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Abstract.4

Radial seismic anisotropy models are traditionally obtained using empir-5

ical constraints based on laboratory experiments and petrological consider-6

ations. We tested the hypothesis that such petrological constraints affect the7

uppermost mantle models of S-wave anisotropy using a statistical approach.8

In addition, we were able to determine which model features are constrained9

by the data and which are dominated by the prior. We focused on large-scale10

models, and found that the most likely models obtained in both cases are11

highly correlated. This demonstrates that for the best data-fitting solution,12

the geometry of uppermost mantle radial anisotropy is not strongly affected13

by prior petrological constraints. The amplitude of the anomalies, however,14

can change significantly : The best data-fitting model obtained without petro-15

logical constraints displays stronger amplitudes than the one obtained with16

prior. This could become an issue when quantitatively interpreting seismic17

anisotropy models, and thus emphasizes the importance of accurately account-18

ing for parameter uncertainties and trade-offs, and of understanding whether19

the seismic data or the prior constraints the model. We showed that model20

uncertainties are strongly affected by the prior as the relative rms uncertain-21

ties were reduced by a factor two. In addition, we showed that while the model22

distributions are not necessarily Gaussian a priori, imposing petrological con-23

straints can force the distributions to be narrower and more Gaussian-like,24

as expected from inverse theory. Finally, we demonstrated that the age-dependence25

of seismic wave velocities is robust and independent of prior constraints. A26
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similar age signal exists for anisotropy, but with larger uncertainties with-27

out prior constraints.28
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1. Introduction

Accurately modeling mantle seismic anisotropy, that is the dependence of seismic wave29

velocity with the direction of propagation or polarization, can help us understand mantle30

deformation [Karato and Toriumi , 1989; Kendall et al., 2000; Becker et al., 2003], the31

coupling between lithosphere and asthenosphere [Silver and Holt , 2002; Becker et al.,32

2006b], mantle composition [Montagner and Anderson, 1989], rheology [Becker et al.,33

2008], and the net rotation of the lithosphere [Becker , 2008]. However, despite numerous34

efforts to model mantle seismic anisotropy over the past 20 years, uncertainties remain35

on its exact depth extent and lateral variations in the uppermost mantle, on its presence36

in the transition zone, and on its global nature in the D” layer [Fouch and Fischer , 1996;37

Montagner and Kennett , 1996; Ekström and Dziewonski , 1998; Lay et al., 1998; Trampert38

and van Heijst , 2002; Wookey et al., 2002; Gung et al., 2003; Panning and Romanowicz ,39

2006; Beghein and Trampert , 2004a, b; Beghein et al., 2006; Panning and Romanowicz ,40

2006; Zhou et al., 2006; Marone et al., 2007; Nettles and Dziewonski , 2008; Beghein et al.,41

2008].42

Discrepancies between models can arise for a variety of reasons. To fully describe Earth’s43

elastic properties one would ideally want to determine the 21 independent elements of the44

fourth-order elastic stiffness tensor, at a given time and location inside Earth. In practice,45

this is challenging because seismic data are only sensitive to subsets of those 21 elements46

[Tanimoto, 1986; Chen and Tromp, 2007; Beghein et al., 2008], and different types of data47

depend on different subsets of elastic coefficients (see summary tables in Chen and Tromp48

[2007] and Beghein et al. [2008]). In addition, while some data, such as shear-wave splitting49
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measurements, can provide precise constraints on lateral changes in seismic anisotropy,50

their depth resolution is very poor. Surface wave and free oscillation data are better51

suited to constrain depth changes in structure, but their lateral resolution is lower than52

that of body waves. This can yield apparent discrepancies and make model comparisons53

difficult. Moreover, three-dimensional models of seismic anisotropy are typically obtained54

by data inversion, which is often an ill-posed and ill-conditioned problem. This means that55

tomographic models are non-unique, i.e. several models can fit the same data equivalently56

well due to the existence of parameter trade-offs, inherent uncertainties in the data that57

lead to uncertainties in the models, and the existence of the model null-space, which is58

the part of the model space that the data cannot constrain.59

One way of reducing the parameter trade-offs, and therefore the number of possible60

solutions, is by jointly inverting data sets that are sensitive to different but overlapping61

subsets of elastic coefficients. However, this alone is usually not sufficient to uniquely62

characterize the anisotropic properties of Earth’s interior. One can always transform an63

ill-posed into a well-posed problem by introducing sufficient a priori information, and then64

solving the equations with a regularized least-squares inversion [Jackson, 1979; Jackson65

and Matsu’ura, 1985]. The regularization constitutes some kind of a priori information.66

It gives a way of reducing the ensemble of possible solutions, and choosing a particular67

solution among all the models compatible with the data. However, this also introduces68

hidden problems that make the resolution assessment of tomographic models less straight-69

forward than often assumed [Trampert , 1998], and the resulting model could be influenced70

(possibly dominated) by such prior information. In addition, because the regularization71

D R A F T September 8, 2009, 5:16pm D R A F T



X - 6 BEGHEIN: PETROLOGICAL CONSTRAINTS AND ANISOTROPY

imposed is not always based on physical information, our ability of making reliable inter-72

pretation of the models can be challenged.73

Many levels of regularization are implicitly and explicitly introduced when solving an

inverse problem. The physical variables used to describe the Earth are generally expanded

onto a set of basis functions, which has to be truncated for practical reasons. This trun-

cation consists in some level of (implicit) regularization and implies that the choice of the

basis functions can influence the final model. The choice of the model parametrization (e.g.

perturbations in seismic velocities or in elastic parameters, layered depth parametrization

or spline functions, etc) is also a form of regularization and can influence the solution as

well [Lévêque and Cara, 1985]. In addition, a cost function (χ2 misfit, variance reduction,

etc) is typically minimized, and the choice of this cost function consists in an explicit form

of regularization. It involves an arbitrary choice of model space norm ∆M to measure

the distance between the solution m and a reference model m0 (which itself is chosen a

priori), and a choice of data space norm ∆D for the distance between observations d and

predictions Am (in the case of a linear problem). A general form of the cost function is

[Tarantola, 1987] :

Cλ = ∆D(d,Am) + λ∆M(m,m0). (1)

λ is called the trade-off parameter. Its value is chosen arbitrarily when minimizing the cost74

function, and it compromises between optimizing the data fit and some information in the75

model space (norm, gradient, second derivatives, etc). The data space norm is typically76

chosen as: ∆D(d,Am) = (d−Am)†C−1

d (d−Am), where Cd is a data covariance matrix77

and † stands for the transpose of a matrix. The data covariance matrix is often reduced to78

a diagonal matrix containing estimates of data uncertainties. An example of model space79
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norm is ∆M(m,m0) = (m − m0)
†C−1

m
(m − m0), where the model covariance matrix80

Cm should ideally be chosen using independent prior information on the model space81

