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We performed a fully nonlinear joint inversion of surface wave overtone phase velocities for velocity
structure down to a depth of 1500 km and topography of transition zone discontinuities using neural
networks. The resulting models are compared with existing mantle models from linearized inversions
techniques and the agreement between vertically averaged S-wave velocity models and various 660-km
topography models is very good, whereas the agreement between all the 400-km topography models is very
poor. The latter might be due to a broader than previously reported 400-km discontinuity where the minerals
co-exist with water induced melt. From our models of transition zone thickness and S-wave velocity we
estimated lateral variations of temperature and water content in Earth's mantle transition zone, linearly
relating variations in S-wave velocity and transition zone thickness to variations in temperature and water
content. Within the transition zone we observe relatively cold subduction zones as well as relatively warm
regions beneath continents and hot spots. We find that the transition zone is wettest away from subduction
zones.

©2009 Elsevier B.V. All rights reserved.

1. Introduction

The nature of Earth's transition zone is central to the under-
standing of mantle dynamics. Its vertical extent is bounded by two
seismic discontinuities, herein referred to as the 400- and 660-km
discontinuities, usually attributed to phase transitions from olivine to
wadsleyite and from ringwoodite to perovskite and magnesiowüstite,
respectively (see Helffrich, 2000; Shearer, 2000, for reviews). These
two phase transitions have different pressure–temperature stability
fields for hydrous and anhydrous conditions (Litasov et al., 2006;
Smyth and Jacobsen, 2006). Experimental studies have shown that the
presence of water shifts the 660-km phase transformation boundary
towards higher pressure but does not affect its broadness (Litasov
et al., 2006). Thermodynamical modeling revealed that the stability
field of the phase transition associated with the 400-km discontinuity
broadens with increasing water content from ≈7 km (dry) to a
maximum of 24 km (saturation level of olivine), and that a further
increase in water content causes partial melting with a corresponding
thinning of the transition interval (Hirschmann et al., 2006). These
calculations are in agreement with experimental studies that ob-

served a 400-km discontinuity as broad as 20 km under hydrous
conditions (Litasov et al., 2006; Frost and Dolejš, 2007).

The so-called transition zone between the 400-km and 660-km
discontinuities could be a significant water reservoir (Bercovici and
Karato, 2003). If the water concentration in the transition zone
exceeds the storage capacity of upper mantle olivine, the water filter
model predicts a 2–20 km thick melt layer lying on top of the 400-km
discontinuity which plays a fundamental role in geochemical cycling
and mantle dynamics (Bercovici and Karato, 2003). Regional seismic
studies have reported a low-velocity layer on top of the 400-km
discontinuity attributed to such a partially molten layer (Song et al.,
2004; Jasbinsek and Dueker, 2007) and isolated regions of high water
content in the transition zone (van der Meijde et al., 2003; Suetsugu
et al., 2006).We present a newglobal model of temperature andwater
content variations in the mantle transition zone based on the con-
sistent modeling of new seismic data.

Upper mantle discontinuities are usually probed by analyzing
seismic phases that reflect and convert at these discontinuities. The
most important ones are SS or PP precursors from underside
reflections (e.g. Shearer and Masters, 1992; Petersen et al., 1993;
Gossler and Kind, 1996; Gu et al., 1998; Flanagan and Shearer, 1998a;
Flanagan and Shearer, 1999; Deuss and Woodhouse, 2001, 2002; Gu
and Dziewonski, 2002; Chambers et al., 2005; Schmerr and Garnero,
2006; Schmerr and Garnero, 2007), near-receiver P-to-S converted
phases (e.g. Flanagan and Shearer,1998b; Chevrot et al., 1999; Lebedev
et al., 2002; Lebedev et al., 2003; Lawrence and Shearer, 2006; Tauzin
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et al., 2008) and near source S-to-P converted phases (e.g. Vidale and
Benz, 1992; Collier and Helffrich, 1997). Near-source conversions only
illuminate the discontinuity in the vicinity of earthquakes and near-
receiver conversions only below areas of seismic stations. Converted
phases are therefore only useful for local studies but with a relatively
high lateral resolution of 100 km or less (Lebedev et al., 2003).
Underside reflections of SS and PP phases on the other hand interact
with the discontinuities at the midpoint between source and receiver,
resulting in a reasonable global data coverage. The lateral resolution is
assumed to be of several thousand km, but is difficult to quantify
because stacking is involved. Obtaining absolute depth estimates from
underside reflections or converted phases requires an accurate
velocity model, therefore uncertainties in velocity models map
directly into uncertainties in topography. This is unsatisfactory, espe-
cially because most velocity models are obtained assuming fixed
discontinuities. It is therefore desirable to perform a joint inversion for
mantle velocity structure and topography but this has only been
attempted using a linearized approach (Gu et al., 2003). Another
approach has recently been proposed by Ritsema et al. (2008), who
used mineral physics based calculations of upper mantle shear
velocity to compute differential traveltimes of shear wave reflections
off the 410-km and 660-km discontinuities and compared those
directly to values measured from broadband waveforms.

