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. 1 .

Summary 

 

  

 The rheological properties of the major minerals of the Earth’s mantle are still not well constrained. 

However, these properties are crucial for the understanding of a wide range of processes in the Earth’s 

interior such as mantle convection. The purpose of this work is to address the issue of the rheology of the 

lowermost upper mantle and of the transition zone through the mechanical properties at high pressure of 

olivine (with forsterite composition Mg2SiO4) and of its high-pressure polymorphs wadsleyite and ringwoodite. 

Indeed, the properties of the Earth’s mantle can be inferred as a first approximation from the mechanical 

properties of those polymorphs which volumetrically dominate the mineralogy of the region of concern.  

 Deformation experiments have been performed on hot-pressed forsterite samples and on pre-

synthesized wadsleyite and ringwoodite samples under pressure conditions of the Earth’s mantle and at 1300-

1400°C. The possible influence of the phase transformation from forsterite to wadsleyite on rheology has been 

also investigated. Deformation has been achieved by shear using the Kawai-type multianvil apparatus. 

Complementary experiments on forsterite have been performed in the newly developed Deformation-DIA. 

Some of them have been carried out on a synchrotron beam line to perform in-situ stress and strain 

measurements. In order to gain a maximum of information on the deformation mechanisms and on the 

Crystallographic Preferred Orientation (CPO), a special attention has been devoted to the microstructural 

characterisation of the samples. Electron BackScattering Diffraction (ESBD) and Transmission Electron 

Microscope (TEM) have been mainly used.  

 An important pressure-induced change in deformation mechanism is shown in forsterite. The 

deformation of forsterite at high pressure and temperature is dominated by the [001]{hk0} slip system rather 

than the [100](010) glide which is extensively observed at low pressure and high temperature..  

 Concerning the high-pressure polymorphs, their plastic behaviour has been studied with a strong 

emphasis on the formation of CPO. ViscoPlastic Self Consistent (VPSC) modelling is used to link the CPO with 

known elementary deformation mechanisms of these phases. The main features of the CPO of wadsleyite are 

characterized by the alignment of the [100] axes parallel to the shear direction and the alignment of the  

[001] axes toward the normal to the shear plane. Too many uncertainties remain on the ringwoodite CPO for 

them being used to interpret seismic anisotropy.  

 Finally, we suggest that strain-induced CPO might be responsible for the seismic anisotropy observed 

in the lowermost upper mantle and in the upper part of the transition zone. The low seismic anisotropy of the 

lowermost upper mantle can be explained from the slip system change in forsterite and the CPO of wadsleyite 

point toward a dominant tangential flow in the upper part of the transition zone. 

 

 



 

 

 

 

. 2 .

Zusammenfassung 

 

 Die rheologischen Eigenschaften der Hauptminerale des Erdmantels sind derzeit nahezu unbekannt. 

Die Kenntnis dieser Eigenschaften ist aber entscheidend für das Verständnis vieler Prozesse und 

Eigenschaften des Erdmantels wie Konvektion, Entwicklung seismischer Anisotropien oder Festigkeit 

subduzierter Lithosphäre. Ziel dieser Arbeit ist es, die Rheologie des unteren Bereichs des oberen Erdmantels 

und der Übergangszone über die mechanischen Eigenschaften von Olivin und seiner Hochdruckpolymorphe 

Wadsleyit und Ringwoodit (Mg2SiO4) – die volumenmäßig wichtigsten Phasen dieses Regimes – abzuleiten. Die 

Eigenschaften des Erdmantels können nämlich in erster Näherung aus den mechanischen Eigenschaften dieser 

Polymorphe berechnet werden. 

 Deformationsexperimente wurden bei Drucken des Erdmantels und bei Temperaturen von 1300-

1400°C an gesintertem Forsterit und zuvor synthetisierten Wadsleyit- und Ringwoodit-Proben durchgeführt. 

Der mögliche Einfluß der Phasenumwandlung von Olivin in Wadsleyit auf das rheolohische Verhalten wurde 

ebenso untersucht. Die Deformation wurde durch Scherung der Proben in einer Vielstempelpresse vom Typ 

Kawai erreicht. Komplementäre in-situ Experimente wurden mit einer neu entwickelten Deformations-DIA-

Apparatur an Forsterit durchgeführt. Der thermomechanische Verlauf der Deformation wurde erstmals in den 

Hochdruckpressen durch zeitaufgelöste Experimente dokumentiert.  Um ein Maximum an Information über die 

Deformationsmechanismen und die kristallographische Vorzugsorientierung (CPO) zu erhalten, wurde auf die 

Charakterisierung der zurückgewonnenen Proben besonders Wert gelegt. Beugung rückgestreuter Elektronen 

(EBSD) und Transmissionselektronenmikroskopie (TEM) kamen hierbei zum Einsatz.  