[Tarantola, 1987].82

Radial anisotropy is a particular case of seismic anisotropy, which occurs when the83

medium can be characterized by one symmetry axis pointing in the radial direction, and84

which can be modeled with surface waves or normal mode data. In the case of inversions of85

these data, prior information on the model space is often introduced in order to reduce the86

number of unknowns. This can also significantly decrease computing times. The problem87

is solved only for the best resolved parameters, i.e. shear-wave anisotropy ξ and shear-wave88

velocity anomalies dVs, while other parameters are forced to behave according to empirical89

scaling relationships [Nishimura and Forsyth, 1989; Montagner and Anderson, 1989; Gung90

et al., 2003; Panning and Romanowicz , 2004, 2006; Marone et al., 2007], or are simply91

neglected [Maggi et al., 2006; Marone and Romanowicz , 2007b]). Using results from92

laboratory experiments, extrapolated down to a depth of 400km, Montagner and Anderson93

[1989] determined that the parameters describing radial anisotropy correlate with one94

another, and they calculated empirical scaling relationships based on their results. These95

prior scaling relationships are often used in inversions of surface wave measurements to96

constrain radial anisotropy : density anomalies and the three elastic parameters describing97

P-wave propagation in a transversely isotropic medium (A, C, and F in the notation98

of Love [1927]) are kept proportional to the two shear-wave related elastic parameters99

(N and L [Love, 1927]). These correlations between anisotropic parameters appear to100

be consistent with deformation-induced lattice preferred orientation (LPO) of minerals101

[Becker et al., 2006a]. However, the same proportionality factors are generally used at all102
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latitudes and longitudes, at a given depth, and the validity of this approach, as opposed to103

using laterally variable values, is not clear [Beghein and Trampert , 2004a; Beghein et al.,104

2006].105

Several authors reported that the values chosen for the proportionality factors be-106

tween anisotropic parameters do not affect the main features of the models obtained (e.g.107

Nishimura and Forsyth [1989] for the Pacific Ocean, and Gung et al. [2003] at the global108

scale). In addition, Nishimura and Forsyth [1989] reported identical results for anisotropy109

in the Pacific whether prior constraints were used on the parameters or not. However, the110

models obtained from seismic inversions can be influenced by several sources of regular-111

ization, as explained above. It is therefore difficult to assess to what extent the stability112

of their results is due to the a priori information introduced via the regularization or to113

a low sensitivity of shear-wave anisotropy models to the prior information introduced.114

Interestingly, Panning and Romanowicz [2004] reported a drop in the correlation between115

shear-wave anisotropy models obtained with and without scaling factors, at depths lower116

than 100 km and between 600 and 700 km. This could indicate that such global scaling117

relationships are not valid at those depths, and that they affect the resulting models.118

In order to determine the influence of prior petrological constraints on models of shear119

wave anisotropy and velocity, we need to employ a method that does not introduce ex-120

plicit regularization on the model parameters (i.e. λ = 0 and no ∆M used) for a given121

parameterization. This can be done with a direct search approach, or forward modeling,122

such as the Neighbourhood Algorithm (NA) [Sambridge, 1999a, b]. The NA is an efficient123

model space search technique, which was successfully applied to several global tomogra-124

phy problems [Resovsky and Trampert , 2002; Beghein et al., 2002; Beghein and Trampert ,125
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2003; Resovsky and Trampert , 2003; Beghein and Trampert , 2004a, b; Resovsky et al.,126

2005; Beghein et al., 2006, 2008]. With this algorithm, all the models compatible with a127

given data set are found, including the model null-space, and robust probabilistic infor-128

mation on the model parameters (posterior probability density functions and trade-offs)129

are obtained. Beghein and Trampert [2004a] had already applied the NA to fundamental130

mode Love and Rayleigh phase velocity maps to find models of upper mantle anisotropy.131

In order to get independent probability density functions (or likelihoods) for the different132

anisotropic parameters, they had not assumed any prior relationship between the variables133

and did not neglect the parameters to which the data are the least sensitive. Their shear-134

wave anisotropy models were generally consistent with previous models, but their results135

questioned the validity of using global prior constraints based on petrological results.136

The primary purpose of this manuscript is to isolate and to quantitatively determine the137

influence of prior petrological constraints on large-scale global models of shear wave radial138

anisotropy and velocity in the uppermost mantle. Improvements of the current research139

with respect to previous work [Nishimura and Forsyth, 1989; Gung et al., 2003] is that we140

separate the effects of petrological constraints from the effects of explicit regularization141

by using a forward modeling approach and comparing models obtained with and without142

prior petrological constraints. It is clear that models of anisotropy can change with the143

choice of the phase velocity map used to determine the anisotropy at depth, of the depth144

parameterizations and possibly of the model space boundaries. However, for the purpose145

of this paper and to isolate these effects from other types of regularization, we focus on146

the effect of prior constraints for a given depth parameterization and assuming we know147

the phase velocity and its uncertainty up to spherical harmonic degree 8. We generated148
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new models of uppermost mantle anisotropy with the NA and using prior petrological149

constraints, and quantitatively compared the distributions of models obtained with those150

of Beghein and Trampert [2004a] (hereafter referred to as BT04), which were obtained151

with the same method and data but without prior petrological constraints. In particular,152

we examine (1) whether imposing prior petrological constraints influences the models153

of shear wave anisotropy and velocity, and (2) whether the proportionality values used154

between anisotropic parameters affect the models. In addition to isolating the effect of155

prior petrological constraints from the effect of explicit regularization, we obtain model156

distributions instead of one model chosen among all possible solutions with a subjective157

regularization. These model distributions enable us to make uncertainty estimates on the158

models, and thus to get robust, quantitative assessments of the reliability of the model159

features.160

2. Data and Parametrization

To make a fair comparison with the BT04 models, we employ the same data set, data161

uncertainty estimates, measure of misfit, and parametrization in terms of layers and elastic162

coefficients.163

2.1. Data

One can determine shear wave velocity and anisotropy models at depth either from the164

direct inversion of long-period seismic waveforms [Woodhouse and Dziewonski , 1984; Gung165

et al., 2003], or in a two-step procedure where phase velocity maps are first obtained from166

the inversion of long-period seismic spectra and those maps are then inverted at depth in167

order to find three-dimensional velocity and anisotropy models [Montagner , 1986]. Here,168
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we adopted the same method as in Beghein and Trampert [2004a] and we focused on the169

second step of the two-step procedure. The data used are global phase velocity maps170

obtained by Trampert and Woodhouse [2003] for fundamental mode Rayleigh and Love171

waves, from which we determine three-dimensional variations in seismic anisotropy and172

velocity. It is clear that the construction of phase velocity maps from the raw phase173

velocity measurements (step 1 of the two-step procedure) involves the introduction of174

various regularization schemes, which can influence the resulting phase velocity model175

and thus the models of anisotropy at depth. We want to stress, however, that our goal is176

not to examine the effect of regularization schemes on the construction of phase velocity177

maps or on the anisotropy at depth, which is a subject covered by other authors [Boschi178

and Dziewonski , 1999; Carannante and Boschi , 2005]. Instead, we want to examine the179

effect of prior petrological constraints on the models of anisotropy obtained at step 2 (by180

solving equation 5), assuming we know the phase velocity (i.e., that step 1 is solved).181

