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Abstract

Convective flow in the mantle can be thought of (and modeled) as exclusively driven
by density heterogeneities in the mantle itself, and the resulting lateral variations
in the Earth’s gravity field. With this assumption, and a model of mantle rhe-
ology, a theoretical relationship can be found between 3-D mantle structure and
flow-related quantities that can be measured on the Earth’s surface, like free-air
gravity anomalies. This relationship can be used to set up an inverse problem,
with 1-D mantle viscosity as a solution. In the assumption that seismic velocity
anomalies be of purely thermal origin, and related to density anomalies by a simple
scaling factor, we invert the large-scalelength component of the above-mentioned
measurements jointly with seismic observations (waveforms and/or travel times) to
derive an accurate 5-layer spherically symmetric model of upper- and lower-mantle
viscosity. We attempt to account for non-uniqueness in the inverse problem by ex-
ploring the solution space, formed of all possible radial profiles of Earth viscosity,
by means of a non-deterministic global optimization method: the evolutionary algo-
rithm (EA). For each sampled point of the solution space, a forward calculation is
conducted to determine a map of gravity anomalies, whose similarity to GRACE is
then measured; the procedure is iterated to convergence, according to EA criteria.
The robustness of the inversion is tested by means of synthetic tests, indicating that
our gravity data set is able to constrain less than 6 radial layers, each with uniform
viscosity. Independently of the tomographic model or the scaling factor adopted to
convert seismic velocity into density structure, the EA optimization method finds
viscosity profiles characterized by low-viscosity in a depth range corresponding to
the transition zone, and relatively uniform elsewhere.

Key words: mantle rheology, inverse theory, viscous flow, gravity, tomography
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1 Introduction

The rheology of the Earth is of central importance for understanding both
the Earth’s transient deformation and long-term mantle dynamics. Present-
day estimates of mantle viscosity are based on experimental studies of creep
mechanisms in mantle minerals and on the analysis of geophysical observations
of the Earth’s response to surface and internal loading: mantle convection
observables (timescale ~ 10° yr), post-glacial rebound data (~ 10% yr), and
post-seismic relaxation (1-100 yr) following major earthquakes.

Viscosity is then typically estimated after solving coupled flow and gravita-
tional potential equations for instantaneous deformation (flow, surface defor-
mation, geoid) or time-dependent deformation (relative sea-level, plate mo-
tions); the former approach is sensitive to relative viscosity variations, while
the latter allows also an estimate of absolute viscosity. In both cases, mantle
viscosity is inferred by fitting modelled signals to various types of observa-
tions: relative sea level and variations in the Earth’s rotational parameters for
post-glacial rebound studies, dynamic topography, geoid and plate velocities
for mantle convection analysis.

The surface observables of post-glacial rebound, geoid and dynamic topogra-
phy have provided only first-order constraints on the radial viscosity structure
of the mantle: while geoid/dynamic topography studies suggest that mantle
viscosity increases by a factor of 30 or more from the basis of the lithosphere
to the core-mantle boundary (e.g. Hager & Richards 1989), most post-glacial
rebound studies (Haskell, 1935; Peltier, 1976, 1998; Mitrovica & Peltier, 1995;
Kaufmann & Lambeck, 2002) favour a moderate increase in viscosity at the
upper-to-lower mantle discontinuity. These inferences are still subject of a con-
tentious debate, and to reconcile convection-based and post-glacial rebound-
based estimates, joint inversions of these two kinds of data have been per-
formed, obtaining profiles with an overall increase in viscosity towards the
lower mantle (e.g. Forte & Mitrovica 1996; Mitrovica & Forte 2004).

Recent progress, including the introduction of compressibility (Corrieu et al.,
1995; Panasyuk et al., 1996; Forte & Mitrovica, 1996), the evaluation of the
performance of non-Newtonian rheology (Wu, 1992; Dal Forno et al., 2005),
and the effects of laterally varying (3-D) viscosity structure (Richards & Hager,
1989; Zhang & Christensen, 1993; Kaufmann & Wu, 2002; Paulson et al., 2005,
Moucha et al., 2007) have not clarified the question, and the only point of
general agreement is that the lower mantle is more viscous than the upper
mantle.

Mantle circulation models that simultaneously predict seismic (P- and S-wave
velocities) and geodynamical data (free-air gravity anomaly) have been shown
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to be particularly good at fitting the latter (Forte et al., 1994). Here we model
viscous flow in the Earth on the basis of a wide range of possible viscosity
profiles, and attempt to identify the profiles for which the modeled viscous
flow does the best job of predicting observed free-air gravity anomalies from
GRACE (Tapley et al., 2005). We define a-priori density (p) models needed
in mantle-flow calculations on the basis of seismic tomographic ones, scaled
by a factor depending only on depth. This requires the assumption that the
relative thermal and compositional contributions to seismic anomalies are the
same everywhere at any given depth.

The interpretation of long-wavelength geoid/gravity anomalies in terms of
mantle convection has a long history, starting from the pioneering works of
Hager & O’Connell (1981), Ricard et al. (1984), Richards & Hager (1984),
to the recent ones by Panasyuk & Hager (2000), Forte & Mitrovica (2001),
Kaban et al (2007). With few exceptions, authors have adopted a viscous-
flow theory which assumes mantle rheology to be represented in terms of
an effective viscosity varying only with depth. Although mantle viscosity is
likely to have lateral variations, 1-D viscosity profiles have been shown, to
be an adequate representation of the horizontally-averaged mantle viscosity
structure (Moucha et al., 2007); conversely, the effect of lateral variations
in viscosity is thought to be reflected almost exclusively in the small scale
(high harmonic degree) component of the gravity field. The same is true of
upper-mantle viscosity, while low-degree coefficients of the gravity field are
more sensitive to the lower mantle (Richards & Hager, 1989; Forte & Peltier,
1994). Our goal is to identify a 1-D, whole-mantle viscosity model, and for this
reason we neglect (except for a test in section 3.3) the high-degree component
of gravity data and, consequently, of seismic models.