We took a different approach and performed a nonlinear joint
inversion for velocity structure and transition zone discontinuities using
surface wave overtonemeasurements of Rayleigh waves up to the sixth
highermode and of Lovewaves up to the fifth highermode (Visser et al.,
2008a), data never before employed in studies ofmantle discontinuities.
As opposed to fundamental mode surface waves that are mostly
sensitive to the upper 200 km, sensitivities of higher mode surface
waves extend well into the lower mantle and make them especially
suitable for mantle tomography (e.g. Ritsema et al., 2004; Visser et al.,
2008b). We inverted these measurements using a neural network
approach to obtain full Bayesian posterior probability density functions
(pdfs) for the depth of the 400- and 660-km discontinuities, the
transition zone thickness, aswell as S-wave velocity, averaged over three
different depth ranges in the upper mantle. A Mixture Density Network
(MDN) (Bishop, 1995) was used to capture the full nonlinearity of the
inverse problem, and readily allows us to calculate any desired statistic
for any chosen model parameter (Meier et al., 2007a,b). From our
models of vertically averaged S-wave velocity and transition zone
thickness we infer lateral variations in temperature and water content,
assuming a linear relationship between the seismic parameters (S-wave
velocity, transition zone thickness) and the target parameters (tem-
perature, water content) (Shito et al., 2006; Suetsugu et al., 2006). The
coefficients of this linear relation, the partial derivatives of the seismic
parameters with respect to the target parameters are adopted from
experimental studies (Stixrude and Lithgow-Bertelloni, 2005; Litasov
et al., 2006; Smyth and Jacobsen, 2006).

2. Data

The data used in this study consists of fundamental and higher
mode isotropic phase velocity maps of Rayleigh and Love waves
(Visser et al., 2008a). In the construction of these maps it is assumed
that the phase perturbations with respect to a reference phase,
acquired between source and receiver, are approximately given by the
summation of local phase velocity perturbations along the great circle
path (Woodhouse, 1974). As has been shown by Trampert and
Spetzler (2006) the current data coverage is such that a better forward
theory is not essential. From these phase velocity maps we extract
local dispersion curves at specific periods (Table S1) up to the sixth
higher mode for Rayleigh waves and up to the fifth higher mode for
Love waves. The phase velocity maps are expanded in spherical
harmonics andwe evaluate them up to spherical harmonic degree 8 at
492 geographical locations on the Earth's surface distributed accord-

ing to a 6-fold triangular tessellation, equal area representation (Wang
and Dahlen, 1995).

The uncertainties on the dispersion curves are assumed to be
Gaussian:

ρ dð Þ = 1
2πð Þc=2 jCD j1=2

exp −1
2

dobs−dð ÞTC−1
D dobs − dð Þ

� �
; ð1Þ

where c=149 is the dimension of d, and corresponds to all phase
velocity measurements at different periods (Table S1) for all the
Rayleigh and Love wavemodes. d is the mean value of the distribution
and the covariance matrix CD is assumed to be diagonal with the
standard deviations for all the modes provided by Visser et al.
(2008a). Note that these standard deviations used as a prior here are
in fact posterior uncertainties of the phase velocity maps. Adopting a
Bayesian approach wemake sure that all the uncertainties in this two-
step inversion are correctly transmitted to the resulting posterior pdfs.

3. Model parameterization

We invert local dispersion curves constructed from the phase velocity
maps at the chosen492 locations for local 1-DEarth structure andadopt a
layered parameterization with depth. Given the period range and the
sensitivities of the various modes we decided to fix our model to PREM
(Dziewonski and Anderson, 1981) below a depth of 1500 km. From
1500 km depth up to the Moho we allow for radial anisotropy over the
whole depth range (i.e. density (ρ), vertically (Vpv) andhorizontally (Vph)
polarized P-wave velocities, vertically (Vsv) and horizontally polarized S-
wave velocities (Vsh) aswell as the anisotropic parameter (η) are allowed
to vary Dziewonski and Anderson,1981). Ourmodels consist of 24 layers
from 1500 km depth up to the 660-km discontinuity, 8 layers within the
transition zone between the 660- and 400-km discontinuities, 9 layers
between the400-kmand220-kmdiscontinuityand8 layers from220km
depth up to the Moho. There are three crustal layers and a sedimentary
layerwith variable thickness on top of the crust.Whilewedo not actually
invert the data for the values of all of these parameters, all are allowed to
vary in our inversions as explained below.