The phase velocity data used here are the isotropic part of azimuthally anisotropic182

fundamental mode Rayleigh and Love wave phase velocity maps obtained by Trampert183

and Woodhouse [2003] at periods of 40, 50, 60, 70, 80, 90, 100, 115, 130 and 150 sec-184

onds. The reader is referred to the original paper for details about the construction of185

those maps, the type of regularization employed, the trade-off curves and resolution tests.186

The maps were initially expanded in terms of spherical harmonics (SH) up to degree 40.187

Local perturbations δc
c
(θ, ϕ) in phase velocity, with respect to the predictions of a spher-188

ically symmetric reference model, represent the depth average of perturbations in Earth189

structure (e.g. Dahlen and Tromp [1998]) :190

k

(

δc

c

)

(θ, ϕ) =
∫ a

0

δm(r, θ, ϕ) kK(r) dr (2)191
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where a is the radius of the Earth, θ is the colatitude and ϕ the azimuthal angle (or

longitude) of a point at the surface of the Earth, and kK(r) is the partial derivative for

model parameter m(r), also called sensitivity kernel. k discriminates between different

surface wave periods. Both the phase velocity maps and the perturbations of the model

parameters can be expanded on a SH basis [Edmonds , 1960]:

k

(

δc

c

)

(θ, ϕ) =
smax
∑

s=0

s
∑

t=−s

k

(

δc

c

)t

s

Y t
s (θ, ϕ) (3)

δm(r, θ, ϕ) =
smax
∑

s=0

s
∑

t=−s

δmt
s(r)Y t

s (θ, ϕ) (4)

s is the degree of the spherical harmonic, t is the order, and smax is the degree at which192

the SH expansions are truncated. In our case, the phase velocity maps of Trampert and193

Woodhouse [2003] were truncated at degree 40. Equation 2 now becomes :194

k

(

δc

c

)t

s

=
∫ a

0

δmt
s(r)kK(r) dr (5)195

The problem thus naturally separates into individual SH components and we can solve196

equation 5 for each SH coefficient separately. Like in the BT04 study, we only used SH197

degrees up to 8, even though the maps are provided up to degree 40. The lower SH degrees198

are generally not strongly affected by the regularization imposed (a derivative damping in199

the case of Trampert and Woodhouse [2003]) to create the phase velocity maps from path-200

averaged measurements. From that point of view, the lower degrees can be considered201

unbiased.202

Fundamental mode surface wave phase velocity maps are sensitive to crustal structure203

and this has to be accounted for before inverting the data. Three-dimensional crustal204

structure can have strong non-linear effects on the phase velocity measurements and care205

has to be taken when correcting surface wave data with a crustal model [Boschi and Ek-206
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ström, 2002; Marone and Romanowicz , 2007a; Kustowski et al., 2007; Bozdag and Tram-207

pert , 2008]. Here, we applied the same non-linear crustal corrections as those calculated208

by Beghein and Trampert [2004a] using the crustal model CRUST5.1 of Mooney et al.209

[1998]. The idea behind those non-linear corrections is that the one-dimensional (1-D)210

reference model (PREM here) is modified locally by replacing structure above the PREM211

Moho with a more realistic crust. For every new local 1-D model obtained this way, phase212

velocity predictions are calculated. The difference with the predictions of the initial ref-213

erence model gives the non-linear contributions of the three-dimensional crustal model214

to the phase velocity. Note that a crustal model containing seismic anisotropy would be215

preferable to isotropic model CRUST5.1, but no such global model exists yet. Besides, it216

is not clear whether a strong seismic anisotropy signal would be present in the crust at217

the scale we are interested in (SH degrees 0 to 8) since crustal structure tends to rapidly218

vary laterally.219

To determine the data fit of a model, we use the same χ2 misfit as in BT04 :220

χ2 =
1

N

N
∑

i=1

[

δdi − (Aδm)i

σi

]

2

(6)221

It measures the distance between observations δd and data predictions Aδm in the data222

space, i.e. the average data misfit compared to the size of the data error bar σi. N is the223

total number of data.224

Although the lower SH degrees can be regarded as unbiased with respect to the regu-225

larization chosen to produce the phase velocity maps, discrepancies exist between global226

phase velocity maps obtained by different groups. For instance, Ekström et al. [1997]227

noted strong disagreements in regions of very thick crust (e.g. India and central Asia)228

between their own phase velocity maps and those produced by Trampert and Woodhouse229
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[1996], especially for Love waves at short periods (40s and below). They showed that230

the correlation between the 40s Love wave phase velocity maps deteriorate for SH de-231

grees 7 and higher. Carannante and Boschi [2005] verified that these discrepancies do232

not arise from the inversion schemes or the chosen regularizations, and concluded that233

they originate from the data themselves. It is thus important to estimate uncertainties on234

the phase velocities. For consistency, we employ the uncertainties determined in BT04,235

which were based on the standard deviation calculated with phase velocity maps from236

different studies at periods of 40, 60, 80, 100 and 150 seconds [Trampert and Woodhouse,237

1995, 1996, 2001, 2003; Laske and Masters, 1996; Ekström et al., 1997; Wong , 1989; van238

Heijst and Woodhouse, 1999]. At intermediate periods (50, 70, 90, 115 and 130s), a239

simple interpolation of the uncertainties obtained at 40, 60, 80, 100 and 150 seconds was240

made. This accounts for different measuring techniques, data coverage and regularization-241

schemes in the construction of the maps. Like for model BT04 , we assume for convenience242

that the errors are Gaussian distributed, but there are too few phase velocity maps to243

test this hypothesis.244

2.2. Parametrization

Azimuthally averaged phase velocities can constrain the five elastic parameters describ-245

ing radial anisotropy (equation 7). This type of anisotropy occurs when the medium can246

be characterized by one symmetry axis and this axis points in the radial direction. Only247

five independent elastic parameters are needed to fully describe this type of medium,248

and in seismic tomography one often uses the elastic parameters defined by Love [1927] :249