The goal of our contribution is not only to determine the viscosity profile of
the mantle, but also to estimate the ability of gravity anomalies to resolve the
radial distribution of viscosity as inferred from tomography and flow models.
We tested and used an evolutionary algorithm to invert various tomographic
models for a radial profile of the mantle viscosity, and found that all the most
likely viscosity profiles predict transition-zone (410-660 km depth) viscosity
to be lower than in the uppermost and lower mantle.

2 Theory

2.1  Viscosity, gravity, and mantle flow

The relative radial variations in mantle viscosity can be determined from grav-
ity measurements. An analytical theory of mantle flow (Ricard et al., 1984;
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Forte & Peltier, 1987; Forte & Peltier, 1991) provides geoid kernels (G, with [
denoting the harmonic degree) given an average density profile (here, PREM),
and a prescribed viscosity profile. The surface gravity anomalies (dg;", with
m harmonic order) are modeled by radial integration (from top of the outer
core to the surface) of the p anomalies (dp]"), modulated by the geoid kernels.
For each harmonic, gravity anomalies are thus given by (e.g. Forte & Peltier,
1987)

[—1

6g/"(0,0) = kQZH/Gl(V/Vojr)CSPT(ﬁQ,Cb) dr, (1)

where k is a constant that depends on the Earth’s radius, surface gravity ac-
celeration, and average mantle density, vy is a reference value for viscosity
(Forte & Peltier, 1991) and the integration is carried out over the entire depth
of the mantle. The multilayer approximation is employed, in which the vis-
cosity is assumed to be constant within each layer and discontinuous at the
layer boundaries; it should be noted that only the depth variation of relative
viscosity v/ is needed to compute the geoid kernels.

We scale p anomalies from shear-velocity (vg) ones,

5plm(7a7 97 ¢) = C(r)(S/USlm(r: 97 ¢)7 (2>

where the scaling factor ( is defined by

~ SInp(r,6,9)

C(r) = dInvg(r,0,¢)

(3)

The kernels G, are calculated following the approach of Forte & Peltier (1991),
who expanded in terms of generalized spherical harmonics the constitutive
equation, the conservation of mass and momentum, and solved for the poloidal
flow using the method of propagator equations. The constraints arising from
the observed geometry of rigid surface plates are included in a dynamically
consistent manner by means of the buoyancy projection method (Forte &
Peltier, 1991), in which the motions of surface plates are predicted (being
coupled to the underlying mantle flow) rather than imposed. The plate ge-
ometries and corresponding projection operators are represented in terms of
spherical harmonic basis functions up to degree [ = 8, in order to reduce the
effect of uncertainties in tomography (larger for higher spherical harmonic de-
grees), and because higher-degree geoid kernels are sensitive to heterogeneous
structure in the upper mantle only, while we want to integrate p anomalies over
the whole mantle. The mantle flow theory we employ takes into account many
of the complexities of the real Earth, like sphericity, compressibility and self-
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gravitation, and additionally allows to compute surface dynamic topography,
CMB deflections and plate motions via the surface divergence.

This approach to modeling the surface gravity field has, however, several lim-
itations: first, as seen before, only the ratios between viscosity values at dif-
ferent depths can be constrained, rather than the absolute values of viscosity,
thus neglecting the effects of toroidal flow and associated lateral viscosity vari-
ations. The problem is also complicated by the existence of many, competing
tomographic models of seismic velocity. The amplitude and pattern of seismic
velocities in the mantle are known only approximately, and despite the agree-
ment at long wavelengths (Becker & Boschi, 2002), various tomographic im-
ages differ in shape, depth extent, and amplitude of fine features (e.g., Becker
& Boschi, 2002; Romanowicz, 2003; Boschi et al., 2007). Last, establishing an
appropriate velocity-to-density scaling for the mantle is not straightforward.
Growing evidence suggests that seismic velocity anomalies reflect both ther-
mal and compositional heterogeneities (van der Hilst & Karason, 1999; Karato
& Karki, 2001; Deschamps et al., 2001). Unlike that of temperature variations,
the effect of compositional variations on seismic velocities and density is not
yet well understood. A solution to this problem is to use a density model
derived from a seismic-geodynamic inversion which implicitly includes both
thermal and compositional effects on buoyancy (Simmons et al., 2007).

2.2 Evolutionary algorithms

In this study we conduct a number of inversions based on different tomographic
models and different values of the ratio between density and seismic velocity,
and carry out a comparative evaluation of the resulting viscosity profiles. Ow-
ing to the above factors, and to nonlinearity (geoid kernels depend on viscosity
itself), the problem of finding viscosity profiles from geophysical observables
does not have a unique solution. We attempt to account for non-uniqueness in
the inverse problem by exploring the solution space, formed of all possible ra-
dial profiles of Earth viscosity, by means of a stochastic optimization method:
the evolutionary algorithm (EA).