 Die Hochdruckexperimente an Forsterit belegen eine druckinduzierte Änderung des 

Deformationsmechanismus. Die Deformation von Forsterit ist bei hohen Drucken und Temperaturen durch das 

[001]{hk0} Gleitsystem geprägt, während bei niedrigen Drucken und Temperaturen üblicherweise [100]-

Gleitung vorherrscht. 

 Bei den Hochdruckpolymorphen wurde die plastische Deformation im wesentlichen über die 

Ausbildung von kristallographischen Vorzugsorientierungen (CPO) erfasst. Viskoplastische eigen-konsistente 

Modellierung (VPSC) wurde genutzt, um die kristallographische Vorzugsorientierung (CPO) durch bekannte  

elementare Deformationsmechanismen zu erklären. Die Hauptmerkmale der kristallographischen 

Vorzugsrichtungen von Wadsleyit sind die Ausrichtung der [100]-Achsen parallel zur Scherrichtung und die 

Ausrichtung der [001]-Achsen senkrecht zur Scherebene. Im Gegensatz dazu entwickelte sich in 

Experimenten mit Ringwoodit keine deutliche kristallographische Vorzugsrichtung (CPO). 

 Die deformationsbedingten kristallographischen Vorzugsrichtungen (CPO) liefern schließlich eine 

Erklärung für die beobachteten seismischen Anisotropien im unteren Teil des oberen Erdmantels und in der 

Übergangszone. Die geringe seismische Anisotropie des unteren Teils des oberen Erdmantels kann durch eine 

Änderung des Gleitsystems in Forsterit erklärt werden, während die kristallographische Vorzugsrichtung von 

Wadsleyit auf tangentiales Fließen im oberen Teil der Übergangszone hindeutet. 

 

 

 

 



 

 

 

 

. 3 .

Résumé 

 

 

 L’étude de la plasticité des minéraux du manteau terrestre sous pression joue un rôle majeur dans la 

compréhension et la modélisation des grands processus actifs à l’intérieur de la Terre tels que la convection 

mantellique. Cependant, les propriétés des minéraux du manteau sont toujours, à ce jour, mal connues. 

L’objectif de ce travail est d’étudier la rhéologie de la partie inférieure du manteau supérieur et de la zone de 

transition, à travers l’étude des propriétés mécaniques de la forsterite (Mg2SiO4) et de ses deux polymorphes 

de haute pression (wadsleyite et ringwoodite). En effet, ces phases sont les constituants principaux des zones 

étudiées et on peut considérer, en première approximation, qu’elles contrôlent les propriétés du manteau. 

 Des échantillons de forsterite frittés et de wadsleyite et de ringwoodite synthétisés sous pression ont 

été déformés dans les conditions de pression du manteau et à 1300-1400°C. L’influence de la transformation 

de phase forsterite-wadsleyite sur la rhéologie a également été étudiée. Les expériences de déformation en 

cisaillement ont été menées dans la presse multi-enclumes de type « Kawai ». Quelques expériences 

complémentaires sur la forsterite ont été menées dans la  nouvelle presse Deformation-DIA. Certaines ont été 

réalisées sur synchrotron afin de mesurer contraintes et déformations in situ. Les microstructures des 

échantillons obtenus ont été caractérisées par Microscopie Electronique en Transmission et leurs textures ont 

été déterminées à l’aide de la technique de diffraction des électrons rétrodiffusés.  

 En ce qui concerne la forsterite, nous avons mis en évidence un important changement de système de 

glissement induit par la pression. A haute pression et température, la déformation de la forsterite est dominée 

par le glissement [001]{hk0} alors que le glissement [100] a largement été observé à basse pression et haute 

température dans les travaux antérieurs. 

 La plasticité de la wadsleyite et de la ringwoodite a été étudiée principalement aux travers des 

textures. La méthode de simulation ViscoPlastic Self Consistent a été utilisée pour faire le lien entre les 

textures et  les mécanismes de déformation supposés pour ces deux phases. Les grandes caractéristiques des 

textures de la wadsleyite sont l’alignement des axes [100] avec la direction de cisaillement alors que les axes 

[001] sont normaux au plan de cisaillement. Pour la ringwoodite, aucune texture fiable ne peut être proposée.  

 Enfin, les textures produites par la déformation plastique des trois polymorphes peuvent être 

proposées comme étant à l’origine de l’anisotropie sismique du manteau supérieur et de la zone de transition. 

