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Abstract

We propose a new method to constrain lateral variations of temperature and composition in the lower mantle from global
tomographic models of shear- and compressional-wave speed. We assume that the mantle consists of a mixture of perovskite
and magnesio-wistite. In a first stage, we directly invierandVs anomalies for variations of temperature and composition,
using the appropriate partial derivatives (or sensitivities) of velocities to temperature and composition. However, uncertainties
in the tomographic models and in the sensitivities are such that variations in composition are completely unconstrained.
Inferring deterministic distributions of temperature and composition being currently not possible, we turn to a statistical
approach, which allows to infer several robust features. Comparison between synthetic and predicted ratios of the relative
shear- to compressional-velocity anomalies indicates that the origin of seismic anomalies cannot be purely thermal, but do
not constrain the amplitude of the variations of temperature and composition. We show that we can estimate these variations
using histograms of the relatix® andVs anomalies at a given depth. We computed histograms for a large variety of cases
and found that at the bottom of the mantle, variations in the volumic fraction of perovskite-fighio 10% are essential
to explain seismic tomography. In the mid-mantle, anomalies of perovskite are not required, but moderate variations (up to
6%) can explain the observed distributions equally well. These trade-offs between anomalies of temperature and composition
cannot be resolved by relative velocity anomalies alone. An accurate determination of temperature and composition requires
the knowledge of density variations as well. We show that anomalies of iron can then also be resolved.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most challenging issues concerning
the Earth’s mantle is to infer its thermo-chemical
structure. Variations of temperature and composi-
tion are closely related to mantle dynamics. There is
little doubt that convection controls heat and mass
transfers in the mantle, but the mode of mantle con-
vection is still a matter of debate. The simplest model
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is whole-mantle convection driven by a strong bot-
tom thermal boundary layer. If, on the other hand,
plate tectonics is the main mode of heat transfer in
the mantle, the bottom thermal boundary layer is
weak (abrosse and Tackley, 2001A variant of
whole-mantle convection is the ‘blob’ moddéécker

et al., 1999, in which residual blobs of the primitive
reservoir are dispatched throughout the lower mantle.
Models of chemically stratified mantle have gained
an increasing intereskellogg et al. (1999proposed

a model in which a dense layer surrounds the core
mantle boundary. This layer peaks around a depth
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of 1600 km, and is locally deflected by downwelling anomalies of temperature and composition. At the base
slabs. Analogical experiments of thermo-chemical of the mantle, partial melt, if present, could contribute
convection Davaille, 1999 predict two regimes, de-  significantly to seismic anomalies (e.@Vjlliams and
pending on the density contrast. The doming regime Garnero, 1996; Revenaugh and Meyer, 19%Te rel-
occurs if the density contrast is lower than 1%, ative contribution of each parameter can be written as
whereas for higher contrasts convection is organized the product of a partial derivative (hereafter called the
in two layers. Whichever the model, it creates vari- sensitivity) of seismic velocities to this parameter, and
ations of temperature and composition seismology of the amplitude of the variations of this parameter.
would like to map. Accounting for thermal (@) and compositional (@)
Global tomographic models of the Earth started to anomalies, and for the presence of partial meft)(d
provide good quality maps of the lower mantle, inde- the relative seismic velocity anomalies can be written

pendently for compressional/g) and shear\(s) ve- as
locities (e.g.Su and Dziewonski, 1997; Masters et al.
) o L ' alnV, aln Vv alnV,
2000; Ritsema and van Heijst, 200Despite these dInVp = 5 Par + 5 Pdc + 5 PdF,
recent improvements, interpretation of tomographic 8InTV 8InCV alnFV
models is not as straightforward. The main difficultyis dIn Vs = - SAT + o SdC + o SdF (1)

