
mation is only valid when the diffusion
couple lies along an eigenvalue direction.
Consequently, the quality of the pseudo-
binary approximation cannot be reliably
estimated because it is impossible to know a
priori the directions of the eigenvectors. A
promising alternative to experimental mea-
surement of Do is the use of molecular
dynamics simulations that generalize estab-
lished methods for calculating binary inter-
diffusion coefficients (13).
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Comparative Compressibilities of Silicate Spinels:
Anomalous Behavior of (Mg,Fe)2SiO4

Robert M. Hazen
Compressibilities of five silicate spinels, including y-Mg2SiO4, y-Fe2SiO4, 2Si04, and two
ferromagnesian compositions, were determined on crystals positioned in the same high-
pressure mount. Subjection of all crystals simultaneously to the same pressure revealed
differences in compressibility that resulted from compositional differences. Ferromagne-
sian silicate spinels showed an anomalous 13 percent increase in bulk modulus with
increasing iron content, from Mg2SiO4 (184 gigapascals) to Fe2SiO4 (207 gigapascals).
This result suggests that ferrous iron and magnesium, which behave similarly under crustal
conditions, are chemically more distinct at high pressures characteristic of the transition
zone and lower mantle.

Knowledge of the compression behavior of
oxide and silicate minerals helps to reveal
the structure and dynamics of the Earth's
deep interior. Furthermore, data on these
minerals provide an understanding of the
varied effects of pressure on structure and
bonding. In this report, I describe anoma-
lous compression behavior in ferromagne-
sian silicate spinels, which are assumed to
be major minerals in the Earth's transition
zone.

Most crustal minerals, including magne-
sium-iron silicates, may be modeled as ionic
compounds with bond strengths determined
to a first approximation by Coulombic forc-
es. In the 1920s, Bridgman first demonstrat-
ed empirical inverse correlations between
bulk modulus and molar volume and ratio-
nalized his results on an electrostatic model
(1). Relations between bulk modulus and
volume have subsequently developed into
Geophysical Laboratory and Center for High-Pressure
Research, Carnegie Institution of Washington, Wash-
ington, DC 20015-1305.
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useful tools to predict properties of oxides,
halides, silicates, and many other com-
pounds. Such relations for isomorphous iso-
electronic series (2), as well as for individual
cation coordination polyhedra (3), provide a
basis for comparison of bulk moduli and
individual bond compressibilities throughout
a wide range of condensed materials.

The high-pressure behavior of minerals
with Mg-Fe2+ solid solution has been stud-
ied intensively because of the importance of
these minerals in models of the Earth. Poly-
morphs of (Mg,Fe)SiO3 and (Mg,Fe)2SiO4
are of particular concern because the major
element bulk composition of the mantle is
believed to fall somewhere between those
stoichiometries. A key issue in geophysics
and mineral physics has been the nature of
the seismic discontinuity at 670 km, which
marks the boundary between the transition
zone and lower mantle. Both (Mg,Fe)SiO3
silicate perovskite and (Mg,Fe)O are be-
lieved to exist below this boundary, whereas
(Mg,Fe)2SiO4 silicate spinel occurs above
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Mg-Fe2' substitution has little effect on

compressibility (Table 1). Ferrous iron (ion-
ic radius 0.78 A) is only slightly larger than
Mg (ionic radius 0.72 A) (7), so molar
volumes of Fe2+ end members exceed their
Mg counterparts by at most a few percent
(Table 1). By the same token, as the system-
atics of the bulk modulus-volume relation
would suggest, compressibilities of Fe2+ and
Mg end members typically differ by less than

Table 1. Bulk moduli (K) and molar volumes (V) for end member pairs of ferromagnesian minerals.