Le changement de système de glissement dominant de la forsterite permet d’expliquer la faible anisotropie 

sismique observée dans la partie inférieure du manteau supérieur et la texture de la wadsleyite indique un 

écoulement horizontal dominant dans la partie supérieure de la zone de transition. 
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Chapter I 

Forsterite, wadsleyite and ringwoodite: structural 

and rheological data 

 

 

 The goal of the present study is to investigate the rheology of the lowermost upper mantle and of the 

transition zone through the mechanical properties of olivine at high pressure and of its high-pressure 

polymorphs wadsleyite and ringwoodite. As a first approximation, we have used pure forsterite compositions 

(Mg2SiO4) either for the olivine phase or for the high-pressure polymorphs. While deformation of olivine has 

been extensively studied at high temperature, studies on olivine at high pressure as well as on wadsleyite and 

ringwoodite in their stability fields are still insufficient. This is a consequence of difficulties in deforming 

minerals at high pressure and high temperature. Significant progress have been achieved in this field since a 

decade, they are presented Chapter II. Some data on these three phases relevant for the present study are 

exposed here. 
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Chapter II  

Experimental techniques and developments 

 

 

 Achieving plastic deformation experiments under pressure-temperature conditions of the Earth’s 

mantle is one of the most challenging issues in mineral physics. This field is then evolving very rapidly. It is 

now possible to perform deformation experiments to ca. 10 GPa using the newly developed Deformation-DIA 

where differential stress is controlled independently from pressure and where relatively large strains (several 

tens of %) can be reached. A D-DIA has been installed in the Bayerisches Geoinstitut in 2000. The geometry 

of this apparatus allows coupling with a synchrotron light source in order to measure stress and strain in situ 

during this experiment. For pressures above 10 GPa, it is necessary to use conventional high-pressure 

experiments such as the Kawai-type multianvil press or the diamond anvil cell. In the course of the present 

study, only large-volume multianvil apparatus have been used. Plastic deformation can be achieved with this 

apparatus provided modified assemblies are developed. 

 In this chapter, the principles of the techniques used in this study are presented as well as the 

technical developments achieved. Most experiments were performed in Bayreuth without in situ measurements 

of mechanical data. Our strategy was to perform detailed microstructural characterisations on recovered 

samples. The various analytical techniques used are also presented in this chapter. 
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Chapter III 

Results 

 

  

 Through the present experimental study on the mechanical properties of olivine at high pressure and 

of its high-pressure polymorphs, we address the rheology of the Earth’s mantle down to 670 km depth. For 

sake of simplicity and to allow comparison, most experiments have been carried out at 1400°C. Besides the 

intrinsic mechanical behaviour of each phase, the possible role on rheology of a phase transformation at the 

olivine-wadsleyite transition has been investigated.  

 Given the pressure range in the mantle transition zone and in the lowermost upper mantle, the Kawai-

type multianvil apparatus appears to be the most well adapted technique. As a complex thermo-mechanical 

history is associated with this kind of experiments, a special attention has been devoted to the evolution of 

deformation with time duration. For this purpose, detailed characterisations of the samples recovered after the 

experiments have been performed at different scales.  

 Although its pressure range does not give a direct access to the transition zone conditions, the 

Deformation-DIA, which possesses very attractive possibilities on the control of deformation parameters, has 

been used here to extend the range of the experiments performed on forsterite. 

 These experiments as well as the results of these microstructural characterisations are presented in 

this chapter and will be discussed in the next chapter. 
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Chapter IV 

Discussion 

 

  

 As the techniques used in the course of this study are not used in routine, some developments were 

needed. Our detailed microstructural characterisations have provided new insights on the behaviour of samples 

during deformation in those experiments. This aspect of our work is presented in this section. Then, we 

address the issue of the plastic deformation of the Mg2SiO4 polymorphs under pressure and temperature 

conditions from the upper mantle to the transition zone. The first major result to be discussed is the pressure-

induced change in deformation mechanism. The plastic behaviour of the three Mg2SiO4 polymorphs is studied 

with a special emphasis on the formation of crystallographic preferred orientations. VPSC modelling is used to 

link the CPO with known elementary deformation mechanisms of these phases. Finally, implications on seismic 

anisotropy of the lowermost upper mantle and of the upper part of the transition zone are derived based on our 

results. 
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 In this study, the mechanical properties of forsterite, wadsleyite and ringwoodite have been studied 

with a view to understand development of their crystallographic preferred orientations. These data are 

important to decipher our observations of seismic anisotropy which are one of the few relics of past 

convection in the Earth’s mantle.  

  

 Various points have been highlighted from this study: 

 

1) The D-DIA offers a new possibility to perform deformation experiments up to 10 GPa with capabilities 

comparable to standard deformation experiments at low pressure (control on strain rate, strain, in-situ 

measurement of stress and strain). The deviatoric stress is controlled independently from pressure 

and different kinds of test can be performed. Moreover, the damage introduces during the cold 

compression can be annealed before deformation. However, for higher pressures, the Kawai-type 

multianvil is still the only tool to deform millimeter-size samples up to 26 GPa at high temperature. We 

have seen in this study that, taking advantage of the 5000t press available at the Bayerisches 

Geoinstitut, shear deformation experiments have been performed at 22 GPa. We show that this 

possibility of exploring the mechanical behavior of Earth’s minerals at conditions corresponding to 

depths down to ca. 700 km is not yet a routine. In particular, we show that detailed microstructural 

characterizations are necessary to check for the active mechanisms. 