The first EAs, or optimization algorithms based on ideas from evolutionary
theory, were conceived and implemented by Reichenberg (1973). Authors in
earth sciences have already used EAs to find viscosity profiles from gravity data
(King, 1995; Kido et al., 1998), but our analysis represents an improvement
in that it takes advantage of the increased power of modern calculators to
explore in more detail the solution space. In particular, we have been able
to quantify the resolution limit of gravity data, finding that no more than 5
independent parameters (uniform layers) describing viscosity can be reliably
constrained. In addition, a systematic test of the setting parameters of our EA
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lead to the conclusion that while the choice of a population of 100 individuals
is appropriate for this problem, the number of generations over which King
(1995) based his analysis is not sufficient to grant the stability of the solution;
Figure 1 shows that after 100 generations the fit of the solution model to the
data may still be improving: we thus increased the number of generations from
100 to 500.

EAs use the idea of ”survival of the fittest”, to perform an iterative, multi-
dimensional search for an optimal value of a given cost function. A typical
EA requires a genetic representation of the solutions (in general, as arrays of
bits), which play the role of individuals in a population. The algorithm starts
from a random population whose individuals are selected according to their
fitness, and the best are used to form a new population, likely to be "more
fit”. Couples of parent chromosomes generate offspring by means of crossover
and mutation. This procedure is repeated until a given maximum number of
generations is reached, or convergence achieved. EAs are helpful because they
can rapidly locate good approximate solutions to all types of problems, re-
quiring no smoothness assumptions on the fitness function or its domain, and
because of their robustness in finding global maxima in the presence of many
local maxima. Furthermore, EAs are naturally parallel, thus allowing an easy
optimization of machine resources.

We use Charbonneau & Knapp’s (1995), freely available PIKATA implemen-
tation of the EA. PIKAIA incorporates two basic evolutionary operators: uni-
form one-point crossover, and uniform one-point mutation. The mutation rate
(i.e. the chance that a random variation in an individual’s traits occurrs, in-
dependent of those of the parents) can be dynamically adjusted during the
evolution, using either the linear distance in parameter-space or the difference
in fit between the best and median solutions in the population.

The mutation rate is a key parameter: if it is too low, the algorithm may
converge prematurely to a local optimum, the EA failing to explore uniformly
the space of parameters. In contrast, a high mutation rate may lead to slow
or no convergence (an EA with high mutation is practically equivalent to a
Monte Carlo algorithm). Charbonneau & Knapp (1995) suggest that a good
compromise between allowing for new solutions and losing track of already
identified ones is achieved by starting the EA run with a low mutation rate,
and then allowing the mutation rate to grow as convergence is approached.

Although, ideally, the solution found by the EA should be independent of
it, the choice of a specific fitness function might also play an important role
in the speed and efficiency of the algorithm. We experimented with different
cost functions (variance reduction, correlation), finding indeed rather similar
solution models. To obtain maximum variability in best-fitting models, i.e., to
best differentiate solution models with relatively similar fit as we progressively
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refine our search, we chose to use as cost function the exponential of the
variance reduction, or

Ei:l(éginod - 5921;3)2)
exp|1— . ,
P ( Zi:l((Sgébs)Z

where dg’ . and dg’,. are the modeled and observed gravity anomalies, re-
spectively, at the point ¢ of a grid covering the Earth’s surface. In a set of
preliminary tests, we have verified that the cost-function as defined by eq.
(4) results in the most effective convergence. Other cost functions that we
have experimented with, including correlation and variance reduction (with-
out exponential) did not allow to discriminate between close minima, beyond
a certain refinement level.

We define an initial population, consisting of 100 randomly generated viscosity
profiles. In most of our runs of the EA, convergence is achieved after roughly
100-300 generations (Figure la, red dots). The choice of the mutation rate
adjustment (differential fitness) is reflected by the trend of blue dots in Figure
la, representing the average fitness of the population for each generation:
average fitness achieves a maximum at 10-20 generations, then decreases with
increasing fitness of the best solution.

We set the total number of generations to 500, corresponding to 50,000 for-
ward computations total; completing this task takes about 48 hours on a dual
2.7 Ghz PowerPC. Performance depends on the number of free parameters in
the inverse problem (i.e. number of uniform viscosity layers), on the maximum
considered harmonic degree, and on the precision chosen for the variables.
Since gravity data have little sensitivity to changes in viscosity larger than
three orders of magnitude (King, 1995), we used single precision (4 bytes)
floating points variables, allowing approximately 7 digits of accuracy.

Figure 2 illustrates the sequence of steps in our algorithm: at each generation,
tomographic anomalies are translated into p anomalies, which are then used to
compute the gravity field at the Earth’s surface associated with each viscosity
profile in the population. The best-fitting viscosity profiles are then combined
by the EA to identify a new, more fit population (a new generation), and the
whole procedure is iterated.
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3 Analyses of the method’s resolution and stability

3.1  Recovering a theoretical viscosity model

A major problem with deriving mantle viscosity from gravity observations is
the non-uniqueness of the solution. According to Peltier (1998), robust conclu-
sions cannot be derived only on the basis of the long wavelength component
of the geoid, and additional data are needed to better constrain the inver-
sion. In a similar analysis, King (1995) found that families of viscosity profiles
with both high and low viscosity in the transition zone explain the observed
geoid equally well, and concluded that gravity measurements alone cannot
distinguish between these different features. We reevaluate those inferences,
conducting a number of synthetic experiments to estimate the radial resolu-
tion of our inversion. It is particularly important to determine the number
of uniform viscosity layers that can be reliably constrained, and the range of
relative changes in viscosity that can be expected.

We scale the vg model S20RTS (Ritsema et al., 1999; 2004) as illustrated in
Figure 7b (red curve). The scaling factor was obtained by inverting GRACE
gravity data and S20RTS tomographic model with an input viscosity pro-
file taken from Mitrovica & Forte (1997). The scaling factor ((r) is positive
throughout the mantle, except for transition zones, where velocity anomalies
are mainly compositional in origin. A thermal origin of anomalies, in fact,
requires ( to be positive, as, for any fixed composition, a perturbation in
temperature causes perturbations of equal sign in density and vg.