that seismic velocities (and density) depend simultane-
ously on temperature, composition and pressure. Two where the compositional term can be separated in sev-
different lines of enquiring have been proposed in the eral contributions, the most important being the vari-
literature.Forte and Mitrovica (2001directly inverted ations of the volumic fractions of perovskiteXgl)
models of bulk sound\p) and shear velocity anoma- and iron (Kgg). The ratioR of the relavite shear to
lies for an effective temperature and composition us- compressional seismic velocity is defined as
ing sensitivities they determined from existing litera- dinVvs
ture. More often, studies are based on the analysis of R = v
the average of the distributions of the relative shear- to P
compressional-velocity anomalid€grato and Karki, where dInVs and dInVp are given byEq. (1) R
2001, and references therein). A complicating factor can be estimated from seismic tomography. Given the
in both approaches is that velocities alone cannot re- sensitivities ofVp andVs, this ratio might give clues
solve all trade-offs between temperature and chemical on dT, dC and d-.
variations. Density variations are needed in addition  Sensitivities of velocities to temperature and com-
to velocity perturbations (e.gForte and Mitrovica, position as a function of depth are calculated using
2001; Karato and Karki, 2001 mineral physics data and equation of state (EOS)
In the present paper, we show that the deterministic modeling. We applied the method dfampert et al.
approach of-orte and Mitrovica (20015 not entirely (2001)to an aggregate of perovskite (MgS)Cand
robust given uncertainties, especially in the tomo- magnesio-wistite (MgO) througout the lower mantle.
graphic models. The approach based on the mean ofEach mineral of the aggregate is heated up to the po-
the relative shear- to compressional-wave speed ratiotential temperature and adiabatically compressed to
(Karato and Karki, 200ilgives at best an indication the required pressure. Additionally Tampert et al.
of the presence of chemical heterogeneities. We pro- (2001) we required that our EOS fit all existing ab
pose a statistical approach, and show that the full initio data. No modification was needed to fit den-
distribution of relative velocity anomalies give robust sity and the bulk modulus, but we had to prescribe
bounds on temperature and composition. a cross-derivative to fit the shear modulus data of
Oganov et al. (2001and Marton and Cohen (2002)
Details can be found irDeschamps and Trampert
2. Sensitivities of seismic velocities (2003) Interestingly, this modification does not sig-
nificantly change the sensitivities compared to those
Seismic velocity anomalies observed in the mantle of Trampert et al. (2001)o assess sensitivities to iron
can have several origins, the main contributions being and calcium, we explicitly accounted for changes in

)
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the volumic fraction of these elements. We neglected results, we repeated most of the calculations with the
effects of anelasticity, which appear to only have a reference model ak13%&énnett et al., 1995 but did
minor influence on temperature sensitivities in the not find any significant differences.

lower mantle Trampert et al., 2001; Brodholt et al., Fig. 1a and bdisplays sensitivities of/p (plain
2003. Ignorance of the potential temperature, average curves) andVs (dashed curves) to temperature and
composition and on thermo-elastic parameters lead to volumic fraction of perovskite as a function of depth.
uncertainties in the sensitivities. We varied these pa- Most of the input values of thermo-elastic parameters
rameters within their possible ranges, allowing a large at ambient pressure are taken from the compilation
set of reference models (temperature, composition, of Trampert et al. (2001)where we added recent ab
thermo-elastic properties). The mean values of the initio data (Table 1. Temperature, composition and
sensitivities and their variances are estimated from the pressure are varied according Table 2 and the
predicted models that fit PREM within 1%rampert thermo-elastic properties are varied within their error
et al. (2001)performed this test on mantle-averaged bars {Table J). This generated 10 million cases, from
profiles forVp, Vs and density. We prefer comparisons which 230000 to 460000 fit PREM within 1%, de-
with PREM at each depth. The reason is that high pending on the depth. The sensitivities to temperature
values of the potential temperature (Sgy= 2500 K) are always negative, but their absolute values are de-
may fit PREM in the lowermost mantle, but not in the creasing with depth. The rati (Eqg. (2) associated
mid-mantle. By allowing a different reference tem- with pure variations of temperature does not vary
perature and composition at each depth, we accountsignificantly with depth, and remains between 1.35
for eventual non-adiabatic increases of temperature. and 1.65. The sensitivity of/p to volumic fraction

To test if the reference model might influence the of perovskite is positive throughout the lower mantle,
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Fig. 1. Sensitivities of compressional velocity (plain curves) and shear velocity (dashed curves) to (a) temperature, (b) perovskite, (c) iron,
and (d) calcium as a function of depth. In each case, we represent the upper and lower value of the sensitivity, which correspond to 1
standard deviation around the average. Averages and standard deviations are calculated from the predicted models that fit PREM within 1%.
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Table 2
Variations of temperature, pressure and composition

280
Table 1
Thermoelastic properties of MgSiGand MgG
Perovskite Magnesio-wiistite
o (glen?) 4.109+ 1.03 X¢e 3.584 + 2.28 Xre
Kso (GPa) 264.0 162.5- 11.5 Xre
K5, 3.97/3.95/3.77/3.1%5 4.0 to 4.18
Kso (GPa/K) —0.011/-0.015/ —0.015% to —0.014
—0.010/~0.01%
Go (GPa) 180.0 130.8-75.6Xse
G, 1.5 (0.05Y 241025
Go (GPa/K) —0.020 (0.008) —0.024 to—0.022
Yo 1.31/1.39/1.33/1.41 1.41
q 1.0/2.0/1.0/2.B 1.3
a; (10°°K-1)  1.19 (0.17) 3.681
ap (108K=2)  1.20 (0.10) 0.9283
ag (K) 0.0 0.7445

aAll data are from the compilation oframpert et al. (2001)
unless otherwise stated. When available, error bars are indicated
in parenthesisp is the densityKsp the adiabatic bulk modulus,