 

2) One of the salient information brought from this study is the occurrence of a pressure-induced change 

in the deformation mechanisms of forsterite. With pressure increase, [001] glide takes over [100] 

glide as dominant deformation mechanism. More work is needed to have a more precise understanding 

on the sensitivity of the various slip systems (including the actual planes) to this pressure effect. We 

also need to have more information on the transition pressure and on whether this transition is gradual 

(as suggested by our D-DIA experiments) or not. 

 

3) The change of dominant slip system of olivine is determinant to explain the weak seismic anisotropy 

observed in the lowermost upper mantle. VPSC simulations and calculation of seismic anisotropy have 

shown that the variation of the P and S waves anisotropy patterns are fully compatible with the 

transition from [100] to [001] glide.  

 

4) Deformation experiments on wadsleyite have shown that back-transformation occurs at the beginning 

of the deformation experiment. The influence of this phase transformation on the CPO development is 

uncertain. However, the comparison of experimental CPO with those from VPSC simulations allows to 

extract robust features characterized by the alignment of [100] axes parallel to the shear direction 

and by the alignment of [001] axes normal to the shear plane. More experimental work on wadsleyite 

is necessary to constrain the alignment of [010] axes. 
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5) The comparison between seismic anisotropy observed in the transition zone and the seismic 

properties calculated from wadsleyite CPO is compatible with a dominant tangential flow in the upper 

part of the transition zone. 

 

6) The influence of the phase transformation from forsterite to wadsleyite on the rheology has been 

studied more precisely from dedicate experiments. Wadsleyite grains nucleate as incoherent 

precipitates either inside the grains or at the grain boundaries of forsterite with no influence of the 

defect microstructure of deforming forsterite on wadsleyite nucleation. The phase transition does not 

seem to strongly enhance the plasticity of the aggregate (no marked flattening or elongation of 

wadsleyite grains for instance). Moreover, the phase transition does not induce significant grain size 

reduction that could affect rheology. 

 

7) The deformation experiments on ringwoodite have shown that the back-transformation observed in 

wadsleyite is not systematic. The CPO observed in ringwoodite cannot be simulated with VPSC taking 

into account known 1/2<110> slip systems only. The CPO can only be reproduced numerically if 

<100>{110} slip systems (that have never been reported) are introduced in the simulation. Our 

preliminary TEM observations on deformed ringwoodite cannot support this assumption (nor can we 

rule it out…). More work is needed on ringwoodite to link microscopic deformation mechanisms and 

CPO before those are used to model seismic anisotropy 

 

 

To conclude, we show that although they are still very challenging, deformation experiments under high 

pressure and high temperature represent one of the most exciting issues in minerals physics. Impressive 

progresses have been made in the last years. No doubt that many more must be awaited in the next ones. 

 

 



 

 

 

 

 

Appendix 

 

 

 In this appendix are presented the strain calculation from the rotation of the strain marker as well as 

the complementary techniques used through collaborations with other groups:  

- X-ray diffraction peak broadening techniques (T.Ungár and K. Nyilas from the Department of General 

Physics, University Budapest, Hungary).  

- ViscoPlastic Self Consistent modelling (Andrea Tommasi and David Mainprice from the Laboratoire de 

Tectonophysique, University of Montpellier, France). 
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1- Introduction

Olivine is by far the most abundant mineral of the upper
mantle. It is also considered to be the weakest phase and
hence to control the rheology of the upper mantle. For this
reason, it has been clear for a long time that modelling the
nature of convection in the outer 400 km of the Earth's
mantle requires a good knowledge of the plastic properties
of olivine. Many studies have been conducted to investigate
the deformation mechanisms and flow laws of olivine
single crystals (Blacic & Christie, 1973; Kohlstedt &
Goetze, 1974; Durham & Goetze, 1977a and b ; Darot,
1980; Darot & Gueguen, 1981; Mackwell et al., 1985; Bai
et al., 1991; Bai & Kohlstedt 1992a and b, 1993) and poly-
crystals (e.g., Chopra & Paterson, 1981, 1984; Karato et
al., 1986; Hirth & Kohlstedt, 1995a and b; Mei &
Kohlstedt, 2000a and b). Bai et al. (1991) and Bai &
Kohlstedt (1992a and b) have shown that flow laws in
olivine can be described by an equation of the form:

ε• = Ασ n fO2

m a q
opx exp(–∆H / RT) (1)

where A is a constant for each particular slip system. This
equation shows that the creep rate ε• exhibits a dependence
on stress (exponent n), oxygen fugacity (exponent m) and
orthopyroxene activity (exponent q). Olivine is found to
deform mostly along [001] (on (100) and (010)) at low
temperature and high stress whereas [100] glide (on (010),
(021), (031) and (001)) dominates at high temperature (and
low stress). Although a wide range of thermochemical
environments have been considered in the past, the physical
conditions investigated remained quite narrow (mostly 1
atm pressure and high-temperature). Only recently has the
influence of large strains (Bystricky et al., 2000; Zhang et
al., 2000) and high-pressure (Karato & Rubie, 1997; Jung
& Karato, 2001; Li et al., 2003, 2004; Raterron et al.,
2003) been considered. Pressure has been shown to have a
strong influence on the point defect chemistry (and hence
on rheology) under "wet" conditions (Mackwell et al.,
1985, Mei & Kohlstedt, 2000a and b; Jung & Karato,
2001). Experiments performed on olivine powders at 8 GPa
and temperatures to 1475 K in a multianvil apparatus have
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[1] We use forward models based on recent high-pressure experimental data on mantle
minerals to predict the seismic anisotropy produced by plastic strain of orthorhombic
wadsleyite, the dominant mineral in the upper transition zone. These models predict a
weak seismic anisotropy for a polycrystal of pyrolitic composition (60% wadsleyite, 40%
garnet) at transition zone conditions: �2% for P and �1% for S waves for a shear strain of
1. Both P and S wave anisotropy patterns show an orthorhombic symmetry. P waves
propagate faster at low angle to the shear direction and slower at high angle to the shear
plane. S wave anisotropy is characterized by faster propagation of waves polarized at low
angle to the shear direction. Horizontal shearing results therefore in higher velocities for
horizontally propagating P waves (PH ) and horizontally polarized S waves (SH ), as
well as in weak azimuthal variation of SV and SH velocities. On the other hand, vertical
flow leads to higher velocities for vertically propagating P waves (PV ) and vertically
polarized S waves (SV) and to a weak azimuthal variation of SV velocity but to a roughly
constant SH velocity. Analysis of global observations of seismic anisotropy in the
transition zone in the light of these models supports dominant horizontal flow in the
uppermost transition zone, in agreement with predictions of geodynamical models that
explicitly introduce phase transitions. INDEX TERMS: 3902 Mineral Physics: Creep and

deformation; 8120 Tectonophysics: Dynamics of lithosphere and mantle—general; 8121 Tectonophysics:

Dynamics, convection currents and mantle plumes; 7207 Seismology: Core and mantle; KEYWORDS: mantle

convection, seismic anisotropy, crystal preferred orientation

Citation: Tommasi, A., D. Mainprice, P. Cordier, C. Thoraval, and H. Couvy (2004), Strain-induced seismic anisotropy of wadsleyite

polycrystals and flow patterns in the mantle transition zone, J. Geophys. Res., 109, B12405, doi:10.1029/2004JB003158.

1. Introduction

[2] Convection patterns in the Earth’s mantle depend
strongly on how physical properties are modified by the
pressure-induced phase changes that take place in the
transition zone, i.e., between 410 and 670 km depth. After
a long debate on whether mantle convection was double- or
single-layered, current models tend to favor a single-layer
convection in which the transition zone behaves as a more
or less permeable barrier. Indeed, geodynamical models
show that, because of its negative Clapeyron slope
[Akaogi et al., 1989], the ringwoodite to perovskite +
magnesiowustite phase change at the base of the transition
zone slows material transfer across the transition zone,
leading to intermittently layered convection [Christensen
and Yuen, 1985;Machetel andWeber, 1991]. This convection
style, in between whole mantle and layered convection, may

explain, for instance, that some slabs, like the Marianas and
Java, plunge steeply across the transition zone, penetrating
promptly into the lower mantle, whereas others, like the
Japan, southern Kurile, and Izu-Bonin, are deflected within
the transition zone [van der Hilst et al., 1991]. Partially
(or locally) layered convection also reconciles dynamic
topography predicted in mantle circulation models with
observations [Thoraval et al., 1995; Cadek and Fleitout,
1999].
[3] Knowledge of flow patterns within the transition zone