Mineral Composition K (GPa) V (cm3)* Source

Periclase MgO 162 11.2 (8)
Wustite Fe1 XOt 145 to 180 12.0 to 12.2 (8)
Dolomite CaMg(C03)2 94 64.3 (25)
Ankerite CaFe(C03)2 91 65.6 (25)
Orthoenstatite MgSiO3 107 62.7 (26)
Orthoferrosilite FeSiO3 101 65.9 (27)
Diopside CaMgSi206 113 66.0 (28)
Hedenbergite CaFeSi2O6 120 67.9 (29)
Pyrope Mg3A,2Si3O12 173 113.3 (30)
Almandine Fe3AI2Si3012 176 115.4 (30)
Spinel MgAI204 196 39.8 (31)
Hercynite FeAl204t 210 40.8 (32)
Forsterite Mg2SiO4 129 43.6 (33)
Fayalite Fe2SiO4 132 46.3 (34)
Wadsleyite Mg2SiO4 165 40.5 (1 1)
Fe-Wadsleyite (M90.75Feo.25)2Sio4 170 41.1 (1 1)
Silicate spinel Mg2SiO4 184 39.5

Fe2SiO4 207 42.0

*AII molar volumes from (35). tSamples of this mineral usually contain significant amounts of Fe3. *This
study.

Fig. 1. Two high-pres-
sure diamond-anvil cell
mounts containing mul-
tiple single crystals of
silicate spinel. (Left)
The first mount, with a
gasket hold of 0.50 mm
in diameter included
end member Mg2SiO4 f.
and Ni SiO4 and three
crystals of (Mg,Fe)25i04
with Fe/(Mg+Fe)=
0.60, 0.78, and 0.80, re-
spectively. (Right) The
second mount, with a
gasket hole diameter of
0.45 mm, contained Ni
and Fe end members and two crystals of Mg2SiO4, as well as intermediate Mg-Fe spinels with
Fe/(Mg+Fe) = 0.60 (Fe60) and 0.78 (Fe78).

Table 2. Compositions and synthesis conditions of silicate spinel single crystals (36).

Compositin .Temperature Pressure Source andComposition (°C) (GPa) run number

Ni2SiO4 1500 7.5 Yagi, Tokyo
Mg2SiO4 1400 20.0 Weidner, SUNY #859
(Fe60Mg.40)2Si04* 1600 14.5 Ko, SUNY #1013
(Fe.78Mg.22)2Si04* 1600 12.6 Ko, SUNY #1097
(Fe80Mg 20)2Si04* 1610 12.6 Ko, SUNY #1102
Fe2SiO4 1400 5.5 Yagi, Tokyo
*Use of 57Fe Mossbauer spectroscopy indicates approximately 5% of total iron as Fe3+ in these samples.
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a few percent. Only in the cases of wiustite
and hercynite, both of which incorporate
the smaller, less compressible Fe3+ in signif-
icant amounts (8, 9), is the Fe end member
as much as 10% less compressible than the
Mg end member.

High-pressure x-ray diffraction of single
crystals in a diamond-anvil pressure cell
provides the most accurate method to
determine unit-cell volume-typically to a

few parts in 104. However, comparative
studies of pressure-volume trends have
been hampered by the difficult goal of
pressure measurements below 10 GPa that
are better than one or two parts in 102.
Thus, pressure-volume equations of state
are poorly constrained, especially for in-
compressible crystals such as mantle min-
erals. One can circumvent this difficulty
by mounting several crystals in a single
diamond-cell mount with hydrostatic pres-

sure medium (10, 11). In this way, rela-
tive volumes at several pressures provide
an accurate measure of the relative com-

pressibility:

PI/P2 [(Vp/V0)l- 1]/[(Vp/V0)2 - 1]

where 0, and P2 are compressibilities of
the two crystals and VO and Vp are, respec-

tively, the unit-cell volumes measured at
room pressure and high pressure. Differ-
ences in compressibilities of two crystals as

small as 1% have been documented with
this equation, although individual com-

pressibilities calculated from the same

pressure-volume data may be in error by
several percent (10, 1 1).

