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ABSTRACT

Seismic studies of the lowermost mantle suggestitbacore-mantle boundary (CMB)
region is strongly laterally heterogeneous overhbddcal and global scales. These
heterogeneities are likely to be associated wigimificant lateral viscosity variations that
may influence the shape of the long-wavelength hyahestatic geoid. In the present
paper we investigate the effect of these latersdoasity variations on the solution of the
inverse problem known as the inferences of vigcdsim the geoid. We find that the
presence of lateral viscosity variations in the Ckgion can significantly improve the
percentage fit of the predicted data with obseosadi (from 42 to 70% in case of free-air
gravity) while the basic characterisics of the mantiscosity model, namely the viscosity
increase with depth and the rate of layering, remaiiore or less the same as in the case
of the best-fitting radially symmetric viscosity dets. Assuming that viscosity is laterally
dependent in the CMB region, and radially dependdsgwhere, we determine the large-
scale features of the viscosity structure in thedonost mantle. The viscosity pattern
found for the CMB region shows a high density dspots above the regions of higher-
than-average viscosity. This result suggests anoitapt role for petrological
heterogeneities in the lowermost mantle, potentiabsociated with a post-perovskite
phase transition. Another potential interpretatienthat the lateral viscosity variations
derived for the CMB region correspond in realityl&teral variations in the mechanical
conditions at the CMB boundary or to large-scaledulations of a chemically distinct
layer at the lowermost mantle.

Key words: core-mantle boundary, D", lateral vistowvariations, geoid, post-
perovskite phase transition
1.INTRODUCTION

Boundary regions are generally the most heterogenparts of convecting systems.
A number of geological and geophysical observatimueed confirm the existence of
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significant lateral variations of temperature arftermical composition in the upper
200 km of the mantle. Apart from relatively smathie heterogeneities, related mainly to
plumes, small-scale convection and processes nkde poundaries, we also find
heterogeneities over continental scales, associattd lateral changes in lithospheric
thickness. These large-scale heterogeneities résulateral contrasts in viscosity of
several orders of magnitude, and may influencestiape of the long-wavelength geoid
and dynamic topography at the surfa€adek and Fleitout, 2003

In comparison with the uppermost part of the maitide is known about the bottom
boundary layer, denoted as the core-mantle boundzwB) region, or D". Our view of
its structure is mainly based on seismic resedrcispite of certain ambiguities arising
from seismic results, there is general agreemettit iggards to the structural complexity
of this region, and a suggestion of the existerfcsignificant heterogeneities over both
local and global scales (e.@®jjwaard et al., 1998 Garnero et al., 2000Tkalcic and
Romanowicz, 20QZisher et al., 2003Thorne and Garnero, 2004.ay et al., 2004
Kendall, 2004. Seismic tomography has recently confirmed thateast some of the
hotspots originate in the lowermost mantiéoqtelli et al., 2004 and has revealed large-
scale seismically fast regions in D" that correlatdl with the location at the surface of
plate convergent zones in the pd&ifwaard et al., 1998 If these regions are a graveyard
of old slabs, as suggested by some authors Kegdall, 2004, they must be enriched by
the chemically distinct material of the former ogieecrust. Such chemical heterogeneities
due to segregation processes in the mantle haeedhideen predicted in D" by numerical
models Christensen and Hofmann, 1994 ackley, 200D The laterally changing
temperature and chemical composition in the CMBaregre likely to give rise to lateral
viscosity variations over different scales. In tpiaper, we will attempt to answer the
question of whether the large-scale pattern ofrddteiscosity variations in D" can be
constrained from modeling the gravitational resgonfsthe mantle to internal loading.

