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Abstract

The recent increasing number of experimental works leads us to review the elastic properties and mineralogical
transformations of mantle minerals. The updated data set is used to compute seismic profiles for two petrological models
along three adiabatic temperature profiles. These profiles are chosen to stress out the influence of non-olivine minerals on
seismic parameters, and to represent cold and horizontally averaged temperature profiles of the Earth’s mantle. In a first part,
starting compositions of pyrolite and piclogite and a single layer convection are assumed. The results clearly point out the
importance of the non-olivine part of the mineralogy. Two scenarios are found to explain the 660 km depth discontinuity,

Ž .whatever the starting composition. 1 Ilmenite appears at the expense of garnet at 660 km depth, and then transforms into
Žperovskite and a small amount of garnet at pressures relevant to the lower mantle case of a 1500 K adiabat with current

.phase diagrams . The cumulative effects of the breakdown of g-spinel and of the reactions involving ilmenite lead to strong
Ž .seismic discontinuities at 660 km depth followed by relatively small seismic gradients at the top of the lower mantle. 2

ŽIlmenite is not stable around 660 km depth, and the breakdown of g-spinel is the only sharp reaction to occur case of a 1600
.K adiabat . Smaller seismic discontinuities are found at 660 km depth, and higher seismic gradients are obtained at the top of

the lower mantle. Taking into account experimental uncertainties, the comparison of our calculations with reference seismic
models strongly suggests that ilmenite is present at the upper–lower mantle boundary. Along the cold temperature profile
Ž .1000 K adiabat , the reactions involving ilmenite appear at separate depths, leading to a complex upper–lower mantle

Žtransition with three separate discontinuities. A case with a stratified convection thermal boundary layer and different
.compositions between the upper and the lower mantle is also studied. The strength of the discontinuity induced by the

chemical boundary is in a good agreement with seismic observations when a horizontally averaged temperature profile is
used for the mantle. This result implies that it is not possible to discriminate between layered or single cell convection in the
Earth’s mantle. Along the cold temperature profile, the appearance of ilmenite in the upper mantle leads to a second
discontinuity in addition to the one imposed by the chemical boundary. Hence, subduction zones should be characterised by
a multiple-step transition from the upper to the lower mantle, whatever the chosen style of convection. The proposed

) Corresponding author.
1 Formerly at: Department of Geophysics, Earth Sciences Faculty, Budapestlaan 4, 3508TA Utrecht, The Netherlands.

0031-9201r98r$19.00 q 1998 Elsevier Science B.V. All rights reserved.
Ž .PII S0031-9201 98 00076-4



( )P. Vacher et al.rPhysics of the Earth and Planetary Interiors 106 1998 275–298276

explanation of the 660 km discontinuity is conforted by recent seismic observations: a complex behaviour of the 660 km
discontinuity has indeed been found in subducting slabs, and broadband studies of converted waves have suggested a
multiple discontinuities pattern to explain this complexity. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The seismic discontinuity at 660 km depth is
usually explained by the endothermic transition in
the olivine system, from g-spinel to Mg-perovskite
qMg-wustite. This transition has first been recog-¨
nised in early studies of the system Mg SiO –2 4

Ž .Fe SiO e.g., Ringwood, 1975; Yagi et al., 19792 4
Žand confirmed more recently e.g., Ito and Taka-

.hashi, 1989 . Strong arguments in favour of this
interpretation arise from seismic observations of the
topography of the 660 km depth discontinuity: it is
deflected downwards in cold subduction zones, in a
good agreement with the endothermic characteristics

Žof the transition e.g., Revenaugh and Jordan, 1991;
Vidale and Benz, 1992; Shearer, 1993; Wicks and

.Richards, 1993 . The attribution of the 660 km depth
discontinuity to the transition from g-spinel to Mg-
perovskiteqMg-wustite has important dynamical¨
consequences. The numerical modelling of mantle
convection has shown that the presence of an en-
dothermic phase change stabilises a stratified con-

Ž .vection e.g., Sotin and Parmentier, 1989 , except for
short periods of ‘avalanches’ in the lower mantle
Že.g., Machetel and Weber, 1991; Peltier and Sol-

.heim, 1992; Tackley et al., 1994 . Such a stratified
convection is supported by geochemical arguments
Ž .e.g., Allegre and Turcotte, 1986 .`

It has been proposed that some temperature
andror compositional changes might affect the en-
dothermic character of the transition responsible for

Žthe 660 km discontinuity Liu, 1994; Bina and Liu,
.1995 . Indeed, olivine and spinel phases account for

40 to 60% of the whole mantle petrology, depending
on the petrological model under consideration. The
remainder is composed of pyroxene and garnet, for
which the high pressure phases, although less well
constrained than that of olivine, can show exother-

Ž .mic transitions e.g., Poirier, 1991; p. 218 . The
dynamical effect of these variations is to favour a

Ž .whole mantle convection Bina and Liu, 1995 .

In order to compare quantitatively mineralogical
data and seismic observations, it is necessary to
compute seismic parameters from thermodynamic

Žtheories e.g., Sammis et al., 1970; Davies and
Dziewonski, 1975; Bass and Anderson, 1984; Ander-
son and Bass, 1986; Duffy and Anderson, 1989; Ita

.and Stixrude, 1992; Vacher et al., 1996 . Unfortu-
nately, the uncertainties on the data which are rele-
vant to mantle minerals are very large, and no con-
sensus has emerged yet in the search of the mineral-
ogy of the mantle using this method: both the classi-

Ž . Žcal pyrolite Ringwood, 1975 and piclogite Bass
.and Anderson, 1984 give a good fit to observed

Ž .seismic models. According to Duffy et al. 1995 ,
comparison of laboratory measurements of the
acoustic velocity contrast in the a-olivine b-spinel
system to the magnitude of the seismically observed
discontinuity at 410 km depth constrains the olivine
content of the upper mantle to be lower than 40
vol%, in contrast with the olivine abundance of the

Ž .pyrolite model 60%; Ringwood, 1975 . Conversely,
Ž .Ita and Stixrude 1992 concluded that the uppermost

mantle must contain 50–60% of olivine, and the
Žlower mantle must be very perovskite-rich more

. Žthan 80% in order to match seismic data Stixrude
.et al., 1992; Zhao and Anderson, 1994 . In any case,

these general trends cannot discriminate between a
stratified and a single-layer mantle.

In the present paper, phase equilibria and
thermo-elastic data relevant to mantle minerals are
reviewed. Then, thermodynamic theories are used to
compute density and seismic velocity profiles of the
mantle, assuming a whole mantle convection and
bulk compositions of pyrolite and piclogite. More
attention is put on the region between 600 and 750
km depth, where the non-olivine part of the mineral-
ogy is shown to play an important role. Finally, a
case with a chemically and thermally stratified man-
tle is considered, and the proposed interpretation of
the 660 km depth discontinuity is assessed against
recent seismological observations.
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2. Phase equilibria in the mantle

The mineralogy of the mantle is computed as a
function of temperature and pressure using the ap-

Ž .proach developed by Ita and Stixrude 1992, 1993 .
Ž .The phase diagrams of olivine Mg , Fe SiO0.89 0.11 2 4

Ž .and the remainder ‘residuum’ are shown in Figs. 1
and 2, respectively. Throughout this paper, the words
‘pyrolite’ and ‘piclogite’ will refer to the chemical
compositions listed in Table 1. The pyrolite composi-

Ž .tion is from Irifune 1987 ; the piclogite composition
has been computed in order to get 40% of olivine,

Žand semiequal amount of garnet and pyroxenes Bass
.and Anderson, 1984 . In agreement with Anderson

Ž .and Bass 1986 , this composition is Al O rich2 3
Ž . Ž .8.35 wt.% compared to pyrolite 5.4 wt.% . Na-rich
clinopyroxene is present in pyrolite and absent in
piclogite, and Ca-rich garnet is found in piclogite.
Since the method used to compute the phase dia-

Ž .grams Figs. 1 and 2 is extensively described by Ita
Ž .and Stixrude 1992 , together with all the references

of experimental works needed to locate the different
boundaries, we refer the reader to this latter study.
Only a few points relevant to the present study are
discussed below.

First, the extent of the olivineqg-spinel field
Ž .shown by Ita and Stixrude 1992 is restricted in Fig.

1 to temperatures lower than 1473 K, because no

Ž .Fig. 1. Phase diagram of olivine Mg ,Fe SiO , modified0.89 0.11 2 4
Ž .after Ita and Stixrude 1992 . The adiabats initiated at 1000, 1500

Ž .and 1600 K are shown for pyrolite long dashed lines and
Ž .piclogite short dashed lines . ol: olivine; b : b-spinel; g : g-spinel;

pv: perovskite; mw: Mg-wustite.¨

Fig. 2. Mineralogy of the residuum components, after Ita and
Ž .Stixrude 1992 . Solid curves correspond to phase boundaries in a

pyrolite composition, dotted curves correspond to phase bound-
aries in a piclogite composition. The adiabats initiated at 1000,

Ž .1500 and 1600 K are shown for pyrolite long dashed lines and
Ž .piclogite short dashed lines . px: pyroxenes; gt: garnets; Ca-pv:

Ca-perovskite; ilm: ilmenite; pv: perovskite.

g-spinel has been observed at higher temperature,
neither in the experimental work of Katsura and Ito
Ž .1989 , nor in the thermodynamic calculations of

Ž .Akaogi et al. 1989 . Note however that this has no
Ž .effect on the results of Ita and Stixrude 1992 , since

their study focused on a 1700 K adiabat, which does
not cross the olivineqg-spinel stability field. In

Ž .their study Ita and Stixrude 1992 took a Clapeyron

Table 1
Starting compositions

Pyrolite Piclogite

Norm, wt.%
SiO 44.31 44.692

MgO 37.82 30.24
FeO 8.56 8.28
CaO 3.48 8.43
Al O 5.40 8.352 3

Na O 0.39 . . .2

Mode, Õol%
Olivine 61.7 40.0
Diopside 13.3 22.0
Enstatite 5.2 8.0
Pyrope 15.3 22.0
Jadeite 4.5 . . .
Grossular . . . 8.0
FeOrMgOqFeO 0.11 0.11
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slope of y2.8 MPa Ky1 for the breakdown of
g-spinel. Recent values vary between y2.0 MPa

y1 Ž . y1K Bina and Helffrich, 1994 and y2.8 MPa K
Ž .Ito and Takahashi, 1989 , with intermediate values

y1 Ž .of y2.5 MPa K Chopelas et al., 1994 , or y2.6
y1 Ž .MPa K Akaogi and Ito, 1993 . We have tested

our results with respect to this parameter, by per-
forming the calculations successively with the two

Ž y1extreme values y2.0 MPa K and y2.8 MPa
y1 .K . The results did not show any significant varia-

Žtion except for the location at depth of the break-
.down of g-spinel, which varied by less than 15 km .