layer is thus essential to constrain the structure of mantle
circulation. Seismic anisotropy observations are undoubtedly
the best tool to image flow patterns in the deep Earth, since
anisotropy, as in the upper mantle, may result from strain-
induced crystal-preferred orientation (CPO) of elastically
anisotropic minerals. Seismic anisotropy in the transition
zone at a global scale was first suggested by a joint analysis
of body wave travel times and free oscillation frequencies
[Montagner and Kennett, 1996], which showed that these
data may be reconciled by a weak radial anisotropy in the
transition zone. This anisotropy is characterized by higher
velocities of horizontally propagating compressional waves
(PH) and horizontally polarized shear waves (SH ) relatively
to vertically propagating compressional waves (PV ) and
vertically polarized shear waves (SV ), respectively. Faster
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The mineral olivine dominates the composition of the Earth’s
upper mantle and hence controls its mechanical behaviour and
seismic anisotropy. Experiments at high temperature and mod-
erate pressure, and extensive data on naturally deformed mantle
rocks, have led to the conclusion that olivine at upper-mantle
conditions deforms essentially by dislocation creep with domi-
nant [100] slip. The resulting crystal preferred orientation has
been used extensively to explain the strong seismic anisotropy
observed down to 250 km depth1–4. The rapid decrease of aniso-
tropy below this depth has been interpreted as marking the
transition from dislocation to diffusion creep in the upper
mantle5. But new high-pressure experiments suggest that dislo-
cation creep also dominates in the lower part of the uppermantle,
but with a different slip direction. Here we show that this high-
pressure dislocation creep produces crystal preferred orien-
tations resulting in extremely low seismic anisotropy, consistent
with seismological observations below 250 km depth. These
results raise new questions about the mechanical state of the
lower part of the upper mantle and its coupling with layers both
above and below.

Despite the considerable effort to characterize olivine’s defor-
mation mechanisms over the past 30 yr, it is only recently that
deformation experiments could be conducted at pressure–
temperature conditions of the entire upper mantle6–8. New
simple-shear experiments on olivine aggregates at 11 GPa and
1,400 8C, conditions equivalent to those at depths of 330 km, have
shown that deformation takes place by dislocation creep, with
dominant activation of [001]{hk0} slip systems9, suggested by the
concentration of [001] parallel to the shear direction and of [100]
and [010] normal to the shear plane (Fig. 1). Transmission
electron microscopy shows the exclusive presence of dislocations
with [001] Burgers vectors in a screw orientation, compatible with
[001](hk0) slip. Dominant [001] slip in the deep upper mantle
requires re-evaluation of the interpretation of anisotropic
physical properties. For instance, the fastest P-wave velocity will
no longer parallel the shear direction as in an upper mantle
deforming by dominant [100](010) slip, which is the assumption
traditionally used in relating flow and seismic anisotropy in the
mantle10,11.

Several lines of evidence point to seismic anisotropy decreasing
with depth in the upper mantle. Most global one-dimensional
models (PREM, IASP, AK135 and AK303) show horizontally
propagating P waves travelling (at velocity vPH) faster than vertical
ones (at vPV), but the difference in velocity reduces with depth,
resulting in isotropic behaviour at 350 km depth4. Some models
(AK135 and 303) even show vPV slightly faster than vPH below
350 km. The S-wave polarization anisotropy also decreases mono-
tonically from the surface to become isotropic at 250 km. For
horizontally propagating S waves, horizontally polarized waves
show a higher velocity (vSH) than vertically polarized waves (vSV)
down to about 250 km depth. Between 300 km and 400 km depth,
vSV is higher than vSH, but anisotropy is five times lower than in the
uppermost mantle. High-resolution global tomographic models
based on S-wave data12 or on the inversion of three-component
surface and body waveform data13 support these general findings,
with strong anisotropy characterized by vSH . vSV above 250 km
depth. At greater depth, these models require a strong decrease in
anisotropy, with a minimum around 300 km depth. S-wave data
also call for weak anisotropy, with vSV . vSH at the base of the upper
mantle beneath the central Pacific and Pre-Cambrian cratons12.
Regional surface wave studies in the Pacific and Indian ocean basins
also suggest that anisotropy is present from the surface to ,250–
300 km depth1–3,14, with vSH being greater than vSV. Analysis of two-
station surface wave profiles in the Pacific and Philippine plates
imply a still shallower anisotropy limited to the upper 160 km of the
mantle15. SKS studies cannot constrain the depth of the anisotropic
layer, but the strong correlation of the direction of polarization of
the fast shear wave with the surface geology and the observed delay
times #2 s (ref. 14) suggests that SKS splitting occurs in the upper
200–250 km of the mantle.
Finally, a regional seismic discontinuity, called the Lehmann

discontinuity, has been detected at about 220 km depth by various
seismicmethods (reflection, surface waves, ScS reverberations and P
to S conversions), mainly beneath continents. This discontinuity
has been interpreted as being due to either (1) a strong anisotropy
caused by intense deformation of olivine in a zone of mechanical
coupling between the lithosphere and the asthenosphere16, or (2)
the transition between an anisotropic uppermost mantle deforming
by dislocation creep (which produces a crystal preferred orien-
tation, CPO, of olivine) and an isotropic deep mantle deforming by
diffusion creep (which does not produce CPO)5. However, recent
high-pressure, high-temperature experiments show that even in
fine-grained aggregates (,20–30 mm), dislocation creep is the
dominant deformation mechanism under conditions equivalent
to those prevailing at 300 km depth9,17,18.
The pressure, or pressure interval, at which the transition from