Magnesium-iron silicate spinel, which is
only stable at pressures above -7 GPa for
-y-Fe2SiO4 to 20 GPa for Y-Mg2SiO4, has
been proposed as a major silicate phase in
the Earth's transition zone (4). Elastijity or

pressure-volume parameters for equations of
state have been reported for the Fe end
member (12), the nickel and cobalt silicate
analogs (13), and the Mg end member
(14). No equation-of-state or high-pressure
data have appeared for intermediate Mg-Fe
silicate spinels, however.

For this study, I obtained single crystals
synthesized in large-volume, high-pressure
apparatus (Table 2). Samples included end
member Ni2SiO4, Mg2SiO4, and Fe2SiO4
spinels, as well as intermediate Mg-Fe sili-
cate spinels with Fe/(Mg+Fe) ratios of
0.60, 0.78, and 0.80 (hereafter referred to
as Fe60, Fe78, and Fe80). All crystals were

examined first in air by single-crystal x-ray
diffraction. Equant crystals no thicker than
60 [im and with good x-ray peak shapes
were selected for high-pressure study. The
Fe-bearing samples were examined by Moss-
bauer spectroscopy for Fe3+, a significant
component in some silicate spinels (15).
The Fe end member had no detectable
Fe3+ whereas the intermediate Fe60 and

207

w c ~ . 5

the discontinuity (4). To resolve details of
the mineralogy and composition of this re-
gion, it is necessary to obtain accurate equa-
tions of state of the relevant phases. In
particular, an understanding of the effect of
the Fe/(Fe+Mg) ratio on mineral properties
is essential to determine whether the 670-
km feature reflects only a phase change or
also compositional boundary (5, 6).

In most ferromagnesian minerals, the
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Table 3. Unit-cell volumes (A3) versus pressure (GPa) for silicate spinel crystals. Data are listed in the order in which they were collected. Uncertainties
in last digits are given in parentheses.

Pressure Ni Mg Fe Fe60 Fe7, Fe.,
Five-spinel mount

Room P, in cell 521.13 (8) 527.10 (8) 546.61 (14) 552.45 (9) 552.89 (19)
2.02 (5) 516.69 (15) 521.47 (8) 541.50 (11) 547.23 (15) 547.74 (18)
3.26 (5) 513.96 (7) 518.10 (27) 538.10 (16) 543.94 (12) 544.52 (10)

Six-spinel mount
Room P, in cell 521.22 (8) 526.60 (20)* 526.54 (13)t 558.80 (14) 546.42 (12) 552.45 (9)
4.20 (5) 512.28 (8) 515.33 (13) 515.34 (12) 548.06 (12) 535.68 (8) 541.76 (7)
2.20 (5) 516.49 (9) 520.43 (13) 520.56 (15) 553.22 (9) 540.75 (8) 546.86 (7)
0.96 (8) 519.16 (9) 523.77 (19) 544.04 (13)
0.68 (5) 519.76 (12) 524.65 (11) 524.49 (20) 557.06 (14) 544.67 (16) 550.57 (16)
4.79 (7) 511.14 (15) 513.85 (13) 513.80 (34) 546.64 (11) 534.37 (7) 540.25 (20)
*Values in this column are for the first of two crystals of Mg used in the six-spinel mount. tValues in this column are for the second crystal of Mg.

Fe78 samples contained approximately 5%
of total Fe as Fe3+.

I used crystals up to 100 pm in diameter in
two multiple-crystal mounts (16). The first
mount (Fig. 1) contained five crystals: Mg and
Ni end members and the Fe60, Fe78, and Fe80
intermediate silicate spinels. Data were col-
lected on all crystals at room pressure and at
2.02 and 3.26 GPa. The second mount had a
slightly smaller gasket hole and used six spinel
crystals. These crystals were the nickel end
member, two crystals of the Mg end member,
a crystal of end member y-Fe2SiO4, and the

1a 0.995

9 0.9903

g 0.985
W

Presure (GPa)
Fig. 2. Relative volumes (VIV3) versus pressure
for five compositions of silicate spinel. The Fe.,
points include data for both the Fe78 and Fe.
crystals. The Fe-bearing compositions are sig-
nificantly less compressible than the Mg end
member.