Gp the shear modulusyg the Grineisen parameter at ambient
temperature and pressure, and constant. Primes and dots denote
derivation with respect to pressure and temperature, respectively.
To model the shear modulus of perovskite we prescribed a cross
derivative, as suggested eschamps and Trampert (2003his
cross-derivative is given by?G /3T 3P = c1(Go)py + c2, Where

c1 = —1.2x 102GPa? andc; = —3.3 x 1074K~L. Thermal
expansion is calculated following = a3 + axT — asT~2.

b Following Jackson (1998)we consider four alternative com-
binations of K, Kso and -y, depending on the values @&
andq.

¢ Sinogeikin and Bass (1999)

dKarki et al. (2000)

€Sumino et al. (1983)

f Oganov et al. (2001)

9We used the value ofiy proposed bylackson (1998)The
error bar accounts for the ab initio data bfarton and Cohen
(2002) and the experimental data 8inelnikov et al. (1998)

hvalue giving the best fit to ab initio data @ganov et al.
(2001) at room temperature. Note that this value is close to the
experimental lower boundS{nelnikov et al., 1998

whereas the mean sensitivity ¥ to volumic frac-
tion of perovskite gets negative at a depth of about
1600 km. Therefore, the ratidgdassociated with pure
variations of perovskite are negative in a large part of
the lower mantle. We have explicitly calculated sen-
sitivities to the global volumic fraction of ironXre
(Fig. 19. This parameter is given by

Xpe= vaxg\é +@1- va)X?eW

3)

whereXpy is the volumic fraction of perovskite. The
volumic fractions of iron in perovskitexfy) and in
magnesio-wiistitexfy’) can be calculated frorXge

Parameter Minimal value Maximal value
Tp (K) 1500 3000

Xpv 0.5 1.0

Xre 0.05 0.15

Xca 0.0 0.15

Kre 0.2 0.5

P/Pprem 0.99 1.01

8T, is the potential temperaturé&, the volumic fraction of
perovskite Xge the global volumic fraction of ironXc, the global
volumic fraction of calciumKge the iron partitioning, and® the
pressure.

using the relation (3), and the definition of the iron par-
titioning between perovskite and magnesio-wustite,

xpe/ (1 — xPo)

KFe =
mw mw
XFe /(1 — XFe

4)
Sensitivities to iron content are negative throughout
the mantle, for bothVp andVs. Within uncertainties,
they are very close one another, at any depth. As a
consequence, for pure anomalies of iron, valueR of
are close to 1.0, varying between 1.1 and 1.3 with
depth. Because these values are close to those for pure
anomalies of temperatur® cannot discriminate be-
tween anomalies of temperature and iron. On the other
hand,R is useful to detect anomalies of perovskite,
since pure anomalies of perovskite result in negative
Rin a large part of the lower mantle.

Calcium perovskite could also enter the composi-
tion of the lower mantle and influence the density
and elastic moduli of the mantle aggregate. We used
experimental measurementd/gng et al., 1996and
ab initio data Karki and Crain, 1998 and found
that the sensitivities of seismic velocities to calcium
are small compared to other compositional parame-
ters Fig. 1d. On average, they are smaller than the
sensitivities to iron by one order of magnitude. If, as
expected, Ca-Perovskite enters the composition of the
lower mantle for 6-12% in volume, the effects on seis-
mic velocities would be of second order compared to
other compositional parameters. For instance, a 12%
anomaly of Ca-Perovskite at the bottom of the man-
tle would give relative anomalies &p andVs of 0.1
and 0.2%, respectively. Aluminium perovskite, which
is also expected to be present in the lower mantle,
may have more dramatic effects, but very few data
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(experimental or ab initio) are available. So far, we
could not calculate robust sensitivities to aluminium
and investigate its effects.