We use the same prior ranges for crustal ρ, Vp, Vs andMoho depth as
in Meier et al. (2007b). The 220-km discontinuity is allowed to vary
±20 km from its reference value and the 400- and 660-km
discontinuities are allowed to vary ±30 km from their respective
reference values. In order to avoid highly oscillating and physically
implausiblemodels, we introduce correlations between adjacent layers.
We decided to do that in the followingway: at a discontinuity ρ,Vpv,Vph,
Vsv, Vsh and η are drawn independently from a uniform distribution.
Adopting the same gradient as in PREM we compute the parameters of
the next layer with increasing depth.We then add another perturbation
on these values, effectively changing the PREM gradient within each
layer. This procedure guarantees that in between the major disconti-
nuities the resulting depth profiles have a gradient similar to that of
PREM. At theMoho all the parameters are allowed to vary±10% of their
corresponding PREM values, while the perturbation in each successive
layer is ±2% of the previous value. Between 220 kmdepth and the 400-
km discontinuity and within the transition zone, the same procedure is
repeated but at the discontinuity the values are allowed to vary ±5% of
PREM and the additional perturbations are ±1%. Below the 660-km
discontinuity we allow the parameters to vary ±2.5% and ±0.5%
respectively. In thiswaywe take into account thatwith increasing depth
the lateral variations with respect to PREM generally decrease.

4. Forming the solution

We randomly generated 200000 Earthmodels from the prior model
pdf and for each we compute exact local synthetic dispersion curves
using normal mode theory. For the normal mode approach, we used an
algorithm developed by Woodhouse (1988) which allows the
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computation of phase velocities of Rayleigh and Love waves in a 1-D
model. We then design a MDN that takes the 149 phase velocities at
various periods for all themodes of Rayleigh and Lovewaves as its input,
and which models the Bayesian posterior pdf of the parameter of
interest as amixture of Gaussians. For a detailed description of theMDN
the reader is referred to Meier et al. (2007a,b), who inverted
fundamental mode surface waves for crustal structure using a MDN. In
order to take the measurement errors into account we add Gaussian
noise, using Eq. (1), to the exact dispersion curves and train the network
on noisy dispersion curves. As demonstrated in Meier et al. (2007b), by
the additionof noise thenetworkmapping is implicitlyconstrained tobe
insensitive to small variations on the dispersion curves. Once a network
is trainedwe can invert any set of dispersion curveswithin a fraction of a
second by simply forward-propagating the set of dispersion curves
through the trained network. For a detailed discussion about the
network training the reader is referred to Meier et al. (2007b).

In this study we model marginal pdfs of the 400-, the 660-km
topography and the transition zone thickness aswell as isotropic S-wave
Voigt averages Vs

2=(2Vsv2 +Vsh
2 )/3 (Panning and Romanowicz, 2006).

Our models are clearly over-parameterized with respect to the radial
resolving power of the data. We therefore invert for isotropic S-wave
speed, averaged over three different depth ranges; 1) averaged over the
depth rangebetween theMohoand the220-kmdiscontinuity referred to
as the LIDhereafter (VsLID), 2) averaged over thedepth range between the
220- and 400-kmdiscontinuity referred to as theuppermantle hereafter
(VsUM) and 3) averaged over the depth range between the 400- and
660-km discontinuity referred to as the transition zone hereafter (VsTZ).

Furthermore we estimate 2-D joint pdfs in order to analyze the
trade-offs in the inversion. Consider the following decomposition of
the joint pdf of 660-km topography and Vs

TZ,

p H 660;VTZ
s jd

� �
= p H 660 jVTZ

s jd
� �

p VTZ
s jd

� �
: ð2Þ

where thevertical linesdenote that theseare conditional pdfs givenfixed
values of data d. Using a first MDN that emulates p(VsTZ|d) and a second

MDN that takes VsTZ as an additional input and emulates p(H_660|VsTZ,d)
we have an approximation to the joint pdf p(H_660,VsTZ|d). Devilee et al.
(1999) similarly used two histogram networks to approximate the joint
pdf of crustal velocity and Moho depth.

5. Resolution analysis

In order to asses the reliability of the inversion algorithm, it is a
common practice to invert synthetic data and compare the obtained
results with the known underlying models. We do this by generating
10000 additional models from the prior model pdf, which were not
included in the training set, and compute the corresponding synthetic
dispersion curves. We then invert the synthetic dispersion curves using
trained MDNs and compare the network predictions with the known
underlyingmodels. Even thoughwe invert exact local dispersion curves
the MDNs were trained on noisy input curves in order to take the
measurement uncertainties into account (Meier et al., 2007b). It is
important to note that in generating the synthetic models, all model
parameters were allowed to vary according to their prior pdfs.

