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Several seismological observations indicate the existence of compositional het-
erogeneities in the lowermost mantle, in particular, the anticorrelation between bulk
sound and shear wave velocity anomalies, and anomalously high values $i.8.,
of the ratioR = dinVs/dinVp. Constraining the composition of such heterogeneous
material is fundamental to determine its origin and its possible role on the dynam-
ical evolution of the Earth’s mantle. In this paper we propose a new approach to
constrain the composition of chemically denser material in the lower mantle. Using
geodynamical and seismological constraints we show that the denser material has
to be enriched in both iron and silica with respect to a pyrolitic lower mantle. The
required enrichment is reduced if we consider that at high pressure Al-perovskite
decreases the iron-magnesium patrtition coefficient between magiissitenand
perovskite. We then apply the estimated composition to the distribution of chem-
ical heterogeneities calculated by our thermo-chemical convection model. In the
deep mantle we predict broad seismic velocity anomalies and strong lateral veloc-
ity variations. Moreover, we find that areas of anticorrelation are associated with
upwelling mantle flow, in agreement with tomographic studies. The calcufated
ratio varies laterally and may locally have values greater than 2.7, often associated
with areas of anticorrelation. Our results compare well with seismic observations
and provide a way to reconcile apparent discrepancies between global tomographic
models. Finally, we suggest that only an enrichment in iron and silica in the
lowermost mantle is required to explain seismological observations.
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1. INTRODUCTION between different tomographic models, concerritygrofiles
_ . . . and the presence of anticorrelation.
Seismic tomography is a powerful tool forimaging the Earth's Tomographic models thus strongly suggest the existence

deep mantle structure. Despite technical differences (i.e., data o o L
- . : of compositional heterogeneity in the deep mantle, which is
treatment procedures, parametrization, and inversion method : ; . ; .
. ! also required by geochemical considerations. The large differ-
tomographic models display many common features, for ex- . :
: €Nnces in trace elements and noble gases between Mid Ocean
ample, the increase of the Root Mean Square (RMS) of bag)
N . ) dge Basalts (MORBs) and Ocean Island Basalts (OIBs)
waves seismic velocity anomalies below a depth of 2000 km

[Grand et al, 1997: Kennett et al, 1998; Masters et al, require the presence of at least two distinct reservoirs for

2000; Mégnin and Romanowic2000] and the increase Oﬁlrl;?onrs gygz;ﬁe(r?tesel(-clamn&ggrlsg:r?(]j fg;\r’;la:ﬁwze(\;\gé] La?]t()j-
their wavelength Mégnin and Romanowic2000; Su and y exp 9. e

Dziewonski1991:Li and Romanowicz1996]. These Obser_references therein) and 2D-3D numerical simulations (e.g.,

. L ) Tackley 2002; Samuel and FarnetanR003] and references
vations suggest the presence of broad seismic velocity anofpa-

lies in the deep mantle, also generally observed by differe ?reln) have investigated the long term stability and stirring

tomographic modelsGrand et al, 1997-van der Hilst et al, of chemically denser material. A major conclusion is that

1997;Masters et al.2000;Mégnin and Romanowic2000] even a small excess of chemical dgnsﬂyx%) profoupdly .
. : . = affects the nature of mantle convection. Under certain condi-
and inferred by normal mode and free-air gravity dadshif

and Tromp 1999]. The large size of these anomalies is iHpns, thermochemical convection provides a way to maintain

. . . sc-f\garated reservoirs for billions of years. Assuming a rel-
consistent with purely thermal convection and rather sugges : .
atively undegassed denser materi8lafnuel and Farnetani

tmhzn(;)gStgg?sm?z ?:rf]?lcrzl Eete:g\?iszzltslis ”l‘e;:‘gn'tzvrveirmgﬁ_bs] show that thermochemical convection can explain the
) graphy p PP y orbserved helium ratios for MORB and OIB.

mations on the nature of deep mantle heterogeneities by USING is therefore difficult to interpret several geophysical and

ratios and relative variations of seismic velocities for real ang:-ochemical observations without the presence of chemicall
theoretical body waves such as: (i) The ralioof the rela- 9 P y

denser material in the lowermost mantle. Previous studies

tive variations of S-wave to P-wave velocities. Horizontall% : . .
: . vestigated possible mechanisms that could generate a chem-
averagedR profiles show thatR increases below 2000 km. fil density excesshp, . in the lower mantle. Considering
X )

i
depth from 1.7 to values greater than 2.7 near the Core-Many . .
Boundary (CMB) Masters et al.2000;Saltzer et al.2001; 2 lower mantle assemblage of perovskite (Fe,Mg)Sid

A . | magnesiowistite (Fe,Mg)Oforte and Mitrovica[2001] and
RomanowmzZ_OOl]. Such highiz cann_ot be explained bymore recenthDeschamps and TrampgR003] suggested that
temperature differences alone but require the presence of ¢

. " . %nlg could be due to variations of the iron and silica content as
positional heterogeneitieMpsters et al.2000] and possibly "X

anleasticity Karato and Karkj 2001]. (ii) The anticorrelation prggg}s gg itr)nyé?jl lf%?gthit th[jlits?c?r?:];l’l the'fe?,'ggg? ;gsﬁg\ms
between bulk sound speed and shear wave velocity anoma{llées P

. . . Satisfy their geodynamical and seismological constraints.
in the lowermost mantle is also derived from several tomfgiJ rthermoreKarato and Karki[2001] concluded that varia-
graphic modelsKennett et al. 1998; Masters et al. 2000;

Saltzer et al, 2001: Antolik et al, 2003], and suggests th tions in Si and Fe content alone cannot explain valud$ of
. . s ; .7, and proposed that the presence of Ca-perovskite could
presence of chemical density heterogeneities. While ther

€l ! . . ,
a general agreement on the RMS profiles and on the presesnac?{eSfy this constraint. It is hard to directly compare these

A . T esults, because they ensue from different reasonings: for in-
of broad seismic velocity anomalies in the lowermost mantse[ance the chemical density contrast consideredSigofin
high R values and the anticorrelation betweeg &hd V; are Y yof

. and Gurnis 1998] is much higher than the one required by
not commonly shown by tomographic models (skiagters Forte and Mitrovica 2001]. Anelasticity is neglected in
et al,, 2000] for a review). However, these differences are 9 : y 9

: . idorin and Gurnis 1998] and Peschamps and Trampert
necessarily contradictory. Indeesiltzer et al[2001] found .
that indicators of compositional heterogeneity (iR.> 2.7 2003], contrary toRarato and Karkj 2001] and Forte and

and anticorrelation between,\and Vs) can be hidden in hor- Mltrqwca, 2001]. Flnally,. the constramts‘ considered by thege
. : . - .Ptudles for the composition of the chemically denser material
izontally averaged profiles because of their lateral variabili

They found that areas away from slab regions present bot erW|_der. .
. ! : n this paper, we focus on the lower mantle and we in-
R > 2.5 and anticorrelation between;\and V,;, while areas . . . .
i . . ._vestigate the effect of compositional heterogeneities on seis-
near slab regions have < 2.5 and no anticorrelation. This

