations. If the sole force
stabilizing this phase were entropic, one would expect
random distribution on all sites.

A problem still remains as to the identity and structure
of the minor phase. In the diffraction pattern of Figure l,
it can be seen that one ofthe principle reciprocalJattice
translations of the minor phase is parallel to c* of the
major phase, whereas the second translation in the minor
phase is subparallel to b* of the major phase. Defining
(for present purposes only) these translations in the minor
phase as c* and b*, respectively, the lattice parameters
are b : 5.914(5) A., c : 8.346(10) A, and a : 90.27"; if
the unit cell of the minor phase (with respect to the pres-
ent axes) is centered or contains a glide plane parallel to
(100) (which cannot be detected in a single photograph)
these axial lengths would be incorrect; the true lengths
would be a (probably small) multiple of the given values.
These dimensions for the minor phase result in the fol-
lowing relationships: [001]-",: [001]-'", [010]^", =

[010]-r., c^uj ] c^;n, and2 x b^, = 3 x b^t.
Cone-axis photographs were taken along both the a*

and b* axes (major phase) to find a crystal orientation
that would reveal the remaining lattice parameters of the
minor phase. These photographs showed the translations
corresponding to the major phase, as well as weak rings
corresponding to a translation of 32.09 A (paraltel to
af.,) and approximately 30 A (parallel to bI.,); for these,
only the odd-order rings were observed. Long-exposure
precession photographs were taken to reveal the lattice
planes responsible for these rings but could not be inter-
preted.

It is unclear whether the present material represents an
assemblage of intergrown phases at equilibrium at the
pressure and temperature of synthesis (i.e., 7 GPa and
1200 "C) or an exsolution texture developed during quench
or decompression. The relations between unit-cell pa-
rameters described above are suggestive of some struc-
tural similarity between the two phases influencing the
nucleation and growth of the phases, e.g., epitaxy, topo-
taxy, or coherent exsolution. Experiments are underway
to elucidate these relationships.
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