5.1. 1-D marginals

In a first test we train three different networks on Vs
LID, VsUM and Vs

TZ.
Fig. 1 summarizes the resolution analysis in the LID (top), in the upper
mantle (middle) andwithin the transition zone (bottom). The left hand
column shows the posterior pdf (blue) obtained from the inversion of
oneparticular set of dispersion curves fromthe test set togetherwith the
prior pdf for this parameter (red) and the knownvalueof theunderlying
model (dashed). In the right column themean from all 10000 posterior
pdfs is plotted against the known value of the underlying models. It is
clearly visible that all three parameters arewell resolvedwith respect to
the prior pdf and that themean network predictions correlatewell with
the known values. Not surprisingly with increasing depth the S-wave
velocity is less well resolved as indicated by the decreasing correlation
and the broadening of the scatter plots. The high correlations indicate

Fig. 1. Resolution analysis of S-wave Voigt averages in the LID (top), in the upper mantle (middle) and within the transition zone (bottom). (Left column) The posterior pdf (blue)
obtained from the inversion of one particular set of dispersion curves from the test set is shown together with the prior pdf for this parameter (red) and the known value of the
underlying model (dashed); (right column) the mean from all 10000 posterior pdfs is plotted against the known value of the underlying models, together with the corresponding
correlation coefficient R.
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that for the given prior assumptions, noisy synthetic dispersion curves
can be successfully inverted for VsLID, Vs

UM and Vs
TZ. The inverted synthetic

dispersion curves contain variations due to uncertainties in all of the
model parameters, and the trade-offs between model parameters over

the a priori accessible model space together with the assumed mea-
surement errors cause the posterior uncertainties.

We train three additional networks on the 400- and 660-km
discontinuity as well as the transition zone thickness and perform the

Fig. 2. Resolution analysis of the depth of the 400-km discontinuity (top), transition zone thickness (middle), and 660-km discontinuity depth (bottom). (Left column) The posterior
pdf (blue) obtained from the inversion of one particular set of dispersion curves from the test set is shown together with the prior pdf for this parameter (red) and the known value of
the underlyingmodel (dashed); (right column) the mean from all 10000 posterior pdfs is plotted against the known value of the underlyingmodels together with the corresponding
correlation coefficient R.

Fig. 3. (Top, left) Conditional pdfs of the 660-km topography conditioned on Vs
TZ as approximated by aMDN. (Top, right) Marginal pdf of Vs

TZ as approximated by aMDN together with
the known velocity of the underlying model (dashed). (Bottom, left) Marginal pdf of the 660-km topography approximated by aMDN (blue) together with themarginal pdf obtained
from the joint pdf (red) and the known depth of the underlyingmodel (dashed). (Bottom, right) Joint pdf of the 660-km topography and Vs

TZ obtained according to the decomposition
in Eq. (2). All the pdfs shown are conditional on d=dprem and normalized such that they integrate to unity.

94 U. Meier et al. / Earth and Planetary Science Letters 282 (2009) 91–101
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same analysis as above. Fig. 2 summarizes the resolution analysis
where the depth of the 400-km discontinuity is shown at the top, the
transition zone thickness in the middle, and depth of the 660-km
discontinuity at the bottom. In the left column the posterior pdfs
(blue) are shown together with the prior pdfs (red) and the known
value of the underlying model (dashed), whereas in the right column
the mean from all 10000 posterior pdfs is plotted against the known
value of the underlying models. Compared to the S-wave Voigt
averages it is obvious that the 400- and 660-km topographies are not
that well constrainedwith respect to the prior pdfs, but on average the
mean MDN predictions still correlate well with the known values of
the underlying models. From the broadness of the scatter plots it
seems that the transition zone thickness is the best resolved
parameter, the 660-km discontinuity depth is slightly less well
resolved and the 400-km discontinuity depth is the least resolved
parameter. The broadness of the posterior pdfs (left, column) is
caused by trade-offs between the various model parameters and the
measurement uncertainties.

A good correlation between network predictions and the known
values of the underlying model is a first requirement if we hope to
invert observed data successfully. A lack of correlation indicates that
the parameter of interest is not resolvable given the prior assump-
tions. Since the prior over the data space (i.e. the measurement
uncertainties) is generally fixed for a given problem, the prior over the
model space has to be adjusted in order to constrain the inversion
better. Furthermore such an analysis serves as a debugging exercise:
successfully inverting synthetic data indicates that the algorithm
works.

