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How to relate these two pictures?

 Understand two separate but interrelated questions:

 What is the origin of  heterogeneity?

 What do seismic anomalies mean?

G
rand et al., 1997
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Neither recycled oceanic crust nor sediments alone can explain the composition of 
ocean-island basalts, but how about a mixture of the two? Recent modelling using the 
isotopes of hafnium and neodymium appears to support this contention.
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F or us, recycling involves great 
e!ort — sorting empty bottles, 
collecting old newspapers and 

taking the broken fridge to the recycling 
site. "e Earth, however, can recycle its 
waste naturally. "e Earth’s scum consists 
of ocean sediments and the rigid layer 
beneath composed of oceanic crust and 
the uppermost oceanic mantle. "e 
movement of the tectonic plates ensures 
that this scum is e#ciently disposed o! at 
subduction zones where one plate dives 
beneath another, back into the deeper 
parts of the mantle. Within the mantle, 
these materials then get refashioned into 
several possible products: dead residues 
at the core–mantle boundary, enriched 
regions, or hot low-density plumes that 
rise through the mantle to melt and create 
new crust at ocean islands such as Hawaii 
or Samoa. "e isotopic compositions of 
lavas that ooze from such ocean islands 
have long been thought to provide 
evidence of the recycling of subducted 
material into upwelling plumes1. On 
page 64 of this issue, Chauvel and co-
authors2 reproduce the hafnium and 
neodymium isotopic compositions of 
ocean-island basalts by simulating the 
mixing of ancient oceanic crust, as well 
as sediments, with the ambient mantle. 
"eir results suggest that both subducted 
oceanic crust and sediments are important 
recycled components in the sources of 
ocean-island lavas.

In most of the Earth’s rocks, Hf and 
Nd isotopes co-vary in a predictable way: 
the 143Nd/144Nd ratios of mantle-derived 
magmas and continental rocks, plotted 
against the ratios of 176Hf/177Hf, fall on 
a straight line, forming the so-called 
‘terrestrial array’3. However, marine 

sediments are exceptional in this respect, 
as they have higher Hf ratios than other 
rocks at a given Nd ratio, the cause of 
which has been debated4,5. Because of 
this, if only marine sediments were 
recycled into the mantle, the mantle Nd 
and Hf isotopic compositions would 
deviate from the terrestrial array. This 
would give a different signature to that 
typically found for ocean-island lavas. 
However, oceanic crust does not fit the 
bill as the source for ocean-island basalts 
either. Because of the way elements 
redistribute in the mantle during melting, 
the material that forms oceanic crust 
would evolve to give ocean- island basalts 
with Hf isotopic ratios that are relatively 
low at a given Nd ratio — that is, the plot 
would lie below the terrestrial array. Such 
arguments have been used as evidence 
against the recycling of ancient oceanic 
crust or sediment into the source of 
ocean-island volcanoes7.

Chauvel and co-authors propose 
a simple solution to this problem. If 
neither subducted oceanic crust nor 
marine sediment alone will generate 
compositions that plot on the terrestrial 

array as required, mixtures of the two 
perhaps would. To test this idea, they 
simulate the composition of subducted 
crust as a random mixture of oceanic 
basalt and sediment in different 
proportions and from different times in 
Earth’s history. The result is a band of 
compositions that mimics the terrestrial 
array, implying that both the oceanic 
crust and the pile of sediments that 
accumulates on top of it are subducted 
into the mantle. There, they remain 
together, but distinct, for billions of 
years. When they melt along with the 
surrounding mantle, they give rise to 
ocean-island lavas with the Nd and Hf 
isotopic composition required to explain 
the terrestrial array.

Models simulating the physical aspects 
of this process, although providing some 
support for the hypothesis, also pose 
some di#culties. Such models predict 
relatively high temperatures at the surface 
of subducting slabs, which may cause 
sediments to rise up to shallower levels 
before the slab sinks deep into the mantle8. 
It is not clear, therefore, whether signi$cant 
amounts of sediment can make their 
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Figure 1 Oceanic crust (black line) collects sediment as it travels from the mid-oceanic ridge (A). Upon subduction 
(B), the crust is recycled (C) and remixed into the mantle (D), and can be brought up passively at mid-oceanic 
ridges or through plumes (E) at ocean island hotspots. Chauvel and co-authors2 provide quantitative constraints 
on the relative amounts of sediment, oceanic crust and upper mantle that need to be mixed to explain the Hf–Nd 
terrestrial array. Image provided by J. P. Brandenburg and based on work in ref. 11.

