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1 INTRODUCTION

SUMMARY

A generalized inverse method is applied to infer the radial lower mantle composition and
temperature profile from seismological models of density and bulk sound velocity. The com-
putations are performed for a five-component system, MgO—-FeO—CaO—-Al,03—-SiO, and three
phases: (Mg,Fe,Al)(Si,Al)O3 perovskite, (Mg,Fe)O magnesiowustite, and CaSiO3 perovskite.
A detailed review of the elasticity data set used to compute the elastic properties of mineral
assemblages is given. We consider three different a priori compositional models—pyrolite,
chondritic and a model based on cosmic abundances of elements—as a priori knowledge for
the inversions in order to investigate the sensitivity of any given best-fit solution to the assumed
initial composition. Consistent features in all inversions, independent of the a priori model, are
a total iron content of X, >~ 0.10 £ 0.06 and a subadiabatic temperature gradient over most of
the lower mantle depth range. A peculiar correlated behaviour of the two most sensitive param-
eters (iron content and temperature) is found below the 660 km discontinuity: over the depth
range from 660 km down to 1300 km. Significantly, we find that the bulk composition inferred
from any given inversion is strongly dependent on the choice of a priori model. Equally satis-
factory fits to the lower mantle bulk sound velocity and density profiles can be obtained using
any of the a priori models. However, the thermal structure associated with these compositional
models differs significantly. Pyrolite yields a relatively cool geotherm (7 g9 =~ 1800 K and
Xpy >~ 0.64), while perovskite-rich models such as chondritic or cosmic models yield hot
geotherms (7 60 >~ 2500 K and Xp, =~ 0.84 for the latter), but all of the geotherms are suba-
diabatic. The results of inversions are virtually unaffected by the partitioning of iron between
perovskite and magnesiowustite. Out of the five oxide components considered in our models,
the bulk Al,O3 and CaO contents of the mineral assemblages are least well constrained from
our inversions. Our results show that a major shortcoming of lower mantle compositional and
thermal models based on inversions of bulk sound velocity and density is the strong dependence
of the final solution on the a priori model. That is, a wide variety of best-fit compositional and
thermal models can be obtained, all of which provide satisfactory fits to global average seismic
models. It is, in fact, this non-uniqueness that dominates the resulting a posteriori uncertain-
ties and prevents a clear discrimination between different compositional models. Independent
constraints on the thermal structure or on the shear properties of lower mantle assemblages are
needed to infer lower mantle composition with a higher degree of certainty.

Key words: bulk modulus, density, inverse problem, mantle, mineralogy, seismic velocities.

(Mg,Fe)O, and calcium silicate perovskite CaSiO; (e.g. Irifune
1994; Kesson et al. 1998). However, the exact proportions of these

The lower mantle accounts for nearly half of the mass of the Earth. phases as well as the distribution of the elements between them (e.g.
It is generally accepted that its mineralogy mostly consists of mag- the partitioning of iron between perovskite and magnesiowustite) are
nesium silicate perovskite (Mg,Fe,Al)(Si,Al)O;, magnesiowustite not exactly known and the details of the chemical composition of the
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974  E. Mattern et al.

lower mantle are still under debate. Whether or not the lower mantle
has the same bulk composition as the upper mantle is fundamen-
tal for understanding global mantle dynamics, the thermal structure
of the Earth and the nature and location of various geochemical
IeServoirs.

Since the 1960s, a large number of lower mantle compositions
have been proposed. They range from essentially pure perovskite
(Mg/Si~ 1) to compositions with a Mg/Si ratio as high as 1.3. The
perovskite-rich class of models were introduced to keep the Mg/Si
ratio for the bulk mantle close to that of chondrites; for example the
CI chondrite hypothesis of Hart & Zindler (1986) and the EH chon-
drite model of Javoy (1995). These compositional models imply
that the upper and lower mantle are chemically distinct. The sec-
ond group of models corresponds to pyrolite-like composition. The
original pyrolite model was proposed by Ringwood (1962a,b) and
Green & Ringwood (1963) as a hypothetical mixture of olivine and
pyroxene capable of producing the observed mid-oceanic basaltic
magmas and a residual harzburgite upon partial melting. There now
exist a large number of refined pyrolite models based on geochem-
ical and petrological analysis, for example LOSIMAG1 (Hart &
Zindler 1986), PRIMA (Allegre ef al. 1995) and the pyrolite model
of McDonough & Sun (1995). The hypothesis of an entire pyrolitic
mantle implies that the mantle is depleted in silicon compared with
chondrites. To explain a possible silicon depletion several scenarios
have been proposed, invoking either siderophile behaviour of Si at
moderate pressures or volatilization at high temperatures. Allegre
et al. (1995) and McDonough & Sun (1995) put the missing silicon
budget into the core whereas Ringwood (1979) suggested that Si
was volatilized during Earth accretion.

In the past, a stratified mantle with independent reservoirs was
proposed to explain geochemical observations such as the rare gas
budget (e.g. Allégre et al. 1986). Such a model is, however, in con-
tradiction with other geochemical observations, such as the ubiqui-
tous signature of recycled material in all hotspots (Hofmann 1997)
and with various geophysical observations: large-scale gravity field
data (e.g. Richards & Hager 1984; Ricard et al. 1993) and modern
seismic tomography. The latter indicates that some subducting slabs
penetrate deep into the mantle (e.g. van der Hilst ef al. 1997; Grand
et al. 1997) suggesting some degree of mass exchange between
the upper and lower mantle. Neither simple one-layer nor two-layer
models of mantle convection can satisfy both the geophysical and
the geochemical observations. More refined patterns of mantle con-
vection have been proposed over the last decade (see e.g. Tackley
2000 for areview). Kellogg et al. (1999) argue that large mass trans-
fer between the upper mantle and the lower mantle does not exclude
inhomogeneous layers in the lowermost mantle. Coltice & Ricard
(1999) and Ferrachat & Ricard (2001) show that one-layer mantle
convection with partial oceanic crust segregation is not necessarily
in contradiction with geochemical observations. Recent laboratory
experiments carried out on two superimposed fluids suggest that the
lower mantle may be in a convective transient state allowing a regime
of oscillating domes, a stable stratified regime and a large-scale mix-
ing regime (see Davaille ez al. 2003 for a review). Consequently, the
mode of convection is still questionable.

Most constraints on lower mantle composition and thermal struc-
ture come from comparing seismic velocities with experimentally
measured properties of various mineral assemblages. The seismo-
logical parameters directly observable are the compressional wave
velocities, Vp, and the shear wave velocities, Vg, and their lateral
variations. However, the most abundant experimental results from
mineral physics are the density p, and the isothermal bulk modulus,
Kr (by static compression) or the adiabatic bulk modulus, K (by

acoustic methods). It is therefore more difficult to make use of shear
properties as a constraint on mantle composition. For phases stable
only at lower mantle conditions (e.g. silicate perovskite), results on
Vp and Vs and shear properties are becoming available with the use
of Brillouin spectroscopy (Sinogeikin et al. 2004; Jackson et al.
2004) and ultrasonic techniques (Aizawa et al. 2004; Sinelnikov
et al. 1998) but such data are still comparatively few in number. A
more commonly used approach is therefore to combine seismolog-
ical models of Vp and Vs to generate bulk sound velocity V', and
density p models for comparison to mineralogical properties. V 4 is
related to the two seismic velocities via V = V3 — 1V = Kg/p,
which leaves V', independent of the shear modulus.

Seismological and mineralogical properties must of course be
compared at similar conditions of pressure and temperature. This can
be done either by adiabatic decompression of seismologically deter-
mined mantle properties for comparison at zero pressure with lab-
oratory data (e.g. Bukowinski & Wolf 1990; Jackson 1998; Stacey
& Isaak 2001) or by extrapolation of measured mineral properties
to lower mantle P—T conditions for comparison with seismologi-
cally determined bulk sound velocity and density profiles. Among
the latter studies, some authors have proposed that a pyrolitic com-
position can reasonably match the seismological models without
any iron or silicon enrichment (e.g. Fiquet e al. 2000; Jackson
1998; Wang & Weidner 1994; Wang et al. 1994). At the same time,
other studies (e.g. Ita & Stixrude 1992) have disagreed with the
idea of a uniform mantle and therefore favoured layered convec-
tion. Jeanloz & Kanittle (1989), Bina & Silver (1997) and Stixrude
et al. (1992) argued that the lower mantle should rather be chon-
dritic or even pure perovskite. Several authors attempted to better
constrain the lower mantle composition and its temperature by also
including shear properties. Nevertheless, no clear consensus has
emerged from these studies: Vacher et al. (1998) did not discrimi-
nate between homogeneous and stratified mantle models, Marton &
Cohen (2002) preferred a pyrolitic lower mantle, and Wentzcovitch
et al. (2004) suggested radially heterogeneous lower mantle mod-
els. In a recent study, Deschamps & Trampert (2004) showed that
a radial density contrast in the mid-mantle could be obtained de-
pending on the choice of elastic data together with a non-adiabatic
geotherm.