The value of y2.0 MPa Ky1 is therefore chosen
throughout the paper. Following the experimental

Ž .work of Wood and Rubie 1996 on the partitioning
of Fe and Mg between perovskite and
magnesiowustite in the presence of alumina, we¨

Ž .assume an Fer FeqMg ratio equal to 0.11 for both
phases.

Fig. 2 represents the mineralogy and phase rela-
tions in the residuum components; the boundaries
drawn with solid lines correspond to a bulk composi-
tion of pyrolite, and dotted lines correspond to a bulk
composition of piclogite. These latter boundaries are
extrapolated using experimental results. Since piclog-
ite is Al O -rich compared to pyrolite, the different2 3

stability fields of ilmenite are reduced in the piclog-
ite phase diagram compared to the pyrolitic one. For
the same reason, the stability field of garnetq
perovskite at high temperature increases when the

ŽAl O content increases Kanzaki, 1987; Irifune and2 3
.Ringwood, 1987; Irifune et al., 1996 .

We would like to emphasise here the large uncer-
tainties on the location of the different phase bound-
aries in Fig. 2, especially around 22–24 GPa. At

Ž .relatively low temperature less than 1773 K , the
presence of ilmenite, together with garnet at low
pressure and perovskite at high pressure, is exten-

Žsively reported in the literature e.g., Ito and Navrot-
sky, 1985; Sawamoto, 1987; Kanzaki, 1987; Irifune

.and Ringwood, 1987; Kato et al., 1995 . At high
temperature, experimental studies report the presence
of garnet down to the lower mantle, but no ilmenite
Že.g., Takahashi and Ito, 1987; O’Neil and Jeanloz,

.1994 . Furthermore, some recent experiments sup-
port the idea that the stability field of garnet in the
lower mantle grows up when temperature increases
Ž .Irifune, 1994; O’Neil and Jeanloz, 1994 . Therefore

we believe that the general topology of the residuum
phase diagram as it is shown in Fig. 2 must be a
robust feature. But going further into details, impor-
tant variations in the locations of phase boundaries
can exist. As an example, the transition garnet™

ilmenite in MgSiO has been computed by several3

authors using calorimetric measurements: Fei et al.
Ž . Ž .1990 and Yusa et al. 1993 found an exothermic
transition from garnet to ilmenite, but with different

Ž .locations, and Saxena et al. 1993 report a Clapey-
ron slope equal to 0 for this transition. All these
calculated phase boundaries are inconsistent with
experimentally derived phase diagrams. Reynard and

Ž . Ž .Guyot 1994 and Reynard and Rubie 1996 pro-
posed that these inconsistencies are due to very small
intrinsic anharmonic parameters of ilmenite com-
pared to other silicates. Hence the location of the
transition garnet™ ilmenite, as well as others, is
highly uncertain in Fig. 2. Since the junction be-
tween relatively high- and low-temperature experi-
ments is highly uncertain, a question mark has been
placed for moderate temperatures in Fig. 2. The
important feature to our point of view is that the

Žtransition from the upper mantle assemblage pyrox-
. Ženeqgarnet to the lower mantle assemblage per-

.ovskites depends strongly on temperature, involving
ilmenite at low temperatures. All the more detailed
features must be regarded with caution.

3. Computation of seismic velocities and tempera-
ture profiles

The computation of seismic parameters at high
temperature and high pressure from mineral physics
data has been extensively described in previous pa-

Žpers e.g., Sammis et al., 1970; Davies and Dziewon-
ski, 1975; Butler and Anderson, 1978; Bass and
Anderson, 1984; Duffy and Anderson, 1989; Ita and

.Stixrude, 1992; Vacher et al., 1996 . The calcula-
tions at high temperature and high pressure can be
performed either simultaneously by applying the
Mie–Gruneisen equation of state to thermodynamic¨

Žpotentials e.g., Stixrude and Bukowinski, 1990; Ita
.and Stixrude, 1992 , or separately, using Gruneisen’s¨

Žand adiabatic finite strain theories e.g., Duffy and
.Anderson, 1989; Vacher et al., 1996 . The latter

solution is used here, with the same formalism as in
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Ž .Vacher et al. 1996 . Here we will only discuss the
computation of the temperature profile, and how
thermal effects of phase transitions are taken into
account.

When calculations at high temperature and high
pressure are conducted simultaneously, the deriva-
tion of an isentropic temperature profile arises di-
rectly from the theory, because the entropy S derives

Žfrom the thermodynamic calculations Ita and
.Stixrude, 1992 . With this method, the thermal effect

of phase transitions, or ‘Verhoogen effect’
Ž .Verhoogen, 1965; Jeanloz and Thompson, 1983 is
included via the variation of entropy between the
different phases. When adiabatic finite strain is used,
only the temperature at the foot of the appropriate
adiabat is needed for the computation of density and
seismic velocities. According to Chopelas and

Ž .Boehler 1989, 1992 , the adiabatic gradient
Ž .ETrEP can be expressed asS

6.5E T aT r0
s 1Ž .ž /ž / ž /E P rC rS P T , P0

where T is temperature, P is pressure, a is thermal
expansion, r is density, C is heat capacity. TheP

subscript 0 indicates surface conditions. The correc-
tion for high pressure involves a power of 6.5 com-
ing from the experimental work of Chopelas and

Ž .Boehler 1989 . The Verhoogen effect of phase tran-
sitions can be taken into account by considering
different feet of adiabats for the different phases
Ž .Vacher et al., 1996 . These latter authors have
derived a maximum value for the variation of tem-
perature DT at a phase transition:max

G TDV
DT s 2Ž .max CP

where G , C , and DV are the Clapeyron slope of theP
Žtransition, an average heat capacity Turcotte and

.Schubert, 1982; p. 193 , and the volume change at
phase transition, respectively. In the present study,
the ‘thermal damping’ due to minerals which are not
subject to any phase transition is also taken into
account. If i denotes the minerals subject to a phase
transition at a given depth, and j all the minerals
occurring at this depth, a simple energy balance

provides an estimate of the actual temperature varia-
tion:

r Õ CÝ i i Pi
i

DTs DT 3Ž .max
r Õ CÝ j j Pj

j

where Õ is the volumetric proportion of the minerali

i. In this study only three phase transitions are
considered to generate a significant Verhoogen ef-
fect. These are the well-known transitions in the
olivine system at approximate depths of 410, 520
and 670 km. The transition from olivine to g-spinel
at low temperature is neglected, since only a small

Žamount of g-spinel can be created there less than
.10% along the 1000 K adiabat . In the residuum

diagram, all the reactions in the pyroxene-garnet
solid solution span large ranges of depths and no
Verhoogen effect is considered. Figs. 1 and 2 show
three adiabatic profiles of pyrolite and piclogite com-

Ž . Ž .positions, calculated after Eqs. 1 and 3 , with three
different feet, namely 1000, 1500 and 1600 K. The
motivations in the choice of these three adiabatic
profiles are clear in Fig. 2: they cross different series
of stability fields around 22–24 GPa, leading to
different mineralogical assemblages around the up-
per–lower mantle transition. The temperature pro-
files are in a good agreement with the results ob-

Ž .tained by Ita and Stixrude 1992 along a warmer
Ž .adiabat 1700 K , showing warmer profiles and

stronger Verhoogen effects for pyrolite than for pi-
clogite. The amplitude of the Verhoogen effect at
670 km depth is of the same order of magnitude than

Ž .the one obtained by Ita and Stixrude 1992 : with a
Clapeyron slope equal to y2 MPa Ky1, temperature
shifts of 45 K and 30 K are obtained along the 1600
K adiabats, for pyrolite and piclogite, respectively.
Temperature shifts are equal to 60 K and 40 K for a
Clapeyron slope of y2.8 MPa Ky1.

Throughout this paper, we use the pressure profile
Ž .of PREM Dziewonski and Anderson, 1981 .

4. Elasticity data set

Since a few years, P–V–T measurements with
synchrotron-based X-ray diffraction, and sound ve-
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locity measurements using opto-acoustic methods
have largely increased both the number and accuracy
of data relevant to mantle minerals. A compilation of
these data is listed in Table 2.

Excellent agreement is found between studies on
Ž .polycrystalline e.g., Li et al., 1996 and single-
Žcrystal specimens e.g., Duffy et al., 1995; Zha et al.,

.1996, 1997 for both a-olivine and b-spinel. Only
the shear modulus of b-spinel shows some varia-
tions. For Mg SiO forsterite, its value ranges from2 4

Ž .Gs108 GPa polycrystalline specimen to Gs115

Ž .GPa single-crystal . The former value is chosen
here. We did not put any iron dependence on the

Ž .bulk moduli for the 3 polymorphs of Mg,Fe SiO ,2 4

following the most recent studies on Fe-bearing sam-
Žples e.g., Plymate and Stout, 1994; Abramson et al.,
. Ž .1997 . Only selected elastic moduli e.g., C seem22

to show a systematic variation with composition
Ž .Chen et al., 1996 .