We randomly generate an 'input’ profile of mantle viscosity, and use our mantle
flow model to predict the corresponding gravity anomaly map. We then use the
resulting, 'synthetic’ gravity anomaly map as the database to be inverted via
the EA. The correlation between output and input model, shown in Figure 3
for 60 independent synthetic tests, is a measure of the accuracy and resolution
of our method. We conducted 10 synthetic tests with 2-layer viscosity models,
10 with 4-layer models, and so on with 6-, 8-, 10- and 12-layer models. Figure 3
shows that the non-uniqueness of the problem grows quickly with the number
of inversion parameters. If the unknown viscosity profile is parameterized in
terms of more than 5 uniform layers, the chance of converging to a wrong
solution is high.
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3.2 Testing the effects of different parameterization strategies and evolution-
ary regimes

We next replace synthetic data with true, free-air gravity anomalies from
global Earth gravity model GGMO02 (Tapley et al., 2005), based on the analysis
of 363 days of GRACE (Gravity Recovery and Climate Experiment) in-flight
data. Harmonic coefficients up to degree 160 are available, but we only consider
degrees < 8, consistently with our decomposition of the tomographic models.
We use the EA, as described above, to identify the best-fitting 5-layer model
of relative changes in mantle viscosity, and, again, scale tomography model
S20RTS to define an a-priori density map.

We first explore the influence of the population size, the number of generations
and the seed used to initialize the EA on the inversion results. Figure 4a shows
the best-fitting viscosity profiles derived from runs of the EA with population
sizes of 10, 50 and 100 individuals, evolved for 500 generations. Due to its
stochastic nature, different runs of the EA inversion yield slightly varying
results, but the important features (2-orders of magnitude viscosity jump at
410 km; smaller but significant jump at 1200 km) remain stable. Running
the EA with 100 individuals for 100, 500 and 1000 generations, we obtain
almost identical viscosity profiles (Figure 4b). Inverting the same data with
same population size and number of generations, but different seed, we find
approximately the same radial viscosity profile (Figure 4c). In all these cases,
variance reduction (Figure 4d, 4e, 4f) converges to approximately the same
maximum.

We invert, again, gravity anomalies from GRACE starting from vg model
S20RTS and assuming a density-to-velocity scaling as in Figure 7b (red line).
We repeat the experiment varying the number of constant-viscosity layers from
2 to 12. The resulting viscosity profiles, shown in Figure 5, closely resemble
the ones found in the other inversions of this Section, characterized by rel-
atively low viscosity at depths corresponding to the mantle transition zone.
Concerning the fitness to the data, the gravity anomalies computed in five out
of the six cases reduce the variance of about 45 to 50%. Conversely, we found
no 2-layer model that reduces the variance at all. We infer that at least two
viscosity discontinuities in the mantle are required to explain the gravity data
in consideration, and 2-layer models can be rejected a-priori.

We run the EA with several different parameterizations, characterized by the
same total number (5), but different depth ranges, of uniform viscosity layers.
We show the results in Figure 6. Independently of parameterization, solutions
tend to be characterized by low viscosity in the second shallowest layer, and /or
transition zone. The jump in viscosity found between 410 and 660 km depth
ranges between 1 and 3 orders of magnitude. Variance reduction is maximum
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for the profiles in Figure 6a and 6b, suggesting that a radial viscosity structure
with finer parameterization in the upper mantle is more consistent with the
observed gravity field.

3.3  Effect of the short-wavelength component of tomography

The neglect of harmonic degrees >8 is justified by the goal of identifying
a whole-mantle viscosity profile, while relatively high harmonic degrees are
mostly, if not only, sensitive to the upper mantle. We test, however, the possi-
bility that the whole-mantle viscosity profile we find be perturbed by account-
ing for degrees >8. We repeat the exercise described in section 3.2, assuming
a degree-16 density model scaled from the vg model SMEAN (Becker and
Boschi, 2002), and parameterizing mantle viscosity in terms of 5 uniform lay-
ers. The scaling factor coincides with the red curve in Figure 7b. The result
of this experiment is illustrated in Figure 8. The variance reduction of gravity
data (degrees 0 through 16) achieved by the SMEAN-based viscosity profile
of Figure 8 amounts to 45.7% and is therefore comparable to values found
from the previous inversions. Most importantly, the viscosity profile we find
is similar to most of the ones discussed above. Given its higher computational
cost, we decide to drop the inversion of the high-degree component of gravity
data.

4 Viscosity profiles resulting from different a-priori assumptions
on the Earth’s density structure

4.1 Viscosity from inversion of gravity data and seismic velocity models

The most recent models of mantle rheology based on long-wavelength geoid
data (Ricard & Wuming, 1991; King, 1995; Cadek et al, 1998; Mitrovica &
Forte, 2004) are defined in terms of 11 to 15 uniform-viscosity layers. We have
shown in the previous section that our solution becomes increasingly non-
unique for increasing number of uniform-viscosity layers, with the high chance
of converging to a ”wrong” minimum already with a 6-layer parameterization.
We therefore restrict ourselves to 5-layer models consisting of an upper mantle
extending from the Earth’s surface down to the 660 km seismic discontinuity;,
and divided into two layers at 410 km depth, and a lower mantle with possible
viscosity discontinuities at 1200 and 2000 km. This radial parameterization
is consistent with the most important boundaries given by King (1995), with
Bullen’s (1947) definition of the transition zone as a diffuse region of high seis-
mic wave speed gradient extending from 400 to 1000 km, and with the results

10
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of Kawakatsu & Niu (1994) suggesting the presence of a seismic discontinuity
at 920 km depth. The 2000 km discontinuity is based on Kellog et al.’s (1999),
van der Hilst & Karason’s (1999) and Anderson’s (2002) indications that the
lowermost mantle, from a depth of ~ 1700 km down, never mixes with the
rest of the mantle, forming a separate regime, with a boundary dividing layers
with different composition.