. . : mological models and observations. Similar Foifte and
could explain, among other things, the apparentdlscrepancl‘\”altsrovica 2001] we assume that the lower mantle is an as-

semblage of the main perovskite and magne#giite phases
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and do not consider the effect of less abundant componentsvhereqy is the surface thermal expansion, the reference
such as Caand Al. We also assume that the composition oftlsgosityn, = 1.13 10?2 Pa s, the gravitational acceleration
heterogeneous denser material in the lowermost mantle is ga&0 m s2. Ap, is the chemical density excess with respect
to variations in Fe, Mg and Si content, relative to a pyrolitio the reference density. Therefore, temperature and compo-
lower mantle. First, we model thermochemical convectiitional effect on density are calculated with the linearized
from 2 Gy ago to present day time, in order to: (i) constragquation of statep = po(1 — a(T — Tp) + Apy/poX)-

the chemical density excegsp,, required for the material to ~ Similar to [Samuel and Farnetan2003], homogeneous
remain stable, (ii) obtain the temperature field, the geometnyernal heating is linked to concentrations ¢f8U, 235U,

and distribution of the chemical heterogeneities. Second, #WéTh and*’K that vary as a function of time because of ra-
calculate the seismic velocity anomalies of P-wave, S-wad@active decay (using values of radioactive decay constants
and bulk sound for a wide range of compositions. Third, vlisted in [Turcotte and Schuberti982]). This yield values
use geodynamical and seismological considerations to coh-H from 31 att=2 Gy B.P. to 19, corresponding to ac-
strain the composition of the dense material. Finally, vieal concentrations of U=17 ppb (with®U/?3°U=135.88)
assign the calculated composition to the dense material in t#Th=65 ppb and'°’K=25 ppb (using the heat production
geodynamical model. Our predicted seismic velocity anomates for233U, 235U, 232Th and*°K given in [Turcotte and
lies, R profiles and distributions and anticorrelation are the3thubert1982]).

compared to seismological observations. Our model domain is constituted of 76828 square cells
providing the resolution of 22.6 km/cell. At the top and
1.1. Convection model bottom surfaces the temperature is constant and we impose

We use the numerical code for solid state convection STAG2Er0 vertical velocity and horizontal free slip. Atthe sidewalls,

by P. Tackley, which has been described in detaillackley periodic boundary conditions for temperature and velocity are

2002] and references therein. The code, in cartesian geoffiRosed.

try, solves the equations of conservation of mass, conservation )

of momentum, conservation of energy, and the advection of-8- Thermodynamical model and parameters

compositional field. In our two dimensional convection cal- 1.2.1. Thermodynamical model. The code uses a ther-

culations, we use 25 active tracer particles per cell to modebdynamical model for depth dependent parameters (temper-

the presence of chemically denser material. The code allatgre, density and thermal expansion). The depth dependence

vertical compressibility, therefore the densijtythe thermal of temperature is assumed adiabatic:

expansiony and the thermal conductivitly are depth depen-

dent, as described in the next section. oT’
The characteristic scales used to normalize the governing 9z

equations are the mantle degih2890 km, the surface den-

sity pg, the superadiabatic temperature dediy=2500 K. A

thermal diffusion timescale is used)? /x wherex = k/pCp

is the thermal diffusivity, the specific heat>=1200 J kg'*

K~!is assumed constant. The internal heating is scaled over , ,

pD? /kAT. Three non dimensional numbers appear from the o' - _Di ',

normalization of conservation equations: the surface dissipa- 9z v

tion number

= —DiT’, (4)

where the primes denote non-dimensional values. Den-
sity varies with depth according to the Adams-Williamson
equation of state:

()

v = aKg/pCp is the thermodynamical @neisen pa-
anaD rameter, with the assumption thap is constant. Ks is the
Diy = 09 , (1) adiabatic bulk modulus.
Cp Thermal expansion varies according to the semi-empirical
the Rayleigh number based on surface parameters:  relation [Anderson et a).1992]:

poATgD? ) "
Ra = —————, 2 = ap exp ) (1 - (Po) ) ) (6)
KoT)r n p
the surface buoyancy number: ) ) )
with 1, = —(%T)(%%)p the isothermal Anderson Gneisen
Apy parameter at ambient conditionsjs a constant equal to 1.4,

YN (3 andK; is the isothermal bulk modulus.
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1.2.2. Thermodynamical parameters. Our objective is
to investigate the effect of the presence of chemically denser Kg + %M 1/2 1 1/2
material on seismic velocity anomalies in the lowernmantle Vp = < ) Vs = () )
For simplicity, we do not consider phase changes and vari- r p
able viscosity. Since we are interested in lower mantle com-where K is the adiabatic bulk modulus andthe shear
positions, we consider only lower mantle assemblages wigiodulus. Another parameter commonly used in tomographic
two phases: perovskite (Fe,Mg)Si@nd magnesioiistite models is the theoretical bulk sound speed:
(Fe,MQ@)O. The third component, CaSiPerovskite, has elas-
tic parameters close to (Fe,Mg)Si@erovskite and is thus ve (2 Ay vz Ks 1/2 8
neglected, which appears to be a reasonable assumption as e=\VpT3"s “\p ‘ (®)
shown by Peschamps and Trampe003]. Therefore, the
values of the parameters chosen for our convection calcula/Ss» #+ @ndp depend on temperature, pressure and compo-
tions must be consistent with respect to this assemblage. AEON- For our mineralogical model composed of perovskite
suming a pyrolitic composition for the reference mantle, thg€:M9)SIQ and magnesioustite (Fe,Mg)O, the composi-
density of the assemblage of perovskite and magnéisitie tion iS defined by: the iron molar ratioF'e = nFe/(nFe +
at room conditions ip,=4160 kg m? (using relations given #M9) = 1—xMg, the silicamolar ratia:Si = nSi/(nFe+
in Table 1). nMg), and the iron-magnesium partition coefficient:
Surface values ofy, v, d7;,, and oy, listed in Table 2,
were evaluated assuming an assemblage of perovskite and KFe = %_ (9)
magnesiouiistite. We takej;, =4.6 for the mantle composi- (zFe/xMg)p,

tion which falls well withind7;'=4.1 [Gillet et al, 2000] and  For 4 given:Si, 2 Fe composition and< Fe we calculate
67:=6 [Chopelas and Boehlef992] at ambient cond|t|ons.K§,T' 1PT andpPT for each of the two phases considered.