Most of these studies only consider a three-component system
(MgO-FeO-Si0,), neglecting the CaO and Al,O5 content. How-
ever, all petrological models contain significant amounts of calcium
and aluminium oxides (at least 5 wt%). The latter are essential in
models of the upper mantle, since Al accounts for the presence of
garnet and both Al and Ca strongly affect the phase relationships
between the pyroxene—garnet components. In addition, aluminium
oxide, even in small proportions, seems to drastically change the
bulk properties of the magnesium silicate perovskite phase, as sug-
gested by several studies (see Daniel ef al. 2001; Andrault et al.
2001 for reviews). Contrary to aluminium, calcium does not enter
the orthorhombic Mg-rich perovskite phase (e.g. Hirose e al. 1999)
but instead is incorporated into a separate cubic CaSiO; perovskite
phase. This phase has been often ignored due to its lesser abundance
in the lower mantle (expected to be less than 5 mol%). It has been
proposed that CaSiO; perovskite may be an invisible phase in terms
of density and bulk modulus at lower mantle conditions (e.g. Shim
et al. 2000), although Karki & Crain (1998) suggested that shear
properties can allow the calcium budget of the lower mantle to be
constrained. Because CaSiOj is almost certainly present in the lower
mantle, we include it in our inversions to examine whether useful
constraints can be placed on its abundance using the most recent
measurements of physical properties.

© 2005 RAS, GJI, 160, 973-990
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Allinversions of lower mantle composition are limited by a lack of
information on the temperature profile. There is indeed a wide spec-
trum of proposed thermal structures. Brown & Shankland (1981)
advocated a nearly adiabatic profile based on calculation of entropy.
da Silva et al. (2000) deduced a strongly superadiabatic profile from
mineral physics calculations (temperatures as high as 4000 K below
2500 km depth). These models are in contrast to numerical sim-
ulations of mantle convection mostly heated from within (Bunge
et al. 2001; Monnereau & Yuen 2002) that suggest a subadiabatic
lower mantle (as much as 400 K below an adiabat) except in a hot
boundary layer above the core-mantle-boundary (CMB).

Given the uncertainties in elastic properties of minerals and ther-
mal structure, the interpretation of 1-D seismic profiles is far from
straightforward and is still controversial. In this study, we first se-
lect a set of recent and high-quality experimental data, then we
apply a generalized inversion method to deduce the composition
and temperature profile of the lower mantle. This method allows us
to determine the composition and the temperature that best match
global 1-D density and bulk sound velocity profiles reported by
PREM (Dziewonski & Anderson 1981) and ak135 (Kennett et al.
1995). We also precisely evaluate which are the best constrained
inverted parameters and examine the impact of experimental un-
certainties on the resulting mineralogy and temperature. The shear
properties are not considered for three reasons. First, bulk modulus
and density are the most numerous and presumably best constrained
parameters from experimental studies. Even though experimental
measurements of mineral rigidities are becoming available, their
pressure and temperature dependence is still poorly constrained.
Indeed, for MgSiO; perovskite (the most abundant mineral in the
lower mantle) only a few studies are available in a limited P—T range
(Sinelnikov ez al. 1998; Sinogeikin et al. 2004). Second, the fre-
quency dependence as well as the effect of viscoelastic relaxation
on the shear properties of lower mantle minerals are still poorly
known (Webb & Jackson 2003). Third, our results can be compared
with previous studies that also used density and bulk sound velocity
(or bulk modulus) as constraints for lower mantle properties. The
formal inversion defined in this way allows us to study the effect
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of Al and Ca as well as the possible non-uniqueness of the results,
taking into account all available experimental elastic data and their
uncertainties.

2 ELASTICITY DATA SET

The major features of the mineralogy of the lower mantle can
be described by using three distinct phases: silicate perovskite
(Mg,Fe,Al)(S1,A)O5 (Pv), magnesiowustite (Mg,Fe)O (Mw) and
calcium-bearing perovskite CaSiO; (CaPv). The two perovskites are
separate phases with limited solubility between them (e.g. Hirose
etal. 1999). On the other hand, the solubility of aluminium in CaPv is
not negligible (at most 10 mol%) as reported by Hirose et al. (1999)
and Takafuji et al. (2002). These results come from experiments on
MORB-like composition and grossular samples (all Al-rich compo-
sitions). In the case of pyrolite-like composition (magnesium-rich),
aluminium enters the magnesium-rich perovskite and only a negligi-
ble amount of Al is found in CaPv (less than 2 mol%, Fei et al. 1996).
Real wustite is in fact a non-stoichiometric compound, Fe,_,O.
The stoichiometric extrapolation to x = 1 used in this study leads to
the purely fictitious end-member FeO (FeMw). It should be noted
that the purpose of the fictive Fe end-members is to reproduce the
elastic properties in the range of lower mantle iron content and they
are not intended to obtain the actual properties of the pure iron
end-members (FePv and FeMw).

In order to compute density and bulk sound velocity in the lower
mantle (see Appendix A for details), we use a third-order Birch—
Murnaghan equation of state (EoS). The following elastic proper-
ties of each end-member are required: molar volume at ambient
conditions, V', isothermal bulk modulus, K 7, with its pressure
and temperature derivatives, K{, , and (3K o,7/dT)p, respectively,
and thermal expansion coefficient as a function of temperature,
a(T). The elastic properties used in this study are listed in Table 1.
In spite of significant progress in experimental techniques, not all
of these properties are well constrained and a detailed discussion
of their uncertainties is necessary. Our experimental data set is
assembled through a careful review and selection of high-quality

Table 1. Elastic properties of lower mantle minerals: MgSiO3 perovskite (MgPv), FeSiO3 perovskite (FePv), Al,O3 perovskite (AlPv)
for the perovskite phase, MgO periclase (MgMw), FeO wustite (FeMw) for the magnesiowustite phase and CaSiO3 perovskite (CaPv)

for the calcium perovskite phase.

Mineral Vo Kor K{)’ T
(cm® mol™1) (GPa)
MgPy 24.43! 2502 4.03
2465 -261°
FePv 25.34* 250" 4.0
246° -261°
AlPv? 24.587 2497 4.0
24.514 2349 4.0°
MgMw 11.2510 160.1'" 3.83!1
161.012 3.9412
FeMw 12.26* 160.14 3.834
CaPv 27.4515 23215 4815
27.4516 23610 3.916

(0K o,r/3T)p o o)
(GPaK™1) (1073 K1 (1078 K~2)
—0.021 =+ 0.004* 2461 4+0.119 0.165%
—0.021 =+ 0.004° 2461 +0.119 0.165%
—0.021° 2.461 0.165"
—0.06° 2.12 2.04°
—0.02240.001* 3.265 1.065*
—0.02212 3.000 1.200'2
—0.02013 3.203 0.629'4
—0.03313 3.133 0.388*
—0.02816 3.690 0.000*

If multiple values are indicated, the preferred values are in bold. Vo, molar volume, K ¢, 7, isothermal bulk modulus, K 6 7 and
(0K o,7/3T)p, its pressure and temperature derivatives; a(7) = «o + « 17, thermal expansion coefficient.

“Al-bearing MgSiO3 perovskite with 5 mol% Al,O3.

bSame as MgPv.

Sources: 'e.g. Fiquet ez al. (1998); 2after Sinogeikin ef al. (2004); 3fixed to 4 as Fiquet et al. (1998); *see text; > Yeganeh-Haeri ef al.
(1989); ¢.g. Mao et al. (1991); "after Jackson et al. (2004); $Daniel et al. (2004); °Zhang & Weidner (1999); 'Jackson & Niesler
(1982); after Sinogeikin & Bass (2000); '>Dewaele ef al. (2000); '*Sumino et al. (1980); *Skinner (1966); 1> Wang et al. (1996);

16Shim et al. (2000).
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Figure 1. Values of (0K, 7/37)p and ot for MgSiO3 perovskite (MgPv)
deduced from generalized inversions of P—F/—T measurements assuming
Ko, 7 (MgPv) is either equal to 246, 250 or 261 GPa. The P-V—T measure-
ments are taken from Fiquet ez al. (1998, 2000). The associated confidence
ellipses (20 level) indicate a strong anticorrelation between the two param-
eters. An increase in the nominal value of K ¢ 7 shifts the confidence ellipse
towards lower « and (0K o,7/0T)p values (towards the lower left corner)
revealing strong trade-offs between elastic parameters.

experimental data. Over the past years, the experimental techniques
(static compression, ultrasonics, Brillouin techniques) have greatly
matured and single-crystal properties have been found to be inter-
nally consistent. Moreover, recent experimental results using poly-
crystalline samples have in many cases come into agreement with
single-crystal properties, with improvements in experimental meth-
ods. Where available, we adopt high-quality laboratory measure-
ments of physical properties for our inversions, and use theoretical
calculations of the necessary physical properties where experimen-
tal data are not available.

In this section, we review the elasticity database for the lower man-
tle minerals considered in our study. We see that for each param-
eter considered separately the experimental uncertainties are still
very large, compared with the accuracy of the seismological mod-
els. These apparent discrepancies are, however, misleading. Due to
the trade-off between elastic parameters inverted from experiments,
very different parameter sets can reproduce very similar P—V-T
measurements at mantle conditions. We illustrate this point in detail
for the case of MgPv (see Fig. 1).

