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Thermal Equation of State of
Aluminum-Enriched Silicate
Perovskite

Jianzhong Zhang* and Donald ). Weidner

Inferences of the chemical homogeneity of Earth’s mantle depend on comparing
laboratory-derived equations of state of mantle phases with seismically de-
termined properties of the material in situ. A uniform chemical composition of
the entire mantle has been found to be consistent with measurements, to date,
of these properties for the end-member MgSiO, perovskite phase. New pres-
sure-volume-temperature data for silicate perovskite containing 5 mole percent
AL, O, has yielded different values of the equation of state parameters, with the
bulk modulus being significantly smaller at lower mantle conditions than for
aluminum-free perovskite, thus requiring adjustments in other components to

match seismic observations.

Aluminum oxide (AL,O,) is present in about
4 to 5 mole percent (mol%) for all proposed
mantle compositions, such as pyrolite and
piclogite (/). Under the pressure and tempera-
ture conditions of the lower mantle, all AL,O, is
believed to be incorporated into (Mg,Fe)SiO,
perovskite (2), which is generally accepted to
be the tost dominant phase in Earth’s lower
mantle (3). Aluminum oxide extends the stabil-
ity field of magnesium silicate perovskite to-
ward iron-rich compositions (4) and stabilizes
ferric Fe in the perovskite structure (5). The
presence of AL,O, changes the partitioning of
Fe between perovskite and magnesiowiistite,
such that about equal amounts of Fe are parti-
tioned into each phase (6). The effect of Al,O,
on the equation of state of the perovskite phase,
however, has not been studied and is generally
considered to be insignificant on the basis of
comparison with other minerals with similar
substitution (7).

We conducted three series of pressure-
volume-temperature measurements on three
different pieces of a Mg-perovskite with 5
mol% Al,O, synthesized in our laboratory (8,
9). The perovskite samples were loaded in
boron-nitride capsules and sandwiched by
NaCl. In each experiment, the sample was
first compressed at room temperature to ~11
GPa, followed by heating to the maximum
temperature of 1073 K. Data were collected
at 873 K and 1073 K and on cooling to
minimize errors resulting from nonhydro-
static stress (9). This procedure was repeated
seven to eight times at lower pressures to
obtain sufficient data points for the equation
of state determination. We calculated the unit
cell parameters by least squares fitting on the
basis of an orthorhombic unit cell, using a
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minimum of 15 diffraction lines. The relative
standard deviations in determination of the
unit cell volume are usually less than 0.06%
(Table 1).

X-ray diffraction data indicate that the
starting sample consists of a single-phase pe-
rovskite with trace amounts of majoritic gar-
net [/yiz0y/pyi12y = 2 to 3%; 'is the rela-
tive intensity of the diffraction peak]. An
extra diffraction line with d-spacings of 2.952
to 2.954 A was observed, which is similar to
the observation of an unexplained line at 2.95
to 2.99 A by O’Neill and Jeanloz (10). Sub-
stitution of 5 mol% Al,O, expands the struc-
ture and causes increased distortion of 0.2 to
0.3% in the c/a ratio (Table 1) relative to
MgSiO, perovskite, consistent with the
trends observed in previous studies (10, 11).
With increasing pressure at room tempera-
ture, diffraction peaks of the perovskite sam-
ples showed little broadening, suggesting the
minimum presence of microscopic-deviatoric
stress (9). No back-transformation to enstatite
or to glass and no grain growth were ob-
served in the course of our experiments. The
perovskite samples were recovered with their
initial unit-cell parameters within resolution
of the refinements in all three experiments
(Table 1). Electron microprobe analyses (/2)
of the perovskite sample recovered from one
of the x-ray experiments (run 1) give chem-
ical compositions that are similar to those of
the starting perovskite (Fig. 1), indicating no
changes in composition over the experimen-
tal pressure-temperature ranges.