2. GEOID AND LATERAL VISCOSITY VARIATIONS

The inversion of the long-wavelength non-hydrostageoid, known also as the
inferences of viscosity from the geoid, has prodideportant information on mantle
viscosity since the mid-eighties (e.icard et al., 1984 Richards and Hager, 1984
Ricard and Bai Wuming, 199Forte et al., 1994King, 1995 Thoraval et al., 1995Kido
and Cadek, 1997 Steinberger and O'Connell, 1998adek and Fleitout, 1999 Until
recently, attention was only paid to determining ttadial changes of viscosity. The
lateral variations were neglected, partly becaddermal reasons (nonlinear coupling in
spectral domain), and partly because their effead assumed to be small in comparison
with the radial changes. The last years have seesral efforts to assess the sensitivity of
the geoid to lateral viscosity changd®ichards and Hager, 198%adek et al., 1993
Zhang and Christensen, 1998ing and Hager, 1994Forte and Peltier, 1994Wen and
Anderson, 1997Zhong and Davies, 199%hong, 2001 Cadek and Fleitout, 2003
Although the answer given in the cited papers ismawhat ambiguous, there are
indications that, at least in boundary layers, ridteviscosity variations may play an
important role Cadek and Fleitout, 20Q3In the top boundary layer, the lateral viscosity
variations below the lithosphere determine the rae@al coupling between the
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lithospheric plates and the underlying mantle. Thiay signifficantly influence the
prediction of geoid and dynamic topography, esplgcifithe problem of mantle flow is
solved with imposed plate velocitieSadek and Fleitout (2003 ave demonstrated that
the inclusion of lateral viscosity variations iretlasthenosphere may improve the fit to
data signifficantly: While a model without latendkcosity variations predicts only 42%
of the free-air gravity and 78% of the geoid atréeg 28, 67% of the gravity data and
more than 90% of the geoid can be explained forstme spectral interval if a simple
model with lateral viscosity variations truncatetdharmonic degree 4 (in logarithmic
scale) is used.

The effect of lateral viscosity variations in th&/B layer on the dynamic geoid has
not yet been tested. It follows from the analydishe geoid kernels obtained for a free-
slip core-mantle boundary and radially stratifigdcesity models that the loads in the
lowermost mantle influence the geoid less thanddadhe upper mantle. Moreover, their
effect decreases with increasing degree, suggestilygminor effects will arise from the
CMB region when predicting the geoid and especitily free-air gravity. On the other
hand, large-scale viscosity variations in D" maytyd the flow in the mantle by
modulating the mechanical conditions at the coretfeaboundary: The part of D" with
a significanly higher-than-average viscosity wilffegtively behave like a no-slip
boundary, despite the fact that free slip is folynptescribed at the CMB.

The effect of large-scale viscosity anomalies e @MB region may also be amplified
by the specific density structure of the lowermmsintle. In contrast to the mid-mantle,
where the main density and viscosity variations @esumably associated with narrow
plumes and subducting slabs and, thus, show ordynall signal at low degrees, the
density structure of the bottom 500 km of the memlisplays a very long-wavelength
pattern, dominated by degrees 2 anda ét al., 199% This suggests that the non-linear
spectral coupling between flow velocity and theetdat viscosity variations in the
lowermost mantle may influence the long-wavelengdoid more than the coupling
generated in the rest of the lower mantle.

Motivated by the above considerations, we will tdst effect of lateral viscosity
variations in the CMB region on the inferences afcusity from the geoid. We will
follow the approach described jadek and Fleitout (2003)However, we will only
focus our attention on lateral viscosity variatiomd" and hence will omit complexities
in the viscosity structure elsewhere.

3. FORWARD PROBLEM

To predict the gravitational response of a dynamiantle, we must solve
simultaneously the Laplace-Poisson equation fovigational potential and the equations
governing viscous flow induced by density anomaiiethe mantle lager and Clayton,
1989. The density together with a viscosity structofethe mantle must be speciffied
beforehand. The solutions we obtain are gravitatigrotential, the stress field and the
velocity of flow. These quantities can be convertedgeoid heights, free-air gravity,
dynamic topography and other geophysical obsersabled compared with the real data.