So far we computed the surface gravity perturbations on the basis of the 3-D
density distribution constructed from the seismic tomographic model S20RT'S.
To measure how strongly our results are affected by the properties of the
selected a-priori tomographic model, we repeat the experiment on the basis
of different models, i.e. deriving density via ((r) from vg models TRP246
(Trampert et al., 2004), and SPRD6 (Ishii & Tromp, 1999). TRP246 and
SPRDG6 also include p models, that we shall treat in section 4.3.

Ishii & Tromp (1999) determined mantle S and P velocity and density struc-
ture, in addition to dynamic topography on the free surface and topography
on the 660-km discontinuity and CMB, up to harmonic degree 6, from a com-
bination of gravity and normal-mode splitting measurements. Trampert et al.
(2004) used normal-mode splitting functions and surface-wave data to derive
likelihoods of bulk sound and shear wave speed, density, and boundary to-
pography. The seismic likelihoods are a complete and compact representation
(mean and standard deviation) of all long-period seismic data, compatible
with the observed gravity field, and are described by a linear combination of
degree-2, -4, and -6 spherical harmonics.

We convert vg anomalies to p heterogeneities using various scaling factors (
Figure 7b), calculated from various tomographic models and an input viscosity
profile selected from Mitrovica & Forte (1997). The three mantle viscosity
profiles resulting, after running the EA, from the different tomographic models
and scaling factors are shown in Figure 7a. All profiles have approximately the
same depth dependence, with important viscosity jumps at 410 and 660 km
depth. For each run of the EA, corresponding to a certain tomography /density
model, we also visualize in Figure 7c-e the spread of the population, computing
the mean and standard deviation of all viscosity profiles with fit above 53%
(S20RTS); 40% (TRP246); 54% (SPRD6) (standard deviations are represented
by gray intervals). The three thresholds have been chosen to always correspond
to ~ 10,000 solution profiles. In all three cases, the best-fitting profiles are
all very similar to each other, and different families of viscosity profiles fit the
data equally well.

Figure 10 shows viscosity profiles averaged over models that fit the data best
than a prescribed value (30, 40 and 50% in plots a, b, and ¢, respectively). All
the profiles refer to the inversions of gravity data with the (scaled) tomographic
model S20RTS. Even models with relatively low fit include a low-viscosity
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transition zone. Assuming that the EA samples the solution space sufficiently
well, we infer that this feature is robust.

Our approach is contingent on the simplistic assumption that velocity and
density be correlated (e.g. Karato. 1993; Deschamps et al., 2001). We test
how different choices of values for the corresponding scaling factor affect our
results. Figure 11f-j shows the scaling factors we assumed, accompanied by the
corresponding solution models (Figure 11a-e). Despite slight discrepancies in
the viscosity of the shallow layers, the most remarkable feature, a narrow low-
viscosity zone located between the 410-km and the 660-km discontinuities, is
seen in all of the five cases we considered. A low-viscosity layer in the transition
zone was also found in independent analyses of the global geoid (King, 1995;
King & Masters, 1992; Forte et al., 1993; Panasyuk, 1998), of post-glacial
rebound (Milne et al., 1997) and of polar motion (Steinberger & O’Connell,
1997). Fewer authors found evidence that viscosity in the same region might
be anomalously high (Ricard et al., 1989; Spada et al., 1991; King, 1995).

4.2 Assumptions on the scaling factor

Since the choice of the velocity-to-density scaling factor may impart a bias to
our results, and since the ones used here do not incorporate any mineral physics
constraints, we try to use alternative scalings such as the ones based on lab-
oratory experiments (Karato & Karki, 2001; Cammarano et al., 2003). Given
that mineralogy-derived scalings between velocity and density are still sub-
jected to a lot of uncertainties, we invert the gravity data (degrees 1 through
8) with vg velocity model SMEAN (Becker and Boschi, 2002) and a scaling
taken from Simmons et al. (2007) (see Figure 9a, blue line), selected among
the ones proposed by Karato & Karki (2001) on the basis of the fit to a set of
combined seismic and convection-related observables. The resulting viscosity
profile is displayed in Figure 9b and does not differ significantly from the ones
obtained with classical scalings, confirming the robustness of our results. The
gravity anomalies computed with this viscosity achieve a variance reduction
of 47.7%.

We then attempt to account for the difference between sub-continental and
sub-oceanic mantle, revealed by seismic tomography some 40 years ago (Jor-
dan, 1975). The high-velocity roots below continents, absent below oceans (see
Romanowicz, 2003, for a review), are balanced by differences in the respective
chemical composition. Here, we have computed radial models of { for oceans
and continents separately. To define oceanic and continental areas, we have
constructed a continent-ocean function derived from the 3SMAC tectonic re-
gionalization (Nataf and Ricard, 1996). The sub-continental and sub-oceanic
scaling factors (red and green lines in Figure 9a) are significantly different at
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depths shallower than 260 km, with the oceanic one negative at depths up
to 80 km. Again we invert gravity data up to degree 8 based on wvg velocity
model, to find the viscosity profile of Figure 9c, with variance reduction of
46.5%. This result confirms our earlier findings (Figure 9b ).