2.1 Molar volume V,

This is the best constrained parameter. The most accurate and pre-
cise values of V' come from conventional diffraction measurements
made outside any high-pressure device at ambient conditions. These
values are more accurate than those deduced from high P—T experi-
ments by simultaneously inverting experimental P—}'—T data for
and other EoS parameters. For periclase, V' can be directly mea-
sured at ambient conditions (Jackson & Niesler 1982). Due to the
non-stoichiometry of wustite, V' of pure fictive FeMw is obtained
by extrapolation of experimental results on Fe,_,O, for x varying
from 0.019 to 0.073 (Will et al. 1980; Hazen 1981; Yagi et al.
1985; Jeanloz & Sato-Sorensen 1986; Liu & Liu 1987). When V'
cannot be obtained independently and more accurately, such as for
unquenchable CaSiO; perovskite, the value of V' is deduced from

P—V-T inversions of compression data (e.g. Wang et al. 1996; Shim
et al. 2000). For MgSiO; perovskite the value of V' is constrained
by direct diffraction measurements at ambient conditions (e.g.
Fiquet et al. 1998). The value of V', for the pure virtual FePv end-
member is determined by extrapolation of the measured volumes
of perovskite samples with variable iron content, (Mg, _,,Fe,)SiO3:
see Parise et al. (1990) (x = 0.1), Mao et al. (1991) (x =0.1,0.2),
Wang et al. (1994) (x = 0.1) and Andrault ez al. (2001) (x = 0.05).
For V¢ of AlPv, we use the value recently determined by Jackson
et al. (2004) on aluminous MgSiO; perovskite (5 mol% Al,0O3) by
X-ray measurement. We also consider an alternative value deduced
from extrapolation of volumes reported for perovskite samples with
variable aluminium content, xAl,O3; + (1 — x) MgSiOj; : see Zhang
& Weidner (1999) (x = 0.05), Andrault e al. (2001) (x = 0.11),
Daniel ef al. (2001) (x = 0.077), Daniel et al. (2004) (x = 0.05),
Jackson et al. (2004) (x = 0.05) and Yagi et al. (2004) (x = 0.012,
0.103).

2.2 Bulk modulus K, and its pressure derivative K

The volume (and density) at standard conditions is generally
not controversial. However, with the bulk modulus and its pres-
sure and temperature derivatives there are sometimes significant
discrepancies between values when multiple measurements are
available. Therefore, we had to prioritize the data from various
sources. Where available, the results from ultrasonic techniques and
Brillouin spectroscopy performed on single crystals are preferred
over data from static compression or acoustic measurements on
polycrystalline specimens. In many cases, the two approaches give
quite similar results (e.g. for MgPv Sinogeikin et al. (2004) give
K s =253(9) GPa whereas Fiquet et al. (2000) give K o 7 = 253(3)
GPa). In cases where there are substantial differences (for example
AlPv EoS data) we use diffraction results as an alternative set of
parameters.

The compressibility of periclase MgO has been widely studied
and is well constrained by Brillouin scattering (Sinogeikin & Bass
2000) and ultrasonic (e.g. Jackson & Niesler 1982) measurements.
Compatible results are obtained from X-ray diffraction measure-
ments in a diamond anvil cell (e.g. Dewaele et al. 2000). The values
for FeO are obtained from measurements on a non-stoichiometric
wustite, e.g. Fegos3 O (Jackson et al. 1990), or from extrapolation
of measurements on MgO—FeO (Fei 1999; Kung et al. 2002). These
studies suggest that K¢ r of wustite is lower than that of periclase.
However, a recent study by Jacobsen ef al. (2002) shows that the
bulk modulus of (Mg, _,,Fe,)O remains relatively constant (within
experimental uncertainties) up to at least x = 0.3. Therefore, to
simulate lower mantle magnesiowustite properly (i.e. with x < 0.3),
we choose a bulk modulus of FeMw equal to the bulk modulus of
MgMw. Two recent studies on CaSiO; perovskite based on X-ray
diffraction measurements (Wang et al. 1996; Shim et al. 2000) give
similar incompressibilities even though they propose numerically
different sets of K 7 and K, , (see Table 1). The two sets of val-
ues describe equally well very similar P—V—T measurements and
the apparent differences are only due to strong trade-offs between
inverted elastic parameters.

Although (Mg,Fe,Al)-bearing perovskite is the most abundant
phase in the lower mantle, there is not a complete consensus on
its incompressibility. The reported experimental values of K r for
pure MgSiO; perovskite range from 246 to 261 GPa (e.g. Yeganeh-
Haeri et al. (1989) and Sinogeikin et al. (2004) both using Brillouin
scattering, and Mao et al. (1991), Wang et al. (1994), Utsumi et al.
(1995), Funamori et al. (1996), Fiquet et al. (1998, 2000), Saxena
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et al. (1999) and Andrault e al. (2001) using the X-ray diffraction
technique). A value of K¢ s = 253(5) GPa, which corresponds to
K o.r >~ 250(5) GPa taking into account the appropriate correction
(see Appendix A), has recently been measured by Brillouin spec-
troscopy (Sinogeikin et al. 2004 ), agreeing within the error-bars with
K o.r = 253(9) GPa obtained from previous P—V'—T data by Fiquet
et al. (2000). As for K, ;, its value is often fixed more or less arbi-
trarily to 4. A better resolution of K,  would require a larger number
of precise simultaneous high-P and high-7 measurements to reduce
the strong correlations between V', Ko 7 and K|, ;. Fiquet et al.
(2000) considered all available P—V'—T measurements to perform a
generalized inversion and obtained K, , = 3.7 together with K 7 =
260 GPa. Given the uncertainties on K 0.7, (0K o,7/3T)p (see dis-
cussion below) and intrinsic correlations, we keep K, , equal to 4.
The effect of iron on the bulk modulus of perovskite has not been
clearly identified yet. Several studies suggest that small amounts
of iron (less than 10 mol%) have only a negligible effect on K r
and K, ; of iron-bearing perovskite, within the experimental error
bars (Mao et al. 1991; Knittle & Jeanloz 1987). However, there are
some indications that iron could make perovskite somewhat stiffer,
but there is no agreement on the magnitude of this phenomenon.
Andrault et al. (2001) reported that 5 mol% of iron increases the
bulk modulus by 2.7 per cent whereas Kiefer ez al. (2002) calculated
using a first-principles method that 25 mol% of iron increases K o r
by only 1.9 per cent.

As for aluminium, both theoretical (Brodholt 2000; Yamamoto
et al. 2003) and experimental studies (Zhang & Weidner 1999;
Daniel ez al. 2001, 2004; Jackson et al. 2004; Yagi et al. 2004) have
shown that the dissolution of ~5 mol% of Al, O3 into the perovskite
structure decreases its bulk modulus. There is, however, no agree-
ment on the amplitude and physical basis for this phenomenon: some
experimental results on Al-bearing perovskite (5 mol% Al,O3) show
a decrease of 0—1 per cent (Daniel et al. 2004; Jackson et al. 2004)
whereas others show a decrease of 7 per cent (Zhang & Weidner
1999) compared with the bulk modulus of pure MgSiO; perovskite.
It should also be noticed that Andrault ef al. (2001) reported con-
trasting behaviour suggesting a stiffer Al-bearing perovskite struc-
ture. In this study, we choose the most recent Brillouin results on
Al-bearing perovskite (with 5 mol% of Al,O3) by Jackson et al.
(2004). We also assume, as in the case of iron, that aluminium has
no significant effect on K, 7, as supported by recent experiments by
Daniel et al. (2004).

2.3 (8Ko,r/dT)p and thermal expansion o

These parameters are often obtained by inversion of P—V'—T mea-
surements. As a result, they are highly correlated. (0K ¢.7/37)p is
considered to be constant as a function of temperature. Thermal ex-
pansion is usually given as a non-linear function with empirically
determined coefficients. It can be shown that within the actual ex-
perimental uncertainties, a linear increase of o with temperature is
sufficient to fit experimental observations.

The values reported from separate P—V—T studies can differ sig-
nificantly even though they have been obtained by matching similar
observed densities. In order to assess the effect of uncertainties on
these correlated parameters in a self-consistent way, we need to know
the associated covariance matrix. However, the latter is not usually
reported. We revisited the data from Fiquet et al. (1998) and Fiquet
et al. (2000) to compute (0K ¢.7/37T)p and o of MgPv using a gen-
eralized inverse method (Tarantola & Valette 1982). In addition to
the inverted parameters and their uncertainties (which we found in
agreement with Fiquet ez al. 2000), we also computed the complete
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associated covariance matrix. We notice that the inverted value of
-0.021 GPaK~! for (0K .7 /dT)p is in agreement with several other
studies (Wang et al. 1994; Utsumi et al. 1995; Funamori et al. 1996;
Fiquet ez al. 1998, 2000; Gillet ez al. 2000).

For MgPv, Fig. 1 depicts the resulting confidence ellipses
within the 20 range in the simultaneous determination of o and
(0K ,7/9T)p, with fixed V', K¢,r and K ;. Similar correlations
between EoS parameters have been already discussed by Bass et al.
(1981) and Angel (2001) using the same Birch-Murnaghan formu-
lation, and by Jackson et al. (1990) using Mie—Griineisen—Debye
parametrization. In this study, we perform three inversions by fixing
Ko7 to 246 GPa (Yeganeh-Haeri ef al. 1989), 250 GPa (preferred
value, Sinogeikin et al. 2004) or 261 GPa (e.g. Mao et al. 1991).
V' and K ; are fixed to previously discussed values. Whatever the
chosen value of K o.7, the final inverted set of parameters gives a
good fit to the P-V—T data set. Fig. 1 also shows that increasing
the nominal value of K 7 shifts the inverted o and (0K ¢.7/97)p
towards lower values. It clearly reveals strong anticorrelations be-
tween the inverted elastic parameters. These three parameter sets
will be used to study the influence of uncertainties on elastic param-
eters of MgPv by random sampling of (0K ¢,7/d7)p and « within
these 20 ellipses.

