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Abstract. High-pressure crystal structures and compressibil- 
ities have been determined by x-ray methods for MgAlzO~ 
spinel and its isomorph magnetite, F%O4. The measured 
bulk moduli, K, of spinel and magnetite (assuming K ' =  4) 
are 1.94 _ 0.06 and 1.86 __+ 0.05 Mbar, respectively, in accord 
with previous ultrasonic determinations. The oxygen u pa- 
rameter, the only variable atomic position coordinate in 
the spinel structure (Fd3m, Z= 8), decreases with pressure 
in MgAI20,, thus indicating that the magnesium tetrahe- 
dron is more compressible than the aluminum octahedron. 
In magnetite the u parameter is unchanged, and both tetra- 
hedron and octahedron display the 1.9 Mbar bulk modulus 
characteristic of the entire crystal. This behavior contrasts 
with that of nickel silicate spinel (y-Ni2SiO4), in which the 
u parameter increases with pressure because the silicon tet- 
rahedron is relatively incompressible compared to the nickel 
octahedron. 

Introduction 

Spinel - type  A B 2 0 4  oxides are associated with many geolog- 
ical environments, from aluminates, ferrites, and chromites 
in metamorphic, sedimentary, and igneous rocks of the 
earth's crust, to high-pressure forms of orthosilicates in the 
earth's mantle. The versatile spinel structure may accomo- 
date cations of + 1, +2, +3,  or +4  valence in either tetra- 
hedral or octahedral coordination, thus leading to stable 
compounds over a wide range of temperature, pressure, 
and composition. 

Recent studies on the high-pressure crystal chemistry 
of isomorphous compounds, such as ABO4 scheelites (Ha- 
zen et al. 1985) and A2BO, silicate olivines and chrysoberyl 
(Hazen 1986), demonstrate the extreme variability of physi- 
cal properties that may result from mixed-valence substitu- 
tions of the type C a Z + W  6+ - La3+Nb 5+ or MgZ+Si 4+ - 
2A13 + in a given structure type. The objectives of the pres- 
ent study of spinel and magnetite are to (1) determine equa- 
tion-of-state parameters for end-member samples of these 
minerals, (2) document atomic structure changes that ac- 
company crystal compression, and (3) compare these results 
with the previous high-pressure structure data of Finger 
et al. (1979) on silicate spinels. 

Experimental 

Specimen Description 

A nearly colorless, gem-quality crystal of natural spinel 
from South East Asia was provided by G.R. Rossman (Ca- 
lifornia Institute of Technology). Microprobe analysis 
showed the sample to be nearly pure MgA1204, containing 
28.77 weight percent MgO, 70.08 weight percent A1203, 
0.33 weight percent FeO, 0.33 weight percent ZnO, 0.05 
weight percent TiO2, and 0.02 weight percent SiO2. Oxides 
of Cr and Mn, if present, were below the detection limit 
of approximately 0.02 weight percent. The structural for- 
mula of this natural spinel, assuming 4 oxygens per formula 
unit, is MgIV(Ala.97Mgo.o2Feo.oosZno.oos)VlO4. 

Crystals of pure, synthetic magnetite were provided by 
Harold Harrison (Materials Science Council, Purdue Uni- 
versity) from material grown by the skull melter method 
(Harrison and Aragon 1978). The material is free from 
exsolved wfistite or iron and is close to the ideal 
Fe2+Fe3+204, in composition, as determined with x-ray 
diffraction, wet chemical, and reflected light measurements 
by Harrison and Aragon. Crystal fragments employed in 
the present high-pressure study were obtained as chips from 
equant synthetic single crystals that exceed 1 cm in length. 

Data Collection 

Room-pressure unit-cell parameters and crystal structures 
of spinel and magnetite were determined on samples in the 
pressure cell in order to facilitate comparisons between 
room- and high-pressure data. Flat, plate-like crystals ap- 
proximately 100 × 100 × 40 ~tm were mounted in a diamond- 
anvil pressure cell for x-ray diffraction, with an alcohol 
mixture of 4:1 methanol:ethanol as the hydrostatic pres- 
sure medium and several 5 to 10 gm chips of ruby as an 
internal pressure calibrant. Pressure-cell design, loading, 
operation, and calibration were as described by Hazen and 
Finger (1982). Special care was taken to avoid x-ray shield- 
ing by the gasket portions of the diamond cell. A large 
gasket hole approximately 400 ~tm in diameter was em- 
ployed, and the crystal was observed to remain centered 
in the hole throughout the experiments. 