Brandenburg and van Keken, 2007



Heterogeneity  on many scales

•Equilibrium thermodynamics of multi-component 
systems
•Differentiation
•Affects physical properties



What might we expect dynamically?

Romanowicz, 2003, Ann. Rev. EPS
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Geochemical Signatures
 Mantle geochemical 

reservoirs

 Trace elements

 Isotopic abundances

 Information on geometry of  
reservoirs is limited

 Major elements? 

 pyroxenite signature from 
subducted crust

 2-20% recycled crust 
involved in melting

Hart et al. (1992) Science

Sobolev et al. (2007) Science



Seismic Signatures

Dziewonski (1986); Kustowski et al. (2008); 
Romanowicz (2003)

 Radial and lateral 
variations in seismic wave 
velocity and density 
require:

 Radial and lateral 
inhomogeneities in entropy, 
bulk composition, phase

 Link through mineralogical 
models 



Compositional Heterogeneity
• Lateral variations in shear and bulk 

sound velocity may be anti-correlated 
in the lowermost mantle

• This cannot be caused by lateral 
variations in temperature alone

• Observational probes of the deep 
Earth are limited

• Geophysics: limited information of 
temperature or composition

• Geochemistry: limited spatial 
information

Ishii & Tromp, 1999



Compositional Heterogeneity

Trampert et al. (2004)

• Studies as lateral 
variations in major 
elements 
independent of  
each other Si/Mg; 
Fe/Fe+Mg ratios

• No clear 
connection to 
genetic process 



Production of  Heterogeneity
 Melting…

 Dominant source of  surface 
heterogeneity over Earth’s history

 Mass equal to that of  the mantle 
processed through ridge at least 
once

 Heterogeneity likely survives for 
long periods

 Subduction returns differentiated 
products continuously to the 
mantle

 Other sources of  heterogeneity
 Continents?

 Deep melting?

 Accretion? Xu et al. (2008) EPSL; Allegre & 
Turcotte (1986); Nature, Stolper



Major Element Chemical Geodynamics

Christensen & Hofmann (1994) JGR
Nakagawa & Buffett (2005) EPSL

• Notion of subducted heterogeneity 
originally motivated by trace element 
and isotopic geochemistry

• Notion has important implications for 
structure

• Major elements are seismically visible
• Potential to map geochemical reservoirs



Models of  Mantle Lithology

 Equilibrium Assemblage (EA)

 Complete re-equilibration 
between basalt and 
harzburgite

 Mechanical mixture (MM)

 Perfect dis-equilibrium 
between basalt and 
harzburgite

 Compare at same bulk 
composition fbasalt=18 %

 reasonable f~12-20% 
compared to subducted flux 
(Xu et al. 2006, Morgan and 
Morgan, 1999) Xu et al. (2008) EPSL; Allegre & 

Turcotte, (1986);  Nature; Stolper

•Basalt depletion is a natural compositional metric
•Components co-vary along the harzburgite-basalt join
•Scale length of heterogeneity



• Bulk composition
• Pressure
• Temperature

• Phase Equilibria
• Physical Properties
• Self consistent

Mg
Fe Si

AlCa

O

...

Bulk Composition
X

Phase Equilibria

Physical Properties

P, T

ρ,α,CP,VP,VS,…
 (X,P,T)

Na

Stixrude and Lithgow-Bertelloni (2005) GJI
Thermodynamic Model



• Based on Fundamental Thermodynamic Relations
• Minimize Gibbs free energy over the amounts of all species 

ni

• Subject to constraint of fixed bulk composition

• Full Anisotropic Generalization

• Many previous efforts, however
• Full self-consistency between phase equilibria and 

physical properties (not only one or the other)
• Anisotropic generalization and robust thermal 

extrapolation for shear properties
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Mantle Phases and Velocity

