Seismic detection of post-perovskite at the core-mantle boundary
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Six years ago the experimental discovery of a perovskite to post-perovskite phase transition opened up
exciting possibilities for explaining the seismic complexity of the D" region. However, due to large
uncertainties on the P-T conditions required for the phase transition, it was unclear whether the
transition actually took place within the Earth's mantle. Seismic studies of the lowermost mantle have
at best indicated that seismic datais “consistent” with the presence of post-perovskite. We present new
results which provide the first strong evidence for the existence of post-perovskite at the core mantle
boundary (CMB). Using alarge dataset of P and Sqis arrivals, we extract the global distributions of
the seismic derivatives dIinVs and dinVpat the CMB. We then fit these distributions with calcul ated
values of the derivatives for a broad range of thermochemical models, generated using a recent, self-
consistent mineral physics dataset, and corrected for seismic errors. By applying k-means clustering to
study the correlations between different thermochemical variables and seismic errors in the accepted
models, we find that only models in which post-perovskite isincluded are consistent with the seismic
data. If post-perovskite is excluded, the errors of the accepted models are biased towards extreme
values which cannot be representative of the real Earth. Furthermore, we find that both thermal and
chemical variations are required to explain the observed distributions of the seismic derivatives at this
depth.
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Periclase is the second most abundant mineal in Earth’s lower mantle and is key to
understanding chemical exchange mechanisms and diffusive length scales in the lower mantle.
There have been several previous studies on transition metal diffusion in periclase but this
study is the first to examine multiple transition metals simultaneously in a single crystal with a
fixed concentration of cation vacancies. Experiments were performed to determine diffusion
rates of Mn, Fe, Co, and Ni in periclase at temperatures between 1473K and 2073K in a piston
cylinder apparatus. Both graphite and nickel capsules were used to control the fo2. The cation
vacancy concentration was controlled by doping the periclase crystal with approximately 5000
ppm Al 3. This approach eliminates the influence of additional vacancies being introduced
during the experiment due to oxidation of the diffusing transition metal cations. This may have
been an issue in early experiments [1] that examined Fe, Co, and Ni in separate experiments
with variable atmospheres.

Wouensch and Vasilos [1] found that diffusivity in periclase increases in the order Ni<Co<Fe,
contrary to expectations when considering their ionic radii. The same trend is found here, but
with significantly smaller differences among the elements. The activation energies are not
correlated with ionic radius but are correlated with crystal field stabilization energy, similar to
results reported for Cr3+and Ga3* [2]. If Fe, Co and Mn undergo spin transitions within Earth’s
lower mantle, their crystal field stabilization energies in periclase would increase. This might
cause these elements to diffuse more slowly in the deep mantle, with a reversal in their relative
diffusivities.

[1] Wuensch & Vasilos (1962), J. Chem. Phys. 36, 2917-2922.

[2] Crispin & Van Orman (2010), Phys. Earth Planet. Interiors (in press).



Thermal plume anatomy in newtonian and in yield-stress fluids
Anne Davaille', Blandine Gueslin®, Floriane Touitou', Angela Limare” and Judith Vatteville'*

! Laboratoire FAST (CNRS / Univ. Paris-Sud / UPMC ), Bat. 502, Rue du Belvédeére, Campus Universitaire, 91
405 ORSAY cedex, France, davaille@fast.u-psud.fr
? Equipe de Dynamique des Fluides Géologiques, IPGP, 4 place Jussieu, 72 252 PARIS cedex 05, France

We present new laboratory experiments on the development of thermal plumes out of a
localized heat source in Carbopol, a yield-stress and shear-thinning fluid. The Bingham
number, which compares the yield stress to the thermally-induced stress, is always small
enough so that convective motions are observed. But depending on its value, two different
regimes develop: plumes, or a small-scale convection cell which remains confined around the
heater. Contrary to the newtonian case, plumes can be episodic and their morphology differs
from the mushroom-shape typically encountered in newtonian fluids. Moreover, light
scattering highlights the development of a damaged zone prior to the plume onset, and the
peculiar structure of the gel around the plume as it rises. This brings new insights into the
solid-fluid transition and the onset of convection in planetary mantles, lava lakes and magma
chambers. More generally, soft gels seem quite promising to study the dynamics of geological
materials.
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Figure 1: Development of thermal plumes in a newtonian sugar syrup (A) and in non-
newtonian Carbopol (B). The bright lines are isotherms.
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Lateral variations in heat flow from the liquid outer core to the mantle have
been proposed as an explanation for the observation that Earth's magnetic
field exhibits significant departures from axial symmetry. Studies of
nonmagnetic rotating convection in a spherical shell have shown striking
differences between models that are uniformly heated on the outer
boundary and those that have weak thermal variations; in particular, flows
have been shown to attach, or lock, to the boundary anomalies with
downwelling fluid beneath cold boundary and upwelling fluid beneath hot
boundary. In this work we study a similar system and extend previous
results to more rapid rotation rates and larger amplitudes of the boundary
anomalies. The analysis explores the conditions under which steady flows
can be obtained, and the stability of these solutions, for two boundary
heating modes: first, when the scale of the boundary heating corresponds
to the most unstable mode of the uniformly heated problem; second, when
the scale is larger.

In the former case stable steady solutions exhibit a two-layer flow pattern
at moderate rotation rates, but at very rapid rotation rates no steady locked
solutions exist. In the latter case stable steady solutions are always
possible and unstable solutions show convection rolls that coalesce into
clusters that remain trapped for many thermal diffusion times. We show
that this mode, which we call clustered convection, is realised for different
combinations of the thermal and mechanical boundary conditions and over
a wide range of parameter values. We analyse the physical mechanisms
underpinning clustered convection and discuss possible implications for
core convection and the geodynamo.
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