10=1.33 was estimated by doing a \Voigt average{3=1.31 \\je can then derive&’s (T, P), Vs (T, P) andVs (T, P) in our
andy;"*’=1.41 PJackson 1998] with a volumic proportion of mantie domain, proceeding as follows:
80% perovskite. The thermal expansion coefficient at ambi- we consider a third order Birch-Murnaghan finite strain
ent conditions for perovskite ranges betwee® 10> K™!  formalism Birch, 1952], for which the pressure along an
and~ 4 10°° K~!, depending on its iron contenK@rki gdiabat writes:
and Stixrude1999], while for magnesioiastite studies seem
to agree for a value close to 3 10K~! [Hama and Suitp
1999], therefore we use,=2.7 10° K1, 3 pop [ pPTs P P,Ts \ (5/3)

Using Equations 4, 5 and 6, we obtain5620 kg nT3 at P = §KSO’ ) (pP(,,T5> - (W) (10)
the Core-Mantle Boundary (CMB), which is in good agree-
ment with PREM Dziewonski and Anderspri981]. The { 3., [ pPTs \ 7%

e S ()™ )

calculated thermal expansion coefficiert0.9 107°> K—! at
the CMB is also consistent with high pressure experiments
[Chopelas and Boehled992]. The temperature at the CMB where K, = (0Ks/0P)p_p,, Tso is the temperature at

1,=3470 K is about 100 K lower than a previous estimatiqf top of the adiabat considered (Figure 1a), aRd”s is
by [Brown and Shankland 981]. This choice of physical andapproximated by:

thermodynamical parameters leads to a surface= 107.

pPo T's

Po,Ts — PoTof] _ (To — Th)aFo To]. 11
2. CALCULATION OF SEISMIC VELOCITIES p pr L= (Ts = ToJa> ] (11)

For each phasp’™ 70 the density at ambient conditions
T,=300 K andP, ~ 0 Pa, is calculated using the molar mass
In order to compare our thermochemical model with seismgng molar volume of each component (Fe, Si, Mg, O). This
logical observables, we calculate the seismic velocities foy;g|ds the relations given inWang and Weidner1996] (see
wide range of mineralogical compositions combined with thgp|e 1). Thus, using Equation 10, we calculate for each
temperature field obtained with the convection code. Makipgase ,”7s the density along the adiabat.
the assumption that the lower mantle is seismically isotropic Following [Stacey and Davj@004], we calculaté(’g’T for
[Meade et al. 1995]_, the seismic velocities of P-wave anﬁero\/skite and magnesidistite at pressurB and temperature
S-wave are respectively: T by differentiation of Equation 10 and by considering a linear
dependence oK ¢ with temperature:

2.1. Formalism
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PT _  _PT PT PT\ PT
KPT _ pal3/3TYA 4 b(T/IITE 3t Pa =@ e + (=97 oy (18)
S —al®/3 4 bI'7/3 — cI'3 (12) Using Equations 7 and 8, we obtain the P-wave and S-wave
0Kg velocities as well as the bulk sound speed for the assemblage
<8T) » (T = Ts), of perovskite and magnesidistite.
Note that since we do not take into account phase changes
wherel = pPTs [pPoTs ¢ — —2(K' — 4) + (8/3), and consider only lower mantle phases, we take pressure from
b= —4(K'—4)+ (8/3)andc = b —a. PREM [Dziewonski and Andersot981] instead of comput-

The next step before calculatimj)’T is to expres@PvT, ing the lithostatic pressure with our densities, which would

the thermal expansion coefficient Btand7". We make the have biased the results.

reasonable assumption tiats above the Debye temperature The isothermal bulk and shear modulus for Mg-perovskite
and we use the relationship: and periclase and their derivatives with respedt tnd P we

use for the calculations detailed above are given in Table 3.
pFoTso, (13) We have chosen to use these values derived from molecular
dynamic calculationsNlatsui 2000] because they are au-
with tocoherent and compatible with recent experimental results.
K We made however an exception for the valuedpf/0T=-
N = afts (14) 0.019 GPa K! for perovskite which appears too low com-
pCp pared with values proposed by other studies, that generally
Combining Equations 13 and 14 gives: range between -0.027 GPa Kand -0.029 GPa K! [Duffy
and Anderson1989; Sinelnikov et al.1998]. Thus, we use
Ou/0T=-0.024 GPa K1, the average of the extreme values.
Since seismic waves propagation is adiabatic, we convert the
] isothermal values for bulk modulus (Table 3) to the adia-
where we consider a pressure dependencg for the spegifif: case (see appendix A). For shear modulus, there is no
heatCp (see appendix B). Then we calculaté™ using the g;qnificant difference between adiabatic and isothermal case

pPT PT _ . Po,Tso

TP v

PT ,YPO,Tsinu,Tso C}I;'
a ot = 57T , (15)
KS’

equivalent form of Equation 11. [Poirier, 1991].
The pressure (or volume) dependence of shear modulus ig, these calculations, the influence oFe on the elastic
then evaluated using the relationshieyies 1974]: coefficients is taken into account for Mg Fe,»» SiO; per-
ovskite and for Mgmu FemwO magnesio%stite (Table 1).
PT, \ 5/3 Experiments have shown that the bulk modulus of perovskite
pbTo = ( pp or ) (16) [Yeganeh-Haeril994] is not affected by the presence of iron.
proe The influence of iron on the shear modulus of perovskite is
Py, L Py, Ty _ @ Py, To expected to be small (se®/png and Weidner1996] and ref-
{urv g [surnm =3 (5) x| . 996] and ref:
T erences therein), however there are no confirmation available
PTo 2/3 from high pressure and temperature experiments.
()]
P 2.2. The reference mantle

Seismic tomography displays velociapomaliesvith respect
to a reference model, which is often PREM, or with respect
P P, o to the average velocity. Therefore, we need to choose a ref-
pot =t A+ <8T> (T = T). (I7)  erence model in order to express our seismic velocities in
P terms of velocity anomalies. The assumed pyrolitic com-
Finally we obtairp”™ 7, KSP*T andu™" for pure perovskite position for our reference mantle is defined f§i = 0.68
and magnesioiistite. We next calculate” 7, the volumic andxzFe = 0.11. Although K Fe is pressure dependent its
proportion of perovskite in the assemblage of a given comp@lue above 40 GPa (i.e., below 1000 km depth) seems to
sition. The elastic coefficients for the assemblage are obtaitedconstant and about 3.&(iyot et al, 1988]. Therefore,
by doing a Voigt-Reuss-Hill averagé/tt et al, 1976], while we assumeK F'e = 3.5 through all our reference mantle.
the density of the assemblage is calculated by doing a Voidte reference temperature profile (shown in Figure 1a) is
average: assumed to be adiabatic with a top adiabat at 1700 K, plus

and its temperature dependence is expressed as:
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thermal boundary layers: 90 km thick at the top and bot-excess prevents the dense material from a complete mixing
tom. The calculated reference density (Figure 1b) giveswvith the overlying mantle, however it is not high enough to
very good fit to PREM in the lower mantle. As expectegyroduce a flat interface. The interface is a thermal boundary
the fit is poor in the upper mantle since we have considelagler across which the temperature jump ranges between 300
only lower mantle phases. Figure 1c shows depth profilsd 800 K, as shown also in the horizontally averaged tem-
of thermal expansion coefficient for pure perovskite, puperature profile (Figure 1a). Hot plumes are generated from
magnesiowistite and for the assemblage. At ambient condlemes of dense material, the height of the domes is on average
tions, the thermal expansion coefficient for perovskite and 800 + 250 km and can extend to a depth of 1500 km (e.g.
magnesiowistite are respectively 2.6 10 K—'and 4.1 10° see Plate 1b at x/D=5.0). The volume of the dense material
K—!. Such values are higher than experimental estimatesdocumulated at the bottom of the lower mantle is abouiz15
Mg-perovskite Fiquet et al, 2000; Gillet et al,, 2000] and of the whole mantle volume, therefore %0of its initial vol-
magnesiowistite (seellama and Suitp1999] and referencesume has been brought in the overlying mantle, where stirring
therein). However, these experiments have been performedsogificient [Farnetani and SamugR003;Samuel and Farne-
pure Mg-perovskite and periclase, while our results inclutimni, 2003]. Filaments of heterogeneous dense material (i.e.,
the presence of iron in both phases. As pointed oulayKi x > 0) stretched by the convective stirring are easily visible
and Stixrude 1999], measurements on Fe-bearing sampiesPlate 1b.