The considered clinopyroxenes are diopside
Ž .Ca Mg,Fe Si O , for which recent compression data2 6

Ž .are available Zhang et al., 1997 , and jadeite

Table 2
Elastic parameters of mantle minerals

X Xy3 y1 y1˙ ˙Mineral r, g cm K , GPa G, GPa K G K , GPa K G, GPa KS S s

a a,b a a c cŽ . Ž . Ž . Ž . Ž . Ž .Olivine 3.222 128 1 81 2 4.3 2 1.4 3 y0.016 2 y0.014 2
q1.182 X y31 XFe Fe

a a,d a a c eŽ . Ž . Ž . Ž . Ž .b-spinel 3.472 170 1 108 1 4.2 2 1.5 3 y0.018 5 y0.014
q1.24 X y40 XFe Fe

f d f g f eŽ . Ž . Ž . Ž . Ž .g-spinel 3.548 183 3 119 1 4.0 3 1.7 3 y0.020 3 y0.014
q1.30 X y40 XFe Fe

h i h j j jŽ . Ž . ( ) Ž .Diopside cpx 3.277 105 1 67 2 6.2 3 1.7 y0.013 y0.010
q0.38 X q13 X y6X y1.9XFe Fe Fe Fe

k l k j k jŽ . Ž . Ž . Ž . Ž .Jadeite jd 3.32 126 4 84 2 5.0 5 1.7 y0.016 5 y0.013
m m n m n j jŽ . Ž . Ž . Ž .Enstatite opx 3.215 124 16 78 5.6 29 1.4 1 y0.012 y0.011

q0.799X y24 XFe Fe
p p i iŽ . Ž . Ž . Ž .Garnet 3.5658 173 2 8 92 1 8 5.3 2 2.0 1 y0.021 y0.010

q0.76 X q7X q7Xalm alm alm

y0.05X y10 X y3 Xmaj maj maj
q q q j j q qŽ . Ž . Ž . Ž .Ca-garnet 3.597 168 1 107 1 4.9 1.6 y0.015 1 y0.012 1
r r s r j j jŽ . Ž . Ž .Na-majorite 3.926 187 2 115 1 5.0 5 1.6 y0.016 y0.015
t u v w x u jŽ . Ž . Ž . ( ) Ž . ( )Mg-perov. 4.108 264 3 177 7 4.0 2 1.6 2 y0.015 9 y0.028 10

q1.07XFe
y y z y j y jŽ . Ž . Ž . Ž .Ca-perov. 4.210 235 8 150 10 4.9 3 1.9 y0.022 8 y0.023
aa aa aa aa aa bb jŽ . Ž . Ž . Ž . Ž . ( )Mg-wust. 3.584 168 2 138 2 3.6 2 1.9 2 y0.019 5 y0.024 5¨

q2.28 X y8 X y77XFe Fe Fe
cc cc dd j j jŽ . Ž . Ž .Ilmenite 3.810 212 3 132 3 5.6 10 1.7 y0.017 y0.017

q1.1 X y41 XFe Fe

X X ˙ ˙r, density; K , adiabatic bulk modulus; G, shear modulus; K and G , pressure derivatives of the moduli; K and G, temperatureS S

derivatives of the moduli; X , mole fraction of iron; X , X , mole fractions of almandine and majorite in garnet solid solution,Fe alm maj
Ž .respectively. Entries in italics are non-experimental values elasticity systematics . Uncertainties quoted in parentheses apply to the last digit.

Ž . Ž . Ž . Ž . ŽExcept when indicated, densities are after Duffy and Anderson 1989 . Sources: a Duffy et al. 1995 , Li et al. 1996 , Zha et al. 1996,
. Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .1997 ; b iron dependence after Isaak 1992 , Zaug et al. 1993 ; c Isaak 1992 , Meng et al. 1993 ; d Weidner et al. 1984 ; e

Ž . Ž . Ž . Ž . Ž . Ž . Ž .assumed to be identical to a-olivine values; f Meng et al. 1993, 1994 ; g Ridgen et al. 1991 ; h Zhang et al. 1997 ; i Sumino and
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .Anderson 1984 ; j elasticity systematics of Duffy and Anderson 1989 ; k Zhao et al. 1997 ; l Kandelin and Weidner 1988 ; m

Ž . Ž . Ž . Ž . Ž . Ž .Angel and Hugh-Jones 1994 ; iron dependence after Duffy and Anderson 1989 ; n Chai et al. 1997 ; o X after Chen et al. 1997 ,alm
Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .X after Pacalo and Weidner 1997 and Sinogeikin et al. 1997 ; p Ridgen et al. 1994 ; q Isaak et al. 1992 ; r Hazen et al. 1994 ;maj

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .s Pacalo et al. 1992 ; t Wang et al. 1994 ; u Mao et al. 1991 , Lu et al. 1994 , Yeganeh-Haeri 1994 , Funamori et al. 1996 ; v
Ž . Ž . Ž . Ž . ŽYeganeh-Haeri et al. 1989 , Weidner et al. 1993 , Yeganeh-Haeri 1994 ; w thermodynamic fit to P–V–T data Jackson and Ridgen,

. Ž . Ž . Ž . Ž . Ž . Ž . Ž .1996 ; x elasticity systematics of Zhao and Anderson 1994 ; y Wang et al. 1996 ; z Wolf and Jeanloz 1985 ; aa MgO: computed
Ž . Ž . Ž . Ž . Ž . Ž .after the values of Duffy and Ahrens 1995 see text , iron dependence after Jeanloz and Thompson 1983 ; bb Fei et al. 1992a ; cc

Ž . Ž . Ž .Weidner and Ito 1985 ; dd Reynard et al. 1996 . Note the large uncertainties on the temperature derivative of perovskite elastic moduli.
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NaAlSi O for which a complete set of thermoelas-2 6
Žtic equation of state has been reported Zhao et al.,

.1997 .
Ž .MgFe SiO pyroxenes show a complex phase3

diagram: low-clinoenstatite is the stable phase at low
P–T conditions; it transforms to orthoenstatite at
temperatures higher than 6008C, and the high pres-

Ž .sure phase P ) 7 GPa is high-clinoenstatite
Ž .Woodland and Angel, 1997 . The very low-tempera-
ture low-clinoenstatite is not considered here, since

Ž .Angel and Hugh-Jones 1994 have shown that the
elastic parameters of ortho- and high-clinoenstatite
are indistinguishable within current uncertainties. The
adiabatic bulk modulus K of orthoenstatite stronglyS

depends upon P and T variations, i.e., the absolute
values of its first pressure and temperature deriva-

X ˙tives K and K , respectively, are high. Webb andS S
Ž . Ž .Jackson 1993 and Chai et al. 1997 expressed

these characteristics by a quadratic form of the pres-
Žsure dependence of K a very high negative secondS

pressure derivative K Y compensates for the highS
X .positive value of K at high compression . AngelS

Ž .and Hugh-Jones 1994 proposed a change in the
mechanism of compression at pressures close to 4
GPa, and derived two sets of elastic parameters,
which are valid for pressures lower, and higher than

Ž .4 GPa, respectively. Zhao et al. 1995 gave accurate
P–V–T data for the low pressure orthoenstatite.
Since our study focuses on the deepest part of the
upper mantle, we only give the properties of the high

Žpressure orthoenstatite P ) 4 GPa; Angel and
.Hugh-Jones, 1994; Chai et al., 1997 . Conversely to

this complex behaviour of compressibility, the pres-
sure dependence of the shear modulus has been
found to be linear throughout the pressure range
Ž .Chai et al., 1997 . It has also been suggested that
even small substitutions of Ca2q and Al3q into the
pyroxene structure might significantly affect its elas-

Žticity Hugh-Jones and Angel, 1997; Chai et al.,
.1997 , but these effects are not quantitatively mea-

surable yet.
Garnets from complex solid solutions in the

Earth’s mantle. Recent efforts have been made in
order to relate systematic variations of elastic proper-

Žties, and composition Hazen et al., 1994; Ridgen et
al., 1994; Chen et al., 1997; Pacalo and Weidner,

.1997; Sinogeikin et al., 1997 . In Table 2, the elastic
Ž .properties of Mg,Fe Al Si O solid solutions of3 2 3 12

Ž . Ž . Ž .pyrope Py , almandine Alm , and majorite Maj
end-members are listed as variations around the val-
ues of the pyrope end-member. Systematics on the
pressure derivatives of the isentropic elastic moduli
are not yet possible, and we use the data of Ridgen et

Ž . Žal. 1994 on Py Mj garnet. Ca-garnet grossular62 38
.Ca Al Si O and Na-majorite are presented sepa-3 2 3 12

rately, because the effects of incorporating Ca2q and
Na2q into the solid solution are unknown at present
time. These components are hence treated as inde-
pendent virtual phases in the present study. At high
pressure, jadeite transforms into a Na-majorite struc-

Ž .ture Gasparik, 1989 for which experimental values
Žare available Pacalo et al., 1992; Hazen et al.,

. Ž1994 . We use the value K s187 GPa Hazen etS
. Žal., 1994 rather than K s173 GPa Pacalo et al.,S

.1992 , since this latter value comes from a study at
ambient conditions, and Na-majorite seems to have a
change in compression mechanism at around 2 GPa
Ž .see Hazen et al., 1994 .

