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Thermoelasticity of Silicate Perovskite and 
Magnesiowustite and Stratification of the 

Earth's Mantle 

Lars Stixrude,* R. J. Hemley, Y. Fei, H. K. Mao 
Analyses of x-ray-diffraction measurements on (Mg,Fe)SiO, perovskite and (Mg,Fe)O mag- 
nesiowustite at simultaneous high temperature and pressure are used to determine pres- 
sure-volume-temperature equations of state and thermoelastic properties of these lower 
mantle minerals. Detailed comparison with the seismically observed density and bulk sound 
velocity profiles of the lower mantle does not support models of this region that assume 
compositions identical to that of the upper mantle. The data are consistent with lower mantle 
compositions consisting of nearly pure perovskite (>85 percent), which would indicate that 
the Earth's mantle is compositionally, and by implication, dynamically stratified. 

T h e  lower mantle is the largest single 
region of the Earth's interior, accounting 
for 55% of its volume. In contrast to the 
case for the upper mantle, from which we 
have samples, we cannot determine the 
composition of the lower mantle by direct 
observation, yet its major element chem- 
istry has important implications for the 
evolution of our planet and its current 
thermal and chemical state. The ~ossibil- 
ity of compositional stratification-dis- 
tinct upper and lower mantle composi- 
tions-implies that the Earth's mantle 
convects in at least two layers and that the 
planet has evolved slowly and retained 
much of its primordial heat and large-scale 
geochemical heterogeneities. Despite its 
importance, the most direct approach to 
determining lower mantle composition, 
comparison of laboratory experiments 
with seismic observations. has been sub- 
ject to substantial uncertainties, and the 
question of compositional stratification re- 
mains open. The greatest difficulty has 
been the acquisition of accurate measure- 
ments at the relevant conditions. Experi- 
ments have only recently achieved high 
temperatures at pressures greater than 1 
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bar and high pressures at temperatures 
greater than 300 K (1, 2).  In this report 
we present a thermodynamic analysis and 
the geophysical implications of these mea- 
surements. 

Constraints on lower mantle composi- 
tion can be obtained from accurate experi- 
mental measurements of thermoelastic 
properties of the constituent materials. This 
approach requires determination of the 
room temperature equation of state, the 
thermal expansivity, a ,  and the dimension- 
less Anderson-Gruneisen ratio 

where X = T or S (temperature or entropy) 
P is pressure, and Kx is the isothermal or 
adiabatic bulk modulus. These quantities 
relate laboratory data to the density, p, and 
seismic parameter, Q, = Ks/p, at pressure- 
temperature conditions of the lower mantle 
(3, 4). For the purpose of illustration, we 
assume that Sx is independent of P and T, 
yielding 

where AT = T - To, and E = (YO[p(O,TO)/ 
(P, To)IsT is the mean value of a(P, T) from 

To to T. There have been no earlier mea- 

surements of 6, or 6, of perovskite, and the 
pressure and temperature dependence of 
these quantities is not known. Several 
groups have measured the thermal expan- 
sivity of perovskite (5-8) but two of these 
studies disagree severely with each other (5, 
8). Workers analyzing lower mantle com- 
position, relying on contradictory measure- 
ments or estimates of these crucial proper- 
ties, have come to opposite conclusions. 
Some have argued for homogeneous mantle 
compositions (8-10) while others have pro- 
posed that the lower mantle is enriched in 
silica or iron, or both (5, 1 1, 12). Model 
calculations for a range of plausible values 
have indicated that values of a0 greater 
than 2.5 x lop5 to 4 x lop5 K-' and 6, 
larger than 4 require that the lower mantle 
has a nearly pure perovskite composition 
(9, 13). 

Recently, the equations of state of 
(Mgo~9,Feo.l)Si0, ierovskite and (Mg0.6, 
Feo.,)O magnesiowustite were measured at 
combined high pressures and temperatures 
(1, 2) (Fig. 1). The measurements were 
performed in externally heated diamond 
cells with the use of synchrotron x-ray 
diffraction. These data place experimental 
constraints on the thermal expansivity of 
perovskite at high pressures; that is to 
within the stability field of the material (P 
> 23 GPa). Such data are particularly 
important for perovskite because of prob- 
lems associated with its metastability at 
low pressure (14, 15). The data show that 
thermal expansivity decreases strongly 
with pressure and increases strongly with 
temperature, so that a, (300 to 2000 K) is 
significantly larger than 4 x loW5 K-'. 
The value of 6, ( ~ 7 )  was found to be 
substantially greater than earlier estimates 
(I) ,  whereas the results for magnesiowus- 
tite were consistent with earlier predic- 
tions (2, 16). Detailed comparison with 
seismic determinations of p and Q, requires 
analysis of these quantities at lower mantle 
conditions. 