5.2. 2-D joint pdfs

So far we only modeled marginal posterior pdfs of the individual
parameter of interest and attributed the posterior uncertainties partly
due to trade-offs between model parameters and partly due to the
measurement uncertainties. In order to separate uncertainties from
trade-offs in the inversion it is most illustrative to plot 2-D pdfs. Here
we analyze trade-offs between velocity structure within the transition
zone (Vs

TZ) and the depth of the 660-km discontinuity bymodeling the
conditional posterior pdf p(H_660|Vs

TZ,d), the marginal posterior pdfs
p(Vs

TZ|d), p(H_660|d), and the corresponding 2-D joint posterior pdf
p(H_660,Vs

TZ|d). All these pdfs are conditional on a given set of dis-
persion curves. In order to be comparable to other studies we decided
to show all the pdfs from the inversion of a set of dispersion curves
computed from PREM (d=dprem). Note however that inverting a
different set of dispersion curves might result in quite different pdfs.

In Fig. 3 all the pdfs are normalized such that they integrate to
unity (i.e. each vertical slice of the conditional pdf (top, left) integrates
to unity, whereas the joint pdf (bottom, right) is normalized such that
the double integral integrates to unity). The conditional pdf p(H_660|
Vs
TZ,dprem) (top, left) shows that inverting dprem and assuming rela-

tively (with respect to PREM) high/low Vs
TZ, the data require a

depressed/uplifted (with respect to PREM) 660-km discontinuity in
order to counterbalance the effect of the relatively high/low velocity.
If we assume that one of the two parameters is fixed, increasing/
lowering Vs

TZ has the same effect on the dispersion data as an uplifted/
depressed 660-km discontinuity. If there were no trade-offs between
the two parameters, the conditional pdf would not change with

Fig. 4. Comparison of Vs
LID (top), Vs

UM (middle) and Vs
TZ (bottom) between our mean MDNmodel (A), S20RTS (B) and FER2007 (C). Deviations of the local from the global mean are

plotted.
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varying Vs
TZ. Furthermore we see that towards relatively low/high Vs

TZ

values the 660-km is better constrained than around the reference
PREM value. From the marginal pdf p(Vs

TZ|dprem) (top, right) it follows
however that such extreme values of Vs

TZ are not consistent with
the given data (dprem). Note how the maximum of the marginal pdf
corresponds well with the true value of the underlying PREM
model (dashed). Combining the conditional pdf (top, left) with the
marginal pdf (top, right) according to Eq. (2) we then obtain the joint
pdf p(H_660,Vs

TZ|dprem) (bottom, right), representing all the informa-
tion we have about the 660-km topography as well as Vs

TZ. Integrating
the joint pdf over Vs

TZ we obtain the marginal pdf p(H_660|Vs
TZ,dprem)

(bottom, left (red)) that agrees very well with the marginal pdf (blue)
as approximated by a separate MDN directly. This exercise not only
demonstrates that our algorithm works correctly, but also illustrates
how in forming the joint pdf the uncertainties in Vs

TZ and the trade-
offs between 660-km topography and Vs

TZ are taken into account.
Trade-offs between other parameters are shown in Meier (2008). The
existing trade-offs are not removed, but they are incorporated in our
marginal pdf and contribute to the posterior uncertainties (i.e.
broadness of the marginal 660-km pdf).

6. Results

So far we inverted synthetic dispersion curves and the underlying
models were known. In this sectionwe invert dispersion curves at 492
geographic locations evaluated, up to spherical harmonic degree 8,
from phase velocity maps provided by Visser et al. (2008a). Degree 8
has been chosen because the longwavelength phase velocitymaps are
relatively independent of any regularization for all overtones. From
the resulting 492 posterior pdfs of the parameter of interest, we can
construct global models of any desired statistic with a lateral
resolution equivalent to a spherical harmonic expansion of degree 8
(>5000 km).

6.1. S-wave velocity models

Since our approach is radically different from classical seismic
tomography, we compared our depth-averaged global velocity models
with two other global S-wave velocity models: S20RTS (Ritsema et al.,
1999) and FER2007 (Ferreira et al., 2007). These models are evaluated
up to spherical harmonic degree 8 at various depths in order to
compute the required depth averages Vs

LID, Vs
UM and Vs

TZ, respectively.
In Fig. 4 our mean MDN models (A) are shown together with S20RTS
(B) and FER2007 (C). The overall agreement between all threemodels
is good. Within the LID (top), which is known to be very well
constrained by fundamental mode surface waves (e.g. Ritsema et al.,
2004), the four models seem to be literally identical with correlation
coefficients R>0.9 (see Table 1). With increasing depth the large scale

features of the three models agree still quite well. There are fast
velocity anomalies under continents and slow velocity anomalies
under oceans in the upper mantle (middle). Furthermore the fast
velocity anomalies at subduction zones within the transition zone
(bottom) are visible in all three models. There are however some
differences, most notably beneath the south-eastern Pacific in the
upper mantle (middle), where our MDN model shows slow velocity
anomalies which are not visible in any of the other two models. In
Table 1 the correlation coefficients between the three models at the
various depth ranges are summarized. The correlations between the
models generally decrease with increasing depth. It is worth noting
that our MDN model correlates best over all three depth ranges with
FER2007, who inverted a similar data set. Correlations between the
S20RTS and FER2007 are better thanwith our MDNmodel. This might
be due to the fact that we performed a nonlinear inversion for
absolute values whereas the other two models are obtained from a
linearized inversion for model perturbations with respect to a
reference model. Additionally the resolving power of seismic data
generally decreases with depth and as a consequence the resulting
models depend increasingly on prior information (regularization).