The forward problem can be easily solved in thecgspedomain, provided viscosity
only varies with depthHager and Clayton, 19§9If a fully 3-D viscosity is considered,
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the spectral method must be modifiechéing and Christensen, 1998r replaced by
another, for instance the finite-element methbtbresi and Gurnis, 1996Zhong and
Davies, 1999 In the present paper, we will use the iteraipectral method proposed by
Colin (1993)andZhang and Christensen (1993nd applied in the past to forward and
inverse modeling of lateral viscosity variationstire tectosphereCadek and Fleitout,
2003. This method, which is computationally very fdst the case of a low or

intermediate cut-off degreet (L00), is especially suitable for the inverse modgbf the

long-wavelength geoid, since it allows a large namd.® — 107) of viscosity models to
be tested within a reasonable length of time.

For simplicity, we assume that the viscosity of thantle material is Newtonian (i.e.
independent of shear stress) and the materiat@mpressible. The boundary conditions
prescribed at the surface, the 660-km discontinaiitg the core-mantle boundary are the
same as irCadek and Fleitout (2003 he observed plate velocities are imposed beneath
the lithosphere while traditional free slip andaeadial velocity of flow are prescribed at
the core-mantle boundary. The lithosphere is tckate a perfect membrane, with its
viscosity going to infinity Ribe, 1992 This membrane is deformed in the radial direttio
by the stresses acting on its inner boundary ih lbatlial and horizontal directions. The
outer boundary of the membrane is assumed to lgesfig. The non-zero radial stress
arising at this boundary as a consequnce of tree$oacting at the base of the membrane
is then interpreted in terms of a dynamic topograhg used in calculating the dynamic
geoid. The flow situation at the upper-lower mattteindary is characterized by a single
parameter, referred to here as the layering caeiffficl, which determines the portion of
the layered flow in mantle circulation (for an ekaefinition, seeCadek and Fleitout,
1999. The value of this parameter may range from Oofedmantle flow) to 1 (perfectly
layered flow). Although our previous studies hauggested that is close to 0.6, we treat
it as a free parameter here.

As already mentioned, the solution of the forwardbem requires an input model of
density anomalies in the mantle to be prescribedhé present paper, we use a model
based on the reconstruction of subducted slabsiénupper mantle and on seismic
tomographic information in the lower mantle. Simildensity models, combining
geological and seismic information, have also based by other authordédéger and
Clayton, 1989 Ricard et al., 198p The reasons why this combined density model is
preferred to the entirely tomographic one have baisoussed inCadek and Fleitout
(1999) The slab model in the upper mantle is construittedle same way as Ricard et
al. (1993) We have also tested other upper mantle densitietadiffering from the slab
model byRicard et al. (1993)n the density scaling of the slabs. We have foinagdvever,
that the result of the inversion for viscosity islyo weakly influenced by the specific
choice of the density scaling in the upper martiehe lower mantle, we use the global
tomographic model for S-wave velocity anomalies ¥Woodhouse and Trampert
(unpublished resultsWe are aware that this tomographic model wasldped ten years
ago and more recent, high-resolution models are a@ilable yan der Hilst et al., 1997
Bijwaard et al., 1998Montelli et al., 200% However, we prefer this model since it has
already been used in our previous studiésdek and Fleitout, 1999, 200p3dealing with
the same subject (inferences of viscosity from djebut with different parameterizations
of viscosity. The use of the same tomographic mad¢he present study will allow the
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results of all three studies to be compared anctteets of lateral viscosity variations to
be better understood.

To obtain a density distribution from a model ofssgic anomalies, we multiply the
seismic velocities by a scaling factor. This factoll be a free parameter and its value
will be determined by solving the inverse problem.