The effect of aluminium on the thermal equation of state of per-
ovskite has been studied by Zhang & Weidner (1999) who reported
avalue of (3K o.7/9T)p close to —0.06 GPa K~!. This value is sig-
nificantly higher than reported values for any other mantle minerals,
and in particular it is above the experimental values for MgPv. Due
to the intrinsic trade-offs, this value cannot be considered alone be-
cause it was obtained together with a significantly low value of K 7
(234 GPa) and an unusually high value of & (~6 x 107> K~! at
2000 K). We note that high (negative) values of (0K o.7/97T) p were
also reported by Mao et al. (1991) and Stixrude et al. (1992) for
MgSiO; perovskite. Wang et al. (1994) suggested that these high
values are probably due to partial back-transformation, or even to
partial amorphization. We choose this parameter set as an alternative
one. In the case of iron-bearing perovskite, there is no evidence for
a change of either (0K r/d7)p or thermal expansivity due to dis-
solution of iron into the perovskite structure (Hama & Suito 1998;
Anderson & Hama 1999). Therefore, we choose the same values for
FePv as for MgPv.

In the case of CaSiO; perovskite, the available (0K 7/07)p
comes from two previously mentioned studies (Wang ef al. 1996;
Shim et al. 2000) but the thermal expansion is not well constrained.
Wang et al. (1996) obtained the best fit to their measurements by
assuming a constant thermal expansion coefficient equal to 3 x
10~° K~!. Extrapolation of this value using the Birch-Murnaghan
EoS leads to a negative thermal expansion at high pressure
(above ~75 GPa) and high temperature (above ~2200 K)
for CaPv. Therefore, we re-evaluate the thermal expansion of
these two studies using the same inversion of P—V—T measure-
ments as previously described for MgPv. We set V', Ko r and
(0K, r/dT)p to the respective values of Wang et al. (1996)
and Shim et al. (2000) and invert for thermal expansion coeffi-
cients, ap and «;. The data of Shim et al. (2000) do not allow
us to constrain «;. The best fit is then obtained when o, = 0.
The inversion of the two data sets leads to thermal expansions of the
order of 3.7 x 1073 K~! at lower mantle temperatures. This value
is slightly higher than the fixed value of 3 x 1073 K~! reported
by Wang et al. (1996), and displays reasonable behaviour at lower
mantle P-T conditions (see Table 1).

For periclase, we average the thermal expansion obtained by
Suzuki (1975) from dilatometric measurements and by Fiquet ef al.
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(1999) from X-ray diffraction measurements. (0K 7/97)p is in-
verted from P—V'—T measurements of Dewaele et al. (2000), fixing
the values of V', Ko, r, K{, ; and a. It is in agreement with previous
values reported by Isaak ez al. (1989, 1990), Utsumi et al. (1998),
Fei (1999), Zhang (2000) and Sinogeikin ez al. (2000). We notice
that the resulting uncertainty is small. This is not surprising since
(0K ,r/dT)p is the only free parameter. To take into account exper-
imental uncertainties, we choose the parameters given by Dewaele
et al. (2000) as an alternative set. Finally, there is a little informa-
tion on the behaviour of MgO—FeO solid solutions at high tempera-
ture, leaving (0K o.7/9T) p and « of these compositions poorly con-
strained. In this study, we use the value of (0K ¢ r/d7)p of wustite
given by Sumino et al. (1980) who conducted experiments to de-
termine the adiabatic bulk modulus on non-stoichiometric wustite
Fe.9,0. The value of @ of FeMw has been measured by X-ray diffrac-
tion measurements by Skinner (1966).

3 INVERSION TECHNIQUE

The density and bulk sound velocity profiles in the lower mantle
reflect its mineralogical composition as well as its thermal structure.
We can therefore formulate an inverse problem in order to extract
these characteristics from seismological observations. In this study,
we use the generalized inverse method proposed by Tarantola &
Valette (1982).

The observations (the data vector d,) consist of values of density
and bulk sound velocity. They are deduced from PREM (Dziewonski
& Anderson 1981) and ak135 (Kennett et al. 1995) at various depths.
The molar abundances of each end-member and the temperature at
these depths are the model parameters (the vector p). The forward
problem, mathematically expressed as d = g(p), relates any set of
model parameters to a data vector d, which is generally different
from d,. The operator g reflects the procedure of computing density
and bulk sound velocity for a given mantle composition, pressure
and temperature. g cannot be expressed as a simple expression and
we use a numerical code to compute the forward problem.

The inverse problem is to derive a parameter set p that explains
the observations within their uncertainties and remains reasonably
close (depending on our knowledge) to an a priori guess po. In
other words, we are looking for p that minimizes the following
misfit function:

S(p) = [do — g(P)]"Cqy,[do — g(P)]
+(P = P) Cppy (P — P) (1)

where Cg,q,and C,, p,are covariance matrices corresponding to our
a priori confidence in the data and a priori knowledge of model
parameters. In this study, we assume that data and parameters are
uncorrelated. Therefore, the covariance matrices are diagonal and
contain the squares of uncertainties on observations, Cg,q4,, and on
parameters, C,p,. We adopt the reported uncertainties on density
and bulk sound velocity of 0.5 per cent (Silver et al. 1988) and
0.1 per cent (Kennett ez al. 1995), respectively. Our a priori model
Po corresponds to a pyrolite-like composition, which is often as-
sumed to be an average lower mantle composition (e.g. Ringwood
1982), and the temperature profile proposed by Brown & Shankland
(1981). The latter is a reasonable approximation of a mantle adiabat.
However, it should be noted that there is no physical reason why the
actual geotherm should correspond to an isentrope. The uncertainty
on each molar abundance is arbitrarily set to 50 per cent and to
~400 K for temperature.

The minimization is performed iteratively using standard proce-
dures (for details see Tarantola & Valette 1982). Besides the best-

fitting model p, this method allows us to evaluate the associated a
posteriori uncertainties and covariance matrix. We choose the start-
ing model to coincide with the a priori model.

4 RESULTS

In this section, we perform several numerical experiments to test
a series of possible sets of elastic constants and of partitioning co-
efficients. We also study the effect of various a priori models on
global chemical composition and thermal structure. In all cases,
the inverted parameter sets match seismic observations within their
stated uncertainties (as discussed above).

The best-fitting model of lower mantle composition and tempera-
ture depends on our confidence in the a priori parameters (i.e. values
of Cp,p, ). in the seismological data (i.e. values of Cq,4,) and also in
the physical modelling of g (i.e. modelling errors, Tarantola 1987).
Modelling uncertainties come from the non-uniqueness in estimat-
ing averaged properties (e.g. Stacey 1998), from the inaccuracies
of the elastic constants and from imprecisely constrained models
of the iron partitioning between perovskite and magnesiowustite.
While the effect of the parameter and data uncertainties is automat-
ically expressed by the a posteriori covariance matrix, the influence
of the model uncertainty is not straightforward to evaluate. Our ap-
proach will be to randomly test a series of possible sets of elastic
constants and partitioning coefficients.

To represent the inverted composition of the lower mantle, we
use the common representation in terms of molar fraction of
magnesium-rich silicate perovskite, Xp,, and calcium silicate per-
ovskite, X ¢, defined as follows:

Pv
Xpy= —————
Pv + Mw + CaPv
CaP
Xeg= — 2V ()
Pv + Mw + CaPv

where Pv, Mw and CaPv are the molar abundances of perovskite,
magnesiowustite and calcium-perovskite phases. The molar fraction
of magnesiowustite is then simply given by:

X = 1 — Xpy — Xca. 3)

The iron content of the mantle is characterized by the molar ratio

Xro= o )
Fe + Mg

where Fe and Mg indicate the bulk molar abundances. For the a
priori pyrolite composition, Xp, = 0.622, Xy = 0.327, X¢, =
0.051 and Xp = 0.104.

We perform calculations from 800 to 2700 km depth to avoid
effects due to either phase changes associated with the 660 km dis-
continuity and/or a possible thermal and compositional boundary
layer at the base of the mantle. The transition from garnet to per-
ovskite is likely to extend far below 660 km (e.g. Hirose et al. 1999;
Irifune et al. 1996) enhanced by the presence of Al-rich subducting
slabs. At the bottom of the mantle, the radial seismic profiles are
perturbed due to the topography and the complex nature of D” (e.g.
Lay et al. 1998). These eftects may significantly change the slopes
of the radial seismic profiles.

4.1 Influence of iron partitioning

The partitioning of iron between perovskite and magnesiowustite re-
lates molar abundances of four among six end-member abundances
in the lower mantle (MgPv, FePv, MgMw, FeMw). The correspond-
ing partition coefficient K, is usually defined by:
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Table 2a. Enthalpy of formation AH?, and entropy Sy, at
standard conditions, Py = 1 barand 7o = 298 K.

AHS So
(kJ mol~—1) I mol~! K1)
MgPy —1442.50! 58.292
FePv —1090.10* 100.77"
MgMw —601.49! 26.94!
FeMw —267.27! 57.591

Sources: ! Fei ez al. (1991); ? vibrational approach after
Gillet et al. (2000).

xR -
XX

It has been reported that in Al,O5 -free systems, Fe preferentially
partitions into magnesiowustite rather than into perovskite giving
values of Kp around 0.25 (Katsura & Ito 1996; Mao et al. 1997;
Martinez et al. 1997; Frost & Langenhorst 2002). The influence of
pressure, temperature and bulk iron content on K, is, however, not
clearly quantified (e.g. Mao et al. 1997). It has also been shown
that the iron partitioning is strongly coupled to the Al,O; content,
but this effect remains poorly constrained. Wood & Rubie (1996)
reported a Kp value of 1 at 25 GPa and 1873 K in a peridotitic
sample containing 4 to 5 wt% of Al,O; whereas Andrault (2001)
proposed a K at 2200 K ranging from 0.8 at 51 GPato 3.2 at 94 GPa
for the same Al, 03 content added to an olivine composition sample.