yield much higher values of thermal expansion at ambientFinally, the value ofAp, /p=1.7% allows a significant
conditions. The calculated volumic proportion of perovskianount of dense material to remain stable at present day
in the assemblage at ambient conditions>i$-70 = 82%, time, with a topography. Indeed, ifip, /p is lower than
providing a thermal expansion coefficient for the assembla@%, the dense material cannot remain stable and will be
af10=2.8 105 K~1. At high pressure and temperatureapidly mixed with the overlying mantle, while ikp, /p is
(P=135 GPa and'=3450K) « is 1.0 10° K~! for magne- to high, the dense material will form a flat interface, which is
siowiistite and 0.94 10 K~ for perovskite, which comparenot observed by seismology. We remark that variable viscos-
well with experiments on Mg-perovskit&jllet et al, 2000] ity would help to stabilize the dense materighgkley 2002;

and MgO [Chopelas and Boehlei992]. Samuel and FarnetanR003]. Therefore, we can reasonably
consider that\p, /p required to give a stable dense material
3. RESULTS with a topography ranges betwe&ft and2% and perhaps
) . . less, depending on the distribution of heat producing elements
3.1. Behavior of the chemically denser material in the mantle.

We start the calculations &j=2 Gy before present, which cor-  In our model, the homogeneous internal heating rate is
responds to the mean age of continental crust, and assumeliifiadd to the time-decreasing concentrations in heat producing
the dense layer represents/26f the whole mantle volume. elements (due to radioactive decay, see section 1.1). Therefore
We choose this ‘initial’ time in order to avoid the modeling ofhe term ‘present day’ indicates a time for which the concen-
continental crust extraction. trations of heat producing elements in our model corresponds
Similar to [Tackley 2002], our initial condition for tem- to present-day estimates of U, Th and K mantle content, based
perature was obtained by running the calculations with tba chondritic models (e.g.McDonough and Syri995]. We
dense layer until reaching a thermal equilibrium. We affeshould point out that the relatively high value of the constant
a large value of the buoyancy numbes=0.5) in order to viscosity chosen here yields the dimensional time based on
keep the denser material in the bottom of the lower man#econvective time scale about 6 times smaller then the one
with no topography. Aty, the surface buoyancy numhBris based on the diffusive time scale. Nevertheless, even when
set to 0.25, which corresponds to a chemical density contréisbosing a convective time scale, we checked that the dense
Apy/po=1.T%. material could survive at least 2 Gy after our initial condition.
Plate 1a shows the non dimensional potential temperatWite reason for this is that the set of parameter chosen for the
field (i.e., the temperature without the adiabatic gradient) atbnvection model yields a quasi-dynamic equilibrium of the
tained after running our calculation for 2 Gy aftgr The pres- thermochemical system and the entrainment of dense material
ence of relatively small chemical density excags, /p=1.7% by thermal plumes is relatively low. However, when viscosity
greatly influences the nature of convection. The hot denggetemperature dependent, one should expect a higher entrain-
material develops a topography and is not continuous, pgent Zhong and Hager2003]. This would therefore require
ing deflected by cold plumes (e.g. see Plates 1a and 1k gbmewhat higher value of the chemical density contrast in
x/D=0.20 and x/D=5.5). Therefore we use the term ‘denseder for the dense material to survive for 2 Gy.
material’ rather than ‘dense layer. The chemical density
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3.2. Constraints on the composition of the dense material our geodynamical considerations (constraint 2). Isocontours

In the following, we consider two mineralogical end menff chemical density excess at ambient temperature are rep-
bers: (i) the reference mantle, assumed to have a pyrolfgsented by the black lines in Plate Xp, /p=0% (i.e., no
composition, (i) the denser material, whose mineralogicgtemical density excess)d 2% and 4%, while the green line
composition has to be constrained. Our approach is to i@ Specific isocontoutp, /p = 1.7% corresponding to our
seismological models and observations as well as geodyn&fRdynamical modelAp, /p were obtained by computing
ical considerations, to constrain the compossition of the dert&g densities atambient temperature for the reference pyrolitic
material. Our strategy is to calculate the seismic velocfyantle and for a wide range of"e and.S: compositions, as
anomalies with respect to our reference mantle for a |a%ailed in section 2.1 but at T=300K. The normalized density
range of mineralogical compositions, and then to use s gference between the reference mantle and composition cor-
mology and geodynamics to constrain the composition of tigsPonding to variousSi andzF'e thus representap, /p.
dense material. For seismological constraints, we especidlfjf¢ compositions which satisfy both geodynamical and seis-
focus on the anticorrelation between shear wave velocity dR@logical considerations lie within the orange area since they
bulk sound speed anomalies, associated with slow shear w2afsfy simultaneously constraints 1 and 2. In agreement with
velocities. The second type of constraint arises from geoddyevious work Kellogg et al, 1999] the dense material has
namical considerations on the stability of the dense materf8l.b€ enriched in both iron and silica with respect to a py-
As previously mentioned, we can reasonably consider tf@ltic composition (represented by the triangle in Plate 2).
Ap,/p (at ambient conditions) required to produce a staff@" Apx/p = 1.7%, the composition which differs the least
dense material with a dynamical topography is betwe&n {rom the reference pyrolitic composition is defined by the in-

and2%. tersection of the green liné\p,,/p = 1.7%) and the red line
Therefore, we require the following constraints to be se@nvfo)-

isfied simultaneously: We findzFe = 0.17 andzSi = 0.81 when§T=400 K

(1) dinV,/dinVs < 0 associated with diny < 0. and K F'e=3.5 for the dense material (Plate 2a). For a higher

() Apy/p=1—2%. temperature contrast between the reference mantle and the hot

dense material7'=800 K, (Plate 2b) a greater increasecéf;