Spinel and magnetite unit cell parameters at room pres- 
sure and at four high pressures (Table 1) were refined from 
diffractometer angles of twelve to fifteen reflections by the 
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method of  Hamilton (1974), as modified by King and 
Finger (1979), in order to correct for errors in crystal center- 
ing and diffractometer alignment. The reflections selected 
for these measurements ranged from 35 ° to 40 ° 20 for Mo 
radiation. The same reflections were used for both room- 
pressure and high-pressure determinations to reduce any 
systematic errors in comparison of  these data (Swanson 
et al. •985). Each set of  angular data was first refined with- 
out constraint, and the resultant "triclinic" cell was exam- 
ined for conformity with the expected cubic spinel symme- 
try. Unit-cell angles were 90 ° within two standard devia- 
tions and the cubic constraint that al = a2 = a3 also obtained 
at all pressures studied. Final lattice constants were ob- 
tained with the program of  Ralph and Finger (1982) with 
the cell geometry constrained to be cubic. 

Intensity data for three-dimensional structure refine- 
ments were collected at 0.001, 10, 20, 30, and 40 kbar for 
spinel and at 0.001, 13, 26, 39, and 45 kbar for magnetite 
(all high pressures ___ 1 kbar). All accessible reflections with 
(sin 0) /2<0.7  were measured by an automated, four-circle 
diffractometer with MoK, radiation (2=0.7093 A). The 
fixed-~b mode of  data collection (Finger and King 1978) 
was used to optimize reflection accessibility and minimize 
attenuation by the diamond cell. Corrections were made 
for Lorentz and polarization effects, crystal absorption, and 
x-ray absorption by the diamond and beryllium compo- 
nents of  the pressure cell (Hazen and Finger 1982). Omega 
step scans with 0.025 ° step increments and 4 second count- 
ing time per step were used. Digitized step data were inte- 
grated by the method of  Lehmann and Larsen (1974). Tab- 
ulated observed and calculated structure factors for spinel 
and magnetite at several pressures are available from the 
authors on request. Refinement conditions, refined isotro- 
pic extinction coefficients (Zachariasen 1967), refined struc- 
tural parameters and anisotropic temperature parameters, 
and the magnitudes of  thermal vibration ellipsoids for spi- 
nel and magnetite at room conditions are given in Table 1. 

Results 

Structure Refinements 

The spinel-type structure consists of  a cubic close-packed 
arrangement of  oxygens in which one half of  the octahedral 
sites and one eighth of  the tetrahedral interstices are occu- 
pied by cations. In spinel the tetrahedral and octahedral 
cations are Mg 2+ and A13+, respectively. In magnetite the 
tetrahedral position is fully occupied by Fe 3 +, whereas the 
disordered octahedral site contains half Fe 2 ÷ and half Fe 3 +. 
In silicate spinels, on the other hand, the tetrahedral and 
octahedral cations are Si '~+ and R 2+, respectively. 

The ideal spinel structure is cubic with space group 
Fd3m and Z =  8 (e.g., Hill et al. 1979). The commonly used 
setting with an inversion center at the origin, the tetrahedral 
cation at (1/8,1/8,1/8) and the octahedral cation at 
(1/2,1/2,1/2) was employed. The oxygen parameter in this 
setting is at u,u,u (u~0.25).  Note, however, that other set- 
tings are possible. The tetrahedral and octahedral cation 
positions may be defined as (3/8,3/8,3/8) and (0,0,0), respec- 
tively, in which case the oxygen positional coordinate is 
u ' = l / 2 - u .  Furthermore, the origin may be shifted by 
(1/4,1/4,1/4) to a point with 743m symmetry. It is necessary 
to identify the choice of  both origin and fixed cation coordi- 
nates prior to any comparison of  spinel structures. 
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The present room-pressure structure refinement of mag- 
netite is in agreement with the previous study of Fleet 
(1981). The u parameter of spinel (u=0.2633_+0.0003) re- 
ported here for a natural specimen, however, is significantly 
larger than the 0.2623-t-0.0001 value for a synthetic sample 
studied by Ishii et al. (1982) and Yamanaka et al. (1984). 
The smaller u parameter of the synthetic sample is consis- 
tent with a small degree of M g -  A1 disorder in that materi- 
al, compared to the fully-ordered natural specimen. Selected 
bond distances, angles, and cation polyhedral volumes and 
distortion indices appear in Table 2. The tetrahedron (point 
symmetry 7~3m) is constrained to be regular, with four equal 
T -  O distances and O -  T -  O angles of 109.5 °. The octahe- 
dron (point symmetry 3m) is close to regular, with all six 
cation-anion distances equal and observed oxygen-cation- 
oxygen angles deviating by less than 10 ° from the ideal 
90 ° value. Six of the twelve octahedral edges in spinels are 
shared between adjacent octahedra. In spinel and magnetite 
these shared edges are significantly shorter than the un- 
shared edges; a condition that is true of all spinels in which 
u > 0.25. Note that in silicate spinels stable at high pressures 
for which u<  0.25, octahedral shared edges are longer than 
unshared edges. 