To cover this large experimental range, we choose two character-
istic values of Kp: K%) = 1.0 and Kg) = 0.25. We also consider
the value of partition coefficient, K g), obtained assuming thermo-
dynamic equilibrium. In that case, we solve the following equation:

l’LMng(Pa T) + /"LFSMW(P7 T) = MFePV(Ps T) + MMgMW(Pv T) (6)

where the p; are the chemical potentials at pressure P and tempera-
ture 7 of each end-member i, MgPv, FePv, MgMw and FeMw. Each
chemical potential p; is given by:

wi(P,T)=pl(P,T)+ RT Ina;(P, T, n;) (7

where 7, is the molar abundance of the end-member i. The standard
chemical potentials u! are computed using thermodynamic data
summarized in Tables 1, 2a and 2b. The activity—composition rela-
tionships «; are poorly constrained for lower mantle assemblages.
The non-ideality of solid solutions is usually expressed in terms of
empirical Margules parameters . W, however, depends on the par-
ticular choice of standard chemical potentials and reference mixing
models (e.g. Feietal. 1991). We cannot use at the same time standard

Table 2b. Heat capacities at standard pressure P = 1 bar.

Composition and temperature of the lower mantle 979

chemical potentials and Margules parameters taken from two dif-
ferent studies. In this paper, we thus assume an ideal on-site mixing
model (Spear 1995) for perovskite and magnesiowustite phases. The
computed equilibrium partition coefficient K g) is almost constant
at around 0.8 throughout the lower mantle.

The three inversions with the three different partitioning coeffi-
cients lead to uniform compositions throughout the lower mantle
(see Fig. 2). The inverted bulk composition is rather similar to the
pyrolite composition (see Table 3). For K = 1, the resulting Xp, =
0.643 is higher by 3 per cent and X, = 0.054 by 7 per cent
whereas X = 0.096 is lowered by 7 per cent compared with the
a priori pyrolite composition. The temperature profile is subadia-
batic and colder by 180 K in the mid-mantle compared with the
geotherm of Brown & Shankland (1981). The results obtained with
K') and K are indistinguishable. In the case of K, the inverted
geotherm is closer to the a priori estimation than in the other two
cases, but the composition remains very similar. The insensitivity
of the inversion to the iron partitioning has already been discussed
by Jackson (1998), Stacey & Isaak (2001) and Marton & Cohen
(2002).

These global results are a little different from previously pub-
lished conclusions. For example, Jackson (1998) proposed a
pyrolite-like composition with Xp, = 0.67 and X = 0.11. A direct
comparison with his results is not straightforward since he limited
the inversion to a three-component system MgO—-FeO-SiO,. When
our values are transformed from a five- to a three-component system
by putting CaPv = AIPv = 0 in eq. (2), we obtain Xp, = 0.73 and
Xre = 0.10. We think that these differences may be due mainly to a
different choice of elastic parameters. Jackson (1998) used higher
K r for perovskite and for magnesiowustite. He chose K5 =
264 GPa for perovskite instead of 253 GPa in this study and
K5 =162.5 GPawith K| ¢ = 4.13 for magnesiowustite instead of
161 GPa and 3.83, respectively, in this study (see further discussion
in Section 4.5).

As for the temperature, we obtain a value at the 660 km discontinu-
ity T ¢60 of ~1800 K which is very close to the 760 >~ 1900 4= 100 K
obtained from experimental study by Ito & Katsura (1989). The
temperature at the core—mantle boundary 7 cvp is close to 2250 K.
These results are also in agreement with 7 g50 >~ 1850 K and 7' cyp >~
2300 K proposed by Jackson (1998).

Fig. 2 also suggests some anomalous behaviour of the iron content
from 660 km down to about 1300 km depth. One can observe a
progressive transition from an iron-enriched top of the lower mantle
to a mid-mantle (from 1000 km and deeper) having the same iron
content as pyrolite. This behaviour is correlated with a strongly
subadiabatic temperature gradient (the geotherm is basically flat
down to 1000 km). These features may be indicating one or more

C% (Jmol~! K1)

ai (10%) az (1072) as (107) ag (1079 as (10°) ag (10%) az (10%)
MgPv 0.361° 1.576 0.415 0.870 —0.072 0.476 —8.284
FePv 1.422¢ 0.154 —0.119 0.000 0.274 0.000 —1.454
AlPv 1.1669 0.155 —0.590 1.624 0.676 0.043 —0.607
MgMw 0.3340 0.430 0.006 0.402 0.040 0.092 —1.596
FeMw 0.684¢ 0.119 0.170 0.000 0.135 0.000 —1.188
CaPv 0.970¢ 0.811 —0.221 1.845 0.355 0.167 —3.100

“Cp(T)=a, +a2T+a3T’2 +a4T2 +a5T’3 +a6T’1/2 +a7T’1.

bVibrational approach after Gillet ez al. (2000).
“From Fei et al. (1991).
¢ Debye model.
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Figure 2. Influence of iron partitioning on lower mantle composition (a, b, ¢) and temperature (d). The dashed curves represent the a priori model: the pyrolite

composition and the geotherm given by Brown & Shankland (1981). Other curves correspond to different values of the partitioning coefficient K (1;) = 1 (solid),

K ([2,) = 0.25 (long dashed), K ([3)) computed from thermodynamic equilibrium (light dot-dashed). The predicted geotherms are subadiabatic and cooler than the

a priori temperature profile by ~180 K in the mid-mantle.

Table 3. Average inverted compositions assuming different iron partition-
ing Kp and compared with a priori pyrolite composition (Ringwood 1982).
See eqs (2) and (4) for definitions of Xpy, X, and Xre.

Xpy Xca XFe
Pyrolite 0.622 0.051 0.104
K(Dl) =1 0.643 +0.172 0.054 £ 0.036 0.096 + 0.062
K([Z)) =0.25 0.664 + 0.159 0.057 £ 0.038 0.097 + 0.050

phase changes in the vicinity of 660 km or at greater depth that are
smeared by the seismic profiles. Indeed, one can observe a larger
velocity gradient in both PREM and ak135 models to about 1300 km
depth, which may be related to the anomalous behaviour of iron
content and the subadiabatic temperature profile in this region. We
also notice that the anomalous behaviour of iron is not observed at
the base of the mantle. A mild flattening of the geotherm appears
again from 2600 km depth. In general, the inverted temperature
profiles present a sigmoidal shape, i.e. they are not as smooth as
simple adiabats (e.g. Jackson 1998). This possibly reflects phase
changes and/or changes of bulk composition with depth.

In the following sections, we fix Kp = 1. This model with the a
prioripyrolite composition and the geotherm of Brown & Shankland
(1981) is denoted the M1 model, and its associated inverted model,
IM1 (‘inverted model 1°).

4.2 Resulting a posteriori uncertainties

The results discussed above should be considered carefully in the
light of a posteriori uncertainties. We have set large a priori un-
certainties on parameters in order to investigate a large parameter
space. These uncertainties do not necessarily have a precise physi-
cal meaning (one can easily choose uncertainties of 800 K instead

of 400 K for temperature and of 25 per cent instead of 50 per cent
for composition). What is indeed relevant to consider here is how
the a posteriori uncertainties on each parameter decrease relative
to the a priori ones. The more the a posteriori uncertainties are
lowered, the more certainty we have of the inverted parameters. It
is in this way that we evaluate whether a parameter is well resolved
or not. In Fig. 3, we compare the a priori and a posteriori uncer-
tainties assuming an iron partitioning equal to 1. We can see that
the inversion does not allow us to equally constrain all parameters.
Xpy, Xre and the temperature profile are better constrained than
Xca since their a posteriori uncertainties are significantly smaller
than their a priori values (see Fig. 3). The same a posteriori er-
ror bars are shown in Fig. 4 in terms of uncertainties on the six
end-members. These two figures reveal that the resolution of all
parameters is constant with depth and that density and bulk sound
velocity do not put significant constraints on either the calcium or
the aluminium content of the lower mantle. Moreover, one can read
in Table 3 that even though the inversion gives results close to pyro-
lite composition, other possible compositions for the lower mantle
such as a silicon-enriched model are acceptable due to the large error
bars.

Our approach also makes it possible to compute an appropriate
a posteriori covariance matrix which provides information on cor-
relations and trade-offs between inverted parameters. Fig. 5 depicts
the covariance matrix in the mid-mantle (this covariance matrix is
mostly depth independent). Since the global formula for the lower
mantle assumes 1 mol of MgPv and since FePv is given by the par-
tition coefficient Kp, only five independent parameters are plotted
in this matrix (molar abundances of MgMw, FeMw, CaPv, AlPv
and temperature 7). This shows that MgMw is strongly correlated
to FeMw, whereas the temperature is anticorrelated to both MgMw
and FeMw. CaPv and AlPv are not significantly correlated with any
other parameters.