4.3 Viscosity from inversion of gravity data and density models

Albeit commonly used (Forte & Perry, 2000; Deschamps et al., 2002), the
procedure of estimating FEarth’s density via a depth-dependent scaling factor
applied to seismic velocity models is, at least to some extent, inaccurate: lateral
p anomalies directly observed from, e.g., normal-mode data are both uncorre-
lated with (Resovsky & Trampert, 2003), and too large with respect to (Ishii
& Tromp, 1999; Trampert et al., 2004) seismic anomalies, for the scaling-factor
approach to be valid. We replace the vg velocity models used so far with the
p models provided by Trampert et al. (2004), and Ishii & Tromp (1999), and
determined from observations of the Earth’s free oscillations, which, unlike
travel-time or waveform data, are directly sensitive to density. Several au-
thors (Resovsky & Ritzwoller, 1999; Romanowicz, 2001; Kuo & Romanowicz,
2002) objected that density cannot yet be constrained in this way, because the
sensitivity kernels for density are much smaller than those for velocities, and
because the least-squares inversions conducted in this kind of studies require
the use of a starting model, the choice of which is critical for the reliability of
the results.

In Figure 12 we compare the best viscosity profiles found via EA on the basis of
the p models, with those resulting from the corresponding vg models TRP246
and SPRD6. The difference with the profiles derived from velocity models
(plotted for comparison in Figure 12a), is striking: viscosity increases almost
monotonically with depth for the profile corresponding to p model TRP246,
and the low-viscosity transition zone that characterizes all our solution vis-
cosity models becomes much less pronounced in the profile derived from p
model SPRD6. It is remarkable that variance reduction achieved by density
with respect to velocity models drops from 57% to 10% for SPRD6 and be-
comes negative for TRP246, even though low even degrees of gravity data are
appropriately fit by Ishii et al. (1999). We explain this discrepancy in terms
of the different approach used here with respect to the studies of Trampert
et al. (2004) and Ishii and Tromp (1999), to establish a relationship between
mantle flow and observations of gravity. We account for mantle flow explicitly
(e.g., Richards and Hager, 1984), while those authors do it by allowing for
deflections of the internal boundaries. In the past, it has been assumed that
the two approaches are equivalent, but we believe that this assumption must
be reevaluated. We show in Figure 13 how gravity anomalies computed on the
basis of viscosity profiles from Figure 12 compare to GRACE data. While the
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vg-based viscosity profile of Figure 13a reproduces the data relatively well, the
p-based results are in fact completely off.

An alternative density model has been derived by Simmons et al. (2007),
based upon seismic travel-time data, and geodynamic observations including
dynamic topography, gravity, plate motions and CMB ellipticity. Simmons
et al.’s (2007) approach also implicitly accounts for both thermal and com-
positional buoyancy effects on mantle flow. We have repeated our inversion
experiment assuming density structure as mapped by Simmons et al. (2007).
The resulting viscosity profile, shown in Figure 14, confirms the presence of a
low-viscosity zone in the upper-to-lower mantle transition zone. It differs from
those of the previous sections in the lower mantle, where it is characterized by
lower values of relative viscosity, and by a pronounced viscosity jump at 2000
km depth. The corresponding variance reduction of the inverted gravity data
amounts to 87%, much higher than achieved in earlier inversions.

5 CMB topography

Undulations of the CMB are generally believed to be the result of radial
stresses generated by convective mantle flow induced, in turn, by lateral vari-
ations in density throughout the mantle. We compute here the topography of
the CMB from the same vg and p models as in section 4.

The spherical harmonic coefficients db;" of flow-induced CMB topography are
related to density perturbations dp;” by topography kernels B; via an equation
similar to (1),

1

B'(0.0)= 5

/Bl(y/yo, r)op;t(r,0,¢) dr (5)

(Forte et al., 1995), where Ap,,, = —4.43 Mgm ™ is the density jump across the
CMB according to PREM (Dziewonski & Anderson, 1981), and the integration
is done from the radius of the CMB to the Earth’s surface. The topography
kernels B, are calculated, as for the gravity anomalies, in the degree range
[ = 2 through 8 and, like geoid kernels, they implicitly depend on the (relative)
viscosity profile of the mantle (v/vy). As before, the harmonic coefficients 6o}
are found from a scaled velocity model.

We show in Figure 15 the total CMB topography obtained from vg models
S20RTS, TRP246, SPRD6 (Figure 15a, 15b, 15¢), and that obtained from p
models TRP246 and SPRD6 (Figure 15d, 15e). The viscosity profiles imple-
mented correspond, for each vg or p model, to the best-fitting profiles found
in Sections 3 and 4 inverting that same model.
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The wvg-derived topographies are in close agreement with most published re-
sults (Morelli & Dziewonski, 1986; Forte et al, 1995; Obayashi & Fukao, 1997),
characterized by a ring of depressions over the Americas, Eastern Asia, and
Australia. CMB deflections based on vg model SPRD6 compares well with
those found by Forte et al. (1995), but differ slightly in amplitude. Maps of
CMB topography computed directly from p models display a more complex
pattern, and have amplitude three times bigger, though very similar to each
other both in shape and in amplitude. Again, differences between the topog-
raphy predicted by vg and p result from the fact that the two distribution are
not correlated (e.g., Trampert et al., 2004).

The dynamic topography at the CMB is not directly observable from surface
data, with the exception of the component b3 of the CMB topography, called
excess or dynamic ellipticity, which can be inferred via VLBI measurements
of the period of the Earth’s free-core nutation. The most recent inferences
(Mathews et al., 2002; Mathews et al., 1999) suggest a value closer to 0.4 km,
rather than 0.5 km as determined in the earlier study by Gwinn et al. (1986).
The values of 6b we obtain (Table 1) on the basis of the different vg and p
models are about three times larger, having absolute value bigger than 1.5
km. The poor fit to the observations of CMB ellipticity may be justified by
the fact that our mantle flow models are constrained to only fit the free-air
gravity data; other potential reasons are a poor velocity-to-density scaling in
the lower mantle and a poorly resolved viscosity at depth.