4.INVERSION

Our model of the mantle is fully characterized I tfollowing parameters: the
layering coefficientA, the velocity-to-density scaling factey,y, in the lower mantle and
the parameters describing the viscosity structline. lithosphere is assumed to be 100 km
thick and, as mentined above, it will be treatec ggerfect membrane, with its viscosity
going to infinity. Below the lithosphere, the visity is parameterized in terms of four
layers with interfaces at depths of 100, 200, &MO0 and 2900 km. No lateral viscosity
variations are considered in the first three layaith each layer characterized by a single
viscosity value, denoted here g 7um and 77 m, respectively. The only layer where
lateral viscosity variations are taken into accoimin the the core-mantle boundary
region (depth interval 276@900 km). The viscosity in this layer is parameedi in the
logarithmic scale in terms of a spherical harmaeides truncated at degree 4:

4 4
logio/tcms (8:9) = 2. 2 Mim¥im(9.9), @)
£=0m=—¢
where Yj, are the complex spherical harmonics, amgl, are the spherical harmonic
coefficients that are to be determined. We assume that the itjiscothe core-mantle
boundary region does not vary with radiug,fare constant over the depth range

2700-2900 km) and that the viscosity pattern is not necessadiyelated with the
distribution of seismic velocity anomalies, i.e. the coeffitden,,, are not a priori
constrained by seismic tomographic anomalies. The choice oéldtesely low value of
the cut-off degreef,,x =4) in Eq.(1) is justified by the increasing difficultiessolving
the inverse problem for the case of a large number of madaingters. The total number
of free spherical harmonic coefficients (8ax+1) (¢ max* 2)/ 2, hence 15 if 0, = 4.
Note that since the boundary condition on the top is ftated in terms of plate
velocities, we can determine the absolute values of the vigqumiametersiasi 7ums
v and coefficientsy,,,, and not only the relative ones as is the case if a freegstieru
boundary is considered.

The goal of the inversion is to determine such values ahtidel parameters that best
predict the observed long-wavelength geoid. Since the invedditime geoid is mainly
sensitive to the lowest/(= 2;3) degrees in the geoid spectrum, we will also chbekfit
to free-air gravity dataReltier et al., 1992 The inverse problem is formulated in the
usual way as a Ieast—sqgare minimization of thefim between the observed and
predicted dataKing, 1995 Cadek and Fleitout, 1999
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2
S(A, s ) = [[ G- &P, sy )| @, )
Q
or, expressed in terms of spherical harmonic caefits,
8 / O
- d d
S amm= X (8- Ged)( e o) 3)
(=2m=-/

wherez is the vector containing all viscosity parameters,
N ={NastnTum M Lm Mt » £ =0...8, ms £, 4)

Q denotes the surface of the Ea@@PSis the observed quantity (geoid height or free-air

gravity), GP'ed is the same quantity predicted for a given sanoflel parametersGoRs

and Gﬁ{fd are the spherical harmonic coefficients of the rdjtias GOPS and GPred

respectively, and the asterisk denotes complexugation. A relatively low value
(Ymax=8) for the cut-off degree in EQ.(3) is chosen, irre@gnent with the results
presented bye Stunff and Ricard (1995vho have demonstrated that a signifficant part
of the geoid signal at degrees>10 can be explained by static effects from mass
anomalies in the lithosphere.

Since the inverse problem is non-linear, the valaktshe model parameters that
minimize Shave to be found numerically. To simplify this s#a we will first express the
predicted geoid as a function &fs y and 7745t Let 77 be a vector of the relative values
of viscosity,

Mo =11/ Masth ={L7um/M astn/] LM/ ast/le 1 ashh (5)
If the viscosity structureyg is fixed, the prediction of the geoid only depeng®n the
parameters, s\ and7,st, We can write adek and Fleitout, 1999

G,;j)md (A SLM Tasth) = (1-A) C%AOIMF (SLm 7 asth +4 C/:;LOF ( SLM77 ast) - (6)

where G/\;ZMF (S.m »77asth) is the geoid predicted for viscosity structyggand parameters
sum and 7ast, under assumption of whole mantle flow, whtts;;o': (S.m /Tastn) is the
geoid obtained for the same parameters but fofatyered flow situation. Sinc@XZMF

and G,';OF depend upon the parametsrg and 7asimlinearly, one can easily determine the

values of parametetd, sy and /755th that minimize the misfiS for a chosen viscosity
structureng. The inverse problem can therefore be reducetdseéarch for an optimum
vector of the relative viscosityg. To find this vector, we use methods of globalrsea
namely the Monte Carlo method, the genetic algorithnd the method of simulated
annealing Press et al., 1992 The agreement between the predicted and obsgeed
and/or free-air gravity is characterized by thecpatage of the fitted data, or the variance
reduction, which is defined as:
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P= 1—@ x100%, (7)
L.
where 2
e = [[e" =% 5 atasy. ®
5.RESULTS