Sensitivities to partial melt are more delicate to
estimate. A difficulty is that they strongly depend on
the geometry of the melHammond and Humphreys,
2000. Berryman (200Q)however, suggested that the
ratio R associated with partial melt does not depend

281

et al., 1999 have assumed the presence of a denser
layer at the bottom of the mantle. Because perovskite
is denser than magnesio-wustite, a dense layer at the
bottom could be significantly enriched in perovskite.
Note that the accumulation of cold slabs issued from
oceanic lithosphere would result in a depletion in
perovskite, because harzburgite is preferentially trans-
formed in magnesio-wistiteR{ngwood, 1991 A

on the melt geometry, and has a value close to 3. The denser layer can also be explained by an excess of

values of sensitivities proposed yammond and
Humphreys (2000)for the upper mantle may not
be relevant at lower mantle pressure. Best esti-
mates of sensitivities to partial melt are inferred
from seismic studies of the base of the mantle.
Williams and Garnero (1996proposed values of
dinVp (dInVs) between—-0.4 and —1.4% (1.0
and —4.3%) for 1% of partial melt, depending
on the melt geometry. These values agree with
the assumption thaR ~ 3 whatever the geome-
try (Berryman, 2000 According to Williams and
Garnero (1996) partial melt is present in a vol-
ume of 5-40km thickness, with a lateral surface of
20 x 20°. Revenaugh and Meyer (1997%n another
hand, invoke the presence of partial melt in a simple
15km thick layer above the core—mantle boundary
to explain observed PcP travel time residuals. Global
tomographic models cannot yet resolve fine vertical
structures. In global models, the effects of partial melt

are therefore diluted, and a correction must be ap-

plied. The vertical resolution of global models g5
andVs (Masters et al., 2000; Ritsema and van Heijst,
2002 is 10 to 30 times larger than the thickness of
pockets of partial melt. Accounting for this dilution,
realistic values of the sensitivities &> and Vs per
percent of partial melt are d ¥ = —0.03 to —0.1%,
and dInVs = —0.1 to —0.3%, respectively.

3. Direct inversion of global compressional- and
shear- velocity anomalies

A straightforward approach to infer thermal and
compositional variations in the mantle is to invert rela-
tive Vp andVs anomalies (d IVp and d InVs) directly
usingEg. (1) Since there are only two data constraints,

composition is represented by one single parame-

ter, and partial melt is neglected. Chemically strati-
fied models of convectionDavaille, 1999; Kellogg

iron that could result from local contaminations from
the outer core at the core—-mantle bounddfyittle
and Jeanloz, 1991; Garnero and Jeanloz, 2088
suggested by the analysis Bffor pure variations of
temperatue, perovskite and irofy andVs anomalies
can only distinguish between temperature and per-
ovskite. Iron trades off completely with temperature,
and we have neglected it here.

We used the dINp and dInVs from the model
SB10L18 (Masters et al., 20Q0and assumed in a
first stage that there are no errors in the model. This
model consists of 18 layers, and each layer is divided
into blocks of equal area, with a dimension of &t
the equator. It is straightforward to invert d¥p and
dInVs in each block for @ and dX,y. We varied the
sensitivities of seismic velocities according to their
possible range, randomly generating sensitivities to
temperature and perovskite with a Gaussian probabil-
ity distribution (e.g.Press et al., 198%p. 191-203).
The mean and standard deviation of the distribution at
each depth are those displayedHig. 1a and bThis
resulted in a collection of models for the anomalies
of temperature and perovskite. The mean values of
dT and Xy in each block are displayed fRigs. 2a
and ¢ and 3a andat depths ot = 1400 km and; =
2800 km. We do not observe any prominent features
atz = 1400 km depthKigs. 2a and 3aAt this depth,
the mantle seems relatively homogeneous (small
temperature and perovskite variations). Anomalies
of perovskite and temperature are distributed with a
standard deviation equal to 3.7% and 190K, respec-
tively. At z = 2800 km depth, we clearly identify two
regions of material enriched in perovskiteid. 39.
One is located beneath the Pacific, and the other one
beneath Africa. Both are well correlated with positive
anomalies of temperatur€if. 29. Regions strongly
depleted in perovskite correspond to those of the
circum-Pacific belt. In addition, anomalies of temper-
ature and perovskite are here more pronounced than
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Fig. 2. Anomalies of temperature (a and c) and their relative errors (b and d) obtained with the tomographic model SBEGLAI8 (
et al., 2000 at (a—b)z = 1400 km and (c—d} = 2800 km. Relative errors are due to uncertainties in the sensitivities of seismic velocities
to temperatureRig. 19. Maps are filtered for spherical harmonic degrées 0 to ¢ = 18.

in the mid-mantle. Anomalies of perovskite (temper-
ature) locally reach values of 12% (900K), and the
standard deviation of the distribution is 5.1% (270 K).
Our results agree remarkably well with thoseFafite
and Mitrovica (2001)who have computed ‘effective’
anomalies of composition and temperature (i.e.,
anomalies of perovskite and temperature, including
anomalies of iron) from different tomographic models
and with independently calculated sensitivities.