Three sets of the room-temperature, high-
pressure—volume measurements for Al-perov-
skite (Fig. 2) compared with results of previ-
ous x-ray diffraction studies for MgSiO, pe-
rovskite (/3, /4) show that, in the 10-GPa
pressure range, perovskite containing 5 mol%
Al, O, is more compressible than MgSiO, pe-
rovskite. Our study also shows that Al-perov-
skite is elastically anisotropic, with the b axis

being more than 15% less compressible than
the a or ¢ axis. These results are consistent with
previous findings for (Mg,Fe)SiO, perovskite,
in that the orthorhombic structure becomes
more distorted at higher pressures [(/3) and
references therein]. The isothermal bulk modu-
lus or incompressibility, K, ,, obtained from
fits of the present data to a third-order Birch-
Murnaghan equation of state, ranges from
232(2) to 236(2) GPa, which is more than 10%
smaller than the commonly accepted value for
the MgSiO, perovskite (K, + = 261 = 4 GPa)
(13, 14).

Pressure-volume measurements at high
temperatures up to 1073 K from runs 1 and 3
(Table 2), along with room-temperature pres-
sure-volume measurements (Fig. 2), were ana-
lyzed by two different approaches for each
experiment: (i) simultaneous fit of the whole
data set to a high-temperature Birch-Mur-
naghan equation of state (/5) and (ii) each
isothermal pressure-volume measurement (Ta-
ble 2 and Fig. 2) being individually fitted to the
Birch-Murnaghan equation of state, yielding
values of the bulk modulus and zero-pressure
volume as a function of temperature. The re-
sults indicate that thermoelastic parameters
from the two experimental runs agree within
the errors of the fitting technique. Aluminum-
perovskite, however, behaves differently from
MgSiO, perovskite at high temperatures (Table
3). The (0K/dT), values of Al-perovskite are
more than twice as large in magnitude as those
of MgSiO, perovskite (/4, 16—18). In addition,
Al-perovskite has a considerably larger zero-
pressure thermal expansitivity, ., at 300 K and
temperature derivative of o, (9o/97),,, than Mg-
SiO; perovskite. The Anderson-Griineisen pa-
rameter, 8. = —(0K/0T)p/(aKy), commonly
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Fig. 1. Cation fractions of Mg, Al, and Si in the
Al-perovskite samples on the basis of three
oxygens. Circles are for the starting perovskite
samples and squares are for the perovskite
sample recovered from the x-ray experiment
run 1. Cation fractions of Fe and Ca are
0.0003(4) and 0.0005(4), respectively; La and
Cr were searched for but not detected within
the resolution of the analytical technique.
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used to describe thermal contribution, decreases
with pressure and temperature for Al-perov-
skite, ranging, for example, from 7.8 at ambient
pressure and 800 K to 6.5 at 10 GPa and 1300
K, which is nearly twice as large as those
reported for MgSiO, perovskite (8 = 3.4 to 4)
at the same conditions (/4).

The thermoelastic properties of Al-perov-
skite are similar to those of ferromagnesian
perovskite (Table 4), obtained from studies in
diamond-anvil cells (13, 19) and in multian-
vil presses (/4). This similarity makes it un-
likely that the differences in thermoelastic
properties between Al- and Fe-containing
perovskites and MgSiO, perovskite can be
attributed.to the differences in the degree of
orthorhombic distortion from a cubic struc-
ture because Fe affects the structure by caus-
ing a decrease in the distortion (10, 13),
whereas Al substitution causes the distortion
to increase. Low concentrations of Al and Fe
in all perovskites so far studied also make it
unrealistic that these differences can be un-
derstood from compressibility and thermal
expansitivity of their constituent polyhedra,
as they are largely determined by the mean
cation-oxygen bond length (20), nor are
these differences expected from consider-
ation of ionic radii of the constituent cat-
ions in Al-perovskite, if AI** is assumed to
equally occupy Mg and Si sites, through the
coupled substitution 2A13" — Mg?* +
Si** (11).