A, C, N , L, and F . These elastic coefficients are directly related to the wave-speed250

of P-waves traveling either vertically (VPV =
√

C/ρ) or horizontally (VPH =
√

A/ρ),251
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and to the wave-speed of vertically or horizontally polarized S-waves (VSV =
√

L/ρ or252

VSH =
√

N/ρ, respectively). Parameter F relates to propagation in other directions (i.e.253

neither vertical nor horizontal). Seismic anisotropy in a radially anisotropic (or trans-254

versely isotropic) medium is then characterized by : φ = 1 − C/A (describing P-wave255

anisotropy), ξ = 1−N/L (describing S-wave anisotropy), η = 1− F/(A− 2L) and one P256

and one S velocity. For the velocity, some authors choose to work with the velocity of ver-257

tically or horizontally propagating waves (or polarized in the case of S-waves), while others258

choose to use the equivalent isotropic velocities based on the Voigt average [Voigt , 1928]259

isotropic elastic properties : µ = (C+A+6L+5N−2F )/15 and κ = (C+4A−4N+4F )/9260

[Montagner and Anderson, 1989]. Note also that the definitions for the anisotropic param-261

eters vary from author to author (for instance some define shear-wave anisotropy as N/L,262

P-wave anisotropy as C/A and η as F/(A − 2L) [Gung et al., 2003]). In the convention263

used here, ξ, φ and η can be read directly as the amplitude of the anisotropy (e.g. ξ = 0.04264

would correspond to 4 % of shear-wave anisotropy), and they are thus zero if there is no265

anisotropy. Negative values of ξ correspond to VSH > VSV . Positive values of φ correspond266

to VPH > VPV . These anisotropic parameters, widely used in surface wave tomography,267

differ from the Thomsen parameters [Thomsen et al., 1999; Mensch and Rasolofosaon,268

1997], which are employed in seismic exploration, and generally in studies dealing with269

wave front propagation in a transversely isotropic medium [Favier and Chevrot , 2003;270

Kustowski , 2007]. The relation between Thomsen and Love parameters can be found in271

Babuška and Cara [1991].272

Models are often parametrized in terms of anisotropy parameters, velocity perturba-273

tions, and anisotropy parameters [Gung et al., 2003]. We chose, instead, to parametrize274
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the medium directly in terms of elastic parameters A, C, N , L, and F as done in BT04,275

for comparison purposes. This choice also makes subsequent interpretations in terms of276

mineral physics data more straightforward than a parametrization in terms of velocities.277

The sensitivity kernels relating perturbations in phase velocities to perturbations in elastic278

parameters and density with respect to a reference model (PREM here [Dziewonski and279

Anderson, 1981]) were derived by Takeuchi and Saito [1972]. Equation 5 becomes :280

k

(

δc

c

)t

s

=
∫ a

b
[kKA(r)δAt

s(r) + kKC(r)δCt
s(r)281

+ kKN(r)δN t
s(r) + kKL(r)δLt

s(r)282

+ kKF (r)δF t
s(r) + kKρ(r)δρ

t
s(r)] dr (7)283

where b is the radius of core-mantle boundary and a is the radius of the Earth. For the284

present research we employed the anisotropic version of PREM, which includes radial285

anisotropy in the top 220 km of the mantle [Dziewonski and Anderson, 1981].286

As described in section 1, it is common for seismologists to solve equation 7 only for the287

best-resolved parameters δN and δL (or δξ and δVS, depending on the chosen parametriza-288

tion). Inversions of surface wave data cannot robustly constrain the other parameters289

because of lower sensitivity and/or because of the existence of large parameter trade-offs.290

The remaining four parameters are thus often dealt with by using a priori petrological291

constraints so that δlnVp ∝ δlnVs, δlnρ ∝ δlnVs, δlnφ ∝ δlnξ, and δlnη ∝ δlnξ. In the292

work presented here, we solve equation 7 for the two-shear-wave related parameters (δN293

and δL) and we use scaling factors identical to those employed by Gung et al. [2003] to294

constrain the other parameters : δlnVp = 0.5δlnVs, δlnρ = 0.3δlnVs, δlnφ = 1.5δlnξ, and295

δlnη = 2.5δlnξ. The scaling factors for the anisotropy parameters are based on compu-296

tations and results from laboratory experiments [Montagner and Anderson, 1989]. The297
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ratio between P-wave and S-wave velocity anomalies is based on values published by Mas-298

ters et al. [2000], and the ratio between density and velocity anomalies is based on the299

assumption that thermal effects dominate both velocity and density anomalies. We derive300

the equivalent isotropic Vp and Vs using the Voigt average isotropic elastic properties, as301

defined above. Proportionality factors between δlnVp, δlnVs and δlnρ and between δlnφ,302

δlnξ and δlnη are converted into relationships between δA, δC, δN , δL, δF , and δρ in303

order to use a parametrization in terms of elastic parameters as in BT04. Equation 7304

becomes :305

k

(

δc

c

)t

s

=
∫ a

b
[kK

′
N(r)δN t

s(r) + kK
′
L(r)δLt

s(r)] dr (8)306

where sensitivity kernels kK
′
N and kK

′
L are linear combinations of the kernels for A, C,307

N , L, and F . We also tested the results stability with respect to the ratios between the308

anisotropic parameters by selecting different values of δlnφ/δlnξ and δlnη/δlnξ.309

In order to make meaningful comparisons between models obtained with and without310

prior scalings, we adopted the same depth parametrization as the one used in BT04 : one311

isotropic layer between depths of 220 km and 670 km, and two anisotropic layers from312

100 km to 220 km depth and from the Moho to 100 km depth. The choice made by313

Beghein and Trampert [2004a] was not based on the depth resolution of the data, but was314

mainly motivated by computational resources. They needed to reduce the total number of315

unknows in their problem because forward modeling techniques are more time consuming316

than traditional inversions. In order to do this and in order to obtain posterior model317

distributions for the five elastic parameters and density in each layer instead of introducing318

a priori petrological constraints, they used a coarse depth layering. For the purpose of this319
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paper, this coarse parametrization is sufficient but a detailed geodynamical interpretation320

would clearly need a more refined analysis.321

3. The Model Space Search

We applied the Neighbourhood Algorithm (NA) [Sambridge, 1999a, b] to the SH coeffi-322

cients of the phase velocity maps in order to identify the regions of the model space that323

best fit the data. The NA has been described at length in various publications to which324

we refer the reader for technical details [Sambridge, 1999a, b; Resovsky and Trampert ,325