In the lower mantle, perovskites form solid solu-
tions between Mg, Fe, and Al end-members. To our
knowledge, no data are available yet for Al-per-

Žovskite, and recent compilations e.g., Ita and
.Stixrude, 1992 only extrapolate parameters using

Mg-perovskite values. Nowadays, a consensus ap-
pears concerning the values taken by some of the

Ž .elastic parameters of Mg,Fe SiO perovskite. The3
Žvalues of K range from 261 GPa to 267 GPa MaoS

et al., 1991; Weidner et al., 1993; Yeganeh-Haeri,
.1994; Lu et al., 1994 , and the value of the pressure

Ž .derivative is close to 4.0 Jackson and Ridgen, 1996 .
However, the values of the thermal parameters, in

˙ Ž .particular K and the thermal expansion a Table 3S

are still a matter of debate. The measurement of
these properties out of the stability field of per-
ovskite may induce biases in the equations of state

Žand in the resulting parameters Wang et al., 1994;
.Bina, 1995 . We use the equations of state derived

˙Ž .by Funamori et al. 1996 , yielding K sy0.015"S

0.009 GPa Ky1, in agreement with the value of
˙Ž .Jackson and Ridgen 1996 , i.e., K sy0.011 GPaS

y1 Ž .K . Doing so, we follow Anderson 1997 who
˙showed that the previous value K sy0.031 GPaS

y1 ŽK Stixrude et al., 1992; Zhao and Anderson,
.1994 was much too high to get a reasonable Ander-

son–Gruneisen constant d . We also use the param-¨ T
Ž .eterisation of Funamori et al. 1996 for thermal
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Table 3
Thermal expansion of mantle minerals

y5 y1 y8 y2 y2Mineral a: 10 K b: 10 K c: K d: 10 Refs.

Ž .Olivine 2.832 0.758 y y Bouhifd et al. 1996
Ž .b-spinel 2.711 0.6885 0.5767 y Fei et al. 1992b

Ž .g-spinel 1.872 0.421 0.6537 y Meng et al. 1994
Ž .Diopside 3.206 0.811 1.8167 0.1347 Saxena and Shen 1992

Ž .Jadeite 2.56 0.26 y y Zhao et al. 1997
Ž .Enstatite 2.86 0.72 y y Zhao et al. 1995

Ž .Garnet 2.81 0.316 0.4587 y Anderson et al. 1991
Ž .Ca-garnet 2.60 0.335 0.6937 y data from Isaak et al. 1992

Na-maj. 2.81 0.316 0.4587 y same as garnet
a ˙Mg-pv. 1.913 0.266 0.263 K sy0.006 GParKs

˙1.982 0.818 0.474 y K sy0.015 GParKs

˙1.933 1.577 0.636 K sy0.024 GParKs
Ž .Ca-pv. 3.01 0.43 y y Wang et al. 1996

Ž .Mg-wust. 3.681 0.9283 0.7445 y Fei et al. 1992a¨
Ž .Ilmenite 2.27 0.682 y0.385 y0.1808 Ashida et al. 1988

asaqbTycTy2 qdTy1, a in Ky1.
a Ž .The three sets of values for Mg-perovskite correspond to the three equations of state best and extreme fits to P–V–T data derived by

˙Ž . Ž .Funamori et al. 1996 . The corresponding values of K are given see Table 2 .s

Ž . y6 y1expansion, yielding a 298 K s17=10 K , a
value which is much lower than the value derived by

Ž .Mao et al. 1991 for experimental reasons detailed
Ž .in Utsumi et al. 1995 . Ca-perovskite is considered

as a phase, which appears at a smaller pressure than
Mg-perovskite. Values in Tables 2 and 3 come from

Ž .the study of Wang et al. 1996 .
The values given in Table 2 for Mg-wustite need¨

detailed explanations. Recently, shock-wave experi-
ments have been conducted on a polycrystalline MgO
Ž .Duffy and Ahrens, 1995 . They found quadratic
expressions for the pressure dependence of K andS

G, with K s162.5 GPa, K X s4.09, K Y sy0.019S S S

GPay1, and Gs130.8 GPa, GX s2.5, GY sy0.026
GPay1. In order to have an internally consistent data
base for all mantle minerals, we derived a linear
expression of K and G which is tangent to theS

quadratic expression in the pressure range of interest
Ž . X Xaround 670 km depth : the derivatives K and GS

were computed at a depth of 670 km, and these latter
values were used to linearly extrapolate hypothetical
values for the moduli at ambient pressure; doing so,
we obtained K s168 GPa, K X s3.6 and Gs138S S

GPa, GX s1.9. Note that these values have no actual
experimental meaning, and are not used outside the
pressure range where the linear expression is tangent
to the quadratic expression. They are only theoretical

values of the moduli at surface conditions, which fit
the shock wave data at pressures relevant to the top
of the lower mantle. The temperature dependence of

Ž .K has been measured by Fei et al. 1992a on aS
Ž .synthetic crystal Mg Fe O.0.6 0.4

Table 2 reveals that the elastic moduli and their
pressure derivatives are now experimentally con-
strained for most of the minerals, conversely to what

Žcan be found in previous compilations e.g., Duffy
.and Anderson, 1989; Ita and Stixrude, 1992 . How-

ever, most of the values listed for temperature
derivatives do not rely on experiments but on elastic-
ity systematics.

Table 3 gives the thermal expansion a of miner-
als in terms of polynomials of temperature. In this

Ž .compilation, we try to give expressions of a T
computed from volume measurements at tempera-
tures relevant to the Earth’s mantle. This considera-
tion leads us to provide different forms of polynomi-
als for different minerals. As an example, we refer

Ž .the reader to the study of Bouhifd et al. 1996 on
forsterite. Their measurements up to 2160 K can be
fitted by a linear approximation, consistently with

Ž .the data of Kajiyoshi 1986 , and the optimisations
Ž .of many data by Gillet et al. 1991 and Guyot et al.

Ž .1996 . Conversely, physically sounded theories can
account for the temperature dependence of EarET
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Ž .e.g., Skinner, 1966; Suzuki et al., 1984 , but they
give an overestimated value of thermal expansion at
temperatures relevant to the Earth’s mantle. In order
to compute densities of minerals as a function of T,
we need the integral of a from 298 K to tempera-

Ž .tures relevant to the mantle, rather than a 298 K ,
Ž .e.g., Vacher et al., 1996 . Therefore, these consider-
ations are crucial to obtain a better estimation of
densities of minerals. In other respects, it is worth
keeping in mind that uncertainties on experimental
values of thermal expansion are very large; Bouhifd

Ž .et al. 1996 found uncertainties of the order of 20%
of the nominal values of a for olivine. For Mg-per-
ovskite, three sets of values are given, corresponding
to three equations of state, all consistent with P–V–T

Ž .data available to date Funamori et al., 1996 . These
Ž .three expressions of a T must be used consistently

˙with the three respective values of K given inS

Table 2.

5. Mineralogical models and seismic profiles of
the mantle

Fig. 3 shows the mineralogical models computed
from a pyrolite bulk composition, along the three
adiabats initiated at 1000, 1500 and 1600 K. As

Ž .discussed by Bina and Liu 1995 for convection
models, the 1000 K adiabat is representative of

Ž .regions of cold downwellings subduction zones and
the 1500 and 1600 K adiabats are potential candi-
dates for the horizontally averaged temperature pro-
files in the mantle. Solid boundaries define the pro-
portions of the different real phases, whereas dashed
lines give the proportions of ‘virtual’ phases, Ca-
garnet and Na-majorite, within the garnet solid solu-
tion.

The effect of temperature on the olivine part of
the mineralogy is very simple, and is only due to the
amplitude and sign of the Clapeyron slopes of the
transitions: when temperature increases, the fields of
a-olivine and b-spinel expand, whereas the field of
g-spinel narrows. The presence of g-spinel at shal-

Ž .low depth around 350 km in the 1000 K composi-
tion is of small importance, since only 6% of g-spinel
appears. We will put more emphasis on the effect of
temperature on the residuum part of the mineralogy.
Down to 650 km depth, the temperature effect is

Fig. 3. Volumic proportions of minerals and phases present in the
pyrolite composition as a function of depth, along the 1000 K
Ž . Ž . Ž .top and 1500 K middle and 1600 K bottom adiabats. Dashed
lines give the proportions of ‘virtual phases’, which are part of the
garnet solid solution. en: enstatite; di: diopside; jd: jadeite; Ca-gt:
Ca-garnet; Na-maj: Na-majorite; other symbols are defined in Fig.
1 and Fig. 2.

small: when temperature increases, the different sub-
stitutions in the garnet solid solution occur at differ-

Žent depths dissolution of the pyroxenes into a garnet
structure, appearance of Ca- and Na-bearing garnets

.and Ca-perovskite . But temperature has a great ef-
fect on the reaction to lower mantle assemblages. At
low temperature, garnet disappears into an ilmenite
structure at about 620 km depth; this reaction gives
rise to a great amount of ilmenite, 32% down to 710
km depth. Then, ilmenite transforms into per-
ovskites, within a 20 km thick layer. Ilmenite is also
observed along the 1500 K adiabat, but within a

Ž .thinner layer around 8 km thick . Then, a small
amount of garnet is present in the lower mantle
Ž .7% . The experimental study of the system
MgSiO –Al O has been done by Irifune and Ring-3 2 3

Ž . Ž .wood 1987 and Irifune et al. 1996 ; for a pyrolitic
Al O content, their phase diagrams show first that2 3

the reaction garnet™garnetq ilmenite consumes the
most part of the garnet, and second that the reaction
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garnetq ilmenite™garnetqperovskite occurs in-
Ž .stantaneously 24 GPa at 15008C . Note that follow-

ing these reactions, both ilmenite and Mg-perovskite
contain a non-negligible amount of alumina. It is not
taken into account in the calculations, due to the lack
of relevant experimental data. It must be also empha-
sised that these two transformations in the pyroxene
stoichiometry occur near 670 km depth along the
1500 K adiabat. Along the 1600 K adiabat, the
stability field of ilmenite is not crossed anymore by
the temperature profile; in that case, garnet gradually
transforms into a perovskite structure within a binary
phase loop. The reaction is completed at a depth of
725 km.