Figure 1 Preferred orientation of [100], [010] and [001] crystallographic axes in synthetic

olivine polycrystal S2954 deformed at 1,400 8C and 11 GPa confining pressure in simple

shear9. Lower hemisphere equal-area projection, contours at intervals of 0.5 multiples of

a uniform distribution. 3,269 measured orientations. Dextral shear (top to the right) is

indicated by half-arrows; SD, shear direction; NSP, normal to shear plane; X, finite strain

extension direction. Shear strain ,0.3. Inclined black line marks the foliation (flattening

plane).
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[100](010) to [001](hk0) slip occurs has still not been characterized,
but it must be less than 11GPa, which corresponds to 330 km
depth9. Constraints on the minimum depth for this transition may
be derived from the analysis of olivine CPO patterns in naturally
deformed mantle rocks19. Spinel-peridotites that are equilibrated
above 70 km depth display solely CPO characteristic of [100] slip.
This CPO is also dominant in high-pressure garnet-peridotites from
South Africa equilibrated between 70 km and 150 km depth20. CPO
suggesting activation of both slip directions at high-temperature
conditions is restricted to rare high-pressure peridotite mylonites
from the Tanzanian and Kaapvaal cratons equilibrated at,140 km
depth21. This suggests that [100] slip dominates in the mantle above
150 km depth.
We simulated development of CPOs in olivine polycrystals

deformed in simple shear under high-pressure conditions, using a
viscoplastic self-consistent (VPSC) model22 that has been exten-
sively tested for olivine23,24. In this model, as in all polycrystal
plasticity approaches, CPO evolution is essentially controlled by the
imposed deformation, the initial texture, and the active slip systems.
The last depend on the mineral structure, but also on the tempera-
ture and pressure conditions, which control their relative strength
or critical resolved shear stress (CRSS). In Fig. 2, we show the CPO
developed in an aggregate of 500 initially spherical and randomly
oriented olivine grains after a shear strain of 0.3 and 1.0; [001] axes
tend to align in-between the stretching and the shear direction, and
[100] and [010] axes concentrate at high angles to the shear plane.
In this simulation, CRSS for the [001](hk0), [100](001) and
[100](010), and [100](011) and [100](021) systems are 1:3:6; that
is, slip on [001](hk0) is three times easier than slip on [100](010)
and six times easier than on [100](021). Yet tests with different
CRSS values predict similar CPO for all combinations in which slip
in [001] systems is significantly easier than in [100] systems.
Comparison with olivine CPO formed in recent high-temperature
high-pressure experiments in simple shear (Fig. 1) provides evi-
dence that these models give good estimates of olivine CPO in the
lower part of the upper mantle.
The three-dimensional distribution of seismic velocities in a

polycrystalline aggregate may be estimated by averaging the indi-
vidual grain elastic constant tensors as a function of the crystal-
lographic orientations and mineralogical composition of the
aggregate. Seismic properties (Fig. 3) of an upper-mantle sample
with pyrolitic composition (63% olivine, 17% garnet, 20% clino-

pyroxene) at a pressure of 11.8GPa and temperature of 1,380 8C,
corresponding to 355 km depth, were calculated using recently
determined elastic constant tensors of olivine25, pyrope-rich gar-
net26 and diopside27. Olivine displays the modelled CPO (Fig. 2).
Garnet has a random CPO; this agrees with predictions of VPSC
simulations and observations in naturally deformed garnet-rich
rocks that show that garnet CPOs are always very weak28. We
have assumed that diopside also has a random orientation as
high-pressure data are lacking for this mineral. However, if diop-
side has a CPO similar to that developed under high-temperature/
low-pressure conditions29, it will tend to reduce anisotropy by
destructive interference with olivine30. Both compressional and
shear waves display weak anisotropies (0.9% and 1.9%, respect-
ively). The fastest compressional waves propagate at a high angle to
the shear plane. The variation of compressional waves’ velocities
within the shear plane is very small. Thus in a mantle deforming by
horizontal shearing, almost no azimuthal variation of P-wave
velocity (vP) would be observed and vertically propagating P
waves would be only slightly faster than those propagating hori-
zontally. The polarization anisotropy of shear waves is characterized
by faster propagation of waves polarized at a high angle to the shear
plane, and the largest delay times are observed for propagation at a
high angle to the shear direction in the shear plane. For propagation
in the shear plane, the fastest S waves are polarized at a high angle
to the shear plane. Hence, for horizontal flow, vSV is greater than
vSH.

All the above predictions are consistent with global and regional
seismic observations1–4,12–14, which show a weak anisotropy (,2%)
below 250 km depth for P and S waves. The predicted S-wave
anisotropy, although weak (1.9%), is twice as strong as the P-wave
anisotropy observed in global models4. Anisotropy patterns
observed in global models (transverse isotropy with a vertical
symmetry axis) are best reproduced for horizontal shearing. For
such a flow pattern, our simulations predict that vertical P waves
propagate faster than horizontal ones, and that for horizontally
propagating S waves vSV is greater than vSH, in agreement with
global models of anisotropy patterns for depths greater than
300 km. In addition, vertically propagating shear waves will detect
no anisotropy.