We extract from the data the Debye 
temperature, O0, the Griineisen parame- 
ter, yo, and q (17). These quantities are 
used to characterize the thermodynamic 
Helmholtz potential, F(p,T), which ~ields 
complete thermodynamic information 
through its density and temperature deriv- 
atives (18). This approach allows us to 
calculate self-consistent equations of state 
and adiabatic temperature profiles, which 
are appropriate for a convecting system 
(Fig. 2). Possible systematic errors in the 
extrapolation of p and Q, to mantle con- 
ditions, due to the assumed form of 
F(p,T), are expected to be small. Indeed, 
density and seismic parameter profiles de- 
termined from F(p,T) with either Einstein 
or Debye models of the vibrational density 
of states are identical to Eqs. 2 and 3 with 
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constant ST and Ss, within experimentally 
derived uncertainties (Fig. 1). As shown 
in Fig. 1, the pressure dependence of p 
and @ for (Mg,Fe)SiO, perovskite at 2000 
K calculated from the experimental data 
are close to the seismic observations. The 
data thus suggest that silicate perov- 
skiteis predominant in the lower mantle 
relative to magnesiowiistite (and other 
phases). 

To examine this hypothesis further, we 
comuare seismic observations with a wide 
range of plausible compositions and mantle 
adiabats. The range of compositions is char- 
acterized by the bulk mole fractions of iron 
XFe = Fe/(Fe + Mg), and perovskite Xp, = 
Pv/(Pv + Mw), and the geotherms are 
characterized by the temperature at the foot 
of the adiabat, To (at 670 km depth or 24 
GPa) (1 9). A pure perovskite composition 
(XFe = 0.12, Xpv = 1, To = 2000 K) best 
matches the observed density and seismic 
parameter profiles of the lower mantle (Fig. 
3). This conclusion is also consistent with 
the measured values for % and ST (Figs. 1 
and 2). 

The recent high pressure-temperature 
measurements place important constraints 
on the effects of temperature and compo- 
sition on p and profiles. These effects 
are illustrated by extreme cases that fall 
well outside calculated uncertainties, in- 
cluding iron-free perovskite, orthosilicate 

stoichiometry, and To = 1000 K, which 
show that iron enrichment increases p and 
decreases @, silica enrichment increases 
both quantities, and increasing To de- 
creases both (Fig. 3). Variation of XFe, 
Xpv, or To separately is restricted to ap- 
proximately 30%, but significant tradeoffs 
exist among the parameters (Fig. 3). 
Clearly, simultaneous enrichment in silica 
and iron and increases in temperature 
define a series of lower mantle assemblages 
with similar ~rouerties. These tradeoffs. . . 
however, are not unlimited. For example, 
increasing To decreases densities much 
more at low pressures than at high pres- 
sures (Eq. I), so that the range of density 
manned bv the calculated @-o curve over 
the same pressure interval increases. En- 
richment in magnesiowiistite has a similar 
effect, because its density is less than that 
of perovskite at low pressure but greater at 
high pressure. 

The full range of compositions that 
satisfy the seismic data is illustrated by the 
xZ(XFe,X To) surface (20). We show the 5"' section x (XFe,XPV,TO*), where To* yields 
the best fit for a given composition (Fig. 
4). The form of the confidence regions 
reflects tradeoffs between composition and 
temperature. A composition of pure per- 
ovskite matches the data best, but perov- 
skite fractions as low as 0.45 are permitted 
at the 68% (lo) confidence level. Iron 

Fig. 1. Measured density 
of (Mg, ,,Fee ,)Si03 per- 
ovskite versus pressure at 5.5 

- 
room temperature [data 
marked 0 is from (1) and 300 K 
A is from (28)] and high 
temperature [e (I)]. High- 5.0 - 
temperature data are cor- 
rected to a common iso- 
therm with = 3.3 x g 
K-l and 6, = 7. Lines are 
based on the Birch-Mur- z 4 . 5  - 
naghan equation of state " 
with a zero pressure vol- 
ume Vo = 24.56 cm3 
mol-l, isothermal bulk 4.0 
modulus K, = 263 + 7 
GPa, and its pressure de- 
rivative b' = 3.9 ? 0.4 
(17). Solid lines are from 
F(p,T) with 8, = 1017 ? 7 
K, yo = 1.96 + 0.10, q = 
2.5 + 1.7 (15). Dashed 