© 2005 RAS, GJI, 160, 973-990
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Figure 3. Inverted depth-dependent profiles of Xpy, Xca, Xre and temperature 7" with their a priori and a posteriori uncertainties (light and dark grey
shading). The a priori model is pyrolite composition and the geotherm of Brown & Shankland (1981). X and temperature are rather well resolved. X ¢, is
not constrained by inversion of density and bulk sound velocity.
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Figure 4. Depth dependence of inverted molar fractions of individual end-members: MgSiO3 perovskite (MgPv), FeSiO3 perovskite (FePv), Al,O3 perovskite
(AIPv), CaSiO3 perovskite (CaPv), periclase (MgMw) and wustite (FeMw). The a priori model is pyrolite composition and the geotherm of Brown & Shankland
(1981). Shaded areas depict their a priori and a posteriori uncertainties (light and dark grey shading). Iron-bearing end-members are better constrained than
others. Aluminium and calcium perovskite are poorly resolved by the joint inversion of p and V4.

a priori compositions of the lower mantle that are often dis-

4.3 Influence of a priori composition cussed. First, a chondritic model (CI carbonaceous chondrite from

Since several different models for bulk composition have been pro- McDonough & Sun 1995), denoted here as model M2, and second, a
posed, we have also tested the influence of a priori composition model for the lower mantle derived from cosmic abundance analysis
models on the inverted parameters. We have chosen two additional by Anderson & Bass (1986), denoted here as model M3. Inverted

© 2005 RAS, GJI, 160, 973-990
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Figure 5. Normalized coefficients ¢ of the correlation matrix between
inverted end-members: periclase (MgMw), wustite (FeMw), CaSiO3 per-
ovskite (CaPv), Al, O3 perovskite (AlPv) molar abundances and temperature
(T). The two oxide end-members (MgMw and FeMw) are strongly correlated
and anticorrelated with temperature. This matrix is only computed for the in-
dependent parameters of our inversion. MgSiO3 perovskite (MgPv) is fixed
through elemental conservation and FeSiO3 perovskite (FePv) is linked to
other parameters via Kp. The trade-off between MgPv and other parameters
is also highlighted in Figs 6 and 7. The values are taken in the mid-mantle
when the a priori model M1, pyrolite composition and the geotherm of
Brown & Shankland (1981), is inverted.

profiles are depicted in Fig. 6 and associated average parameters are
summarized in Table 4. As previously observed for the pyrolite M1
model, the most sensitive parameters for the two new models M2
and M3 are also X, and temperature. Therefore the inversion tends
to preferentially modify these two values to minimize the misfit
function, whereas Xp, and X ¢, remain close to their original values
(that is M2 or M3).

Inversion of the two additional compositions M2 and M3 also
reveals the peculiar behaviour of X, down to 1300 km depth. The
progressive depletion in iron is again associated with a strongly sub-
adiabatic temperature profile. This result seems to support the idea
that the gradient of iron content as well as subadiabatic temperature
is related to a higher velocity gradient in seismic profiles. In the case
of'the inverted chondritic model, one observes a decrease of temper-
ature by 150 K between 800 and 1200 km depth. In the mid-mantle,
all three geotherms have almost the same adiabatic gradient. The ab-
solute values of temperature are, however, very different. At 1800 km
depth, we find 2000 K for the inverted pyrolite model, 2300 K for
the inverted chondritic model and 2600 K for the inverted cosmic
model. At the base of the mantle, the best-fitting geotherms flatten.

Fig. 6 highlights the trade-off between Xp, and temperature. A
highly perovskitic lower mantle can be reconciled with observed
density and bulk sound velocity profiles only if the mantle geotherm
is very hot (~2600 K), whereas pyrolitic values of Xp, yield tem-
peratures slightly colder than the geotherm of Brown & Shankland
(1981). The inversion of the cosmic M3 composition indeed gives
on average an isothermal lower mantle with 7 ~ 2600 K. Since
the a posteriori uncertainties on temperature of the M3 model are

1 T T T T T T 01
a. X, [ b. X, _
08 feponenoanananananc 10.08
06 F 3 4 0.06
0.4 __Apriori models Inverted models__ 1 0.04
e——o M1 IM1
02 Fe  om2  —e—e 2 1 0.02
| ~—2M3 ———1M3 1 1
0 YR SR WU W [N VNN AN SR S [N SN AN ST S [ S ' 1 1 1 0
0.15 2800
0.13 1 2600
0.11 ] 2400
2200
0.09 1
0 2000
0.07 n 1800
F | =—-- A priori temperature
0.05 ; 1600
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800 1300 1800 2300
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Figure 6. Influence of a priori compositional model on inverted lower mantle composition (a, b, ¢) and temperature (d). In all cases, the temperature is inverted
from the a priori geotherm of Brown & Shankland (1981) (dotted line in d). M1 (circles), a priori pyrolite composition (Ringwood 1982); IM1 (solid line),
associated inverted model. M2 (squares), a priori chondritic CI composition (McDonough & Sun 1995); IM2 (dot-dashed line), associated inverted model.
M3 (triangles), a priori cosmic composition (Anderson & Bass 1986); IM3 (long dashed line), associated inverted model. X, and temperature are the most
sensitive parameters, whereas Xpy and X ¢, remain close to their a priori values. There is a strong positive trade-off between Xp, and temperature. Seismic
density and bulk sound velocity profiles can be explained either by a ‘cold’ (i.e. ~2000 K) pyrolite-like lower mantle (Xp, ~ 0.64) or by a ‘hot’ (i.e. ~2600 K)
perovskitic lower mantle (Xp, ~ 0.84). The resulting uncertainties on temperature profiles do not overlap, making this observation a robust result.
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Table 4. Average inverted compositions for several a priori models and associated estimation of the temperature at the 660 km
discontinuity, 7 ¢60, and at the core—mantle boundary, 7' cmp. The temperature is inverted and the a priori temperature profile is the

geotherm of Brown & Shankland (1981), except for model IMIT.

Xpy Xca Xre T 660 (K) T cms (K)

Pyrolite® 0.622 0.051 0.104 1873 2450
IM1 0.643 +0.172 0.054 + 0.036 0.096 £+ 0.062 1800 2300
IMIT 0.687 £ 0.103 0.059 +0.033 0.101 4+ 0.027 — —

Chondrite CI? 0.761 0.048 0.113 1873 2450
M2 0.741 +£0.174 0.047 +0.031 0.103 4+ 0.067 2200 2500
Cosmic® 0.830 0.041 0.068 1873 2450
M3 0.843 +0.184 0.039 + 0.025 0.109 4+ 0.077 2500 2700

“Ringwood (1982), model M 1. IM1, inverted model 1: inverted temperature and composition when pyrolite is the a priori composition.
IMIT: inverted composition when pyrolite is the a priori composition and the temperature is fixed to the geotherm of Brown &

Shankland (1981).
bMcDonough & Sun (1995), model M2.

¢Anderson & Bass (1986), model M3. IM2 and IM3: inverted models (composition and temperature) associated with a priori models

M2 and M3, respectively.

~100 K, this hot geotherm can overlap neither the geotherm of
Brown & Shankland (1981) nor that inverted from the M1 model,
which makes this conclusion robust. In that case, the lower mantle
would be chemically and thermally distinct from the upper man-
tle. This would call for the presence of a pronounced thermal and
chemical boundary layer at or near 660 km depth.

4.4 Influence of temperature

The previous inversions indicate that temperature is a sensitive pa-
rameter. If the geotherm were known, one could significantly in-
crease the resolution of other parameters. However, there is no gen-
eral agreement on the thermal regime of the lower mantle. Recent
numerical simulations of mantle convection (e.g. Bunge et al. 2001)
imply that the mantle geotherm is not adiabatic, whereas the usual
analysis of the seismological profiles (e.g. PREM and ak135) sug-
gests it is close to an adiabatic profile.

In order to study the influence of various geotherms on our in-
version, we perform several numerical experiments where the tem-
perature profile is kept fixed (its covariance is strongly reduced).
In other words, we invert for the composition only. We consider
the geotherm proposed by Brown & Shankland (1981), 7|, modi-
fied by £400 K, the geotherm extracted from Bunge ef al. (2001),
T,, and a strongly superadiabatic profile similar to that discussed
by Shankland & Brown (1985), T'5. Fig. 7 shows that the inverted
composition depends on the choice of the geotherm. This is not
surprising because the inversion has to modify other less sensitive
parameters (such as Xp, and X¢,) to match observed density and
bulk sound velocity. Variations of £400 K in the adiabat of Brown
& Shankland (1981) induce modifications of Xp, of 16 per cent, of
X, 0f 17 per cent and of X, of 12 per cent (shaded areas in Fig. 7).
Although X, is the most sensitive parameter, due to the correlation
with Mg-bearing end-members all changes are not accommodated
by Xr.. Since the convective geotherm from Bunge ez al. (2001) is
included within the shaded area, the inverted composition does not
lie outside those obtained previously. Therefore, a precise evalua-
tion of effects due to imposing subadiabatic gradients is beyond the
resolution of our inversion. In these cases, the inverted composition
appears to be homogeneous throughout the mantle (except for the
peculiar iron behaviour as already mentioned). A gradient of bulk
composition is, however, obtained with the superadiabatic profile

© 2005 RAS, GJI, 160, 973-990

T3: Xpy, Xca and Xp gradually increase with depth. For example,
Xpy, goes from a pyrolite value at 800 km depth to a value close to
1 at the CMB. Similarly, a gradient of bulk composition is obtained
when we assume an isothermal lower mantle.