Fe60 and Fe78 intermediates. Unit-cell param-
eters of all six crystals were determined (17) at
five pressures to 4.79 GPa (Table 3).

At every pressure, compressibility in-
creased in the order Ni < Feioo < Fe80
Few, < Mg (Table 4 and Fig. 2). Average
relative compressibilities, PMI3X were
1.25 for Ni2SiO4, 1.13 for Fe2SiO4, 1.115
for Fe80, and 1.105 for Fe60, all +0.01.
Thus, compressibility of (Mg,Fe)2SiO4 sili-
cate spinel increased significantly with in-
creasing Fe content.

Pressure-volume data may be fit to a
second-order Birch-Murnaghan equation of
state, but resulting values for bulk moduli,
K, are poorly constrained unless V0 and the
pressure derivative of the bulk modulus, K',
are fixed (18). In the case of y-Mg2SiO4,
for example, unconstrained refinement of
11 pressure-volume data yielded a K of 183
+ 5 GPa and a K' of 6 ± 2. Recent
equation-of-state studies of Mg2SiO4 (12)
suggest that K' is close to 4.8. With that
constraint on the present pressure-volume
data, the calculated bulk moduli of the Mg
and Ni end members are 184 ± 2 and 233
+ 2 GPa, respectively. These values- are
close to the previously reported values of
182 ± 1 (14) and 226 ± 2 GPa (13) for the
two compounds, based on Brillouin spec-
troscopy and powder x-ray diffraction. Bulk
moduli of the three Fe-bearing spinels with
K' constrained to 4.8 are 203 ± 2, 205 ± 2,
and 207 ± 3 GPa for Fe60, Fe8O, and end
member Fe spinels, respectively.

Finite-strain analysis of pressure-vol-

ume data emphasizes the compositional
effects on both K and K' (18). A plot of
Eulerian strain

f = [(V/V4)-213 - 1]1/2
versus Birch's normalized pressure,

F = PI[3f(1 + 2f)2.5]
intersects the F axis at the zero-pressure
bulk modulus, and the slope indicates
deviations of K' from a value of 4. Data for
Mg silicate spinel, plotted in Fig. 3, sug-
gest that K' is slightly greater than 4 and
that the bulk modulus is close to 182 GPa,
which both agree with earlier work (14).
In contrast, the pressure-volume data for
Ni2SiO4 are consistent with K' of 4 and
bulk modulus of 232 GPa. Data for the
three Fe-bearing samples demonstrate that
these spinels have bulk moduli significant-
ly greater than that of Y-Mg2SiO4.
Though slopes of F versus f curves are
subject to large uncertainties, they suggest
that K' decreases with Fe content to <4 (a
value of 3 is consistent with all three
Fe-rich compositions). If so, then the
difference in bulk moduli of Mg and Fe
silicate spinels will be smaller at transition
zone pressures.

These data indicate that Mg silicate
spinel is approximately 13% more com-
pressible than the Fe2+ end member. This
difference is significantly larger than has
been observed for any other Mg-Fe2+ min-
eral pair and goes against the predictions of
bulk modulus-volume systematics. The

Table 4. Relative volumes (VWVO) versus pressure (GPa) for silicate spinel crystals. Uncertainties in last digits are given in parentheses.