P (GPa) 

lines are from Eqs. 2 and 3 with a, = 4.7 x K-l ,  6, = 7 and 6, = 3. 6, and 6, are closely 
related: assuming that aK, is independent of T, a good approximation for T above the Debye 
temperature, 6, = 6, - y [I + a(q + 6 ,)T]l(l + a y  T). The data are compared with the density and 
seismic parameter of the lower mantle (0) (20). The inset compares a(T) and a, determined from 
the data [e (I)] with previously reported values [data marked is from (5, 29), 0 is from (6), 0 is 
from (7), and A is from (8)]. Vertical bars are uncertainties as quoted by the authors, horizontal bars 
show the range over which a was averaged. The shading separates values of a, which are 
consistent with a perovskite lower mantle composition from those consistent with upper mantle 
(pyrollte) compositions (9, 13) Thermal expanslvity, a(T) IS calculated from F(p,T) (solld line) and 
a = (B/&)[p(O, Tolp(O,T)I8T (dashed line), where B = aK, [10.2 MPa K-I (I)] IS assumed to be 
independent of temperature above the Debye temperature. 

content is much more tightly constrained 
because it most strongly affects density, 
which has small calculated uncertainties. 
Typical upper mantle compositions (21) 

o1 40 ' 60 I 80 I 100 I 120 I 140 

P ( G W  

Fig. 2. Lower mantle adiabats (To = 1700, 
2000, 2300 K) for (X, = 1, XFe = 0.12), and 
experimentally constrained values of 6, and a 
along 1000 (dashed), 2000 (solid) and 3000 K 
(dotted) isotherms from F(p, T). The uncertainty 
in 6, is approximately 30%. The shaded hori- 
zontal bar separates values of 6, consistent 
with a perovskite lower mantle composition 
from those consistent with upper mantle (pyro- 
lite) compositions (9). 

Fig. 3. Calculated values of density and seis- 
mic parameter over the pressure regime of the 
lower mantle (28.3 < P < 127.0 GPa) for the 
assemblage (XFe = 0.12, X, = 1, To = 2000 
K) (bold line with error bars). Also shown are 
the assemblages (XFe = 0, X, = 1, To = 2000 
K) and (XFe = 0.12, X, = 0.5, To = 2000 K), 
represented by the dashed lines, and (XFe = 
0.12, X, = 1, To = 1000 K), represented by 
the light error bars at its end points. The 
symbols are the seismically observed values 
(20). The arrows show the direction that the 
calculated p-9 curve shifts if the indicated 
parameter is increased. The zero pressure 
volume of perovskite is Vo = 24.46 + 1.03 XFe. 
Magnesiowustite parameters are Vo = 11.25 
? 1 .OO XFe, KO = 157 ? 2 GPa, &' = 4.0 + 
0.4, 8, = 500 ? 50 K, yo = 1.50 2 0.03, q = 
1.1 + 0.7 (17). The Fe-Mg partition coefficient 
between perovskite and magnesiowustite, 
K,.Mw = 116 (30). 
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0.20 

Fig. 4. Combined misfit to seismically ob
served p and <I> profiles as represented by the 
X2(XFe, XPv, 7"0*) surface showing 1a (bold line) 
2a and a/75 (dashed lines) confidence re
gions. The light solid lines are contours of T0*. 
The uncertainty in 7"0* is 100 K (1a). The range 
of upper mantle composit ions is indicated 
(21). 

provide acceptable fits to the seismic data 
but only along adiabats which are unrea
sonably cold (T0 « 1500 K) (22). Only 
compositions enriched in silica and iron 
match the seismic data along plausible 
mantle adiabats: T0 = 1700 to 2100 K in 
the case of whole mantle convection or 
2200 to 2600 K for two-layer convection 
(22t 23). The thermal boundary layer 
implied by a different lower mantle com
position and two-layer convection requires 
a nearly pure perovskite composition 
(>85%). 

The extent to which this conclusion is 
affected by the presence of minor elements, 
including Ca and Al, possible phase transi
tions in perovskite and magnesiowustite, 
and variation in 8T at still higher pressure-
temperature conditions will require addi
tional experimental investigation (24). The 
change in chemical composition between 
upper and lower mantle implied by the 
results may not coincide with the 670-km 
discontinuity, which is caused by a change 
in phase. Although the 670-km discontinu
ity is thermodynamically controlled—its 
small lateral variations in depth (25) (<30 
km) are determined by the Clapeyron slope 
of perovskite forming reactions (26)—the 
compositional boundary is dynamically 
controlled and is expected to be deflected 
by 100 to 300 km in subduetion zones (4). 
The velocity contrast across a purely com
positional change is expected to be small 
(27). Unless it is diffuse, reflections from a 
compositional boundary may be observable 
as companions to the much stronger 670 
km signal in subduction zones. Seismic 
detection of such a boundary would provide 
significant additional constraints on mantle 
stratification. 
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