The best model found by the global inverse seareligts around 95% of the geoid
and 70% of the free air gravity (Fig. 1). We cap Heat the role of the lateral viscosity
variations in the core-mantle boundary region ded signifficant: If no lateral viscosity
variations are included, only 78% of geoid and 4#%gravity can be explained. The best
fitting model is characterized by a strong increask viscosity with depth
(Nasth= 4% 109Pa's, num = 4x 1029Pa's, andg y =8.5x 1022Pas), by a layering
coefficient A = 0.6, and by a velocity-to-density scaling facsgy = 0.3. The predicted
pattern of the lateral viscosity variations in dwe-mantle boundary region is shown in
Fig. 2.

The value of viscosity in the asthenosphere fouate Hs in agreement with the
estimate of viscosity based on analysis of the figatin oceanic regionsOumoulin et
al., 1999. Below the asthenosphere, our inversion preferal@e of 4x 1020 Pa s, which
is compatible with the mean value of viscosity aied for the upper mantle from
inversions of sea-level dat&K.(Lambeck, personal communicafiorin contrast to
postglacial rebound studies, our best-fitting vityo profile shows rather large (by
a factor of 200) increase of viscosity in the loweaintle. Although such an increase of
viscosity is larger than usually obtained from irsiens of the long-wavelength geoid, it
seems compatible with the estimate of viscosityetlasn stability analysis of plumes
(Steinberger and O’Connell, 1998

It should be emphasized, however, that our invars® nonunique and some
parameters cannot be determined with a high degfesccuracy. Whereas the strong

increase of viscosity with dept(y /7asth 103) is a common feature of all well-fitting
models, the absolute values of the parametis,, 7um and 7 are poorly
determined. There is a clear trade-off between vieEosity increase below the
asthenospherjyw /7astn) and in the lower mantlér, \ /77w ) - A realistic prediction

of the geoid P > 90%) and free-air gravity?(> 60%) can be obtained for a large number
of viscosity models, provided, \, /7um 230 and the lateral viscosity variations in the

core-mantle boundary region are included. On theerohand, some other parameters,
namelyA ands v, are well resolved.

This is also valid for the geometry of the lataralosity variations in the core-mantle
boundary region. We find essentially the same paté the viscosity anomalies for all
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a) OBSERVED GEOID

-120m 0 +120 m

Fig. 1. Comparison between observed and predicted ge@d©bserved nonhydrostatic geoid
(¢ =2...8) corrected for the lithospheric effec®din et al., 199% (b) Geoid predicted in the
present study for a viscosity model including laligr variable viscosity in the CMB region. The
model predicts 95% of the geoid and 70% of the-fiegravity for degrees-3.

models that successfully predict the observed tational signal. While the geometry of
the lateral viscosity variations is well constralr®y the data, their amplitudes may differ
for different models. The distribution of the visity anomalies in the lowermost mantle
is only weakly sensitive to the value of the laggricoefficientd and we have obtained
a similar viscosity pattern for the whole-mantlevil model @ = 0) as for the best-fitting
model withA = 0.6.