The calculation of seismic velocity anomalies is first pelg required, whilez e remains unchanged with respect to
formed at a pressure of 100 GPa, corresponding 2200 km the previous case. However, such high temperature contrast
since at this depth: the dense material in our numerical motfgnconsistent with the excess temperature of mantle plumes
starts to appear, and seismological observations indicatelfrifnetani 1997]. We also investigate the influence of a
existence of heterogeneity. According to our reference telpwer K Fe for the dense material, which could be due to
perature profile (Figure 1a), the temperatur@at.00 GPa is the presence of a small amount of aluminum in perovskite at
2200 K. Following the approach detailed in section 2.1, Wégh pressureAndrault 2001]. Al-perovskite is not explicitly
calculate the seismic velocity anomalies for a large ranget®ken into account in our calculations, since we neglect the
zFe andzSi molar ratios. Plate 2 shows the results for twB0ssible effect of Alor, K andy. for perovskite. However,
cases, where we vary the temperature contizsbetween this simplification is probably reasonable since the amount
the reference mantle and the hot dense material, and/or@h8!-perovskite necessary to decredsé’c is relatively low
iron-magnesium partition coefficiedt Fe between magne- [Andrault 2001]. We find no significant differences in silica
siowiistite and perovskite for the dense material. In the fi@#d iron content with respect to the cases whg€e=3.5.
case (Plate 2a)7'=400 K andK Fe=3.5 for the dense mate-Table 4 summarizes the main results presented in Plates 2a-b.
rial. The blue curve corresponds to dig¥0 while the red Calculations have _also been conducted at higher (i.e., up to
curve corresponds to din0. Above the blue and the redl3> GPa) and lower (i.e., 25 GPa) pressures. In either case we
curves, din\4 and dinV, are negative, respectively. Theref-lnd. that t.he results described above remain valid. Similarly,
fore, areas in dark and light grey correspond to compositio§ investigated the effect of the reference mantle temperature
that would give an anticorrelation between bulk sound speif find that even a wide range of temperatures (1800-3000
and shear wave velocity. Moreover, the light grey area corfo-does not affect significantly our results. Therefore, for the
sponds to compositions for which anticorrelation betwegn YOSt plausible cas@,'=400 K, our preferred compositions
and V, is associated with slow shear wave velocity. This cdir the dense material (i.e., those which differ the least from
responds to our first constraint. The composition of the der{88 reference pyrolitic mantle) range between 0.77 and 0.81
material should therefore lie within the light grey area. Wer +:5¢, and between 0.14 and 0.17 fef'e, depending on
can further constrain the composition by taking into accodf¢ chemical density contrastp, required (see Table 4).
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3.3. Comparison with seismological observables 1d atz/D= 0.25 andz/D=0-0.25), where din¥ is nega-
3.3.1. Check of models coherency. From further con- tive while dInV,, is positive. These differences produce areas
siderations, we fix the composition of the dense materff|anticorrelation between ¥and V; (Plate 1e). The com-
to £5i=0.81,2Fe=0.17, andK Fe=3.5, thus forAp, /p = Position chosen for the dense material, combined with our
1.7%. Since we use two different formalisms for the geodjemperature field, is responsible for this anticorrelation asso-
namical model (Equations 5 and 6) and for the post-process‘ﬁ'@ed with slow shear wave velocities. We remark that these
calculation of seismic velocities (see section 2.1), it is impg¥€as are not located everywhere inside the dense material be-
tantto check that our preferred composition produces the sdifiese the temperature contratbetween the two materials
critical quantities obtained by the numerical convection cod@.to0 high to produce any anticorrelation (see Plate 2). In-
From a geodynamical point of view, the critical quantityforth%tead- anticorrelation areas are mostly located at_the interfa_lce
stability of the dense material, for a given temperature field h§tween the hot dense material and th(.a.overlylng PWOM'C
the effective buoyancy numbeRB. ;s = Apy /(po(T —Tp)). mantle where temperature (and composfuonal) gradlent§ are
In Figure 2a we compare the horizontally averadgd, ob- Strong. Moreover, anticorrelation areas are mainly associated
tained from STAG3D withB.;; from our post-processingW't_h upwelllng regions, Whlle thert_a is z_ilmost no anticorre-
calculations, while in Figure 2b we compare the horizoftion in downwelling regions. This is in remarkably good
tally averaged chemical density contrasp, /p, (without 2agreement vylth recent observauon%glt_zer.et aI[2Q01].
the effect of temperature) given by STAG3D witkp, /po The amplltudes of our ca!culated seismic veIouty anoma-
from our post-processing calculations. In both figures, th@s are higher than those displayed by tomographic models,
small differences indicate a satisfactory coherence betw&@inly for two reasons: First, our model resolution of 22.6

thea priori thermodynamical model used in STAG3D and tHgM is much higher than the resolution of tomographic mod-
post-processing calculations. els in the lower mantle. Thus, we are able to display small
structures that cannot be imaged by seismic tomography. We
3.3.2. Seismic velocity anomalies.We calculate seis- altered the resolution of our model from 22.6 km to 180 km
mic velocity anomalies with respect to our reference using t 2d a filter (see appendix C) and we find that the ampli-

temperature and the compositional fields shown in Plates %%es of seismic velocity anomalies are reduce#i3c% for

and 1b. Values of xSi and xFe are linearly linked to tlﬁeuear wave;t1% for compressional waves ang.5% for

alu of e compositonal ek =0 conesponds o a . (0% 0.1 SPeec. Mot ateven wil erng, e e fesuts
rolitic composition whiley=1 corresponds toS: = 0.81 and ged.

xFe = 0.17. The obtained seismic velocity anomaly field fotromograpmc models underestimate the amplitude of seismic

bulk sound (Plate 1c) and shear wave (Plate 1d) have glvgl_oci_ty anqmalies, sometimes by a factor 3, as a resuilt of
ally a comparable shape, mainly induced by the temperaturaemplng Breger etal, 1998].
field. The amplitude of the anomalies for shear wave ranges o . ]
between+4% while for for bulk sound speed, less sensitive 3-3.-3. RMS seismic velocity profiles. A common fea-
to temperature heterogeneity, the anomalies range betwi# Of tomographic models is the increase of the Root Mean
+1%. Seismic velocity anomalies for P-waves (not showgauare (RMS) seismic velocity anomaly belew2000 km
range between:1.7%, and have a similar shape to dipv [Masters et al.2000;Mégnin and Romanowic2000]. Since
and dinV;, fields. The calculated velocity anomalies compafMS seismic velocity gives a measure of the lateral variations
fairly well with seismic tomography of the lower mantle (e.g.Qf seismic velocity anomalies, the observations suggest an in-
[Mégnin and Romanowic2000]). Another important featurecréase of mantle lateral heterogeneity below 2000 km. Fig-
in good agreement with local seismic studies of the lower maie 3a shows the RMS seismic velocity anomalies for shear,
tle [Breger et al, 2001] is the sharp lateral variation in seismigompressional and for bulk sound. Note that we purposely
velocity, induced by the coexistence of hotter, denser matef¥flude values corresponding to depth greater than 2800 km
with cold plumes. We remark that strong lateral variatiof€Cause our constant temperature boundary condition at the
in temperatures are a specific feature of thermochemical cBALtom hinders lateral temperature variations below this depth.
vection and cannot be generated by purely thermal convectidhcalculated RMS profiles show an increase belev2000
models, for which the hot buoyant material is free to rise & depth, in good agreement with tomographic studies. This
shallower depths. is due to the topography formed by the dense hotter material
Although seismic velocity anomaly fields for bulk sound! the lowermost mantle. Again, we note that purely thermal
and shear wave have globally a comparable shape, sevePgrection models are unable to reproduce the observed RMS

differences can be observed (e.g. compare Figures 1c Brgfiles.
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3.3.4. The ratio R in the lower mantle. Supplemen- ture variations they have considered in the lowermost mantle.
tary informations about mantle chemical heterogeneity canlbis important to remark that considering anelasticity does not
provided by the ratiaR of shear to compressional velocitynodify our results on the composition of the dense material.
anomaly: This can easily be seen in Plate 2 where we determine our pre-

ferred composition for the dense material as the intersection
— dl”VS. (19) between the two isocontoutsp, /p = 1.7% and dInV;=0.
dinVp Since anelasticity affects only S-waves but not P-wave or bulk