Each oxygen atom (point symmetry 3m) is coordinated 
to one tetrahedral cation and three octahedral cations. Ca- 
tion-oxygen-cation angles deviate by less than 15 ° from the 
ideal value (Table 2). 

The thermal vibration ellipsoid of the tetrahedral cation 
is constrained to be isotropic, whereas those of the octahe- 
dral cation and oxygen are uniaxial. Observed vibration 
ellipsoids in spinel and magnetite are nearly isotropic for 
all atoms, thus reflecting the regular coordination of these 
atoms. 

Bulk Moduli 

The bulk moduli, K, of spinel and magnetite were calculated 
by least-squares fit of pressure-volume data to a Birch-Mur- 
naghan equation of state. I f  K', the pressure derivative of 
K, is assumed to be 4, then K for spinel is 1.94_ 0.06 Mbar, 
in close agreement with the 1.95 Mbar  ultrasonic value de- 
termined by Wang and Simmons (1972). Magnetite bulk 
modulus is observed to be 1.86 + 0.05 Mbar  if K '  is assumed 
to be 4 and 1.83_+0.05 if K' is assumed to be 5.6. These 
values are consistent with previous static x-ray measure- 
ments of Mao et al. (1974) of 1.83_+0.10 ( /£ '=4) and the 
ultrasonic determination of Manghnani (pers. commun) 
1.96 +_ 0.2 Mbar  (K' = 5.6). 

D i s c u s s i o n  

Comparison with Silicate Spinels 

Hill et al. (1979), in their analysis of 149 AB204 oxide spi- 
nels, noted a close relationship between the oxygen u pa- 
rameter and the relative size of A and B cations. In particu- 
lar, the ratio R of the octahedral to tetrahedral cation- 
oxygen bond lengths is related to u by the exact expression: 
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Fig. 1. The variation of the oxygen u parameter in spinel, magne- 
tite, and nickel silicate spinel. Increasing u with pressure indicates 
that the octahedron is more compressible than the tetrahedron; 
decreasing u with pressure indicates that the tetrahedron is more 
compressible 

Hill et al. concluded that standard ionic radii account for 
most of the observed range of oxygen u parameter in spi- 
nels; other factors such as electronic structure are not signif- 
icant in cubic spinels. 

Hazen and Finger (1979) demonstrated that the com- 
pressibilities of cation coordination polyhedra are propor- 
tional to polyhedral volume and inversely proportional to 
cation formal valence. In some circumstances differences 
in octahedral and tetrahedral compression may lead to sys- 
tematic variation of u with pressure. In this regard, it is 
instructive to compare the high-pressure behavior of spinel 
and magnetite to that of y-Ni2SiO4 (Finger et al. 1979). 
The u parameter of magnesium aluminate spinel decreases 
slightly with pressure, thus indicating that the tetrahedron 
compresses more than the octahedron (Fig. 1). Magnetite 
u parameter is unchanged with pressure and so the structure 
simply scales with pressure. In nickel silicate spinel, on the 
other hand, the u parameter increases with pressure, as a 
consequence of the relative incompressibility of the silicon 
tetrahedron compared to the nickel octahedron. The slopes 
of these curves are not significant relative to the uncertain- 
ties in the individual points; however, the variations for 
magnesium aluminate and nickel silicate spinels are mono- 
tonic with pressure. 