Fig. 7 reflects the trade-off between Xp, and temperature that
was discussed in Section 4.3. It also highlights trade-offs between
other parameters: hot lower mantle is likely to be consistent not
only with high Xp, but also with high iron content and high calcium
perovskite content. Extrapolating this trend, an entirely perovskitic
lower mantle (Xp, + X¢, = 1) would require a temperature about
900 K higher than the geotherm of Brown & Shankland (1981) and
a corresponding iron content of around 0.13. This would lead to a
temperature at the 660 km discontinuity close to 2800 K.

4.5 Influence of elastic data

The previous computations have been performed assuming a perfect
knowledge of thermodynamic data, i.e. the experimental uncertain-
ties were not considered. However, as discussed in Section 2, some of
the EoS parameters of lower mantle minerals remain uncertain (see
Table 1). In order to take into account these uncertainties (modelling
uncertainties on g), we have performed several inversions changing
the parameter sets of MgSiO; perovskite, Al,O5 perovskite, CaSiO;
perovskite and periclase.

We first study the effect of the bulk modulus of MgPv. Due to the
previously discussed correlations between elastic parameters, we
consider the three different confidence ellipses obtained by assum-
ing three values of K¢ r (246, 250 and 261 GPa) as shown in Fig. 1.
Inverted composition and temperature profiles are plotted in Fig. 8.
The most significant variations are found for temperature and iron
content (the two most sensitive parameters): 10 per cent for X, and
almost 200 K for temperature. In the case of Xp, and X¢,, only small
effects are observed (less than 4 per cent). It should be noticed that
if we do not use the confidence ellipses, in other words if we do not
consider elastic parameters as correlated parameters, but instead
if we simply use uncorrelated error bars on Ko 7, (0K 7/37)p
and «, the difference in inverted composition and temperature can
be extremely important and significantly increased with depth. In
that case, the EoS implied by such deviations is inconsistent with
experimental P—V—T measurements at high pressure and high tem-
perature (predicted densities deviate from experimental values far
beyond their error bars).
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Figure 7. Influence of fixed temperature profile (d) on inverted composition (a, b, ¢) using pyrolite as an a priori composition. In order to study the effect
of hot and cold geotherms, the geotherm of Brown & Shankland (1981) (7'1, solid line) is plotted with error bars of & 400 K (shaded area). The cases of a
geotherm from convection modelling is taken from Bunge ef al. (2001) (7 ,, dot-dashed line) and a superadiabatic profile (e.g. Shankland & Brown 1985, T'3,
long-dashed line) are also examined. Fixing the temperature implies significant modifications of all compositional parameters. A hot lower mantle is associated
with high values of Xpy, Xc, and Xpe. A pure perovskitic lower mantle (i.e. Xpy + X ca =1) would call for a geotherm hotter by ~900 K than profile 7.
The composition is uniform throughout the lower mantle, except for the peculiar behaviour of X, down to ~1300 km depth, for geotherms 7'; and 7'5. A
non-uniform composition is obtained if the lower mantle is superadiabatic (geotherm 7 3) and would also be observed if the lower mantle were isothermal.
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Figure 8. Influence of elastic data of MgPv and AIPv on inverted parameters. Uncertainties in the bulk modulus K ¢ 7 of MgPv are considered, using values
0f 246, 250 and 261 GPa, with associated correlated parameters (0K o.7/07) p and ¢ within the three ellipses of Fig. 1 (results corresponding to shaded area).
Xy and temperature are the most sensitive parameters. Equation of state parameters given by Zhang & Weidner (1999) are taken as an alternative extreme
set for AIPv (dot-dashed line). This leads to unusual values of Xpe, decreasing from the top, where X =~ 75 per cent of the pyrolite value, to the bottom
of the lower mantle, where X, reaches the surprisingly low value of ~0.04. The temperature remains within the area resulting from uncertainties in MgPv.
Alternative sets for MgMw (Dewaele et al. 2000) and for CaPv (Shim ez al. 2000) give very similar results to those obtained with the preferred elasticity data
sets. Despite the fact that considerable attention has been given to experiments on MgPyv, the uncertainties still have a significant impact on our conclusions.
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Second, we analyse the influence of uncertainties in the bulk mod-
ulus of AIPv. As discussed in Section 2, aluminium is thought to
decrease the bulk modulus of perovskite, but some studies suggest
a much stronger effect than others. We consider the set of elas-
tic parameters given by Zhang & Weidner (1999) as an alternative
(extreme) case. The associated results are outside the range of com-
positions due to uncertainties in the properties of MgPv (Fig. 8).
Although the temperature profile obtained with the EoS of Zhang
& Weidner (1999) lies within the uncertainties of MgPv, X, is
surprisingly low. The iron content decreases from the top (Xp. =
75 per cent of pyrolite value) to the bottom of the mantle where X,
is diminished by a factor 2. This behaviour is due to the fact that
EoS of Al-bearing perovskite from Zhang & Weidner (1999) dif-
fers very significantly from that of MgPv. Indeed, the bulk modulus
deduced from Zhang & Weidner (1999) is 20 per cent lower than
our preferred value in the mid-mantle (K 7 ~ 420 GPa instead of
520 GPa). Small uncertainties in the major phase such as MgPv
(~55 mol%) have the same effect as large uncertainties in a mi-
nor phase such as AIPv (~4 mol%). The final uncertainties in the
inverted parameters may be viewed as the combination between un-
certainties in Fig. 3 and those in Fig. 8.

We have also verified that the EoS obtained for periclase from
Dewaele et al. (2000) and for calcium perovskite from Shim et al.
(2000) give very similar results compared with our preferred set
of parameters. This is because both alternative EoS describe al-
most equally well the high-pressure and high-temperature P—V'—T
measurements. Improving the EoS of MgMw and CaPv will af-
fect our results less than further improvements in the EoS of other
components.

5 DISCUSSION AND CONCLUSION

Fig. 9 shows the relative differences between the computed density
and bulk sound velocity, and those given by PREM and ak135,
before and after inversion. As required by the a priori covariances

©———0 PREM: before inversion
A—4 ak135: before inversion
[| —— PREM: after inversion T

1.00 | —-— ak135: after inversion B

Density p (%)
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Figure 9. Profiles of density (p) and bulk sound velocity (V) before and
after inversion. These properties are plotted as residuals relative to the seis-
mic models PREM (Dziewonski & Anderson 1981) and ak135 (Kennett
et al. 1995). As required by our inversion, the inverted parameters match
both PREM and ak135 models, within 0.5 per cent for density and within
0.1 per cent for bulk sound velocity. All the inversions discussed in this paper
lead to similar a posteriori fits.
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(see eq. 1), the inverted parameters match the seismological models
within 0.5 per cent for the density and 0.1 per cent for the bulk
sound velocity. Although this figure was obtained using pyrolite as
an a priori model, similar a posteriori fits are computed for all the
inversions discussed in this paper. This is due to the fact that we
are dealing with an under-determined inversion and that at least two
model parameters are sufficiently sensitive to the observed data. We
have seen in this study that the iron content and the temperature
were the most sensitive parameters of the inversion.

Our results support a uniform (but not uniquely defined) chem-
ical composition throughout the lower mantle, except for a pe-
culiar behaviour of iron content down to ~1300 km depth. For-
mer studies have also proposed a constant composition with depth
for the lower mantle (e.g. Jackson 1998; Marton & Cohen 2002;
Deschamps & Trampert 2004), without any anomalous trend for
iron. In this study, whatever the a priori compositional model (M1,
M2 or M3), the inversion changes the most sensitive parameters
(temperature and iron content) in order to match seismic profiles
(see Table 4). The inverted compositions Xp, and X, are only
slightly modified compared with their associated a priori models.
In all cases, the iron content is found to have very similar values:
Xre = 0.096 for IM1, Xg = 0.103 for IM2 and Xp. = 0.109 for
IM3. The iron content appears to be the most robust feature of the
inversion.

We find no clear indication for a deep chemically distinct layer
or compositional boundary as proposed by Kellogg et al. (1999)
and van der Hilst & Karason (1999). This could be explained by
the fact that this layer may undulate in the lower mantle, and may
also be associated with small density contrast as suggested by re-
cent numerical experiments (e.g. Cizkova & Matyska 2004). It may
be undetectable in 1-D seismic profiles and may therefore not be
detected by our inversion. In order to rule out or confirm the exis-
tence of such a boundary, the resolution of the inversion needs to be
significantly improved by adding other independent observations.