Fig. 4 shows the mineralogical models computed
with a starting composition of piclogite. The features
previously described for a pyrolitic composition are
slightly different in the piclogite case. First, piclogite
contains only 40% of olivine, and thus the features
found in the residuum part of the mineralogy are
amplified; second, piclogite is more Al O -rich than2 3

pyrolite, and this leads to smaller stability fields of
Ž .ilmenite Fig. 2 . Along the cold temperature profile,

the mantle is composed of 42% of ilmenite, between

Fig. 4. Same as Fig. 3, for a bulk composition of piclogite.

Ž . ŽFig. 5. Synthetic profiles of density top , P-wave velocity mid-
. Ž .dle and S-wave velocity bottom as a function of depth, for a

Ž .pyrolite composition in both upper and lower mantles. Bold thin
Ž .lines correspond to profiles computed along the 1000 K 1500 K

Žadiabat. Globally averaged seismic model is ak135 Kennett et al.,
.1995; dashed lines .

638 km and 710 km depth. Along the 1500 K
profile, ilmenite appears at 665 km depth, and forms
29% of the mantle at 677 km depth. Again, it
transforms instantaneously into perovskite and gar-
net, but 16% of garnet are present at 680 km depth.
Therefore the increased Al O content in piclogite2 3

diminishes the role of ilmenite: only 29% of ilmenite
are formed at 677 km in piclogite, vs. 32% in
pyrolite; 16% of garnet are still present at the top of
the piclogitic lower mantle, vs. only 7% in the
pyrolitic lower mantle. In other words, the short
appearance of ilmenite consumes 75% of the garnet
content of the pyrolitic mantle, vs. only 60% of the
garnet content of the piclogitic mantle.

Figs. 5 and 6 show the profiles of density, P- and
ŽS-wave velocities obtained along the 1000 K bold

. Ž .lines and 1500 K thin lines adiabats, with bulk
compositions of pyrolite and piclogite, respectively.
Computed profiles are first compared to the ak135

Ž .model Kennett et al., 1995 . This latter model was
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Fig. 6. Same as Fig. 5, for a bulk composition of piclogite.

constructed after travel time data. It is thus adequate
for the locations at depth of seismic discontinuities
and associated velocity jumps, but does not give
access to density directly from the data. Normal
mode observations are required for this purpose. In

Žthe following, both PREM Dziewonski and Ander-
. Ž .son, 1981 and ak135 Kennett et al., 1995 will be

used as globally averaged seismic models. Montag-
Ž .ner and Kennett 1996 have shown that body wave

and normal mode globally averaged seismic models
could be reconciled by inverting the parameters that
cannot be extracted from body-waves, under the
constraints of fixed isotropic P- and S-wave veloci-
ties. This rigorous approach is not used here. Both
PREM and ak135 are used to define a range of
variations for seismic parameters.

P- and S-wave velocities computed in the upper-
Ž .most mantle 100–400 km depth along the 1500 K

adiabat are close to the observed ones, both in
gradients and absolute values, whatever the chosen
composition. Conversely, density profiles are up to
5% higher than the seismically derived profile for
both compositions. One explanation for this density
misfit can be the large experimental uncertainties on

values of thermal expansion, mentioned in the previ-
ous section. On the basis of these comparisons, it is
not possible to discriminate between pyrolite and
piclogite. Looking at the amplitude of the 410 km

Ž .discontinuity, we find, as Duffy et al. 1995 did,
that the piclogite composition gives a better match to
the 410 discontinuity than pyrolite. This latter com-
position overestimates the velocity jump by 35% for
P-waves and 40% for S-waves.

Ž .In the lower mantle below 750 km depth , all
profiles computed along the 1500 K adiabat show
synthetic gradients and absolute values of density
and seismic velocities in good agreement with ob-
served values. However, we will not give too much
importance to this result: recent systematics have
clearly shown that, given present-day uncertainties
on thermoelastic data, it is not yet possible to esti-
mate the lower mantle chemistry uniquely from seis-

Ž .mic data e.g., Zhao and Anderson, 1994 . As an
example, we have tested an other partitioning coeffi-
cient between perovskite and Mg-wustite, found in¨

Ž pv-mwexperiments on Al-free systems K s0.4, Kat-Mg-Fe
.sura and Ito, 1996; Martinez et al., 1997 . The

density and velocity profiles obtained in this way are
identical to the ones presented here.

6. Characteristics of the 660 km depth discontinu-
ity in globally averaged models

Figs. 7 and 8 show the density, P- and S-wave
profiles computed along the 1500 K and 1600 K
profiles, between depths of 600 and 750 km, with a
bulk composition of pyrolite and piclogite, respec-

Ž .tively. PREM Dziewonski and Anderson, 1981 and
Ž .ak135 Kennett et al., 1995 models are shown for

comparison, and the different reactions are located
along the horizontal axis. The location at depth and
amplitude of the different discontinuities are listed in
Table 4. In what follows, the amplitude of seismic
discontinuities are given in percents. The percentages
are computed with respect to the nominal values of
PREM at 670 km depth. Uncertainties on the ampli-
tudes of anomalies are obtained in the following
way: two additional sets of elastic data are derived
from Table 2, by varying the different elastic param-
eters within their experimental uncertainties. The
first data set is built in order to increase the seismic
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Fig. 7. Computed profiles between 600 and 750 km depth, for a
pyrolite composition. Globally averaged seismic profiles are

Ž .PREM Dziewonski and Anderson, 1981; long-dashed lines and
Ž . Ž .ak135 short-dashed lines . Bold thin lines correspond to profiles

Ž .computed along the 1500 K 1600 K adiabat. The different
reactions at different temperatures are located by black bands or

Ž .arrows near the horizontal axis, and labelled: a g-spinel™Mg-
Ž . Ž .perovskiteqMg-wustite, b garnet™garnetqilmenite, c garnet¨

qilmenite™garnetqperovskite.

velocities of Mg-perovskite and Mg-wustite, and de-¨
crease the seismic velocities of ilmenite; the second
data set increases the seismic velocities of ilmenite
and decreases the ones of Mg-perovskite and Mg-
wustite. Using these two extreme data sets, we esti-¨
mate the maximum amplitude variations of each
discontinuity due to experimental uncertainties. We
first pay attention to the results obtained using the
updated experimental values of Table 2. Then, the
very large uncertainties involved by both extreme
data sets are discussed.

6.1. Pyrolite composition

The transition from g-spinel to Mg-perovskiteq
ŽMg-wustite located along the bottom horizontal axis¨

.of each plot and labelled ‘a’ induces a sharp in-
crease of density between 662 and 665 km depth,

equal to 4.8% and 4.1% along the 1500 K and 1600
K, respectively. These jumps are about twice smaller
than the density jumps observed in radial seismic

Žmodels 7.7 and 9.7% in ak135 and PREM, respec-
.tively . Along the 1500 K adiabat, the two reactions

involving ilmenite are located at the top of each plot
and labelled ‘b’ for garnet™garnetq ilmenite and
‘c’ for garnet q ilmenite ™ garnet q perovskite.
They lead to density jumps of 0.8% and 1.8% and
occur at depths of 665–675 and 675 km, respec-
tively. The total amplitude of the three discontinu-
ities along the 1500 K adiabat is 7.4%, in good
agreement with radial seismic models. Hence the
reactions occurring in the non-olivine part of the
mineralogy are required, together with the break-
down of g-spinel, in order to explain the observed
density jump at 660 km depth with a pyrolitic com-
position.

Results are slightly different for seismic veloci-
ties. P- and S-wave velocity jumps due to the break-
down of g-spinel are 5.5% and 5.7% along the 1500
K adiabat, and 4.7% and 4.9% along the 1600 K
adiabat, respectively. These predicted jumps are in

Ž .Fig. 8. Same as Fig. 7, for a piclogite composition. a g-spinel™
Ž . Ž .Mg-perovskiteqMg-wustite, b garnet™garnetqilmenite, c¨

garnetqilmenite™garnetqperovskite.
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Table 4
Ž .Amplitude of the different velocity jumps in % , for each reaction

1000 K 1500 K 1600 K

Pyrolite Piclogite Pyrolite Piclogite Pyrolite Piclogite

a z 690–693 692–694 662–665 664–667 656–659 658–661
r 5.0"0.2 3.3"0.1 4.8"0.2 2.9"0.2 4.1"0.2 2.8"0.2
Vp 4.3"2.4 2.8"1.4 5.5"3.0 3.1"2.0 4.7"3.0 3.1"2.2
Vs 5.6"3.7 3.6"2.2 5.7"4.0 3.3"3.0 4.9"5.0 3.2"3.5

b z 665–675 667–677
r 0.8"0.1 1.7"0.2
Vp 1.4"0.6 1.9"1.0
Vs 1.1"0.5 0.5"1.0

c z 675 677
r 1.8"0.2 1.6"0.2
Vp 0.2"3.0 0.4"3.0
Vs 1.1"4.0 1.4"3.8

d z 608–664 638–676
r 2.6"0.2 3.0"0.3
Vp 3.1"1.1 3.2"1.3
Vs 2.7"1.1 3.1"4.2

e z 709–731 711–733
r 2.4"0.2 3.2"0.4
Vp 1.4"2.9 1.8"3.5
Vs 3.0"3.5 3.9"4.5

Cumul. r 10.0"0.2 9.5"0.2 7.4"0.2 6.2"0.4
Vp 8.7"4.0 7.8"3.8 7.1"5.0 5.4"4.0
Vs 11.3"6.0 10.6"6.0 7.9"8.0 6.3"6.0

fRefer. r 8.7"1.0
g fVp 4.0 5.2"2.0
h fVs 7.4 6.5"2.0

The reactions are: a: g-spinel™perovskiteqMg-wustite; b: garnet™garnetq ilmenite; c: garnetq ilmenite™garnetqperovskite; d:¨
garnet™ ilmenite; e: ilmenite™perovskite; Cumul.: cumulative effect of the reactions.