2002; Beghein and Trampert , 2004a]. In brief, it explores the model space to identify re-326

gions of relatively low and relatively high misfit, associated with high and low likelihoods,327

respectively. We thus get an overview of the models compatible with the data rather than328

choosing one “best” solution with a subjective regularization. The distributions of models329

obtained are converted into posterior probability density functions (PPDFs), which can330

be used to assess the robustness and likelihood of the features observed.331

Direct search approaches such as the NA are most often employed to solve non-linear332

problems. This type of problem often has multiple minima and using traditional inverse333

techniques leads to solutions strongly dependent upon prior assumptions and regulariza-334

tion. Model space search techniques offer a way to obtain robust information on the335

models without having to introduce explicit a priori information or regularization on the336

model parameters (i.e. λ = 0 and no ∆M used) for a given parameterization, and therefore337

have great advantages for solving non-linear problems, which often have a non-Gaussian338

model space.339

There are, however, advantages in using these types of techniques to solve linear prob-340

lems as well. Model distributions are generally assumed to be Gaussian when solving an341
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inverse problem, but this is not necessarily correct as we illustrate in the Results section342

(Figure 2) of this manuscript. By using a forward modeling method, we do not have to343

make this assumption as we are able to map the model space and obtain information on344

its approximate topology. This enables us to directly assess which parameters trade-off345

with one another, and to explore the entire model space (within selected boundaries),346

including model null-space, which leads to more accurate posterior model uncertainties.347

Most linearized inversions give, by construction, a posterior model covariance smaller or348

equal to the prior covariance by construction [Tarantola, 1987]. If the cost function to349

be minimized has a large valley, that is if there is a large model null-space, the posterior350

covariance can be seriously underestimated, depending on the prior covariance [Trampert ,351

1998]. This makes both the interpretation and the uncertainty assessment of tomographic352

models less straightforward than usually thought (see example in Beghein and Trampert353

[2003]). The exploration of the model space enables us to calculate the width of the valley354

in the cost function (i.e., the width of the individual PPDFs), which is a more realistic355

representation of the error bars. In addition, by identifying the entire group of models356

compatible with a data set and obtaining model distributions, we can determine which357

are the well-defined model features, i.e., which are the properties common to all the good358

models. This can lead to more meaningful interpretation and integration of the models359

with results from other fields than interpreting a single model obtained from a regularized360

inversion.361

4. Results

We obtained distributions of models for (δN)t
s and (δL)t

s for spherical harmonic degree362

s between 0 and 8 (t = −s, ..., +s), from which a mean value and a standard deviation363
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can easily be determined. We calculated the rms amplitude and its relative error bar364

(d(rms)/rms) for δN and for δL (Figure 1) in the two anisotropic layers. The rms365

amplitudes were based on the mean (δN)t
s and (δL)t

s models, and the models standard366

deviations were used to compute d(rms)/rms. We found that the rms amplitudes of the367

mean models are generaly larger when a priori scaling constraints are imposed (Figure368

1A). It should be noted that this observation would not necessarily hold if the models were369

obtained with a traditional inversion method since the regularization imposed tends to370

reduce model amplitudes, and not necessarily in the same way for L or for N . In Figure 1B371

we displayed d(rms)/rms, which represents the size of the error bars on the rms relative to372

the size of the mean model. We see that the relative uncertainty on the rms amplitude is373

systematically smaller (by approximately a factor two) for models obtained with a priori374

constraints. The reduction in the size of the posterior model uncertainties when a priori375

information is included is consistent with the formalism of Jackson and Matsu’ura [1985],376

who demonstrated that when prior information is used to solve an inverse problem both377

the observations and the prior information contribute to the resolution matrix. They also378

showed that strong prior information can compensate the low resolution one would obtain379

from observations alone. This is illustrated in Figure 2, as explained below.380

In Figure 2, we display examples of how the introduction of a priori petrological con-381

straints affect the posterior model distributions. The distributions of model parameters382

shown were obtained using the degree zero of the phase velocity maps SH expansion383

(s = t = 0). We see that the posterior model distributions obtained without imposing384

prior constraints (BT04 models, in grey) can depart significantly from a Gaussian, but385

the introduction of prior information can strongly modify the shape of these distributions,386
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which then become more Gaussian-like. For example, for parameter dN0

0
in the bottom387

layer the data alone (thus without prior scalings) tend to slightly favor a solution with388

dlnN0

0
= 0.05 but with very large uncertainties. Because the model uncertainties are so389

large, the weighted mean is much smaller (≈ 0.01) than what one would pick as the most390

likely value (≈ 0.05). The fact that the mean and the most likely values for dN0

0
are so391

different demonstrates that the model distribution is wide and not Gaussian. However,392

we see that including prior scaling relationships reduces the range of solutions and the dis-393

tribution becomes Gaussian-like with a positive mean value of approximately 0.02. Thus394

in this case, both prior information and data favor a positive dlnN0

0
, but with a different395

level of certainty.396

Figure 2 also demonstrates that in some cases the introduction of prior information397

can change the solution dramatically. This is illustrated by dL0

0
in the bottom layer :398

The BT04 model distribution is wide and not Gaussian, with a negative peak. However,399

when imposing prior constraints, not only does the model uncertainty become smaller,400

but the peak of the distribution shifts toward clearly positive values, in contradiction401

with the direction towards which the data were pushing the solution in BT04. If this402

type of behavior were to occur for a large number of spherical harmonics and elastic403

parameters, it could be a problem if the prior information is not justified as the solution404

and the resolution of the parameter are driven by the prior information and not by the405

data themselves. Note that a similar observation can be made for dN0

0
in the top layer,406

but with a less strong change when prior information in introduced.407

The reader will also notice that the most likely solution for dN0

0
in the bottom layer is408

at the edge of the model space. In the case where prior constraints are imposed, increasing409
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the size of the model space would likely provide a solution that is not at the model space410

boundary anymore because the (δN)0

0
and (δL)0

0
parameters are well-resolved. However,411

in the case of the BT04 models, dN and dL trade-off with some of the other elastic412

parameters (e.g., dρ). Experience with previous studies of this kind [Beghein et al., 2002;413

Beghein and Trampert , 2003, 2004a, b; Beghein et al., 2006, 2008] showed us that changing414

the boundary for one parameter to better locate its peak value can change the most likely415

value of another parameter if the two parameters trade-off strongly with one another. In416

such cases, expanding the model space boundaries is not necessarily helpful. In addition,417

one needs to keep in mind that our calculations of phase velocity perturbations for a given418