It has been argued that above a critical valu&e®.5-2.7 sound speed, it will not change the position of the two iso-
seismic velocity anomalies cannot be explained by tempetantoursAp, /p = 1.7% and dIn\,,=0 in Plate 2 and thus the
ture differences alone, but point out chemical density differemposition of the dense material according to our criteria.
ences Masters et al.2000;Karato and Karkj 2001]. Global

joint tomographic modelsHobertson and Woodhoysk996; 33,6, Differences between our reference model and
Masters etal.2000], have shown that, on averagiancreases preM.  Although itis relatively simple, our reference model
with depth from about 1.5-1.7 at 1000 km, to values somgiyes a reasonably good fit to PREM'’s profiles with a mean de-
times greater than 3 near the core-mantle boundary, ®ithjation less than % + 0.4% for Vg, and1.0% +0.5% for V.
becoming greater than 2.5 at approximately 2000 km depifgtyally, we did not expect the seismic velocities of our refer-

Saltzer et al[2001] have shown that th& ratio has a lat- ence model to match perfectly PREM. In fact, the assumption
eral variability, especially in the lowermost mantle, with areas 1 d(V2) -1

i — dKs | 1
whereR is greater than 2.5 and others whé& s lower than 2, made in PREM of a Bullen parametgg = “75* + g dr

depending on the lateral position. Our calculated horizonta“]rough allthe lower mantle implies, among other things, that

averagedr profile is about 1.5 at 1000 km and increases Wi{ﬁ{emal heating .a.nd the presence of the”‘.‘a' boundary layers
depth to 2.2 at 2800 km depth (Figure 3b). Howevghas a are neglectedHoirier, 1991]. This assumption may not have

| o U : . a dramatic effect on densities, since the thermal expansion of
arge lateral variability as clearly visible in Plate 1f which dis- . . . .

! . the lower mantle is relatively small, but it can have an impor-
plays areas witlk >2.7. These areas match fairly well are %mt offect on the elastic coefficients and 1. and thus on
of anticorrelation between yand Vs (Plate 1e), emphasizin '“'

g )
Vs and V,. Furthermore, as pointed out bip¢waele
that these two features are closely related to each other. ¥HD s 4 T .
u y and Guyot 1998], PREM underestimates the anelastic effects

maximum /2 values (Figure 3b) show that the horizontall%n seismic waves. This can also be seen in appendix D. Tak-
ver rofile hi lateral variation 2.7, which ="~ ' o i '
averagedz profile hides lateral variations at >2.7, ¢ ng into account all these complications, we consider that our

can instead reach values up to 5. The good agreement of Odr . . . .
results with tomographic stEdies, in pagicuISrag[tzer et al. re?erence modelis not incompatible with PREM.

2001], strongly supports the idea that chemical heterogene-

ity varies laterally as well as the anticorrelation betwegn v 3-3.7. Effectof thermodynamical parameters. The re-
and V,. This may explain the reason why some tomograpHiklts previously described bear strong implications for under-

models find relatively lowR (< 2.5) [Kennett et al. 1998], Standing the structure and composition of the deep mantle.
depending on the seismic area covered. However, one should wonder to what extent our choice of

model parameters affects our results. From the various lab-
oratory studies and numerical simulations it is clear that the

3.3.5. Effect of anelasticity. Anelasticity as well as an- lasti i d their derivatives f kit
harmonicity may play an important role when one tries to egp_ermoe astic parameters and their derivatives Tor perovskite

plain values ofR greater than 2. 7arato, 1993:Karato and and magnesioistite are affected by significant uncertainties.

Karki, 2001]. We thus investigated the effect of anelastici&? investigate the effect of these uncertainties on our results
P ou,r results, following Karaté Karki's approach Karato e can consider separately the effect of each thermoelastic

. . I P
and Karki 2001]. Details of calculation can be found in a parameter listed in Table 3. Reasonable varlat|onspf7k

PoTo pi . ; o
pendix D. As shown in Figure 3b, when anelastic effects at gd“ . t(') W'"fnt?]t affeclt S|tgn|f|ca?rtly om:r re_s{;:lts since it Is d
taken into account, the averag&dprofile is higher, leading ‘ evarlatlon Oh' ﬁse %as IC coetlicien IS Wi preSSLIJ_re agh
to values that range between 2.7 and 4 below 2000 km, g perature which proguces seismic ve ocity anomalies. The

agreement withKarato and Karkj 2001]. However, anelas-C ethOf 'r?;: on ?I![.ela}stlc pa;lr ‘.”‘meters IS fr:ahpo_rted o bte Stnt]r? "{
ticity as well as the presence of Ca variations do not sebpgretore, the relatively small increase of the iron content tha

to be necessary to explain valuesigreater than 2.7, con-Wet pmp(?fe gor part; dthe (IjowTer:most part of .the Imgntle tqloets
trary to the conclusions ofKarato and Karkj 2001]. This tnho nfere i (; € consi ergt. us,twe gan 5|tr_npy |n\{[ﬁs lgla e
discrepancy between our results and the studyarfito and € efiect of pressure and temperature dervatives on the siope

Karki [2001] can be explained by the higher lateral temper%r-]d position of the curve din)=0, because it determines the
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composition of the dense material for a given chemical density(2) The iron enrichment could be due to the incorporation of
contrast (see Plate 2). At a given depth the lateral variationirain from the outer core into the mantl€iittle and Jeanloz
bulk sound speed is produced by temperature variations 4881], probably during the early stages of the Earth history,
composition at (almost) constant pressure, therefore sligtiten convection was more vigorous.
variations of(du/0P), and (0K /OP), parameters do not (3) A previous experimental studyGyot et al, 1997]
affect our results. Similarly(dou/0T') , does not affect the proposed that Si could be incorporatedi, .1 at shallow
curve dinV,,=0 since \; does not depend om. In contrast, depth and high temperature, during the early stages of core
the temperature variation df has a considerable effect oformation. At greater depth the Si incorporatedFiey,cta)
the slope and on the position of the curve dj#0. is no longer stable and SiQvould be formed Guyot et al,
For example, in7T=400 K, K Fe=3.5 andAp,,/p = 1.7% 1997]. This process could participate to the Si enrichment in
for the dense material, an increase (6 s/0T), from - the lowermost mantle.
0.015 GPa K' to -0.006 GPa K! for the assemblage will  (4) Another possibility is that the Earth’s bulk composition
require a decrease 0f5i from 0.81 (see Table 4 or Plate 2b)s not derived from CI chondrites, as generally assumed, but
to 0.75, with almost no change iff'e for the dense material.is derived from another type of material such as Enstatite
For the same conditions, a value(6fs /0T") ,=-0.026 GPa chondrites, as proposed by Javalajoy 1995]. In such
K~! for the assemblage yieldsSi=0.90 . Interestingly, in case, the bulk composition of the Earth could be depleted in
that case we have observed that a low valueAdre (0.5 Mg relative to a Cl-derived bulk composition. Therefore, it
instead of 3.5) reduces the required Si enrichment to 0.78would yield a Fe and Si-enriched lowermost mantle, since the
The variations of 0K s /0T') , investigated here are ratheupper part of the mantle is close to pyrolite.
large compared to values that converges t®.015 GPa K!
(see appendix A). Still, it appears that th§: value of the 5. CONCLUSIONS