Ž .For each discontinuity, the depth interval z is given in km; each percentage is computed with respect to the corresponding value of PREM
Ž .Dziewonski and Anderson, 1981 at 670 km depth. See text for the meaning of uncertainties. Note that density jumps are better constrained
than seismic velocities. This is mainly due to the large experimental uncertainties on the elastic moduli of perovskites. Observed

Ž .discontinuities in reference are: f: averages between discontinuities of ak135 Kennett et al., 1995 and PREM; errors are estimated after
Ž . Ž . Ž .Kennett 1991 ; g: S25 Lefevre and Helmberger, 1989 ; h: SNA Grand and Helmberger, 1984 .

good agreement with observed P- and S-wave dis-
Ž .continuities 5.2% and 6.5%, respectively , although

the predicted S-wave jump is 10 to 25% smaller than
the observed one. Along the 1500 K adiabat, reac-
tions involving the presence of ilmenite add substan-

Ž .tial amplitudes see Table 4 for details , leading to
total P- and S-wave jumps of 7.1% and 7.9%, re-
spectively. These values are 20–35% higher than the
seismically observed amplitudes. Therefore, on the
basis of seismic velocities and with a starting com-
position of pyrolite, the temperature profile that does

Ž .not cross the stability field of ilmenite 1600 K
gives a slightly better explanation to seismically
observed discontinuities. However this conclusion is

dependent on the large experimental uncertainties
Ž .cf. below .

Besides the amplitude of the discontinuities around
660 km depth, the layer at the top of the mantle
Ž .down to a depth of 750 km, say must be consid-
ered. Radial seismic models report high seismic gra-
dients in this layer. Such high gradients are also
confirmed by recent studies on PP and SS precursors
Ž .Shearer, 1996; Schimmel, 1997 . Table 5 gives the
density, P- and S-wave gradients computed along the
1500 K and 1600 K adiabats, together with observed
gradients in PREM and ak135. Note that these refer-
ence models do not show any strong density gradient
at the top of the lower mantle, but rather a constant
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Table 5
Density and seismic velocity gradients at the top of the lower mantle, under the assumption of a whole mantle convection

Gradient 1500 K 1600 K Observed

Pyrolite Piclogite Pyrolite Piclogite
y4 y4Ž .d rrd z 10 kg m 13.1"0.4 20.1"0.5 28.3"0.7 31.4"0.5 6.1"0.1

y3 y1Ž .dVprd z 10 s 3.2"1.2 4.4"2.2 6.1"4.0 6.2"3.9 2.9"0.3
y3 y1Ž .dVsrd z 10 s 1.7"1.0 2.7"2.0 3.5"3.0 3.9"3.1 2.7"0.6

Ž . Ž .Observed gradients are averages between gradients of ak135 Kennett et al., 1995 and PREM Dziewonski and Anderson, 1981 ; errors are
Ž .estimated after Kennett 1991 .

density gradient down to the core mantle boundary.
Theoretical gradients are calculated between the

Ždeepest discontinuity garnetq ilmenite™garnetq
.perovskite and the complete vanishing of garnet in

Žthe lower mantle between 720 and 740 km depth for
. Žthe different cases . Along the 1500 K adiabat pres-

.ence of ilmenite , the density gradient is twice higher
Ž y4 y4than the observed ones 13.1=10 kg m vs.

y4 y4.6.1=10 kg m , and the seismic gradients are
in relatively good agreement with the observations:
3.2=10y3 sy1 vs. 2.9=10y3 sy1 for P-wave;
1.7=10y3 sy1 vs. 2.7=10y3 sy1 for S-wave.

Ž .Along the 1600 K profile no ilmenite involved , the
Ž y4computed gradients are doubled 28.3=10 kg

my4 , 6.1 and 3.5=10y3 sy1 for density P- and
.S-wave, respectively , leading to a worse comparison

with observed gradients. Note that here the computed
density gradient is about five times greater than the
observed one. We believe this discrepancy to be very
conclusive: if such a high density gradient was real,
it should be observed in seismic reference models.
These differences between the 1500 and 1600 K
adiabats are due to the presence of ilmenite along the
coldest one, and to its ability to consume the most
part of the garnet: along the 1500 K, only 7% of
garnet are still present after the disappearing of
ilmenite, whereas the top of the lower mantle con-
tains 28% of garnet along the 1600 K adiabat. There-
fore, with a pyrolite composition, the presence of
ilmenite is required around 660 km depth to give a
good explanation of the seismic gradients at the top
of the lower mantle.

The joint analysis of instantaneous jumps around
660 km depth and gradients at the top of the lower
mantle clearly points out two groups of profiles: the
junction from the mantle transition zone to the deep

Ž .lower mantle can be made either by 1 strong

instantaneous discontinuities followed by relatively
Žsmall gradients case of stable ilmenite, illustrated by

. Ž .the 1500 K adiabat , or 2 relatively small disconti-
Žnuities followed by high gradients no ilmenite, case

.illustrated by the 1600 K adiabat . The former case
gives the best explanation to actual reference seismic
models.

6.2. Piclogite composition

Computed profiles obtained with a piclogite start-
ing composition are shown in Fig. 8, and amplitudes
of the seismic jumps are listed in Table 4. The
density jumps due to the breakdown of g-spinel
obtained along both adiabats have values of the order
of 2.8%, three times smaller than the observed ones;
the P- and S-wave velocity jumps due to this reac-
tion are around 3.2%, about twice smaller than the
seismically derived discontinuities. Therefore, with a
piclogite composition, the breakdown of g-spinel
alone drastically fails to explain the amplitude of the
660 km depth discontinuity. On the other hand, the
consideration of the two reactions involving ilmenite
along the 1500 K adiabat gives total seismic jumps

Žin agreement with observations 5.4% vs. 5.2% for
.P-waves, 6.3% vs. 6.5% for S-waves . Still, the

cumulative density jump is 6.2%, 30% smaller than
the seismically derived discontinuity. Concerning the
computed gradients at the top of the lower mantle
Ž .Table 5 , the conclusion reached for the pyrolitic
models is also valid here: gradients computed along

Ž y4the 1600 K adiabat no ilmenite, 31.4=10 kg
my4 , 6.2 and 3.9=10y3 sy1 for density, P- and

.S-wave velocities, respectively are 30% higher than
Žthe ones computed along the 1500 K adiabat pres-

ence of ilmenite, 20.1=10y4 kg my4 , 4.4 and
y3 y1.2.7=10 s . Therefore, reactions involving il-
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menite are also required to fit the lower mantle
seismic gradients at best. Note that the difference
between gradients computed along the two adiabats
are much smaller here than in the pyrolitic case, for a
reason that has already been mentioned: these high
gradients are due to the presence of garnet, and the
role of ilmenite as a consumer of garnet along the
1500 K is attenuated in piclogite, because of its
higher Al O content.2 3

6.3. Extreme data set

The experimental uncertainties on elastic parame-
ters induce large uncertainties on the amplitude of
the seismic jumps. This is particularly true for lower

˙mantle minerals; for instance, the value of G for
Mg-perovskite is derived from elasticity systematics,
and is known with an accuracy lower than 35%
Ž .Duffy and Anderson, 1989 . Consequently, the er-
rors bars on the computed amplitudes are very large,
reaching 100% of the proposed value for some num-

Ž .bers Tables 4 and 5 . Of course the extreme jumps

proposed here are unrealistic, but they ensure that the
actual amplitudes of the seismic jumps lie within the
computed domains of variation, and they document
how independent from experimental uncertainties our
conclusions are.

Fig. 9 gives a synthetic summary of the results
presented so far. Each of the four panels represents

Žcomputed amplitudes of discontinuities squares and
. Ž .triangles and computed seismic gradients circles ,

as a function of the corresponding observed values.
The diagonal line represents the perfect fit between
predictions and observations. Note that amplitudes
Ž . Ž y3 y1.in % and seismic gradients in 10 s are
plotted on the same scale. The top left panel corre-
sponds to the 1500 K profiles, and therefore cumula-
tive amplitudes of the three reactions are plotted; the
top right panel corresponds to the 1600 K profiles,
and amplitudes due to the breakdown of g-spinel
Ž .the only sharp reaction to occur are plotted. Both
panels show the pyrolite composition results. A vi-
sual comparison clearly shows that the 1500 K pro-

Ž .file presence of ilmenite gives much better explana-

Ž y3 y1.Fig. 9. Computed parameters as a function of corresponding observed parameters. Circles: seismic gradients in 10 s ; squares:
Ž .amplitude of seismic jumps in % ; black and white symbols hold for P- and S-wave velocities, respectively; triangles: amplitude of density

Ž .jumps in % . Top panels are for a pyrolite composition, bottom panels are for a piclogite composition. Left panels: results along the 1500 K
Ž . Ž .adiabat presence of ilmenite ; right panels: results along the 1600 K adiabat no stable ilmenite . Vertical error bars are not plotted if they

are smaller than symbol sizes.
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Ž .tions of seismic gradients circles and density jumps
Ž . Ž .triangles than the 1600 K profile no ilmenite
does. A mixed conclusion is found for seismic veloc-

Ž .ity jumps square : the P-wave observed jumps are
Žbetter retrieved along the 1600 K profiles without

.ilmenite , and the S-wave jumps are equally fitted by
either of the 1500 or 1600 K profiles. Unfortunately,
the errors bars are too large to remove any of the
models, and it is not possible to strengthen our
conclusions in case of a pyrolite starting composi-
tion.