All three spinel-type compounds have bulk moduli of 
about 2 Mbar, yet the individual cation polyhedral moduli 
differ greatly (Table 3). Divalent magnesium tetrahedra in 
spinel are twice as compressible as tetravalent silicon tetra- 
hedra in y-Ni2SiO,, whereas trivalent ferric iron tetrahedra 
in magnetite have an intermediate compressibility. Divalent 
nickel octahedra in the silicate spinel are 50 percent more 

U ~ 
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Table 3. Cation polyhedral bulk moduli, K, and cation valences, 
Z, for ~-NizSiO4, magnetite, and spinel 

Compound Octahedron Tetrahedron 

Z K(Mbar) Z K(Mbar) 

7-NizSiO4 + 2 1.7(1) + 4 > 2.5 
Fe304 +2.5 1.9(2) +3 1.9(2) 
MgAI204 + 3 2.6(4) + 2 1.2(2) 

compressible than trivalent aluminum octahedra in magne- 
sium aluminate, and the mixed Fe 2 ÷ - F e  3÷ octahedra of  
magnetite with an average valence of  2.5 are again interme- 
diate in compressibility. In both octahedral and tetrahedral 
polyhedra, therefore, the inverse relationship between ca- 
tion formal charge and compressibility is evident. 

It is an intriguing feature of  the polyhedral data in Ta- 
ble 3 that the observed crystal bulk modulus for these three 
spinels are simply the averages of  the tetrahedral and octa- 
hedral bulk moduli. In magnesium aluminate, for example, 
(2.6 + 1.2)/2 = 1.9 Mbar, which is the observed value. Simi- 
larly, for the nickel silicate, (1.7 + 2.5)/2 = 2.1 Mbar,  which 
is close to the observed 2.2 Mbar  value of  Finger et al. 
(1979). Such behavior is in sharp contrast to other binary 
oxide compounds,  including olivine-type and scheelite-type 
materials, in which tetrahedral bulk moduli have little effect 
on macroscopic crystal compression, whereas crystal bulk 
modulus is controlled by the larger cation polyhedra. Com- 
pression studies of  such exotic spinel-type materials as 
LiV204 and (LiA1)SiO4 could provide additional evidence 
for the relationship between crystal bulk modulus and that 
of  average polyhedra. 

I f  spinel octahedra and tetrahedra contribute equally 
to crystal compression, then it is probable that all oxide 
spinels have a similar bulk modulus of  about 2 Mbar. Any 
increase in octahedral compressibility that results from ca- 
tions of  lower valence will be offset by the decrease in tetra- 
hedral compressibility of  higher-valence cations. This be- 
havior would, again, contrast sharply with that of  scheelite- 
type AB04 oxides, which vary in compressibility by more 
than a factor of  4 as a result of  mixed valence cation substi- 
tutions. It is evident that additional high-pressure research 
on a variety of  spinel-type compounds is required to test 
these speculative observations. 

Comparison of High-Pressure and High-Temperature 
Structures 

Finger et al. (1979) reported the crystal structure of  Ni2SiO4 
at 700 ° C, and Yamanaka  and Takeuchi (1983) described 
high-temperature structures of  MgA120~ to 1,700 ° C. At 
temperatures to about 700 ° C structure changes are oppo- 
site to those observed with increasing pressure. In nickel 
silicate spinel a one percent decrease in volume leads to 
a 0.0005 unit increase in oxygen fractional coordinate u, 
whether that volume reduction is caused by compression 
or by cooling. Similarly, in MgAI204 spinel a one percent 
volume decrease is accompanied by a 0.0003 unit increase 
in u with either compression or cooling. These spinels thus 
conform to the "inverse relationship" of  structural re- 
sponse to temperature and pressure. 

In magnesium aluminate the inverse relationship fails 
dramatically above about  700 ° C, owing to disordering of  

Mg and A1. As aluminum enters the tetrahedral cation posi- 
tions and magnesium occupies octahedral cation positions, 
the u parameter displays a sharp decrease. This decrease 
corresponds to the decrease in average tetrahedral cation- 
anion bond distance and increase in octahedral cation-an- 
ion distance. Yamanaka  and Takeuchi (1983) observed irre- 
versible lowering of  the u parameter in spinels that were 
rapidly quenched from high temperature, thus providing 
further evidence for cation disorder at elevated temperature. 

Silicate spinels in the earth's interior may be subject 
to considerable cation disorder, which may alter the stabili- 
ty and transport properties of  these important  mantle rock- 
forming minerals. On the basis of  the site compressibility 
evidence of  the present study, however, the 2-Mbar bulk 
moduli of  these phases should be little affected by the degree 
of  ordering. 
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