The lateral viscosity contrasts depicted in Fign2ount to three orders of magnitude,
ranging from 5x 10?1 Pa s beneath Central America and the Indian Oe@n 10?4 Pa s
beneath the South Atlantic. It should be mentiotedyever, that since our computational
method is rather time-consuming for large lateralcasity contrasts, we have not
explored a parameter space that includes viscasityrasts larger than 4 orders of
magnitude. The maximum values of viscosity are tbim the core-mantle boundary
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VISCOSITY IN CORE-MANTLE BOUNDARY REGION

102t 10?2 10% 10%4 10 Pas

Fig.2. Lateral viscosity variations in the core-mantleubdary region obtained from the
inversion of the geoid. The viscosity (in Pa splstted in logarithmic scale. The dots mark the
positions of known hotspots (aftdataf and Ricard, 1996

region beneath the South Atlantic, Africa and tlaeifit, thus in areas characterized by
a large number of hotspots. From Fig. 2, it is obsi that the relationship between the
distribution of the hotspots at the surface andviseosity anomalies in the CMB region
is not random. Strikingly enough, most hotspots fatend above the regions of higher-
than-average viscosity while only a few hotspots lacated above the lowest viscosity
regions. A simple statistics (Fig. 3) shows tha Hurface density of the hotspots may
differ by a factor of 5 in dependence on the viggas the core-mantle boundary region.

The derived viscosity pattern is weakly anticoreda with the seismic velocity
anomalies at the core-mantle boundary (compare. EBigand 4). In contrast, no
statistically signifficant correlation has been rfidubetween the viscosity in the CMB
region and the location of subduction zones inpst Richards and Engebretson, 1992
Steinberger, 2000

6. OTHER PARAMETERIZATIONS
If both seismic anomalies and lateral viscosityiateons were only activated by
temperature changes, which is often expected, ma@itades of viscosity and seismic

velocity would have to be in phase. As mentionedvabthe viscosity pattern obtained
here as a solution of the inverse problem doesaiigfy this condition. This result may
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indicate the importance of chemical heterogeneitytie CMB region, or it can be
interpreted as a consequence of an unsuitably nhosemeterization. To examine the
latter possibility, we will test two other parameations, both based on the assumption
of a purely thermal origin of seismic velocity aralias and lateral viscosity variations.

The first parameterization is the same as the aseribed in Section 4, but with the
lateral viscosity variations in the CMB region ctvaged a priori by seismic tomographic
data. We assume that

logyo/7cme (1.9.9) = A+BoV(r,9.9), 9)

wheredv denotes the deviation of seismic velocity fronphesically symmetric reference
model, andA andB are positive numbers. The mantle model is theg @laracterized by
seven parameters, namely S um, asth 7um. Jums A, andB. Since the number of the
model parameters is rather low, we can systembtieaplore the whole model space and
map all models that successfully predict the olesbigravitational signal. The best fit to
the data is obtained foB =0, that is a model without lateral viscosity igfions
(cf. Zhang and Christensen, 1993 he absence of any lateral viscosity variation®" is
obviously unrealistic and, moreover, such a modal only explain 78% of geoid and
42% of free-air gravity.

Until now we have only considered the lateral visgovariations in the lowermost
mantle. The next paramaterization is more realigtithat the lateral viscosity variations
are included in the whole mantle. As in the presiooodel, we assume an exponential
dependence of viscosity on seismic velocity. Inhelager, the viscosity is described by

250

200

150

100

DENSITY OF HOTSPOTS

50

0 1021 1022 1023 1024 1025
VISCOSITY INTERVAL [Pa s]

Fig. 3. Density of hotspots as a function of viscositythe CMB region (Fig. 2). The density is

defined as a number of the hotspots located imebion of a given viscosity divided by the relative
area of the region (total area of the surface Th viscosity intervals are the same as the igolin
intervals in Fig. 2.
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MIN 0 MAX

Fig. 4. Lateral variations in shear-wave seismic veloatya depth of 2850 km plotted for
degrees 416 (Woodhouse and Trampert, unpublished reyulthe distribution of seismic velocity
anomalies is normalized with respect to the maximvaiue.