Conversely, results are unambiguous with a pi-
Ž .clogite starting composition bottom panels . What-

Žever the considered parameter density of seismic
.gradients, density or seismic discontinuities , obser-

vations are better matched with the presence of
Ž .ilmenite 1500 K profiles than without ilmenite

Ž .1600 K profiles . This conclusion still holds when
experimental uncertainties are taken into account
Ž . Žvertical error bars : along the 1600 K profiles right

.panel , only the S-wave velocity gradients can be
fitted with reasonable variations of the elastic param-
eters within their uncertainties. Other parameters
would require extreme data sets to fit observations.
We therefore conclude that, if the mantle has a
piclogite composition, the non-olivine part of the
mineralogy plays a crucial role, and the presence of
ilmenite around 660 km depth is required to explain
the horizontally averaged seismic models.

7. The nature of the 660 km depth discontinuity
in subduction zones

Fig. 10 shows the computed profiles along the
1000 K adiabat, for pyrolite and piclogite starting
compositions. The amplitudes of the different discon-
tinuities are listed in Table 4. Many common fea-
tures are obtained whatever the composition. The
three reactions occurring between 600 and 750 km

Ždepth are now separated. The first reaction labelled
.‘d’ in Fig. 10 and Table 4 , garnet™ ilmenite, is

very broad, and appears within the depth ranges
608–664 km for pyrolite, and 638–676 km for pi-
clogite. This difference of location at depth is due to
the alumina enrichment of piclogite. The amplitudes
of density, P- and S-wave discontinuities are respec-
tively 2.6"0.2%, 3.1"1.1% and 2.7"1.1% for

Ž .Fig. 10. Computed profiles along the 1000 K adiabat. Bold thin
Ž .lines are for a pyrolite piclogite composition. The different

reactions are labelled together with the corresponding composition
Ž . Ž .pyro for pyrolite and piclo for piclogite . a g-spinel™Mg-

Ž . Ž .perovskiteqMg-wustite, d garnet™ ilmenite, e ilmenite™¨
perovskite.

pyrolite, and 3.0"0.3%, 3.2"1.3% and 3.1"1.4%
for piclogite. Then, the breakdown of g-spinel takes
place at depths of 690–693 km for pyrolite, 692–694
for piclogite, respectively. Amplitudes of discontinu-
ities are 5.0"0.2%, 4.3"2.4% and 5.6"3.7% for
pyrolite, and 3.3"0.1%, 2.8"1.4% and 3.6"2.2%
for piclogite, respectively for density, P- and S-wave
velocities. As one could expect, higher amplitudes

Ž .are found with pyrolite higher bulk olivine content .
ŽFinally, the reaction ilmenite™perovskite labelled

. Ž .‘e’ occurs at 709–731 711–733 km depth for
Ž .pyrolite piclogite . Amplitudes are 2.4"0.2%, 1.4

"2.9% and 3.0"3.5% for pyrolite, and 3.2"0.4%,
1.8"3.5% and 3.9"4.5% for piclogite. Once more,
the uncertainties on the actual amplitudes of seismic
jumps are very large, but we can conclude that a
multi-step transition from the upper to the lower
mantle, with three separate discontinuities, must be
found in cold regions of the mantle. The discontinu-
ity due to the breakdown of g-spinel is very sharp
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Ž .about 2 km thickness , whereas the two discontinu-
ities related to ilmenite span much broader depth

Ž .intervals 22 to 56 km thicknesses . Note that the
thickness of the garnet™ ilmenite discontinuity is a
function of the Al O content of the mantle: it is2 3

Ž . Žthinner in piclogite 38 km thick than in pyrolite 56
.km thick . Comparing qualitatively the amplitudes of

the different discontinuities, the starting composition
has an important effect: with a pyrolite composition,

Ž .discontinuities due to the breakdown of g-spinel ‘a’
Ž .and ilmenite™perovskite ‘e’ have similar, rela-

tively high amplitudes, whereas garnet™ ilmenite
Ž .‘d’ induces a discontinuity with a two to three
times smaller amplitude. With a piclogite composi-

Ž .tion, g-spinel™Mg-perovskiteqMg-wustite ‘a’¨
Ž .and garnet™ ilmenite ‘d’ have similar, relatively

Ž .small amplitudes whereas ilmenite™perovskite ‘e’
gives amplitudes that are three times higher. Again,
the bulk olivine and Al O contents of the mantle2 3

have important signatures on the discontinuity pat-
tern.

The cumulative density, P- and S-wave velocity
jumps due to the three reactions are respectively
10.0"0.2%, 8.7"4.0% and 11.3"6.0% for pyro-
lite, and 9.5"0.2%, 7.8"3.8% and 10.6"6.0%
for piclogite. For comparison, seismically observed
discontinuities in cold regions are listed in Table 4:

Žd VprVps4.0% model of the Canadian shield,
.S25, Lefevre and Helmberger, 1989 ; d VsrVss

Ž7.4% model of the north American continent, SNA,
.Grand and Helmberger, 1984 . It is important to

keep in mind that these models have been con-
structed with one single discontinuity imposed a
priori at the upper–lower mantle transition. The cu-
mulative amplitudes of the three discontinuities are
30 to 60% higher than the observed jumps. Some
explanations of these discrepancies between predic-
tions and observations can be found: the two reac-
tions involving ilmenite are very broad, and they
might be included into the seismic gradients of upper

Žmantle seismic models note also that seismic gradi-
ents are badly constrained around 600–700 km depth

.in radial seismic models, Kennett, 1991 ; from an
other point of view, if the actual amplitudes are close
to the lowest extreme values defined by experimental

Ž .uncertainties see Table 4 and above numbers , the
corresponding discontinuities might be seismically
invisible.

8. Discussion

The appearance of ilmenite at a depth of 660 km
along the horizontally averaged temperature profile
is closely dependent on the chosen adiabatic profile.
To our knowledge, it has not been reported before,
because previous studies always considered adiabats
with higher foot temperatures to be representative of

Žthe upper mantle: 1673 K Bass and Anderson, 1984;
. ŽDuffy and Anderson, 1989 , 1700 K Ita and Stixrude,

. Ž .1992 . Stixrude et al. 1992 reported that a 1500 K
adiabat gives the best fit to upper mantle seismic
data, but claimed that this temperature was ‘unrea-
sonably too cold’. We would like to remind here four
independent results of different geophysical fields,
which all show that a 1500 K adiabat is likely to be

Ž .representative of the upper mantle: 1 precise ther-
modynamic calculations applied to seismic data give
a temperature of 1588 K at a depth of 270 km
Ž . Ž .Brown and Shankland, 1981 ; 2 petrological stud-

Ž .ies of xenoliths geothermometry and geobarometry
lead to a temperature of 1600"200 K at a depth of

Ž . Ž .200 km Jeanloz and Morris, 1986 ; 3 the phase
transition from a-olivine to b-spinel, which appears
at a depth of 410 km, occurs at a temperature of

Ž . Ž .1700"100 K Katsura and Ito, 1989 ; 4 convec-
tion experiments with strongly variable viscosity
suggest that the value of the temperature at the base

Ž .of the conductive lithosphere 80 km depth is close
Ž .to 1520 K Davaille and Jaupart, 1994 . Using a

temperature gradient of 0.4 K kmy1 for the upper
Ž .most mantle Vacher et al., 1996 , all these indepen-

dent studies converge to a surface temperature of
1500 K, and hence ilmenite is likely to occur along
the horizontally averaged temperature profile of the
mantle around 670 km depth.

8.1. Stratification of the mantle

The results shown in this study are all based on
the assumption of a single layer mantle convection.
Hence, no thermal boundary layer has been consid-
ered at the top of the lower mantle, and the upper
and lower mantles have the same global composition
Ž .pyrolite or piclogite . However, it is also reasonable
to consider a layered convection, as suggested by

Žgeochemical arguments e.g., Allegre and Turcotte,`
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.1986 . Then it is likely that the mean temperature of
the lower mantle is larger than the mean temperature
of the upper mantle, due to the presence of a thermal
boundary layer at the top of the lower mantle; it is
also likely that the upper and lower mantle have
different compositions, since they are independently
convecting. This case is studied by putting a 250 K
thermal boundary layer just below the depth of the
g-spinel breakdown. Numerical experiments of fluids

Ž .heated from below core and within suggest that the
convective planform in the lower mantle would be

Ždominated by cold downwellings e.g., Tackley,
.1993; Sotin and Labrosse, 1997 . Furthermore, if a

thermal coupling exists between both cells as pro-
Ž .posed by Anderson 1981 , the cold adiabat in the

upper mantle can be continued in the lower mantle.
The cold slabs lay at the 670 km discontinuity and
impose the temperature of the cold downwellings in
the lower mantle. It might hence be impossible to
distinguish between one and two cells in cold re-
gions of the mantle. Following the mantle evolution

Ž .model of Anderson 1983 , we consider that the
lower mantle is entirely composed of MgO, SiO2

and FeO, the other oxides being incorporated in the
primitive ‘magma ocean’. This induces a lower man-
tle composition with 84% of perovskite and 16%

Ž .Mg-wustite Zhao and Anderson, 1994 . We use an¨
iron partitioning coefficient equal to K Pv – Mw s0.4Mg – Fe