The average geotherm is not very different from an adiabat. In the
case of the IM1 model (inverted pyrolite), the resulting temperature
profile is colder than the a priori geotherm of Brown & Shankland
(1981), ranging from ~1800 K at the 660 km discontinuity to
~2300 K at the core-mantle boundary (within +250 K of un-
certainty). The main difference from the geotherm of Brown &
Shankland (1981) is the subadiabaticity observed from 660 to
1300 km and above 2500 km. This temperature characteristic is
correlated with a decreasing iron down to ~1300 km depth. Al-
though these results are biased by large a posteriori uncertainties,
we obtain the same behaviour in all numerical experiments per-
formed in this study. We have identified this combined behaviour as
due to higher velocity gradients present both in PREM and ak135.
This could be a signature of multiple phase transitions (some of
which may be gradual) below 660 km depth. As previously men-
tioned, the decomposition of garnets to perovskites can take place
over a large region below the 660 km discontinuity (e.g. Hirose ez al.
1999). Tomographic imaging also reports complex slab morphology
in this region (see e.g. Albaréde & van der Hilst 2002 for a review).
Mantle cross-sections reveal that some subducting slabs do not pen-
etrate immediately into the lower mantle but instead may flatten
at the 660 km discontinuity. Since the iron content is significantly
higher in basaltic crust than in the surrounding mantle (Xpg ~ 0.5,
e.g. Hirose et al. 1999), slab trapping could lead to an accumula-
tion of iron-enriched material in that depth region. These features
can in addition be smeared by seismic observation and by averaging
when computing radial profiles. The associated sigmoidal shapes
of the geotherms and iron contents in Fig. 6 may also be explained
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Figure 10. Computed Bullen parameter n associated with the inverted
lower mantle model IM1 (pyrolite composition and the geotherm of Brown
& Shankland (1981) as an a priori model). Below 1300 km, 7 is close to 1,
in agreement with a homogeneous and adiabatic lower mantle as discussed
in the text. From 800 to 1300 km, it is significantly lower than 1, ranging
from 0.95 to 0.99. Since in this region the associated temperature profile is
subadiabatic, this is due to iron depletion. Its contribution to 7 is negative
and large enough to counterbalance the positive subadiabatic contribution.
Similar Bullen parameters are computed in all the numerical experiments
performed in this study.

by the simple polynomial parametrization of the wave speed—depth
variation of the PREM model. However, considering ak135 seismic
profiles leads to similar but less pronounced trends for Xp. and tem-
perature gradient. An artefact related to the PREM parametrization
has also been reported by Stacey (1997) and Jackson (1998).

The inverted temperature and composition characteristics can
also be expressed using the Bullen parameter . Since it is defined
as the ratio between compressibilities of real mantle (dp/dz) and
of a perfectly homogeneous and adiabatic model, the Bullen pa-
rameter measures the departure of the mantle from homogeneity
and adiabaticity. We have computed 7 associated with the inverted
lower mantle model IM1 (see Fig. 10). Similar values of n were
found in all numerical experiments performed in this study. Below
1300 km depth, the Bullen parameter is very close to 1, which is
consistent with the homogeneous and adiabatic mantle as already
discussed. In the region from 800 to 1300 km, the Bullen parameter
is significantly lower than 1, ranging from 0.95 to 0.99. Since the
temperature is found to be subadiabatic in this region, this value
may seem surprising. Indeed, if the bulk composition is constant,
subadiabatic temperature induces n > 1. Values lower than 1 are due
to the associated depletion of iron content inferred for this region.
Since the iron end-members are always denser than the magnesian
end-members, the contribution of non-homogeneity to 7 is negative
and large enough to overcome the positive subadiabatic temperature
contribution.

The geotherm is not superadiabatic in any of the numerical exper-
iments. The temperature obtained at the CMB is at most 3300 K (for
a lower mantle consisting entirely of perovskite). These conclusions
are in contradiction to those obtained by da Silva et al. (2000). This
is probably because they considered the radial profile of K only and
had a significantly different set of elastic parameters. They also kept
the chemical composition fixed and tried to match the Ky seismic
profile by changing the temperature alone. However, the generalized

inversion demonstrates that iron content is an equally sensitive pa-
rameter and that when it is taken into consideration the temperature
profile needs to be modified to a much gentler gradient and lower
values. Our temperature profile is also different from that obtained
by Deschamps & Trampert (2004). They obtained a superadiabatic
profile with a maximum temperature of 3300 K at the CMB. As
in the previous case, these differences are probably due to use of
a different data set and observational constraints (density, bulk and
shear moduli).

This study highlights several important trade-offs between in-
verted parameters. Fig. 6 demonstrates the positive trade-off be-
tween X p, and temperature. Seismic density and bulk sound velocity
may be equally explained by either a ‘cold’ (~2000 K) pyrolite-like
composition or by a ‘hot’ (~2600 K) perovskite-rich composition.
This result is robust since the two temperature profiles do not over-
lap within their a posteriori uncertainties. Similar conclusions have
been reported in previous studies (e.g. Stixrude et al. 1992; Jackson
1998; Marton & Cohen 2002; Deschamps & Trampert 2004). Fig. 7
shows that a hot geotherm is also associated with a high calcium per-
ovskite content as well as a high iron ratio. A hot lower mantle would
imply the existence of a thermal and chemical boundary between
the lower and the upper mantle and would favour layered convec-
tion. To discriminate between different models from radial profiles,
more accurate independent observations such as shear properties
are required. Since the latter also seem to be more sensitive to the
presence of minor elements (Karki & Crain 1998; Jackson et al.
2004), they should help to constrain not only temperature but also
abundances of calcium and aluminium.

Despite taking particular care in selecting elastic parameters, a
posteriori uncertainties resulting from uncertainties in the elasticity
database remain large. The inverted composition and temperature
are sensitive to the selected data. We believe that differences in con-
clusions between most previous studies result from different choices
of elastic parameters. It is therefore inappropriate to directly com-
pare results from various studies without checking their database.
Although MgPv is about ten times more abundant than AlPv, the
inaccuracy of the EoS of AlPv, especially of its (0K ¢.7/07T)p and
«, is a dominant source of uncertainties. It should be noticed that
we have also tested the influence of various models when averaging
Ks (Reuss, Voigt or Reuss—Voigt—Hill average). Xp, and X, are
not sensitive to this averaging. Assuming a Voigt average instead
of a Hill average leads to an iron content higher by 7 per cent and
a temperature higher by at most 150 K. The resulting uncertainties
are, however, of lesser importance than those induced by inaccuracy
of the EoS of MgPv.

We demonstrate that the iron partitioning coefficient is not a cru-
cial parameter in constraining the lower mantle composition and
temperature since the resulting inverted parameters do not depend
on the value of Kp. What is indeed important is the total iron con-
tent and not the distribution of this element between perovskite and
magnesiowustite. This can be explained by the fact that a mod-
erate iron content has a small effect on thermoelastic properties.
This result a posteriori validates our choice of an ideal solid so-
lution model as well as our choice of calorimetric data (AH?, Sy
and Cp) for perovskite and magnesiowustite. A more sophisticated
solid solution model seems unnecessary. Even an extreme K, vari-
ation within the lower mantle (Badro ez al. 2003) would not signif-
icantly change our conclusions. This conclusion will, however, not
be valid if observations sensitive to iron partitioning are used, as
may be the case for shear properties, or if iron significantly affects
the bulk modulus of perovskite (as suggested by Andrault e al.
2001).
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Indeed, the results of our numerical experiments show the great
potential value of incorporating shear properties into the inversion
for mantle properties (see comparison with Deschamps & Trampert
2004 above). They could potentially give additional constraints on
the inversion features and, for example, could confirm or rule out the
peculiar behaviour of iron and temperature at the top of the lower
mantle. Shear properties may also be more sensitive to minor ele-
ments. As mentioned earlier, Karki & Crain (1998) have proposed
that analysis of the shear properties of CaSiO; perovskite can be
used to constrain the abundance of calcium in the lower mantle.
Aluminium and iron seem to have a significant effect on shear prop-
erties (Kiefer ef al. 2002; Jackson et al. 2004). The complete P—T—u
data set for the six lower mantle end-members is not available yet.
In order to use high-quality measurements of shear properties for an
inverse problem, a careful analysis of the effect of anelastic attenu-
ation (e.g. Karato 1993) is also required. This is beyond the scope
of the present paper and will be treated in a forthcoming study.
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APPENDIX A: BULK PROPERTIES
OF AN ASSEMBLAGE AT
HIGH P AND HIGH T

Birch—-Murnaghan equation of state

We use the Birch-Murnaghan equation of state (third order) to relate
pressure P, temperature 7" and volume V' (Bullen 1975):

P = EKT [(@)m - (@)5/3}
2 Vv Vv
2/3
x {1 - %(4 — K{7) [(%) - 1” (A1)

where K7, K, » and V' 1 are the isothermal bulk modulus, its pres-
sure derivative and the volume at ambient pressure and temperature
T(inK). K, ; is assumed to be a constant. K7 and V' 1y are obtained
from parameters at ambient conditions as follows:

IK,
Kr=Kor+ ( ”) (T —298) (A2)
T ),
T
Vro = Vyexp (/ a(T’)a’T’) (A3)
298

where K o 7 and V' are the values at ambient conditions (P = 1 bar,
T =298 K), and (0K ¢.7/9T)p is assumed to be a constant, a(7)
is the thermal expansion at ambient pressure and at temperature
T. We assume a linear dependence of o with temperature: «(7') =
ag + oy T.

Bulk properties of an assemblage

From the molar abundances »; of each end-member i, the molar
volume of a lower mantle assemblage is deduced from

v =Yt (a9

where V; is the partial molar volume of the end-member i. The other
bulk properties are obtained as follows:

(1) Density p from
1
p=3 D M, (AS)

where M; is the molar weight.
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(2) Adiabatic incompressibility K by using its thermodynamic
definition, i.e. an incompressibility corresponding to the Reuss av-
erage for an assemblage (Watt et al. 1976), from

-1
AP Vi

where K g, is

C (A7)

i

2ViKy T
Ks =Kr <1+°‘7T'),

with C y; the heat capacity at constant volume (see below).

(3) Bulk sound velocity V', from

K
Vy= |22 (A8)
P

Heat capacity

The thermodynamic equilibrium at pressure P and temperature 7
between the perovskite and magnesiowustite phases is defined by
eq. (7) in the Section 4.1. It requires the computation of the standard
chemical potentials 1?(P, T) at pressure P and temperature 7 of
each end-member i. The heat capacity of each end-member is needed
to compute each 10 at P and T. It is also used to compute the heat
capacities at constant volume C) via the expression Cy = Cp —
(12 14 KT T.
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