two constant parameter,andB;, such that
logyo/; (r.9.0)=A +BOV(r.5.9), (10)

where indexi denotes the number of the layee=(l, ..., 4). The interfaces between the
layers are located at the same depths as desinilS=ttion 4. The optimum values of the
parametergy, andB; have been determined by combining the technigubeobystematic
exploration of the model space with a Monte Cadarsh. As in the previous case, we
have obtained3; =B, =Bz =B4 ~ 0 (or, more preciselyBovl A, i=1, ..., 4). This
means we cannot find a 3-D model of viscosity fradicts the long-wavelength geoid
significantly better than a spherically symmetriodal. This result indicates that the
physical relationship between the lateral viscosiyiations and the seismic velocity
anomalies may be more complex than assumed in ®qg.(L mantle material is
chemically heterogeneous, the lateral viscosityiati@ns and the seismic velocity
anomalies may not be correlated. However, it issipdes that the parameterization in
Eq.(10) is still oversimplified (e.gA, B ands\ are likely to depend on depth) or that the
results of the inversion are affected by inacc@meind/or the low resolution in the input
tomographic model (e.g., we do not impose stiff aadow slabs, etc.).

We can conclude that the tested “realistic pararzetiton” assuming the exponential
relationship between viscosity and seismic veloaitpmalies does not give satisfactory
results. That is why we will hereinafter discusslyothe results obtained for the
parameterization described in Section 4.
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7. DISCUSSION

The results of the inversion described in sectiariearly prove that the presence of
lateral viscosity variations may significantly iease the percentage fit of the predicted
data. The improvement of the prediction is espbcggnificant for free-air gravity (from
42% to 70%). The resultant model shows similaruest as the model with radially

symmetric viscosity, namely a strong increase stasity with depth and ~0.6 (see

Cadek and Fleitout, 1999but because of the lateral viscosity variationthe lowermost
mantle, it gives a more realistic prediction of gravitational data.

The results of the studies dealing with the effeftiateral viscosity variations on the
geoid have so far been somewhat ambiguous. White sathors report that these effects
are significant, other studies indicate that theerkd viscosity variations have little
influence on the long-wavelength geoid in comparisesith the radial changes in
viscosity. The results presented here and in theemphay Cadek and Fleitout (2003)
suggest that the large-scale anomalies in the laoyridyers do play an important role.
Their effect can intuitively be understood if walize that the lateral increase of viscosity
acts in the same way as a no-slip boundary comdfiavine and Phipps Morgan, 1993
Whereas the low-viscosity regions effectively behag a free-slip boundary, we obtain
an additional tangent force in regions of highexrttaverage viscosity. This force then
influences mantle flow and, consequently, the geoid

The weakly negative correlation between the derivisdosity field and the seismic
pattern in the CMB region suggests the importardasfclateral petrological changes in
the lowermost mantle. If only the thermal effectsrevimportant, then the two fields
would be positively correlated. Another possibleipretation has already been suggested
in the previous paragraph: since the lateral visgosriations in the layer above the
CMB influence the flow in the mantle in a similaayas a laterally variable boundary
condition, we can interpret them in terms of ldtgrehangeable mechanical conditions at
the CMB. The regions of very high viscosity areibalyy stagnant and, thus, can be
replaced by a no-slip boundary condition. In ccstiréhe material in regions of lower-
than-average viscosity can flow more freely, cqroesling to a free-slip boundary
condition.

This concept can also help us to reconcile thetfadt most hotspots are located over
regions of higher-than-average viscosity. Theséorsy interpreted now as parts of the
CMB with a no-slip boundary condition, can be idiéged with a thin layer of a dense
material of crustal origin lying on top of the cqkdofmann and White, 198Zhristensen
and Hoffman, 1994Coltice and Ricard, 1999 As shown byTackley (200Q) such
a material cannot move rapidly in the lateral dicet which is consistent with the no-slip
boundary condition. Some geochemical data inditla this layer may indeed be the
source of plumesHofmann and White, 1982nd consequently of hotspot volcanism
(Morgan, 197). Since the plumes originate in a laterally stagrenvironment, their
positions change little over time, which is in agrent with the observed hotspot
stability.