6 Discussion and conclusions

We have applied the evolutionary algorithm technique to identify a spherically
symmetric model of viscosity in the Earth’s mantle from global observations
of free-air gravity anomalies in the degree range [ = 2 through 8. We modeled
perturbations in the Earth’s gravity field induced by density heterogeneities
via a viscous flow model, with no a priori barrier for the vertical flux at the
660 km discontinuity. This approach allows to derive the depth-dependence
of relative viscosity, constraining its value uniquely in up to five uniform lay-
ers. The solutions we obtain on the basis of vg models S20RTS or SMEAN
are consistent with classical estimates of the upper-to-lower-mantle viscosity
jump. Additionally, they are characterized by a transition zone less viscous
than the uppermost mantle by 2 or 3 orders of magnitude. This feature is
parameterization-independent, and is shared by the viscosity profile we find
based on the density model of Simmons et al. (2007).

The found softening of transition zone minerals could be related to various
processes: (i) high content of water (van der Meijde et al., 2003; Huang et al.,
2005; Bolfan-Casanova, 2005); (ii) phase changes that occur at these depths,
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like transformation of pyroxenes into garnet, or olivine successively into wads-
leyte and into ringwoodite; (iii) the extreme softening of a material as it under-
goes a phase transition, known as transformational superplasticity (Sammis
& Dein, 1974).

(i) Several high-pressure mineral-physics studies (Smyth, 1987; Kawamoto et
al., 1996; Kohlstedt et al., 1996) have shown that transition zone minerals
at average mantle temperatures have anomalously high water solubility com-
pared to upper and lower mantle minerals, suggesting that the transition zone
might act as a water reservoir. The potential presence of water in the transi-
tion zone, also revealed by the seismological analysis of Van der Meijde et al.
(2003), could also explain the discrepancy between the velocity jump at 410 km
observed seismically and the one expected for an olivine-rich (pyrolite) mantle
(Duffy & Anderson, 1989; Anderson, 1989; Anderson & Bass, 1986). Smyth
& Jacobsen (2006) proposed that lateral velocity variations in the transition
zone may reflect variations in hydration rather that variations in temperature.
Despite the many evidences of significant amounts of water in the transition
zone, the actual content of water is still poorly constrained, being estimated
to range between 0.1 wt% and 3 wt% (Bercovici & Karato, 2003). Also, the
effect of water on material properties is not clear, even if it is known that it
controls the strength and deformation mechanism of minerals (Kavner, 2003)
and thus the rheology of rocks (Karato, 1998). Since viscous deformation is a
macroscopic form of creep depending on the presence of defects in the lattice
structure, and since water increases the number of defects within a crystal, it
enhances diffusion rates and this should decrease viscosity.

(ii) The possible role of the dilution of pyroxenes into garnets (the major phase
change at transition zone depths) could be enlightened by the knowledge of
the creep laws for these two minerals. To date, available experimental data
are sparse, but uniaxial compression and hot hardness tests (Karato et al.,
1995) demonstrated that the resistance to plastic deformation in garnets is
significantly higher than most of the other minerals in the Earth’s mantle; the
pyroxene-garnet phase change, then, cannot explain the low viscosity in the
transition zone. An alternative explanation could reside in the transforma-
tion of olivine into wadsleyte and then ringwoodite (Artem Oganov, personal
communication, 2007).

(iii) The third possible explanation for the soft transition zone might be at-
tributed to a phenomenon known as transformational superplasticity, first
pointed out by Sammis & Dein (1974), that consists in a dramatic reduc-
tion in effective viscosity observed during a phase transition in materials like
metals and ceramics (Poirier, 1985; Maehara & Langdon, 1990; Meike, 1993).
Panasyuk & Hager (1998) tested a model of transformational superplasticity
for the upper mantle and estimated the degree of softening for mantle material
at the phase change at 400 km depth: the viscosity decrease would be of 1-2
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orders of magnitude, consistent with what we found.

While anomalously low values of viscosity in the transition zone are a robust
result, some of our findings cast doubts on certain aspects of the approach we
followed. In particular, we have illustrated in section 4.3 (Figures 12 and 13)
the disagreement between density-based and velocity-based modeling results.
We have explained it as the consequence of a discrepancy between the ap-
proach followed here, where mantle flow is modeled explicitly (e.g., Richards
and Hager, 1984), and that of, e.g., Ishii and Tromp (1999) and Trampert
et al. (2004), who account for mantle flow implicitly, parameterizing the un-
dulation of internal discontinuities (e.g., lower-upper-mantle boundary, core-
mantle boundary). If any of these methods is to be implemented again in
the future, the theoretical reasons for the discrepancy should be quantified.
Here (end of section 4.3) we show that our approach is consistent with that of
Simmons et al. (2007), who mapped mantle density from seismic travel-times
and a suite of geodynamic data including gravity anomalies, and neglecting
normal-mode observations.