How Al is distributed into the two cation
sites of perovskite structure, however, is un-
known. One important indication of a different
scenario of the substitution in perovskite lies in
the fact that in other minerals Al substitution
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Fig. 2. Room-temperature compression of perov-
skite containing 5 mol% Al,O, and comparison
with previous results on MgSiO, perovskite. The
three independent measurements, denoted by
open and closed circles and open squares, are
internally consistent and suggest the bulk modu-
lus values that are about 10% smaller than that
of the end-member MgSiO; perovskite. Error bars
of the measurements in this study and Wang et
al. (73) are smaller than the symbol size.
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results in a slight decrease in the ambient unit-
cell volume and an increase in the room-tem-
perature bulk modulus (7), which is opposite to

the effects we see in our Al-perovskite experi-
ments. There is evidence that trivalent cations
would not be equally distributed into the two

Table 1. Unit-cell parameters of perovskite containing 5 mol% Al,O, at ambient conditions. For each run, the
cell parameters were measured at the beginning of the run (first row) and at the end of the run (second row).
The standard deviations (in parentheses) refer to the uncertainty of the last two digits. V, volume.

Run a (A) b (A) c(A) Vv (A3) bla cla
1 4.7782(18) 4.9364(15) 6.9128(21) 163.051(69) 1.033 1.447
1 4.7798(15) 4.9359(17) 6.9143(19) 163.126(61) 1.033 1.447
2 4.7772(19) 4.9352(16) 6.9215(23) 163.184(76) 1.033 1.449
2 4.7791(24) 4.9333(18) 6.9222(30) 163.202(92) 1.032 1.448
3 4.7769(23) 4.9369(24) 6.9212(28) 163.220(93) 1.033 1.449
3 4.7794(18) 4.9358(16) 6.9213(21) 163.275(71) 1.033 1.448

Table 2. Pressure-volume measurements of Al-perovskite at high temperatures. The uncertainty in pressure
measurements is less than 0.1 GPa. P, pressure; T, temperature. For numbers in parentheses, see Table 1.

Run 1 Run 3

P (GPa) T (K) v (4% (Gia) T (K) v (4%

117 473 163.05(6) 166 473 162.93(5)

2.46 472 162.18(8) 284 473 162.08(6)

327 474 161.66(5) 366 473 161.54(6)

427 474 160.95(9) 478 472 160.74(6)

5.27 472 160.29(6) 5.47 472 160.33(7)

6.18 473 159.65(7) 6.52 472 159.63(6)

7.09 475 159.06(8) 7.43 472 159.11(9)

7.95 472 158.54(6) 8.23 472 158.50(8)
863 473 158.09(9) 8.86 474 158.18(10)

3.64 677 162.29(9) 3.20 674 162.65(7)

465 676 161.52(10) 4,09 674 162.10(6)

5.64 676 160.91(5) 5.19 674 161.26(6)

6.5 676 160.28(10) 5.84 673 160.84(7)

7.48 676 159.61(8) 6.85 672 160.13(7)
831 673 159.12(6) 7.80 672 159.51(10)

9.00 673 158.66(10) 8.64 674 158.91(5)

8.74 881 159.80(9) 9.25 673 158.55(6)

9.36 876 159.35(9) 6.25 874 161.41(8)

727 874 160.67(6)

8.22 874 -~ 160.09(7)

8.93 872 159.56(3)

9.71 874 159.03(7)

10.15 873 158.75(8)

9.38 1073 160.13(8)

9.89 1073 159.78(7)

Table 3. Equation of state parameters for MgSiO, and Al-containing perovskites (Pv). In all studies, the
pressure derivative, K,', is fixed at 4. Ambient unit-cell volume, V,,, was fixed in the data reduction of this
study. The quoted errors are those of the least squares fitting; uncertainties in the measurements of
pressure, temperature, and unit-cell volumes were not included for error estimations. For numbers in
parentheses, see Table 1.