Having full pdfs we can also check how many of the 492 S-wave
velocity estimates from S20RTS and FER2007 are within ±1σ of our
MDN model. The outcome of this analysis is summarized in Table 2,
where the percentages of the respective models that are within ±1σ of
our MDN model are listed over all three depth ranges. Percentage of
overlap aswell as the correlation coefficients have been computed from
absolute model values rather than deviations from a mean. If two
models are statistically identical we would expect 66% of the 492
samples to be within ±1σ. Whereas the correlation coefficients were
generally decreasing with increasing depth (Table 1), this measure tells
us that our MDNmodels are statistically equivalent to FER2007 over all
three depth ranges, and that agreement between our MDN model and
S20RTS is best in the transition zone and worst in the LID. The impli-
cation of this analysis is, that correlation coefficients are bad indicators
of similarity since they only consider singlemodel values (e.g., themean
model) rather than the complete pdf or uncertainty distribution.

6.2. Transition zone discontinuities

Encouraged by our S-wave models we trained a MDN on the 660-
km topography, inverted dispersion curves at 492 geographic
locations and computed mean, standard deviation and information
gain from the resulting posterior 660-km topography pdfs (Fig. 5A).
The global mean depth of the 660-km discontinuity is 659 km and
agrees well with average 660-km discontinuity depth estimates from
other studies (e.g. Shearer, 2000). The higher the information gain the
more the posterior pdfs differ from the prior pdf and the better the
660-km topography is resolved (Meier et al., 2007a). Generally a
higher information gain corresponds to a relatively smaller standard
deviation. Interestingly regions of 660-km topography that uplift, as
observed over large parts of the Pacific Ocean and along the plate
boundaries, seem to be better resolved than regions of a depressed
660-km topography, as observed at the subduction zones in the
western Pacific, in South- and North America and in Africa. The large
scale features, such as the uplift of the 660-km topography in the
Pacific Ocean as well as the depression of the 660-km topography in
the western Pacific, South- and North America, agree well with

Table 1
Correlation coefficients of Vs

LID, Vs
UM and Vs

TZ between our mean MDN model, S20RTS,
and FER2007.

MDN S20RTS FER2007

Vs
LID

MDN 1 0.96 0.98
S20RTS 1 0.99
FER2007 1

Vs
UM

MDN 1 0.64 0.72
S20RTS 1 0.91
FER2007 1

Vs
TZ

MDN 1 0.53 0.60
S20RTS 1 0.83
FER2007 1

Table 2
Percentage of the Vs

LID, Vs
UM and Vs

TZ estimates from S20RTS, and FER2007 at the 492
locations that are within ±1σ of our MDN model.

S20RTS FER2007

Vs
LID 57.5% 82.5%

Vs
UM 64.0% 76.8%^

Vs
TZ 75.6% 76.6%
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TOPOTZ (Flanagan and Shearer, 1998a) and S362ANI (Kustowski et al.,
2008) (Fig. 6). The two latter models are constrained by SS-precursors
whereas our model is solely constrained by surface wave overtones.
The main differences are beneath Africa, where our model shows a
depressed 660-km topography, S362ANI shows a slight depression,
and TOPOTZ an uplift. The agreement of the large scale features of the
660-km topography, especially between our mean MDN model and
S362ANI, suggests that SS precursor measurements are consistent
with surface wave overtone measurements. Because SS-precursors
and surface waves sense the discontinuity differently, the agreement
suggests that the 660-km discontinuity is indeed narrow. From the
660-km estimates of TOPOTZ and S362ANI at the 492 locations, 55.7%
and 50.8% are within ±1σ of our MDN model respectively. The mean
660-km topography (Fig. 5A) seems to be positively correlated with
Vs
TZ (Fig. 4A, bottom), the correlation coefficients are however too low

to justify an in-depth discussion on possible causes (i.e. R=0.2722
and R=0.4222 for models expanded up to spherical harmonic
degrees 8 and 2, respectively).