dense material is strongly correlated to this uncertainty. o o ] ) )
Combining seismic tomography with geodynamical consider-

ations provides a new way to constrain the nature of composi-
tional heterogeneity in the lowermost mantle. We conducted
A robust conclusion of our study is that the dense materihermochemical convection simulation, with a chemical den-
must be enriched in both Fe and Si with respect to a pyrolisity excessAp, /p=1.7% for the dense material, starting the
composition as proposed {ellogg et al.[1999], in order to calculation 2 Gy before present. After 2 Gy of convection,
satisfy geodynamical and seismological constraints. Seveha dense hotter material develops a dynamical topography
hypothesis can be advanced for such enrichment in Si andlité.remains stable in the lowermost mantle. Using a lower
(1) Subducted oceanic crust is enriched in Si and Fe andntle thermodynamical model considering the assemblage
which was reported to be denser than a pyrolitic mantle adtperovskite and magnesidstite, we constrain the compo-
lower mantle pressuresi[rose et al, 1999;Guignot and An- sition of a dense material with respect to a reference mantle,
drault, 2004]. Indeed, the mineralogy of a MORB-type massumed to have a pyrolitic composition. Available data and
terial becomes- 30% mol. of Al(Mg,Fe)-perovskite (with models are all compatible with the presence of a chemically
xFe ~ 0.4 andxSi ~ 0.75) and ~ 20% mol. of SiO, denser material simultaneously enriched in Fe and Si. This
stishovite [Guignot and Andrault2004]. These iron andenrichment is lower when the temperature contrast between
silica-rich phases could react with a pyrolitic mantle, yieldhe dense hotter material and the overlying mantle decreases.
ing an enrichment in both Si and Fe. Following values listed We apply the composition which satisfies geodynamical
in [Guignot and Andrault2004], zS%,yrolite /2 Sinmors ~ and seismological constraints to the temperature and com-
xFepyrolite/TFenorp, Where the subscript ‘MORB'’ referspositional fields extracted from convection simulations, and
to Al(Mg,Fe)-perovskite and stishovite present in a MORBomputed the main seismological parameters. Our results re-
To explain the highest enrichment in Si (i.257=0.85) and produce well seismological observations, in particular:
Fe (i.e.,xFe=0.17, see Table 4) proposed in this study, abo(d) The presence of broad seismic velocity anomalies in the
30% vol. of subducted oceanic crust should be mixed witbwermost mantle.
70% vol. of pyrolitic mantle. Assuming a past subductiof2) The increase of the RMS seismic velocity anomalies be-
rate of~ 30 km?/year and that the volume of the enriched masw 2000 km depth.
terial is 29% the whole mantle volume, the necessary amou@) The presence of anticorrelation between bulk sound speed
of subducted oceanic crust would be reached aftdr5 Gy and shear wave velocity anomalies, mainly located in up-
of subduction. welling areas.
(4) The presence of areas &=dInVg/dinVp > 2.7 that

4. DISCUSSION
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match fairly well areas of anticorrelation betweer ¥nd A.3 and A.4 for ambient conditions using, in addition to Ta-
V. ble 3, the following values of thermodynamical parameters:
(5) The horizontally averageft profile which increases be-1£*=1.33 Packson and Rigdei996],(0«/0T)},'=4.9 1078
low 2000 km to the CMB. When anelasticity is considerBd, K—2 [Gillet et al, 2000], v5**=1.41 Packson and Rigden
values are higher but anelasticity is not necessary to expla896] ,(0a/0T)™*=0.7 1(T8 ~2 [Suzuki1975]. Equation
R > 2.7, unless if the latter are horizontally averaged. In thab providesvs'=2.6 10° K~ andaj'*=4.110° K~!, and
case, the strong lateral variations observed for compositipis close to one for both phases. Thisyield&s)/(97)% =-
and temperature can hide valuesiof> 2.7. 0.015 GPa K! and (0Ks)/(0T)»*=-0.019 GPa K!, in
Several mechanisms can be advanced for the origin oj@d agreement withJackson 1998;Gillet et al,, 2000] for
Si and Fe enrichment in the lowermost mantle such as fherovskite and with$unmino et a).1983;lsaak et al, 1989]
presence of subducted oceanic crust, the incorporation offélenagnesiowstite. We obtaifdKs)/(0P)r=4.09 for per-
from the core in the early stages of Earth’s mantle, chemicaiskite and 0K s)/(0P)r=4.03 for magnesioiistite, values
reactions between Si art,,..;, and/or a bulk compositionthat are slightly different from the isothermal case, as reported
ofthe Earth’s mantle slightly different from the main canonicély [Dewaele and Guyot998].
models.

APPENDIX B: PRESSURE DEPENDENCE OFCp

The pressure dependence of the specificigat T(95)/(0T) p
is expressed as follows:

APPENDIX A: CONVERSION FROM ISOTHERMAL
TO ADIABATIC

Values for the isothermal bulk modulus (Table 3) are
converted to adiabatic bulk moduli&s using:

s using ch=ch (%C}f) (P — Py). (B.1)
Ks = Kr(1+anT), (A1) g

: . . The pressure dependenc writes:
The thermodynamical Gneisein parametey is volume P P &0

dependent according té&hderson 1995]:
(57), -7 ((57),), 2
00\ ? oP oT oP P

Using the Maxwell relationshi®S)/(0P)r =—(0V)/(0T) p
where the subscript 0 indicates reference amblerind — V' (V being the volume) one gets:
T. Under the quasi-harmonic approximation, the derivative
of Equation A.1 with respect to temperature at constant aCp dav )
(57 ), |(G), =)

yields : 2P 3T (B.3)

Therefore Equation B.3 gives the pressure dependence of

(%I;S) (aaKTT> (1+anT) (A.3) Cp. Forsimplicity we assume th&®C'p)/(0P)r is constant
p p and we choose the value at ambient conditions.
da
+KT‘W{1 e (3T> } APPENDIX C: SEISMIC FILTERING
while the derivative with respect to pressure at conﬁanﬁ;rcﬁgsgg Eggglls a moving average Gaussian operator

yields:

0Kg OKr dinV(z,z) = dinV(xo,20) (C.1)

_—= = - 1 T A4

(52). = (55) arem g

r — X 2 zZ— 20 2
(o) () ]}
dinV (x9, z9) is the velocity anomaly at the center of the

For each of the two phases considered (i.e., perovskiteving window. The horizontal and vertical correlation
and magnesioistite) we calculate the terms in Equationengths,L, andL, are taken equal to 180 km.

T exr —1
1 <8KT> 172
— | —aq|.
P

Ti
T & \ar
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APPENDIX D: SEISMIC ATTENUATION anonymous reviewer significantly improved the first version of this

. . manuscript. Figures were made with the Generic Mapping Tools (P.
At a given pressure and for a weak anelasticity, the effectwisseI and W.H.F Smith, EOS, Trans. AGU 76 (1995) 329).
seismic attenuation on seismic velocities car be expressed as

follows [Karato, 1993]: REFERENCES
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1-— mcot(m (%) .
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Table 1. Iron dependence of physical parameters for perovskite
and magnesiousite (Wang and Weidnerl1996] and references
therein).