Pa By B K (0K/0T) Q o
f 3 3 3 oT T P 0 1
Studies (Ref) ((GXP1391)) ((Gﬁ,lﬁ)) ((0?31913 (GPa) GPaK—T)  (x105  (x109)
MgSio, Pv (13)  1.34 108 143 261(4) - - -
MgsiO, Pv (14) - - - 261 -0023(11)  164(19) 086(34)
MgSio, Pv (16) - - - 261 —002 -
MgSio, Pv (17) - - - 261 —0.028(17) - 61(10)  1.06(9)
MgSio, Pv (18) - - - 261 —0027(5)  1.19(17)  1.20(10)
Al-Pv, Run 1 142(2)  124(1) 137(2)  2342) —0055(10)* 2.08(26) 2.21(67)
—0.057(5)t
Al-Pv Run 2 140(2)  1.19(2) 145(3)  232(1) - - -
Al-Pv Run 3 136(2)  1.19(3) 145(2)  236(2) —0064(7)*  2.16(17) 1.87(42)
—0.062(4)t

*Value is from a high-temperature Birch-Murnaghan equation of state. ~ {Value is from isothermal P-V curves.
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Table 4. Comparison of thermoelastic parameters between Al- and Fe-containing perovskites.

Parameters

Fe-perovskite

Al-perovskite

a (at 800 K) (K™7)
(0K,/9T), (GPa K1)

3.2*to 4t X 1073
—0.06 to —0.063
3, 6.5to 7.5

3.7t03.9t X 1075
—0.055to —0.064
6.51t0 7.8

*Value at ~ 9.5 GPa. FValue at zero pressure.

cation sites in the perovskite structure, A and B,
for a generalized formula ABO, (2/-23). Ferric
iron, for example, may mostly substitute for Si
(B site) in ferromagnesian perovskites (21).
This conclusion, however, should be viewed
with some caution because the concentration

“and site occupancy of Fe*' are sensitive to

784

changes in pressure, temperature, and oxygen
fugacity (22). Similar to Fe-containing perov-
skite, a number of ceramic perovskites, such as
cerates and zirconates of Ca, Sr, and Ba, can be
doped on their B sites by trivalent cations,
mainly rare earth elements [(23) and references
therein]. Microprobe analyses of our samples
suggest that Al may preferentially occupy the
large distorted Mg site in the perovskite struc-
ture (Fig. 1). Our observations are similar to
those of McCammon (5), in that the cation
fraction of Si in a perovskite containing Al and
Fe is larger than the sum of Mg and Fe?™.
According to a study of Andrault ez al. (24), the
preference of Al in the Mg site would produce
a distortion of the unit cell parameters, which is
in fact supported by the present and previous
observations (10, 11). Although the site or sites
that trivalent cations may occupy would also be
subjected to other factors, such as the cation
concentration and crystal chemical consider-
ation, it appears to be a common feature in
these perovskites that the electrostatic charge
balance might be compensated by cation or
oxygen vacancies (or both), resulting in the
presence of point defects in Al- and Fe-
containing perovskites.

It is the presence of point defects in Al-
perovskite that may hold the key to the un-
derstanding of the present observations. This
proposal is in part supported by the fact that
the room-temperature compressibility differ-
ences between Al-perovskite and MgSiO,
perovskite (Fig. 2 and Table 3) are similar to
the differences between nonstoichiometric
wiistite Fe O and an ideal stoichiometric
FeO (25-28). The effect of the defects on
thermal expansion in Fe O and other Fe-
containing materials, however, is more dif-
ficult to study, primarily because of varia-
tions of the oxidation states of Fe and the
associated changes in composition with
temperature (22, 25).

Previous studies have demonstrated that the
chemical compositions of the lower mantle
from mineral physics consideration are ex-
tremely sensitive to thermoelastic properties of
the perovskite phase. A large zero-pressure
thermal expansion coefficient (o =~ 4 X 1073

K~1), obtained on (Fe,Mg)SiO, perovskite,
would suggest a layered mantle, with a lower
mantle that is either more Fe-rich (19) or more
Si-rich (29) than a pyrolitic upper mantle that
largely depends on the values of the pressure
derivative of a. A chemically uniform pyrolite
mantle, on the other hand, has been found to be
consistent with properties measured for the end
member MgSiO, perovskite phase (/4, I8).
Our data suggest that the bulk modulus of
Al,0,-enriched perovskite would be signifi-
cantly lower at lower mantle conditions than
that of aluminum-free perovskite, thus requir-
ing adjustments in other components to match
seismic observations. The effects of the simul-
taneous presence of ferric Fe and possible in-
corporation of OH™ species (22, 23) on the
equation of states of perovskite are important
but still unknown. '
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