Earth model are based on perturbation theory. We cannot therefore increase the model419

space size indefinitely without violating the conditions of applications of the theory behind420

those calculations. We thus decided to maintain the range within which we sample the421

model space identical to the ones used in the BT04 models even though the solution for422

dL0

0
in the top layer peaks at the edge. The reader should keep in mind that the results423

presented here are valid for a particular parametrization and set of basis functions.424

The degree zero ξ likelihoods that result from the dN0

0
and dL0

0
distributions (Figure425

2B) display an identical behavior, with smaller uncertainties when prior constraints are426

used. In the top layer, the position of the peaks with respect to PREM (shown by the427

vertical line) is not strongly affected by the use of prior information, but a noticeable428

change is visible in the bottom layer, likely because data sensitive to deeper structure429

have tend to have larger uncertainties and are more affected by prior constraints.430

Figures 3 to 5 illustrate how the choice of the value of dlnη/dlnξ and of dlnφ/dlnξ431

influences the posterior distributions. The values found in the literature (dlnη/dlnξ =432
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2.5 and of dlnφ/dlnξ = 1.5) are based on a study by Montagner and Anderson [1989]433

who investigated the correlations between anisotropic parameters for different orientations434

and mineralogical and petrological models of the upper mantle. Some authors, however,435

neglect dη and dφ and perform inversions for S-wave velocity and anisotropy only, which436

is equivalent to dlnη/dlnξ = dlnφ/dlnξ = 0 [Maggi et al., 2006; Marone and Romanowicz ,437

2007b]. To determine how shear-wave anisotropy models are sensitive to the values of these438

ratios, we performed model space searches for parameters at degree zero with different439

values of dlnη/dlnξ and of dlnφ/dlnξ. In Figure 3, dlnη/dlnξ and of dlnφ/dlnξ are440

assumed to be zero. We see that this assumption affects the distributions only very slightly441

in the top layer, and that the distributions differ more in the deeper layer. We do not442

have any estimates of uncertainties on these ratios. We nevertheless tested the sensitivity443

of the results to changes in dlnη/dlnξ and dlnφ/dlnξ by changing the sign of each ratio444

(Figure 4) and by increasing each of the two ratios by a factor two (Figure 5). From445

these tests, we see that changing the sign of dlnη/dlnξ does not significantly affect the446

distributions, but changing the sign of dlnφ/dlnξ does have a large effect on (δN)t
s, (δL)t

s,447

and ξ. Changing the sign of dlnφ/dlnξ corresponds to having opposite fast directions448

for P- and S-waves, i.e. the fast direction for S-waves would be the slow direction for P-449

waves. This is not a scenario that is usually considered in the literature, but it cannot be450

completely dismissed. Indeed, Mainprice et al. [2000] showed that compositional changes451

(e.g. an increase in pyroxenes) can affect the fast direction for P-waves while S-wave452

anisotropy remains unchanged. This could affect the sign of the P- to S-anisotropy ratio.453

Finally, Figure 5 shows that increasing either dlnη/dlnξ or dlnφ/dlnξ by a factor two454
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changes the shape and peak position of the (δN)t
s and (δL)t

s distributions but does not455

affect the resulting ξ distributions significantly.456

Despite the difference in the rms amplitudes (Figure 1), changes in the amplitude,457

and sometimes in the sign of some parameters (Figure 2), the global correlation between458

the mean models obtained with and without scaling relationships is high. The values459

calculated for the correlation coefficients are : 0.97 and 0.91 for δL in the top and bottom460

layer, respectively, and 0.96 and 0.95 for δN in the top and bottom layer, respectively461

(including all SH between 0 and 8). This shows that the general features of the weighted462

mean L and N models are not strongly affected by the introduction of a priori petrological463

constraints. The weighted mean model does not, however, necessarily correspond to the464

best data fitting model as it can differ from the peak of the distribution (or most likely465

solution) if it is not Gaussian, as seen in Figure 2. We therefore also calculated the global466

correlation between the two most likely models (Figure 2) and found high correlation467

values of 0.91 and 0.93 for dN in the top and bottom layer, respectively, and 0.96 and468

0.87 for dL in the top and bottom layer, respectively. Thus, whether we consider the469

mean or the most likely models, the introduction of prior petrological constraints does470

not dramatically affect the geographical distribution of the anisotropy anomalies.471

From the weighted mean (δN)t
s and (δL)t

s at degrees 0 through 8, we constructed maps472

for dL and dN (using equation 4). Using the Voigt average (as defined in section 2.2),473

we then constructred maps of shear-wave velocity and shear-wave anisotropy anomalies474

dlnVs = dVs/Vs and dξ = ξ − ξp where ξp is the shear-wave anisotropy in PREM. Because475

ξp is negative, negative values of dξ correspond to a larger anisotropy than in PREM476

(with VSH > VSV ). Note that in the case with prior constraints, the mean and most477
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likely models almost coincide since the model distributions are approximately Gaussian478

for most parameters. Figure 6 represents the reconstructed dξ models. On the left-479

hand-side of the figure, we represented the ”mean models”, reconstructed based on the480

weighted mean values of the (δN)t
s and (δL)t

s distributions. We see in panels (A) and481

(C) that the main features of the mean models obtained with and without petrological482

constraints are very similar, in agreement with the high correlation coefficients calculated483

above. Some changes occur in the amplitude of the anisotropy anomalies. We observe484

larger amplitudes in the top 100 km when a scaling is imposed (e.g. positive anomaly485

in the central Pacific, negative anomalies north-west of India, near the Tonga subduction486

zone, and in the north western Pacific). On the contrary, between depths of 100 and487

220 km the negative anomalies appear stronger when no prior is imposed, as seen in488

the central Pacific. Both models explain the data within uncertainties, with a χ-misfit489

of 0.6 when prior information is included, and χ = 0.82 when all elastic parameters are490

allowed to vary independently. Note that we performed a statistical F-test [Bevington and491

Robinson, 1992] in order to determine whether these two mean models were equivalent.492

The test returned a 97% probability that the models are equivalent, which confirms that493

the comparison of their misfits and the calculation of their correlation is justified and fair.494