We conclude that dominant activity of [001](hk0) in olivine at
high pressure is entirely compatible with the available seismic data,
which indicate a weak anisotropy in the upper mantle below
300 km. It is difficult to imagine another scenario that would
reproduce the anisotropy patterns of P and S waves in such detail.
The interpretaion presented here allows us to consider that the

Figure 2 Olivine crystal preferred orientations predicted using a viscoplastic self-

consistent model. Data are shown for a shear strain of 0.3 (top) and 1.0 (bottom). Lower

hemisphere equal-area projection, contours at intervals of 0.5 multiples of a uniform

distribution, 500 grains. Symbols and abbreviations as Fig. 1.

Figure 3 Modelled three-dimensional compressional velocity and shear wave anisotropy

distributions, and fastest shear wave polarization. Data shown for an aggregate composed

of 63% anisotropic olivine and isotropic garnet and diopside (17% and 20%, respectively)

at 11.8 GPa and 1,380 8C. Lower hemisphere equal-area projections; contours at

0.1 km s21 intervals for compressional waves, 0.02 km s21 intervals for shear waves,

and 0.5% anisotropy intervals for shear wave polarization anisotropy. Dashed line marks

minimum contours. Maximum P-wave and S-wave anisotropy is 0.9% and 1.9%,

respectively. Black and white lines (for low and high anisotropy, respectively) in right panel

indicate the direction of polarization of the fast shear wave.
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weakly anisotropic upper mantle layer below 250 km depth is
actively deforming by dislocation creep, and hence the top and
bottom layers may be strongly coupled down to 400 km depth. Our
predictions (that weak seismic anisotropy will develop in olivine-
rich aggregates deforming by [001](hk0) slip in the deep upper
mantle) challenge the two traditional interpretations for regions in
the deep Earth of weak seismic anisotropy; (1) that they represent
zones of poor deformation coherence at the seismic length scale, or
(2) that the dominant deformation mechanism (for example,
diffusion creep) in these regions does not produce CPO. Indeed,
transition from dominant [100] to [001] slip at high pressure may
explain the variation with depth of the anisotropy patterns of P and
S waves, even if the entire upper mantle deforms coherently with a
dominant horizontal shearing component (as expected in a con-
vective system with large-scale plates at the surface, like the Earth’s
mantle). A
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In 1967 the Kibish Formation in southern Ethiopia yielded
hominid cranial remains identified as early anatomically modern
humans, assigned to Homo sapiens1–4. However, the provenance
and age of the fossils have beenmuch debated5,6. Here we confirm
that the Omo I and Omo II hominid fossils are from similar
stratigraphic levels in Member I of the Kibish Formation, despite
the view that Omo I is more modern in appearance than Omo
II1–3. 40Ar/39Ar ages on feldspar crystals from pumice clasts
within a tuff inMember I below the hominid levels place an older
limit of 198 6 14 kyr (weighted mean age 196 6 2 kyr) on the
hominids. A younger age limit of 104 6 7 kyr is provided by
feldspars from pumice clasts in a Member III tuff. Geological
evidence indicates rapid deposition of eachmember of the Kibish
Formation. Isotopic ages on the Kibish Formation correspond to
ages of Mediterranean sapropels, which reflect increased flow of
the Nile River, and necessarily increased flow of the Omo River.
Thus the 40Ar/39Ar agemeasurements, together with the sapropel
correlations, indicate that the hominid fossils have an age close to
the older limit. Our preferred estimate of the age of the Kibish
hominids is 195 6 5 kyr, making them the earliest well-dated
anatomically modern humans yet described.
The principal outcrops of the Kibish Formation are along the

Omo River where it skirts the Nkalabong Range (Fig. 1), with the
highest outcrops close in elevation to that of the watershed between
the Omo and the Nile rivers7,8. Former hydrographic links are
apparent from Nilotic fauna in the Turkana Basin sequence8–10.
The Kibish Formation (about 100m thick) consists of flat-lying,

tectonically undisturbed, unconsolidated sediments deposited
mainly in deltaic environments over brief periods. It comprises
the youngest exposed sedimentary sequence in the Omo Basin, and
lies disconformably upon the Nkalabong Formation11,12 or on the
underlying Mursi Formation12. Strata are composed principally of
claystone and siltstone, with subordinate fine sandstone, conglom-
erate and tuffs (Fig. 2).
Butzer et al.13 and Butzer14 divided the Kibish Formation into

Members I to IV on the basis of disconformities with up to 30m
relief (Fig. 2). The members record discrete times of deposition
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