The material lying at the CMB can hardly be detédig global seismic tomography
and its gravitational effect is negligible becaiiss isostaticly compensated. In contrast,
the plumes in the mantle above the CMB region araged by seismic tomography as
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large seismically slow regiong'édek et al., 1995 Since buoyant and actively upwelling
lower-mantle structures below the Pacific and Afriare necessary for a successful
prediction of the geoid, these regions must bevamage less dense than the surrounding
mantle (see alsBanning and Rabinowicz, 2004t is therefore natural to assume that the
large-scale negative seismic anomalies in the lonaantle are mainly of a thermal origin,
and that chemical heterogeneity is only importarthe close vicinity of the CMB.

It is also possible that the lateral viscosity atians obtained here as a solution of the
inverse problem are associated with a post-perta/gkiase transition, recently suggested
by mineral physicistsMurakami et al., 2004 The results by'suchyia et al. (2004and
Hirose and Fujita (2005)ndicate a large positive Clapeyron slope, whiduld mean
that the phase boundary is depressed or even absdrdtter regions. If the post-
perovskite phase is less viscous than perovskiga this would lead to higher viscosities
in hotter regions, contrary to what is usually etpd.

Our results may also reflect the existence of anitelly distinct layer in the lower-
most mantle B. Steinberger, personal communica)io8uch a layer would be piled up
beneath large-scale upwellings, with the elevagggions being a source of plumes as it
has been suggested Bavaille et al. (2002)and Jellinek and Manga (2002Piling up
such a layer beneath upwellings would cause regtdorces trying to flatten the layer out
again. These forces would reduce the horizontal flovards the upwellings in the layer
above, in a similar way as if a no-slip boundarpdition were prescribed on the top of
this layer. If a chemically distinct layer is noicluded in the model, but lateral viscosity
variations are, the presence of this layer is neatédd by the distribution of lateral
viscosity variations that is equivalent to a ng-dioundary condition below large-scale
upwellings.

8. CONCLUSIONS

Lateral viscosity variations in the core-mantle bdary region can significantly
influence predictions of the long-wavelength gratiinal data. The best fit to the data has
been obtained for viscosity variations ranging frem10?1to 8 x 10?4Pas. The derived
viscosity pattern correlates with neither the dstiion of seismic velocity anomalies in
the lowermost mantle, nor with the positions ofdwtiion zones in the last 180 Myr. In
contrast, the lateral viscosity variations in th®E region are clearly related to the
distribution of hotspots at the surface (i.e. higmnsity of hotspots above the regions of
higher-than-average viscosity). These results theresuggest an important role for
chemical heterogeneity in the lowermost mantle. tAeppossible explanation is that the
lateral viscosity variations obtained here for tb®IB region correspond in reality to
lateral variations of mechanical conditions at tleere-mantle boundary. This
interpretation is in agreement with some geochengoacepts lofmann and White,
1982 Coltice and Ricard, 1999and naturally explains the high occurrance ofpots
above the apparent viscosity maxima in the CMB argilt is also possible that the
viscosity pattern obtained in the lowermost mangffects undulations of a chemically
distinct layer Davaille et al., 2002Jellinek and Manga, 2002r a post-perovskite phase
transition Murakami et al., 2004
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The viscosity structure of the CMB region preseritethis paper may be affected by
a number of simplifications that are justified Ime tadopted modelization method and by
our limited knowledge of the physical parameterghaf mantle. We neglect (i) spatial
variability in the velocity-to-density scaling fact in the lower mantle, (i) lateral
viscosity variations in the mantle above the CMBela and (iii) continuous changes of
viscosity with depth inside the layers. Moreovee, significantly simplify (iv) the density
structure in the mantle as well as (v) the flowuation at the upper/lower-mantle
boundary (the resistive force acting in the traosizone is parameterized by a single
parameter).

Independently of these simplifications, our studgs hdemonstrated that lateral
viscosity variations in the boundary layer are imtgot when modeling the long-
wavelength gravitational signal and their inclusican lead to a significantly better
prediction of the data in comparison with radialymmetric models. The inverse
modeling of the lateral viscosity variations in thewermost mantle is strongly
complicated by the lack of additional observatiot@hstraints. It is obvious that without
such constraints, our viscosity models necessaaihain speculative.
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