The burning question is to know how robust these
inferences are. Uncertainties ofl dnd Xy are due
to uncertainties on the tomographic models and on
the sensitivities of seismic velocities to temperature
and perovskiteFig. 1a and b Figs. 2b and d and 3b
and ddisplay the local relative errors in temperature
and perovskite due to uncertainties in the sensitivities
alone (errors in tomography are for the moment ne-

tion of anomalies of temperature and perovskite. Vari-
ations of temperature are relatively well constrained
(Fig. 2b and ¢, although the relative error is close
to 1.0 in some small regions. The root mean square
(R.M.S.) of the relative error in temperature at each
depth remains around 0.2 between= 1200 km and

the CMB (Fig. 4a curve labeled 0.0). In the top layer
of the lower mantle, the R.M.S. is higher, up to 0.5 at
z = 800 km. The distributions of perovskite are much
more poorly constrained-{g. 3b and J. Between; =
1200 km and the CMB, the R.M.S. of the relative error
for perovskite is close to 0.45, and it reaches 0.77 at
z = 800 km (ig. 4b curve labeled 0.0). These errors
can be viewed as conservative because only 67% of
the obtained models fall within 1 standard deviation.
Further, we need to include errors in the tomographic
models themselves. Because tomographic models do

glected). The relative errors are defined as the standardnot generally provide uncertainties, we have simulated

deviation over the mean estimated from the collec-

random errors in dINp and dInVs using Gaussian
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Fig. 3. Anomalies of perokskite (a and c) and their relative errors (b and d) obtained with the tomographic model SBAS4t#8s(
et al., 2000 at (a—b)z = 1400 km and (c—d} = 2800 km. Relative errors are due to uncertainties in the sensitivities of seismic velocities
to perovskite Fig. 1b. Maps are filtered for spherical harmonic degrées O to ¢ = 18.

statistics. We simulated inversions with increasing rel- (Resovsky and Ritzwoller, 1999or by full model
ative error in the tomographic models, generating each space searchBgghein et al., 2002 Deterministic
time a collection of models for anomalies of temper- inferences of composition obtained from a direct in-
ature and perovskite. In each case, we calculated theversion ofEq. (1) are thus not robust at present, and
mean and standard deviation in each block, and thentemperature estimates contain at least 50% errors.
computed the R.M.S. of the relative error iff dnd Using relativeVy anomalies (d IWg) instead of rel-
dXpy as a function of depthFig. 4). As previously, ative Vp anomalies results in smallest relative errors
the sensitivities are varied within their ranges shown on temperature and compositioty anomalies, how-
in Fig. L The R.M.S. relative error on perovskite in- ever, are not inferred directly from seismic data, but
creases very rapidly with increasing error in tomogra- are constructed fronvp andVs. As a consequence,
phy, and becomes bigger than 1 for relative errors of relative errors in d IVg are roughly twice the relative
the velocity anomalies close to 0 Big. 4b. AR.M.S. errors in dInvp and dInVs, and the final conclusion
relative error bigger than 1 means that the average er-would be the same.
ror exceeds the average signal and the inference is not
robust. The R.M.S. relative error on temperature also
increases with depth, but much slower. Temperature 4, Constraints from the ratio of relative shear to
remains robust at most depths. compressional velocity

It is not unreasonable to assume relative errors in
velocity anomalies in excess of 0.3 as has been found The ratio R of the relativeVs anomalies to the
by directly comparing several tomographic models relative Vp anomalies Eq. (2) is often used to
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Fig. 4. Root mean square relative error in the anomalies of (a)
temperature and (b) perovskite as a function of depth. In addition
to the uncertainties in the sensitivities of seismic velocities, we
modelled Gaussian errors in the relative and Vs anomalies.
The assumed relative errors are indicated on each curve.

scale compressional velocity from shear velocity as
a function of depth in global tomographic models.
If one has access to independent ¥gnand dInVs,

R can be used as a diagnostic of the origin of these
anomalies. UsingP and S travel time residuals,
Robertson and Woodhouse (1998und R = 1.58

for the upper mantleMasters et al. (2000have re-
cently compared average profileskfor several joint
models ofVp and Vs anomalies. All of them show
significant variations with depth. In particular, the
models of Su and Dziewonski (1997gnd the model
SB10L18 Masters et al., 20Q0show an increase of
R with depth. For SB10L18, they founft = 1.62
at z = 1400 km, andR = 2.52 atz = 2800km. On
the basis of median valuellasters et al. (200Q)ro-
posed a thermal origin for the anomalies of velocity,

F. Deschamps, J. Trampert/Physics of the Earth and Planetary Interiors 140 (2003) 277-291

except for areas beneath the Pacific and Africa at the
very bottom of the mantle, where they found that
ratios are differentSaltzer et al. (2001also clearly
observed laterally varying values. Full histograms of
block-by-block estimates oR clearly provide more
information about the lateral variations Rfat a given
depth. We have computed ratios for each block of the
models SB10L18 Nlasters et al., 20Q0and 12RTS
(Ritsema and van Heijst, 20p2and binned them
(Fig. 5. Note that very small values in the denom-
inator give high values of the ratio if not balanced
by small values of the dIMs. We selected blocks
for which the absolute value of the ratio is smaller
than 10. Most blocks satisfy this condition (355 out
of 408 for SB10L18 at = 2800 km). The important
feature is that histograms do not peak sharply around
the mean value oR, but show significant dispersion.