In view of the continuing, fast growth of computational power, an alternative
solution would possibly be that of resorting fully numerical formulations in-
stead of analytical ones. Numerical approaches to the inverse problem have
been made effective both in seismology (Tromp et al., 2005; Peter et al., 2007)
and geodynamics (Bunge et al., 2003), via the application of ideas based on
the adjoint method of Tarantola (1984).
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ACCEPTED MANUSCRIPT

Model  Type of anomaly Dynamic ellipticity (km)

SORTS dvg 1.5
TRP246 dvs 1.8
SPRD6 dvs 1.8
TRP246 dp 4.8
SPRD6 dp 1.5
Table 1

Predicted excess CMB topography (km) obtained from some vg and p models
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Fig. 1. Example of the performance of the EA evolving from generation 1 to 500
(a). Blue and red dots represent the variance reduction (%) of the best-fitting model
and the average fitness of the population, for each generation. The decrease in
mean variance reduction at 10-20 generations corresponds to an adjustment of the
mutation-rate parameter defined in Section 2.2. Fit of best model as a function of
generation number (b) after 100 generations.
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VISCOSITY
PROFILE

improve viscosity iteratively
via EVOLUTIONARY ALGORITHM

.
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Fig. 2. After choosing velocity-to-density scaling relationship and tomographic
model, we seek the mantle viscosity profile corresponding to the best fit of GRACE
gravity data. Density anomalies and gravity data are related through sensitivity
kernels, whose form in turn depends on the viscosity profile.

27

Page 27 of 38



L] L L T T n:2
n=4 o
n=f —
h=C
=0 oo
n=12 3
0.8 [
0.6
0.4
02
0
1] ] 20 20 41 20 &0

Fig. 3. Correlation between output and input model (maximum is 1) for the 60
synthetic tests conducted (10 for each value on the number n of uniform viscosity
layers).
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Fig. 4. Best-fitting viscosity models from runs (starting model: S20RTS) with differ-
ent population size (a), number of generations (b), and initial seed (c¢). Only relative
variations can be inferred from these models, that are normalized to the value of
viscosity of the shallowest layer. Fit (variance reduction) of best model as a function
of generation number, from inversions a, b, and ¢ (e,d, and f, respectively).
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Fig. 5. Best-fitting mantle viscosity models resulting from inversions of GRACE
free-air gravity anomalies and vg models S20RTS with different number of layers n.
Only relative variations can be inferred from these models.
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Fig. 6. Best-fitting mantle viscosity models resulting from inversions of GRACE
free-air gravity anomalies and vg model S20RTS, with same number of layers and
different depths of viscosity discontinuities. Only relative variations can be inferred
from these models. The fitness of gravity anomalies computed from these viscosity
profiles to the data is displayed above each panel.
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Fig. 7. Best-fitting viscosity profile (a) obtained on the basis of some vg models,
assuming n = 5 and converting vg anomalies to p anomalies via the scaling factors
in (b). Frames (c-d-e) show average viscosity (red/green/blue lines) and standard
deviation (gray intervals) of models with fit better than a given threshold.
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Fig. 8. Mantle viscosity profile obtained on the basis of SMEAN vg model, assuming
n =5 and converting vg anomalies to p anomalies via the scaling factors in Figure
(7b), red line. The harmonics are summed up to degree | = 16. The figure shows
average viscosity (in red) and standard deviation (gray intervals) of models with fit
better than a given threshold.
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Fig. 9. Viscosity profile (b) obtained on the basis of SMEAN vg model, assuming
n = 5 and converting vg anomalies to p anomalies via the scaling factor in (a),
blue line (Karato and Karki, 2001). Frame (c) shows average viscosity derived us-
ing different velocity-to-sensity scaling factors for suboceanic mantle (red line) and
subcontinental mantle (green line). Gray intervals represent the standard deviation
of models with fit better than a given threshold.

32

Page 32 of 38



e S 2 074
2 m e o a o -
3 r e 171] -
4 + ° 0 ¢ © . ®
S—a | ' o re——— e o -

% 0.001 0.01 0.1 1 10 100

@

s iF ' ' ! " fit>40% -

S

o 2T e P

S 3 r o e —— e ) B

2 4 + ° o0 TSI -

x

g 5_b ¢ TS E

] 1 P 1 1 1 L |

¢ 0.001 0.01 0.1 1 10 100

)
T R T fiB50%]]
2 e ° @e® 0 4
3 r CEE———— .
4 aEEEE———— o
5—c | i o om— ; -
0.001 0.01 0.1 1 10 100

ratio of viscosity to top-layer viscosity
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of viscosity of the shallowest layer) obtained inverting gravity data with density
structure from vg model S20RTS (red curve Figure 7).
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Fig. 11. Mantle viscosity models (a-e) from inversion of GRACE data and vg model
S20RTS with different velocity-to-density scaling factors (f-j). The scalings employed
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are derived by inverting gravity data on the basis of different tomographic models.
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Fig. 12. Best-fitting viscosity profiles based on vg models (panel a) TRP246 (solid
line) and SPRD6 (dashed line) and p models (panel b) TRP246 (solid line) and
SPRD6 (dashed line).
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Fig. 13. Map of free-air gravity anomalies retrieved by GRACE campaign (panel a),
computed on the basis of tomographic vg model TRP246 (panel b) and computed
on the basis of TRP246 p model (panel c). The scale for each map is +£40 mGal (a),
+20 mGal (b,c). Blue colors indicate regions of higher than average gravity, and red
colors indicate regions of lower than average gravity.
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Fig. 14. Viscosity profile (b) obtained on the basis of the p model by Simmons et
al. (2007). The red line represents the average viscosity, gray intervals correspond
the standard deviation of models with fit better than a given threshold.
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Fig. 15. CMB dynamic topography based on vg models S20RTS, TRP246, SPRD6
(frames a, b, ¢, respectively); and on p models TRP246 and SPRD6 (frames d, e).
The scale for each map is £5 km (a, b), £8 km (c), 15 km (d), 12 km (e). Blue
colors indicate elevation, red colors indicate depression.
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