As explained above, the weighted mean model is not meaningful by itself, especially495

when the model space is not Gaussian, and we need to consider it together with its496

associated uncertainties. Besides looking at model distributions or the relative rms un-497

certainty (Figure 1B), a way to estimate model uncertainty is by comparing the mean498

model and the ”mean robust models” (right-hand side of Figure 6). The ”mean robust499

model” is constructed from the mean model and is defined as follows : the mean robust500
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model is constructed using the mean value δm of (δN)t
s or (δL)t

s if the standard deviation501

σ(δm) is smaller than δm, and it uses δm = 0 if σ(δm) > δm. The mean model and the502

mean robust model are thus identical if all (δN)t
s and (δL)t

s have uncertainties smaller503

than than their mean value, i.e. if all SH coefficients are non-zero and well-resolved. The504

two models differ where model parameters have large uncertainties. We can therefore see505

the mean robust model as the robust part of the mean model, as it is constituted of the506

best-constrained (δN)t
s and (δL)t

s only, and their comparison gives a qualitative estimate507

of which features are well-resolved. Note that the mean and the mean robust models508

do not necessarily explain the data equivalently well, as deviations from zero might be509

required by the data for several parameters even if the range of possible values is large.510

In addition, one should keep in mind, however, that the well-resolved geometry obtained511

from surface wave data alone is not necessarily the ”true” model. The family of models512

compatible with the selected surface wave dataset should, ideally, be tested against other513

types of data before interpreting the observed features.514

When comparing the mean model and the mean robust model in the case where prior515

constraints are imposed (Figure 6(A) and (B)), we do not observe any significant differ-516

ences in pattern or amplitude. This is because most coefficients (δN)t
s and (δL)t

s have517

small uncertainties (see also Figure 1). However, when no petrological information is in-518

troduced discrepancies are visible between the mean model and the mean robust model519

in the BT04 study (Figure 6(C) and (D)) due to larger model uncertainties without prior520

information. Some of the anomalies seen in the mean model (Figure 6(C)) are not as521

well visible in the mean robust model (Figure 6(D)). For instance, this is the case in522

the bottom layer of Figure 6(C) for the positive dξ observed north of Indonesia and the523
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negative dξ along the west coast in North America. These features are the ones that have524

the largest error bars. On the contrary, model features that are found in the mean robust525

model are well-constrained by the seismic data alone since no prior was introduced. This526

is the case in the bottom layer for the large-scale positive dξ along ocean ridges and the527

western US coast and for the negative anomaly in the Pacific ocean, and in the top layer528

for the positive dξ in the Pacific and the negative dξ beneath asia. On the contrary, the529

features of the mean robust model obtained in this study (Figure 6(B)) are resolved by a530

combination of constraints from the data and constraints from the prior information. By531

comparing the mean robust models obtained with (B) and without (D) prior scaling, we532

can thus assess which are the model features that appear well-constrained when prior is533

introduced but that are in fact dominated by it and not constrained by the seismic data.534

This is the case, for example, for the dξ > 0 signal north of Indonesia and dξ < 0 along535

the western US in the bottom layer (Figure 6(B)).536

Since PREM includes radial anisotropy in the top 220 km of the mantle, the total537

anisotropy ξ differs from the perturbation dξ with respect to the reference model PREM.538

Besides, ξ is a physical quantity that is more easily interpreted and more directly related539

to mantle deformation than dξ. In Figure 7 we thus plotted the mean and most likely540

ξ models. As already discussed for dξ, the mean models obtained with and without541

scalings differ very little from one another. In both cases, the dominant signal in the542

top 100 km shows VSH > VSV , likely reflecting horizontal plate motion, as commonly543

seen in other studies of radial anisotropy [Nettles and Dziewonski , 2008]. In that layer,544

we also see that some areas display stronger anisotropy (with negative ξ) than others :545

at the boundary between North America and the Pacific plate, between the Pacific and546
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Australian plates, in Asia, and along ocean ridges. In the bottom layer, strong features547

common to both models are VSV > VSH beneath part of Asia, and VSH > VSV south548

of India, near the Indian mid-ocean ridge. Because these features are independent of549

whether prior constraints are imposed, we can conclude that they are robust and mostly550

constrained by the phase velocity data. The main differences between the two mean551

models lie in the amplitude of the anisotropy in the middle of the Pacific ocean in both552

layers. Figure 7(C) also shows that the major change observed between the most likely553

BT04 model and the two mean models lies in the amplitude of the anisotropy, which is554

significantly larger for the most likely model. This is especially visible in the top layer555

at several plate boundaries and in the middle of the Pacific, and in the bottom layer556

beneath Asia, south of India, and in the middle of the Pacific ocean. These differences in557

amplitude between weighted mean and most likely models reflect the fact that the model558

space is a priori not Gaussian. It also reinforces the importance of not just looking at one559

possible best data fitting model, but at the family of models that can explain the data.560

In addition, one should keep in mind that the most likely BT04 model is not necessarily561

more representative of the ”real” Earth than the mean BT04 model or than the model562

obtained with prior information, and that the models should ideally be tested against563

other types of data before interpretation.564

Another way of determining which are the dominant model features in a model is by565

taking a statistical point of view and looking at model distributions. The ensemble of566

models that explain the data may have well defined, robust properties, common to most567

best data-fitting models and that can be interpreted confidently. We decided to adopt the568

method described by Beghein and Trampert [2004a] to display distributions of models in569
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tectonic regions of different ages. This method consists in drawing random values of δN t
s570

and δLt
s from their posterior 1D marginal distributions for each spherical harmonic degree571

s = 0 − 8 and azimuthal order t = −s, ..., +s. Then we calculate the resulting N and572

L models, and reconstruct ξ and dlnVs on a grid of points (θ, φ). For each ξ and dlnVs573

model generated this way, we bin the ξ and dlnVs values, and average them over specific574

tectonic regions such as cratons, continental platforms, young oceans, old oceans, etc.575

Histograms are then constructed for a given region by accumulating the averaged values576

generated randomly. These histograms represent thus the distribution of data-compatible577

values of ξ and dlnVs, averaged over a given area, and do not account for variations578

within the area considered. The resulting likelihood distributions of models are shown in579

Figure 9 for ξ and in Figure 8 for dlnVs. We see that the general age-dependence of the580

dlnVs distributions is not dependent on the use of petrological constraints : In both cases,581

old oceans and cratons are most likely characterized by higher velocity anomalies than582

younger oceans or tectonically active areas, respectively. This is in general agreement583

with previous models (e.g. Nishimura and Forsyth [1989]; Ritzwoller et al. [2004]). The584

spread of the distributions is larger when no prior constraint is imposed, which is to be585

expected since this is true for the individual elastic parameters, as shown in Figure 2.586