It is interesting to note that the dispersion is more
important at the bottom of the mantle.

Fig. 6 shows histograms of the relative frequency
of R obtained for pure variations of temperature (plain
curves), perovskite (dotted curves) and iron (dashed
curves). We constructed these histograms by varying
the sensitivities of seismic velocities within their un-
certainties Fig. 1). For each individual case, a value
of Ris computed and binned. Due to uncertainties in
the sensitivitiesR will be dispersed even if one con-
siders pure variations of one single parameter. Pure
variations of temperature give valuesRé€lose to 1.6,
regardless of the depth. The dispersion is very small
(the standard deviation is around 0.2) and increases
slightly with depth. Pure variations of iron lead to sim-
ilar distributions. The mean value Bfvaries between
1.1 and 1.3, depending on the depth, with a standard
deviation of about 0.2. Pure variations of perovskite
show a very different behavior. At the top of the lower
mantle ¢ = 700 km), they give values dR around
0.9, with a small dispersion. Dispersion then increases
dramatically with depth, and the mean valuéshifts
towards negative values. At the bottom of the lower
mantle, the mean value &fis —4.1 and its standard
deviation 2.0.

It is clear, from these results, that purely thermal
or purely compositional anomalies cannot explain the
observed histogram&ig. 5. Rather, a mix of several
effects, including uncertainties in the tomogarphic
models, is responsible for the observed dispersion of
histograms. At close inspection Bfy. (2) it becomes
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(&) z=700km, (b)z = 1400 km, (c)z = 2100 km and (d} = 2800 km.

clear that the histograms d® cannot provide any  tomography. To make robust comparisons, we need to
gquantitative statement about the bounds of ahd include possible errors in tomography. In the synthetic
dC. Indeed, any scalingdT + o dC will result in histograms, we have simulated these errors by adding
the sameR, meaning that the amplitude of the cause aterm on the right hand side Bfy. (1) The errors are
remains undetermined. The histograms however con- drawn in a Gaussian distribution with a standard devi-
tain the important qualitative information that tem- ation A(dInVp) and A(dInVs) (Table 3. This stan-
perature alone cannot be responsible for the observeddard deviation is obtained by multiplying the R.M.S.
tomographic maps. amplitude of SB10L18 by a relative error. The rela-
tive error is taken from a full model space search ap-
plied to normal mode and surface wave d&adhein

5. Robust constraints from the observed velocity et al., 2002. Although SB10L18 also contains body
anomalies wave data, the relative errors Beghein et al. (2002)
are in good agreement with direct comparisons of dif-
The ambiguity found in the interpretation & is ferent tomographic modelfésovsky and Ritzwoller,
lifted if the velocity anomalies are analysed directly. 1999, and thus represent the currently best estimates
The idea is that the bounds oT ddC and & are re- of errors in global tomographic models.

sponsible for the shape of the observed histograms of We made a systematic search for bounds in temper-
dInVp and dInVs. Using the sensitivities calculated ature and composition. For each obtained synthetic
in Section 2together withEq. (1) we generated syn-  histogram, we computed the variance reduction with
thetic values of velocity histograms for given ranges respect to the observed histogram. A selection of com-
for dT, dC and d~, and compared them to the results of binations is listed ifmable 4 and some histograms are
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drawn in Fig. 7 (thick red curves) and compared to anomalies therefore provide good constraints on the
the observed ones (thin black curves). In the top and temperature range. Moderate (up to 6%) anomalies
mid-lower mantle, moderate (up to 300K) anoma- in the volumic fraction of perovskite also give good
lies of temperature explain the observed histograms fits to the observed histograms (e.g., combinations 3,
without the need of compositional anomalies (com- 9 and 13), but larger variations (8% and more) fail to
binations 1, 6 and 11). For both d\f» and d InVs, explain histograms for d dp (e.g., combinations 5,
synthetic histograms fit observed histograms with a 10 and 14Fig. 7b, d and). Variations in the volumic
variance reduction higher than 89%. Other combina- fraction of iron up to 2% do not significantly change
tions, and in particular asymmetric combinations (e.g., the variance reduction, and are therefore consistent
2, 7 and 12), fit observations less wellp and Vs with the observations. At the bottom of the mantle,