Pressure Mg #1 Mg #2 Fe60 Fe78 Fe80 Fe Ni

Room P 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000
0.68 (5) 0.99631 (20) 0.99611 (36) 0.99680 (36) 0.99660 (30) 0.99689 (25) 0.99719 (20)
0.96 (8) 0.99462 (25) - 0.99564 (28) 0.99604 (16)
2.02 (5) 0.98932 (15) - 0.99065 (33) 0.99055 (28) 0.9907 (5) 0.99148 (25)
2.20 (5) 0.98828 (35) 0.98864 (30) 0.98962 (24) 0.98988 (18) 0.99001 (26) 0.99093 (16)
3.26 (5) 0.98293 (40) 0.98443 (37) 0.98460 (24) 0.9849 (4) 0.98624 (12)
4.20 (5) 0.97860 (35) 0.97873 (23) 0.98034 (24) 0.98065 (18) 0.98078 (32) 0.98285 (15)
4.79 (7) 0.97579 (24) 0.9758 (7) 0.97795 (21) 0.97792 (30) 0.97824 (30) 0.98067 (20)
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question stands: What is the cause of this
anomaly?
A partial explanation may lie in the

distinctive spinel structure, which features
edge-sharing (Mg, Fe2+) octahedra with a
short cation-cation distance of -2.9 A
across the edges (19). The d electron repul-
sion across this shared edge may contribute
to the relative incompressibility of Fe-rich
silicate spinels compared to the dynamics of
the smaller Mg end member. The presence
of Fe3+ in the Fe60 and Fe78 samples may
also increase their bulk moduli, which fall
above a linear trend of bulk modulus versus
composition as defined by the Mg and Fe
values.

The anomalous trend of compressibility
versus composition in Mg-Fe silicate
spinels points to a fundamental change in
the relative behavior of Fe2+ and Mg with
increasing pressure. At crustal conditions,
Mg and Fe2+ mimic each other in their
crystal chemical roles in oxides and sili-
cates. However, at pressures above 10 GPa
their behavior is different.

At low pressure the majority of ferro-
magnesian silicates, including all rock-
forming orthosilicates, chain silicates, and
layer silicates with octahedral Fe2+ and Mg,
form continuous solid solutions and show
almost complete octahedral site disorder
between Mg and Fe2 . However, three of
the most important high-pressure Mg-Fe
silicates, wadsleyite 3-(Mg,Fe)2SiO4 and

240 _ .Ni |

9220
Fe

SmSE2180 Mg.
z

160k
0.000 0.002 0.004 0.006 0.008

Eulrian sain f
F4g. 3. A plot of Eulerian strain, f, versus Birch's
normalized stress, F, for five silicate spinel
compositions to provide equation-of-state infor-
mation. Lines are weighted linear regression fits
to F-f data. The zero-pressure bulk modulus is
given by the F-axis intercept, whereas the de-
viation of the slope from zero corresponds to
the deviation of K from 4. These data demon-
strate that compositions rich in Fe are signifi-
cantly less compressible than the Mg end
member. Furthermore, Mg silicate spinel has K
>4, whereas Fe-rich compositions have K <4.

the silicate perovskite and ilmenite forms of
(Mg,Fe)SiO3, show only limited Mg-Fe sol-
id solution (20). Furthermore, recent crys-
tallographic examination of intermediate
high-pressure Mg-Fe phases reveals unusual
degrees of Mg-Fe ordering, even in crystals
rapidly quenched from temperatures above
10000C. Significant Mg-Fe ordering has
been documented in high-pressure samples
of olivine (21), wadsleyite (22), and anhy-
drous phase B (23). High-pressure ordered
olivine is particularly unusual because crust-
al olivines appear relatively disordered,
even from slowly cooled environments (21,
24).

The distinction between the high-pres-
sure crystal chemistries of Fe and Mg is
further highlighted by the strong intercrys-
talline separation of these elements be-
tween phases at deep-earth conditions.
The transition from (Mg,Fe)2SiO4 silicate
spinel to (Mg,Fe)SiO3 perovskite and
(Mg,Fe)O magnesiowilstite, which defines
the 670-km seismic discontinuity, is char-
acterized by strong partitioning of Fe21
into the oxide phase (4, 20). If the con-
trast between Fe and Mg increases toward
the metallic Fe core, it could have signif-
icant implications for the compositions
and properties of minerals deep in the
lower mantle.
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