Table 1. Iron dependence of physical parameters for perovskite and magriessieWang and Weidnerl996] and
references therein).

Parameters Mg, Fe. .. Si0s Mg, Fe: . O
Ko(zre)(GPa) Ko(0) Ko(0) + 7.5z pc
po(zre)(GPa) - #0(0) + 77.0z e

po(zpe)(kg/m?) 4108 + 1070z, 3583 + 2280 e
Vo(zpe) (cc/mol)  24.46 4+ 1.03xp.  11.25 4 1.00z

Table 2. Model parameters

Table 2. Model parameters

Parameter Surface value Bottom value Unit

T 300 3470 K
Di 0.65 0.35 -

5 1.33 1.01 -

a 2.710°° 0.910° K1

p 4160 5620 kg m3
k 3 5.4 W m-t

Table 3. Isothermal elastic constants of Mg-perovskite and peri-
clase and their first ordé? andT derivatives, fromMatsui 2000],
except value with * (see text).

Table 3. Isothermal elastic constants of Mg-perovskite and periclase and their first Brdad 7' derivatives, from
[Matsui 2000], except value with * (see text).

MgSiO;  MgO
K7 T*(GPa) 2581  161.0
(oo (GPa) 176.8  131.0
(%), (GPaK) 0029 0028
(%) 4.1 4.05
(%) (GPak’) -0.024 -0024

Ou

(7IP>T 1.4 2.4
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Table 4. Compositions of the dense material which satisfies geo-
dynamical and seismological considerations for different chemical
density contrasts and temperature contrasts with respect to a refer-
ence pyrolitic mantle, aP=100 GPa.

Table 4. Compositions of the dense material which satisfies geodynamical and seismological considerations for different
chemical density contrasts and temperature contrasts with respect to a reference pyrolitic mBrtl@0aGPa.

Apy/p 0T (K) KFe xS5i xFe
1% 400 35 077 0.14
1% 800 35 080 0.14

1.7% 400 35 081 0.17
1.7% 800 35 085 0.17

Plate 1. (a) Non dimensional potential temperature field and ve-
locity field at present day time; (b) Corresponding compositional
field, x >0 indicates chemically dense material; (c) Seismic ve-
locity anomalies for bulk sound and (d) for shear wave. (e) Areas
of anticorrelation between positive bulk sound and negative shear
wave velocity anomalies (grey). (f) Areas whekedInVgs/dInVp

> 2.7 (grey).

Plate 1. (a) Non dimensional potential temperature field and velocity field at present day time; (b) Corresponding
compositional fieldy >0 indicates chemically dense material; (c) Seismic velocity anomalies for bulk sound and (d) for
shear wave. (e) Areas of anticorrelation between positive bulk sound and negative shear wave velocity anomalies (grey).
(f) Areas whereR=dInVs/dInVp > 2.7 (grey).

Figure 1. Depth profiles: (a) Temperature profile at present day
time for our geodynamical model (plain) and for our reference
model (dashed). (b) Density profile for our reference mantle (plain)
and PREM density profile (dashed). (¢) Thermal expansion coef-
ficient for our reference pyrolitic mantle, for perovskite (dashed),
magnesiouistite (dotted) and the whole assemblage (plain).

Figure 1. Depth profiles: (a) Temperature profile at present day time for our geodynamical model (plain) and for our
reference model (dashed). (b) Density profile for our reference mantle (plain) and PREM density profile (dashed). (c)
Thermal expansion coefficient for our reference pyrolitic mantle, for perovskite (dashed), magrstiseo(@otted) and

the whole assemblage (plain).

Figure 2. Comparison of horizontally averaged quantities calcu-
lated with the numerical convection code (dashed lines) and our
post-processing calculations (solid lines). (a) Effective buoyancy
numberBess = Apy/(pa(T — Tp)). (b) Chemical density con-
trastAp, /p at ambient temperature.

Figure 2. Comparison of horizontally averaged quantities calculated with the numerical convection code (dashed lines)
and our post-processing calculations (solid lines). (a) Effective buoyancy nubiber= Ap, /(pa(T — Tv)). (b)
Chemical density contragtp, /p at ambient temperature.
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Plate 2. Compositions of the dense material{e andxS3). All
calculations are preformed &=100 GPa and'=2200 K. Blue
curve: dinVs=0, above it din\4 < 0. Red curve: din\{=0, above

it dinV, < 0. Grey areas: compositions of the dense material
which produce din\/ dinVs < 0. Light grey area: compositions
that satisfy simultaneously diny dinVs < 0 and dinVs < 0 (see
text). Blue triangle: assumed pyrolitic composition of reference
mantle. Black lines: isocontours of chemical density contrasts at
ambient temperaturdp,, /p at 0%, 1%, 2% and 4%, green line:

Apy /p=1.T% corresponds to our geodynamical model. Orange
area: the compositions that satisfy both geodynamical and seismo-
logical constraints (see text). Crosses: composition of the dense ma-
terial which satisfies simultaneouslyp, /p=1.7%, dInV4/ dInV g

< 0, dInVs < 0 and which differs the least from a pyrolitic compo-
sition. (a)07=400K andK Fe=3.5; (b)07=800K andK F'e=3.5

(See text).

Plate 2. Compositions of the dense material{e andxz.S7). All calculations are preformed &=100 GPa and’=2200

K. Blue curve: din\s=0, above it din\4 < 0. Red curve: diny=0, above it din\, < 0. Grey areas: compositions

of the dense material which produce dipMiIinVs < 0. Light grey area: compositions that satisfy simultaneously
dinV,/ dinVs < 0 and dinVs < 0 (see text). Blue triangle: assumed pyrolitic composition of reference mantle. Black
lines: isocontours of chemical density contrasts at ambient temperAiép at 0%, 1%, 2% and 4%, green line:

Apy /p=1.7% corresponds to our geodynamical model. Orange area: the compositions that satisfy both geodynamical
and seismological constraints (see text). Crosses: composition of the dense material which satisfies simultaneously
Apy/p=1.T%, dInV,/ dinVs < 0, dinVs < 0 and which differs the least from a pyrolitic composition. §d)=400K
and K F'e=3.5; (b)6T=800K andK F'e=3.5 (See text).

Figure 3. (a) RMS seismic velocity anomaly profiles calculated
for Vs (solid line), Vp (dotted line) and { (dashed line). (b) Hor-
izontally averaged?=dInVs/dInV p profile for our model, without
anelastic effects (dashed line), with anelastic effects (dotted line).
The maximumR values are plotted for the case where anelastic
effects are not considered (solid line). The grey area corresponds
toR >2.7

Figure 3. (a) RMS seismic velocity anomaly profiles calculated for §olid line), Vp (dotted line) and V, (dashed

line). (b) Horizontally average@®=dInVs/dinVp profile for our model, without anelastic effects (dashed line), with
anelastic effects (dotted line). The maximutrvalues are plotted for the case where anelastic effects are not considered
(solid line). The grey area correspondsia>2.7

Figure 4. Horizontally averaged profile of shear quality factor, for
our reference mantle (dashed line) and for our model (solid line).

Figure 4. Horizontally averaged profile of shear quality factor, for our reference mantle (dashed line) and for our model
(solid line).
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