Table 3
Errors A(dInV) on the relative anomalies of seismic velocifies

Depth (km) Vp Vs

R.M.S. (103) Relative errors  A(dInV) (1073) R.M.S. (10°%) Relative errors  A(dInV) (1073)

700 12 0.35 0.42 2.2 0.62 1.36
1400 0.7 0.65 0.46 1.7 0.31 0.53
2100 15 0.50 0.75 3.2 0.36 1.15
2800 1.7 0.78 1.33 6.2 0.56 3.47

aThe A(dInV) are computed from the R.M.S. amplitude of SB10LMaéters et al., 2000 and the relative errors frofeghein et al.
(2002)
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Table 4
Selected best combinations of thermal and compositional anofalies
No. dr (K) dXpy (%) dXre (%) dF (%) xp (%) xs (%)
Min Max Min Max Min Max
z =700km
1 —300 300 0 0 0 0 0 93.0 89.4
2 —100 300 0 0 0 0 0 57.9 48.3
3 —-300 300 -6 4 -2 2 0 90.1 91.1
4 —300 300 —12 6 0 0 0 72.3 81.6
5 —-300 300 -12 6 -2 3 0 66.8 82.1
z =1400km
6 —200 300 0 0 0 0 0 89.6 90.2
7 —100 400 0 0 0 0 0 67.2 77.2
8 —200 300 —4 6 0 0 0 91.0 89.8
9 —200 300 —4 6 -1 1 0 90.0 90.5
10 —200 300 -6 12 0 0 0 75.8 88.4
z =2100km
11 —300 300 0 0 0 0 0 92.8 93.0
12 —300 100 0 0 0 0 0 47.2 39.1
13 —300 300 —6 2 -2 2 0 85.9 90.9
14 —300 300 —6 12 -2 2 0 71.9 93.6
z = 2800km
15 —400 400 0 0 0 0 0 94.3 59.6
16 —400 400 —14 6 0 0 0 93.6 81.9
17 —400 400 0 0 -3 3 0 94.1 65.6
18 —400 400 -14 6 -1 2 0 88.5 81.1
19 —400 400 —6 4 -1 2 0 92.4 65.0
20 —500 350 -14 10 -1 2 0 94.7 82,5
21 —500 350 —6 12 -1 2 0 85.8 72.7
22 —500 350 -14 6 -1 2 0 94.7 81.7
23 —500 350 -10 10 -1 2 0 94.0 78.0
24 —500 350 -10 14 -1 2 0 92.1 73.1
25 —500 350 -14 10 0 3 0 88.3 79.1
26 —500 350 -14 10 -3 0 0 61.2 76.9
27 —350 500 -14 10 -1 2 0 81.1 70.0
28 —600 300 -12 6 -1 2 0.1 94.5 80.4

&Each case is defined by the minimal and maximal values of the anomalies of temperajuemddcomposition (dpy and re),
and by the rate of partial melt FJ. xp and xs are the output variance reduction in respect with the histogram¥ @find Vs anomalies

predicted by SB10L18.

temperature variations alone do not fit the observed explain the observed histograms with a variance re-

d InVs histograms (combination 15jg. 7g). The ori-

gin of velocity anomalies can thus not be purely ther-
mal. The compositional component is also not fully
explained by variations in the volumic fraction of iron
(combination 17). Furthermore, moderate (up to 6%)
variations in perovskite do not fit the observation,
even if variations in iron are considered (combination
19). Large variations of perovskite, with depletion
(enrichment) up to 14% (10%), are required to explain
the observed histogram of d\fs (e.g., combinations
16, 18 and 20). A large number of combinations

duction higher than 80%. Variations in perovskite and
in iron can be simultaneously incorporated (combi-
nations 18 and 20), but lead to histograms close to
those obtained for anomalies of temperature and per-
ovskite alone. Combinations for which enrichment in
perovskite is stronger than depletion in perovskite do
not explain SB10L18 (combination 21). Similarly, the
variance reduction decreases significantly (to 75%) if
the amplitude of hot anomalies is stronger than that
of cold anomalies (combination 27). Finally, in com-
bination 28 we accounted for 0.1% (locally, 1-3%) of
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partial melt. A slightly different range of temperature
variation is then required to fit SB10L18, but strong
perovskite anomalies are still needed.

In the top and mid-lower mantle, the comparison be-

tween observed and synthetic histograms gives a rela-
tively homogeneous image of the mantle. Temperature

variations reach a maximum &f300 K. Local varia-
tions in the volumic fractions of perovskite and iron
are possible, but limited in amplitude. At the bottom

of the mantle, histograms clearly suggest the presence

of strong chemical heterogeneities (as variations in
the volumic fraction of perovskite), and possibly iron.