While the age-dependence of seismic wave velocities in oceanic lithosphere is well-587

accepted in the community, it is not clear whether a similar behavior can be found in seis-588

mic anisotropy. Montagner [1985] found an increase in shear-wave polarization anisotropy589

with the age of the ocean floor, with VSH > VSV down to a depth of 300 km. Nishimura590

and Forsyth [1989] found a similar result with a rapid increase in shear-wave anisotropy in591

the first 20 Ma until an apparently constant value is reached for older oceans. Similarly,592
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the BT04 results suggested an age-dependence of the depth extent of S-wave anisotropy593

in oceanic regions, and a likely difference in amplitude of the anisotropy between old and594

young oceans, but with large uncertainties. Such a behavior was also reported based on595

azimuthal anisotropy [Debayle et al., 2005; Maggi et al., 2006], suggesting an increase in596

the lithosphere-asthenosphere transition depth as the oceanic plate cools down and thick-597

ens. Here, we see that, with or without prior constraints, the peaks of the distributions598

show an age-dependence of the anisotropy (Figure 9), and a faster decrease with depth599

below young regions than below older regions, which is compatible with the idea that the600

lithospheric thickness as seen with radial anisotropy increases with the age of the ocean601

floor. The distributions are narrower when prior constraints are imposed, reinforcing the602

difference between the strength of the anisotropy in old and in young oceanic lithosphere.603

Similarly, when imposing petrological constraints, the likelihood of having a difference604

between ξ in cratons and in younger continental regions is increased compared to models605

where no prior is imposed.606

5. Conclusions

The aim of this study was to analyze in details the effect of a priori petrological con-607

straints on models of uppermost mantle shear wave radial anisotropy. In order to isolate608

the effects of petrological constraints from the effects of explicit regularization, which609

cannot easily be distinguished with traditional inversion methods, we used a forward610

modeling approach and compared models obtained with and without prior petrological611

constraints. We showed that model distributions are not necessarily Gaussian a priori612

but that imposing petrological constraints can force the models to follow a Gaussian-like613

posterior distribution in addition to reducing posterior model uncertainties, in agreement614
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with inverse theory [Jackson and Matsu’ura, 1985]. Our results demonstrated that these615

prior constraints do not significantly affect the geometry of large-scale uppermost mantle616

radial anisotropy models. The models obtained with and without prior information are617

similar, highly correlate with one another, and explain the data within uncertainties. Dif-618

ferences were found between maps of most likely shear-wave anisotropy, but they mostly619

lie in the amplitude of the anomalies and not in the pattern of the anisotropy.620

The method employed enabled us to explore the model space, including the null-space,621

and obtain reliable model uncertainties, which then could be used to assess the best-622

resolved model features. In addition, we could determine which model features were623

constrained by the surface wave data alone and which were dominated by the prior intro-624

duced. We found, for instance, that the anisotropy anomalies detected along ocean ridges625

and in the central Pacific were well-constrained, with small uncertainties, by the surface626

wave data alone. Finally, we demonstrated that the age-dependence of the amplitude and627

depth extent of velocity anomalies under continents and under oceans is independent of628

whether petrological constraints are introduced or not. It is therefore a well-defined signal629

constrained by seismic data alone. Similarly, we find an age-related signal for shear-wave630

anisotropy under continents and oceans (confirming the findings of Nishimura and Forsyth631

[1989]), but with larger uncertainties when no prior is imposed. We thus can conclude that632

global shear-wave velocity and anisotropy model features are not strongly affected by the633

introduction of prior constraints, but regional amplitude effects can be more important.634
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Figure 1. (A) Root mean square amplitude of perturbations in elastic parameters L and N as

a function of spherical harmonic degree, in the BT04 models and in a case where no petrological

constraints are imposed a priori; (B) Relative uncertainty on the rms amplitude of the mean L

and N model.
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Figure 2. Examples of the effect of prior scalings on (A) the δN t
s, δLt

s distributions at spherical

harmonic degree s and order t equal to zero, and (B) the resulting ξ distributions . Note that

these distributions are not normalized. In (A), the vertical lines correspond to the weighted mean

value as output by the NA. In (B) the vertical lines correspond to the value of ξ in PREM.
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Figure 3. Comparison of posterior δN t
s, δLt

s, and ξ model distributions at spherical harmonic

degree zero between a case where traditional prior scaling values are chosen (solid lines) and a

case where perturbations in dη and dφ are neglected (dashed lines). These distributions are not

normalized. The vertical lines correspond to the value of ξ in PREM.
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Figure 4. Comparison of posterior δN t
s, δLt

s distributions at spherical harmonic degree

zero, and corresponding ξ distributions for different choices of prior scalings between anisotropic

parameters. Dotted lines correspond to distributions obtained using traditional scaling values;

Dashed lines correspond to distributions obtained by changing the sign of the ratio between P-

and S-wave anisotropy; Solid lines were obtained by changing the sign of the ratio between η-

and S-wave anisotropy. These distributions are not normalized. The vertical lines correspond to

the value of ξ in PREM.
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Figure 5. Comparison of posterior δN t
s, δLt

s distributions at spherical harmonic degree

zero, and corresponding ξ distributions for different choices of prior scalings between anisotropic

parameters. Dotted lines correspond to distributions obtained using traditional scaling values;

Dashed lines correspond to distributions obtained by doubling the ratio between P- and S-wave

anisotropy; Solid lines were obtained by doubling the ratio between η- and S-wave anisotropy.

These distributions are not normalized. The vertical lines correspond to the value of ξ in PREM.
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Figure 6. Perturbations in shear-wave anisotropy with respect to PREM. Panels (A) and (C)

display the model obtained from the mean δLt
s and δN t

s values; Panels (B) and (D) display the

”mean robust” model as defined in section 4. The upper four maps ((A) and (B)) correspond to

models obtained in this study, with prior constraints on the elastic parameters, and the lower four

maps ((C) and (D)) correspond to models from BT04 Beghein and Trampert [2004a] (without

prior petrological constraints).
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Figure 7. (A) Mean model for the absolute shear-wave radial anisotropy obtained with prior

scaling relationships between anisotropic parameters; (B) Mean BT04 model obtained without

prior information; (C) Most likely BT04 model.
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Figure 8. Likelihood of shear-wave velocity anomalies in various tectonic settings obtained

without prior petrological constraints (left) and with prior constraints (right). (a)-(d) correspond

to likelihoods for models averaged over all cratons, continental platforms or tectonically active

areas. Panels (e)-(h) correspond to distribtuions of models averaged over oceanic regions sorted

according to the age of the lithosphere
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Figure 9. Likelihood of shear-wave radial anisotropy in various tectonic settings obtained

without a priori constraints (left) and with a priori conformation (right). (a)-(d) correspond

to likelihoods for models averaged over all cratons, continental platforms or tectonically active

areas. Panels (e)-(h) correspond to distribtuions of models averaged over oceanic regions sorted

according to the age of the lithosphere.
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