Globallywefindapositive correlationbetweenour 660- and400-km
topography (Fig. 5B), indicating that not only thermal effects influence
the discontinuity topography. In specific areas, such as near the
subduction zones in eastern Asia and underneath South America we
observe a depression in both the 660-, and the400-kmtopography.Over
large parts of the Pacific ocean on the other handwe observe an uplift in
both the 660- and the 400-km topography. A similar observation was
made beneath South America, where a depression in both the 400- and
660-km topography has been reported and explained with possible

chemical heterogeneities influencing the 400-km topography (Schmerr
andGarnero, 2007).Agreement betweenourmean400-kmMDNmodel
and three other global models, TOPOTZ (Flanagan and Shearer, 1998a),
S362ANI (Kustowski et al., 2008) andOXFORD (Chambers et al., 2005) is
remarkably poor (Table S2 and Fig. 7). Indeed, from the 400-km
estimates of TOPOTZ, S362ANI and OXFORD at the 492 locations, only
30.1%, 7.9% and 37.8% are within ±1σ of our MDN model respectively.
Although TOPOTZ, S362ANI andOXFORD are all based on SS-precursors,
agreement between them is just as poor. The most striking difference
between our MDN model and the other three is the globally averaged
discontinuity depth.We find an average 400-kmdepth of 394±7 km in
comparison to 418 km in TOPOTZ, 410 km (fixed) in S362ANI and
409 km in OXFORD.We suggest that themost likely explanation for this
discrepancy is that underside reflections see thebottompart and surface
waves the top part of a broad 400-km discontinuity. If the discontinuity
occurs over a certain depth, i.e. a gradient, depending on frequency,
waves arriving from the bottom will sense a significant impedance
contrast differently towaves arriving from the top (surfacewaves can be
seen as constructively interfering reflections from the top). A narrow
discontinuity should be seen in a similar way by up- or down-going
waves. The details of the necessary gradient and frequency content will
need to be established in a theoretical study. Afirst guess of such awidth
is to define the average broadness of the 400-km discontinuity as the
difference between our mean MDN depth of 394±7 km and the mean
depth of 418 km fromTOPOTZ to give an average broadness of 17–31 km.

Finally we compare the power spectra for the various 660-, and
400-km topography models considered in this study. We evaluated all

Fig. 5. Global models of the 660- (A), 400-km discontinuity (B) and transition zone thickness (C). Mean topography deviation from the global mean (top) together with the standard
deviations (middle) and the information gain of the posterior pdfs with respect to the prior pdf (bottom).
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models at 492 geographic locations and performed a spherical
harmonic expansion up to degree 8. The power spectra of the three
660-km topography models are plotted in Fig. 8A, whereas the power
spectra of the four different 400-km topography models are shown in
Fig. 8B. It is interesting to note, that compared to S362ANI and
TOPOTZ, the power spectra of our MDN models are much flatter. This
might be due to a laterally more homogeneous sampling of surface
wave data compared to underside reflections. The uneven sampling in
underside reflection studies could bias the spectra towards lower
degrees.

6.3. Temperature and water content variations within the transition zone

Global scale S-wave velocity anomalies together with topographic
variations of the 400- and 660-km discontinuities have mostly been
interpreted as thermal in origin (Gu et al., 1998; Flanagan and Shearer,
1998a). The phase transitions, however, not only depend on
temperature but also on composition and water content (Litasov
et al., 2006). Lateral velocity variations in the transition zone may also
be caused by variations in hydration rather than variations in
temperature (Smyth and Jacobsen, 2006). Other compositional effects
are neglected mainly for convenience, but we are well aware that this
is a simplifying assumption. However, according to Matsukage et al.
(2005) compositional effects on S-wave velocities are small below a
depth of 120 km. Regarding compositional effects on the pressure of
phase changes and hence on the topography of the transition zone
discontinuities, Suetsugu et al. (2006) noted that iron content has a
small effect on the phase transformation from ringwoodite to
perovskite and magnesiowüstite (660-km discontinuity), but a
significant effect on the olivine to wadsleyite phase transformation
(400-km discontinuity). Furthermore there are other compositional
effects that might influence S-wave velocities as well as transition
zone topographies. Xu et al. (2008) showed for example that S-wave
velocities of a mantle comprised of an equilibrium assemblage of
pyrolitic composition differs significantly from a mantle comprised of
a mechanical mixture of basalt and harzburgite. Despite the fact that
neglecting chemical variations might introduce some bias in the
resulting models, we used transition zone thickness (Fig. 5C, better
constrained than the individual discontinuities, see information gain)

Fig. 6. Three different global models of the 660-km topography: (top) Our mean MDN
model; (middle) TOPOTZ; (bottom) S362ANI.