Large lateral anomalies of temperature (up to 500 K)
are likely at these depths. Although not all variations
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Fig. 8. Sensitivities of density to temperaturel(®, plain curves),
perovskite &10, dotted curves), ironx10, long dashed curves)

can be distinguished unambiguously, a robust feature ang calcium 10, short dashed curves) as a function of depth.

is the need for regions with strong depletion (up to
14%) and enrichment (up to 10%) in perovskite. Vari-
ations in iron and/or the presence of partial melt still
require strong variations in perovsike. Also robust is
that the variations in iron, if present, should not ex-
ceed 2 to 3%.

The shape of histograms of velocity anomalies con-
tains important information, since it is directly re-
lated to the distributions of anomalies of temperature
and composition. Using average values of the rRtio
Karato and Karki (2001&rgued for significant anelas-
tic effects and a variety of chemical components at the
bottom of the mantle. Full comparisons of synthetic
and predicted histograms of velocity anomalies sug-

In each case, we represent the upper and lower value of the
sensitivity, which correspond to 1 standard deviation around the

average. Averages and standard deviations are calculated from the
predicted models that fit PREM within 1%.

a different sensitivity to composition than seismic
velocities. The knowledge of density is particularly
important for estimating iron anomalies in the upper
(Forte and Perry, 2000; Deschamps et al., 200%1
lower mantle Forte and Mitrovica, 2001; Karato and
Karki, 200]). The reason is that density is an increas-
ing function of the volumic fraction of iron, whereas
seismic velocities are decreasing functions of iron
content. On the other hand, both density and seismic

gest that anomalies of temperature and perovskite (andvelocities decrease with increasing temperature.

possibly iron) are enough to explain the observations.

6. Importance of the density variations

As seen above, the distribution &f qualitatively

We have explicitely computed sensitivities of den-
sity to temperature, perovskite, iron and calcium in the
lower mantle Fig. 8). Again, it is worth noting that
throughout the mantle the sensitivity of density to cal-
cium is very small compared to sensitivities to other
parameters. Variations of Ca-Perovskite, if present,

suggests that temperature anomalies alone are notshould not influence density anomalies. Throughout
able to explain the observed histograms. The shape ofthe mantle, the sensitivity of density to temperature
the histograms of relative velocity anomalies provides is negative, whereas the sensitivity to iron is positive.
guantitative constraints, but some trade-offs remain. This different behaviour of density with temperature
To further constrain the analysis, we suggest that and iron content is the reason why density anomalies
density distributions are needed. can discriminate between anomalies of temperature
The existence of trade-offs between anomalies and iron, the main trade-off. Although, the sensitivity
of temperature and composition is not so surpris- of density to perovskite is similar to that &, per-
ing, given the nature of the sensitivities of velocity ovskite content is better determined simply because
(Fig. D). Accurate determinations of lateral variations temperature and iron are tightly constrained.
of temperature and composition require the knowl- A summary of the main properties of the different
edge of the density distributions, because density hassensitivities in the lowermost (= 2000 km) mantle
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Table 5
General characteristic of sensitivities in the lowermost mantie 2000 km}

Vp Vs Density

Sign Variation Sign Variation Sign Variation
Temperature - 3 - 1 — 1
Perovskite + 1 — 1 — 1
Iron - 3 - 1 + 4

aFor each sensitivity, two characteristics are listed: its sign, and the variation of its absolute value with depth. The descending arrow
({) indicates a decreasing function of depth, and the ascending afrpmdicates an increasing function of depth.

can be found inTable 5 Because each unknown iniron (from —1 to 2%). This result is in agreement
temperature, perovskite and iron has a different sig- with the model oKellogg et al. (1999)where a dense
nature, the analysis of dWp, dInVs, and dIno can layer (positive variations of perovskite) is displaced by
determine temperature and the main compositional descending slabs (negative variations of perovskite).
variations. Histograms of density anomalies are thus The rest of the mantle can be explained by modest tem-
very important, since they are able to discriminate perature variations alone, but chemical variations can-
between the anomalies of iron and temperature. Map- not be excluded. Several combinations of perovskite,
ping the density anomalies from normal modes is iron and temperature anomalies fit the observed his-
still controversial Resovsky and Ritzwoller, 1999; tograms equally well. This trade-off is likely to be
Masters et al., 2000; Ishii and Tromp, 2001; Kuo broken by additional analysis of density variations.
and Romanowicz, 200Q2but Resovsky and Trampert

(2003) have recently proposed robust distributions of

density anomalies using a neighbourhood algorithm. Acknowledgements
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inary comparison with synthetic histograms suggests ful suggestions. This work was financed by the Geo-
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