Žfor this Al-free lower mantle Katsura and Ito, 1996;
.Martinez et al., 1997 . Fig. 11 shows the profiles

computed with this model. Along the adiabat simu-
lating the horizontally averaged temperature of the
mantle, the boundary between the pyrolitic upper
mantle and the assemblage of perovskite and Mg-

Ž .wustite marked by arrows gives a good fit to¨
observed discontinuities: density, P- and S-wave ve-
locities increase by 7.1"0.2%, 6.6"7.3% and 5.8
"10.0% with respect to PREM values, respectively.
Note the very large error domains, due to the very
large uncertainties on temperature derivatives of

Ž .elastic moduli for Mg-perovskite Table 2 . Again,
the extreme jumps reported here would be followed
by extreme and unrealistic velocity profiles. How-
ever, the agreement between the above amplitudes
and the observed ones here is essentially as good as
the agreement obtained in the previous sections for
the case of a whole mantle convection. This is due to
the counteracting effects of the thermal boundary

Fig. 11. Computed profiles for a layered mantle convection model
Ž . Ž .see text for description . Bold thin lines are for the 1000 K
Ž .1500 K profiles. The arrows indicate the depth of the chemical

Ž .boundary. Reaction ‘d’ garnet™ ilmenite still occurs along the
1000 K temperature profile.

and chemical differentiation on seismic parameters.
We therefore end with the same conclusion as

Ž . Ž .Stixrude et al. 1992 or Zhao and Anderson 1994 :
the interpretation of seismic data using mineral
physics fails to discriminate between a whole mantle
and a layered convection.

Along the cold temperature profile, two disconti-
nuities appear: first, garnet transforms into ilmenite
in the pyrolitic upper mantle in the depth range

Ž608–664 km reaction ‘d’, located at the top of each
.plot , yielding density, P- and S-wave jumps equal to

2.6"0.2%, 3.1"1.1% and 2.7"1.0%, respec-
tively. Then, the boundary between the pyrolitic
upper mantle and the lower mantle occurs at 690–692
km depth, with density, P- and S-wave increases of
the order of 6.7"0.4%, 6.1"6.0% and 8.6"8.0%,
respectively. We want to point out this double dis-
continuity in the cold profile: whatever the chosen
scenario for mantle convection, ilmenite appears in
cold regions of the upper mantle, inducing a signifi-
cant seismic discontinuity. We therefore believe that
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several discontinuities are more likely to exist in
subduction zones than one single depth discontinuity.

8.2. Seismic obserÕations of mantle discontinuities

Many seismic observations of the mantle disconti-
nuities have been successfully compared to predicted
phase transformations in the olivine phase diagram.
First, the thickness of the 410 km depth discontinuity

Žhas been found to vary between 2 and 35 km Vidale
.et al., 1995 , in a good agreement with the pressure

range of coexistence of a-olivine and b-spinel in the
Žmantle transition zone Katsura and Ito, 1989; Fei et

.al., 1990 . Conversely, the thickness of the 670 km
depth discontinuity has been found to be much

Žsmaller, at most 5 km thick Paulssen, 1988; Ya-
.mazaki and Hirahara, 1994 , in a good agreement

with the sharp transition from g-spinel to Mg-per-
Ž .ovskiteqMg-wustite Ito and Takahashi, 1989 .¨

Furthermore, studies of the topography variations of
these discontinuities have shown a negative correla-
tion between the respective deflections of the ‘410’

Žand the ‘660’ Revenaugh and Jordan, 1991; Vidale
.and Benz, 1992; Shearer, 1993 . This is also in

agreement with the opposite signs of the Clapeyron
slopes of the respective transitions in the olivine
system. Some features of the proposed explanation
of the 660 km discontinuity in this paper are consis-
tent with these observations.

The occurrence of ilmenite along the cold temper-
ature profile leads to three separate discontinuities, at

Žrespective depths of 608–664 km exothermic ap-
. Žpearance of ilmenite , 690–693 km endothermic
. Žbreakdown of g-spinel , and 709–731 km endother-

mic vanishing of ilmenite, depths are given for a
.pyrolitic composition . Recent seismic observations

support this complex pattern for cold regions of the
mantle. First, studies of multiple ScS reverberations
found some complexity in the vicinity of the 660 km
depth discontinuity, with short scale lateral variations

Žof the reflection coefficient of this discontinuity Re-
venaugh and Jordan, 1991; Revenaugh and Sipkin,

.1994 . These latter authors attributed these variations
to the stagnation of the cold slab atop the 660 km

Ž .discontinuity Fukao et al., 1992 . They also found a
‘lower mantle’ discontinuity at 710 km depth, that
we might attribute to the vanishing of ilmenite. A
strong support to our interpretation comes from the

Ž .results of Niu and Kawakatsu 1996 . Computing a

‘discontinuity response function’ of broadband seis-
mic data under three stations in Japan and Northeast

Ž .China, Niu and Kawakatsu 1996 clearly found no
depression of the 660 km discontinuity, but rather a
complex structure with three separate discontinuities
between 660 and 780 km depth. This complex struc-
ture is restricted to the tip of the subducting slab, and
only one discontinuity appears beneath the two sta-
tions away from the slab. Furthermore, the three
discontinuities revealed within the tip of the slab
have nearly the same impedance contrast, in some
agreement with our predictions. The signals associ-
ated with these three transitions vanish in the 2–5 s
period range commonly used for P–S conversion
phases; this frequency dependence explains why the
660 km discontinuity has been previously interpreted
as a single discontinuity. Therefore the explanation
of the ‘660’ discontinuity involving the presence of
ilmenite can find some support in recent seismic
observations. Further observations of this discontinu-
ity, including broadband waveforms, are needed to
definitively confirm this present explanation.

Some recent seismic studies of precursors to PP
Ž .Estabrook and Kind, 1996 , and P–S conversions
Že.g., Bock and Kind, 1991; Niu and Kawakatsu,

.1996 found that deviations from classical globally
averaged models were needed to fit their data. Es-

Ž .tabrook and Kind 1996 proposed a 2% P-wave
velocity jump for the 660 km depth discontinuity,
together with the density and S-wave velocity jumps
given by PREM or ak135. They interpreted these

Žfeatures by a Dls0 l being the first Lame param-´
.eter across the upper–lower mantle boundary. In a

previous version of the present paper, based on older
Želastic numbers coming mainly from elasticity sys-

.tematics , we found very small P-wave velocity
jumps, in close agreement with the results and inter-

Ž .pretations of Estabrook and Kind 1996 . It is not
true anymore with the new elastic data compilation
given here: with a pyrolite starting composition, we
find now an increase of l equal to 15"2% at 660
km depth, very close to the increase reported in

Ž .PREM 17% . However, a much smaller jump in
Lame parameter cannot be ruled out from our mod-´
elling, given the large uncertainties on our results.
Note that the l parameter is much better constrained
in our calculations than seismic velocities are, be-
cause most of experimental uncertainties concern the
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shear moduli. This last comparison between seismic
studies and mineralogical models points out the need
of further investigations both in seismological mod-
elling and experimental mineralogy, before getting a
consensus on the physical properties of the upper–
lower mantle transition.

9. Conclusion

The large number of experimental works in the
past few years enabled us to review the elastic data
and phase relations relevant to mantle minerals. Us-
ing this new elastic data compilation and the meth-

Ž .ods described by Ita and Stixrude 1992 and Vacher
Ž .et al. 1996 , theoretical profiles of density and

seismic velocities have been computed. A single
layer convection and a chemically homogeneous
mantle have been assumed for this purpose. Three
different temperature profiles have been used to study

Ž .cold regions subduction zones and two different
cases for the horizontally averaged mantle. Two
starting compositions, pyrolite and piclogite, were
considered. The non-olivine part of the mineralogy is
shown to display strong density and seismic jumps,
and to play a crucial role for the explanation of
density and seismic profiles. Two possibilities show

Ž .up at the upper–lower mantle transition. 1 Ilmenite
appears at the expense of garnet and then transforms

Žinto perovskite plus a small amount of garnet case
.illustrated by the 1500 K adiabat . In such a case,

strong seismic discontinuities are found around 660
km depth, due to the cumulative effects of the break-
down of g-spinel and the reactions involving il-
menite. Then, relatively small seismic gradients are

Ž .found at the top of the lower mantle. 2 Ilmenite is
not stable around 660 km depth, and the entire garnet
content of the upper mantle gradually transforms into

Žperovskite at the top of the lower mantle case
.illustrated by the 1600 K adiabat . This induces

Žsmaller discontinuities the breakdown of g-spinel is
.the only reaction to occur and very high gradients at

the top of the lower mantle. Although the possible
variations in these synthetic results are very high due
to experimental uncertainties, the comparison with
globally averaged seismic models favours the former
case with stability of ilmenite.

Along the cold temperature profile, three reac-
tions occur at three separate depths, leading to three

separate discontinuities. Depth location, thickness
and amplitude of these discontinuities depend on the
bulk mantle composition. Such a complex pattern
has been observed in recent seismic studies in sub-
duction zones. A case of stratified mantle convection
has also been studied, including a thermal boundary
layer and different compositions between the upper
and the lower mantles. This case also provides a
relatively good fit to observed discontinuities, and
hence it is not possible to definitively distinguish
between a single layer and a stratified mantle con-
vection using this method. Ilmenite still appears in
the upper mantle in that scenario, leading to an
additional phase transition preceding the chemical
boundary along the cold temperature profile. We
therefore propose that the multiple step transition
from the upper to the lower mantle in subduction
zone, with at least two discontinuities, is a robust
feature.

Further experimental work is required to better
define the stability field of ilmenite around 22–24
GPa. This would bring new constraints on the tem-
perature profile of the Earth’s mantle, since seismic
data require the presence of ilmenite at 660 km
depth.
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