Fig. 7. Four different global models of the 400-km topography. (top, left) Our mean MDN model, (top, right) TOPOTZ, (bottom, left) OXFORD and (bottom, right) S362ANI.
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and average S-wave velocity variations (Fig. 4 bottom, left) to estimate
variations in temperature and water content. Assuming a linear rela-
tionship between seismic parameters and target parameters we may
write:

δd =
∂d
∂T δT +

∂d
∂H2O

δH2O;

δ lnVs =
∂ lnVs

∂T δT +
∂ lnVs

∂H2O
δH2O;

ð3Þ

where δd and δdlnVs are perturbations in transition zone thickness
and S-wave velocity with respect to their global averages from our
global MDN models. The partial derivatives are taken from experi-
mental studies: ∂d/∂T=−0.19±0.05 km/K (Litasov et al., 2006);
∂d/∂H2O=14.5±7.25 km/wt.% (Litasov et al., 2006);∂lnVs/∂T=−6±
2×10−5 K−1 (Stixrude and Lithgow-Bertelloni, 2005); ∂lnVs/∂H2O=
−0.021±0.002 1/wt.% (Smyth and Jacobsen, 2006). Note that these
partial derivates are for an average transition zone thickness and not

just at 410 km or 660 km depth. The unknowns δT and δH2O are local
perturbations with respect to a global unspecified average and
correspond to vertical averages over the transition zone. The partial
derivatives are assumed to be Gaussian distributed with mean and
standard deviation as above. At each of the 492 geographic locations, we
generated 10000 independent random samples for each of the four
Gaussian partial derivatives and for δd and δlnVs, drawn from the
corresponding posterior pdfs, and we solved Eq. (3). We thus obtain at
each geographic location the posterior pdfs for δT and δH2O containing
the uncertainties in transition zone thickness and S-wave velocity as
well as in the experimentally determined partial derivatives. The
corresponding means and standard deviations of the temperature and
water content variations in the transition zone are shown in Fig. 9. Note
that temperature and water content variations correspond to vertical
averages over the transition zone with a lateral resolution of spherical
harmonic degree 8 (>5000 km). The subduction zones in the Western
Pacific and South America correspond, as expected, to relatively cold
temperatures. Beneath continental regions such as Africa, Eurasia and
North America aswell as over large parts of the Pacific relativelywarmer

Fig. 8. Relative spectral power as a function of spherical harmonic degree for three different 660-km topography models (left) and four different 400-km topography models (right).

Fig. 9.Mean temperature (left) and water content (right) deviation from the unknown global meanwithin the transition zone (top) together with the standard deviations (bottom).
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temperatures are observed. The temperature variations are in the order
of±100 K° and agree reasonablywell with themodel from Cammarano
and Romanowicz (2007). Water content is relatively low in the
subduction zones in the western Pacific and South America and
relatively high over large parts of the Pacific ocean and varies between
±0.5 wt.%. Although it is generally assumed that water is transported
down to the transition zone along slabs, we find that the transition zone
is wettest away from subduction zones.

7. Conclusion

Our consistent nonlinear inversion of surface wave overtones
produced models of shear wave variations and topography of the dis-
continuities where the natural trade-offs in the problem are accounted
for in the uncertainties. Shearwavemodels and the 660-km topography
are statistically indistinguishable from previous models. Our 400-km
topographymodel however is different suggesting a broaddiscontinuity
with an average broadness of 17–31 km. This implies a significant
average water content, and a discontinuity consisting of a zone where
olivine, wadsleyite and melt co-exist (Hirschmann et al., 2006). This
would explain several seismological observations such as the frequency
dependence of receiver functions (van der Meijde et al., 2003), some
observed double peaks in underside reflections (Deuss andWoodhouse,
2001; Deuss andWoodhouse, 2002; Schmerr and Garnero, 2007) and is
possibly related to the recently observed low-velocity layer above the
400-km discontinuity (Song et al., 2004; Jasbinsek and Dueker, 2007;
Vinnik and Farra, 2007).

Compared to similar studies that estimated lateral variations in
temperature and water content from tomographic models (e.g. Shito
et al., 2006; Suetsugu et al., 2006) the advantage of our approach is that
the transition zone thickness and S-wave velocity models are obtained
from a joint inversion of the same data set. The resulting maps offer a
first step towards aquantitative interpretation of tomographicmodels in
terms of temperature and water content on a global scale. Interpreting
these models, one has however to keep in mind that they are vertically
averaged over the transition zone with a lateral resolution of spherical
harmonic degree 8 (>5000 km). The global model of lateral tem-
perature variations (Fig. 9, left) shows, as expected, relatively cold
subductionzones and relativelywarmcontinental regions andhot spots.
Our model of lateral water content variations (Fig. 9, right) suggests
however that the transition zone iswettest away fromsubduction zones.
If water is transported down into the transition zone by slabs and
remains close to the narrow slabs, itmight not be resolved by ourmodel.
The fact that cold subduction zones are seen but wet subduction zones
are not, might be an indication that temperature diffuses away from
slabs more quickly than water, or that water is not transported down
slabs into the transition zone.
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