Xu et al. (2008) EPSL

6 components: SiO2, MgO, FeO, CaO, Al2O3, Na2O, 46 species, 20 phases

plagioclase (plg); spinel (sp); olivine (ol); orthopyroxene (opx); clinopyroxene (cpx); garnet 
(gt); wadsleyite (wa); ringwoodite (ri); akimotoite (ak); Mg-perovskite (mgpv); Ca-
perovskite (capv); ferropericlase (fp); Calcium-Ferrite str. (cf)



Scaling in Space and Time
 Space

 Wavelength of  seismic wave 
greater than scale length of  
heterogeneity

 Velocity bounded by 
assumption of  uniform stress/
strain (Reuss/Voigt)

 Time
 Attenuation: Q-1(P,T,ω)

 Velocity depends on frequency 
(dispersion)

 Use seismological Q models
 Assume passage of  seismic 

wave sufficiently rapid that it 
induces no phase 
transformation

Stixrude & Lithgow-Bertelloni (2005) JGR
Stixrude & Jeanloz (2007) ToG
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Phase Diagrams

3.2. Influence of bulk composition

In EA, VS increases with increasing basalt fraction except in the
transition zone, at depths shallower than 80 km, and between 660–
750 km (Fig. 5). In the transition zone, with increasing f VS in the
transition zone first decreases (fb70%) and then increases (fN70%) as
function of basalt fraction. The velocity varies non-linearly with basalt
fraction, so that the compositional derivative dVS /df, where f is basalt
fraction, is a strong function of bulk composition. These variations can
readily be understood on the basis of the phase equilibria: as basalt
fraction increases, the proportion of olivine (a relatively low-velocity
phase) decreases, while the proportion of garnet (a relatively high-
velocity phase) increases. In the transition zone, olivine transforms

into wadsleyite and ringwoodite, both of which are faster than garnet.
Especially when the basalt fraction exceeds 70%, not only is stishovite
(fast phase) stabilized but its proportion grows.

The depth and thickness of discontinuities vary with composition:
in EA the 410 km discontinuity is slightly shallower (by 10 km) and
substantially sharper (17 vs.11 km, respectively) when basalt fraction f
is increased from 0 to 0.4. The shallowing is due to the increasing iron
content with increasing f (from XFe=Fe/ (Fe+Mg)=9.6% to 13.5%),
which tends to stabilize wadsleyite to lower pressures at the expense
of olivine. The increase in iron fraction, combinedwith the influence of
partitioning among transforming and non-transforming phases
(Stixrude, 1997) accounts for the change in sharpness. The transition
near 410 km depth disappears completely for fN80% as olivine is no

Fig. 2. Phase proportions (top) and variations of VS and phase proportions at 10 GPa (300 km depth) and 1600 K (bottom) in EA (left) and MM (right) for a pyrolitic bulk composition
(Table 1, f=0.18). Phases are: plagioclase (plg), spinel (sp), garnet (gt), olivine (ol), wadsleyite (wa), ringwoodite (ri), orthopyroxene (opx), clinopyroxene (cpx), high pressure Mg-rich
clinopyroxene (C2/c), akimotoite (ak), quartz (qtz), coesite (coes), stishovite (st), Ca-silicate perovskite (capv), Mg-rich silicate perovskite (pv), ferropericlase (fp), and Ca-ferrite
structured phase (cf). Phase proportions in the bottom panel are for olivine (green), garnet (red), cpx (blue), C2/c (gold), and st (black). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

73W. Xu et al. / Earth and Planetary Science Letters 275 (2008) 70–79 Xu et al. (2008)

• Bulk Composition (DMM; MORB-Workman and Hart 
(2005); Harzburgite (modified); 

• Larger amount of  olivine



Mechanical Mixture

 Velocity differs from EA
 MM faster
 MM has higher velocity 

gradient
 MM agrees better with 

seismological models in T-
zone

 Why?

 Olivine and silica both faster 
than pyroxene  and garnet

2MgSiO3=  Mg2SiO4  +  SiO2

      EA     Harzburgite   Basalt

Xu et al. (2008) EPSL
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• Phase equilibria of mechanical mixture 
differs from that of equilibrium 
assemblage of the same bulk 
composition
– Lever rule
– Configurational entropy favors 

solid solution 
• Consequences

– Velocity differs for the same bulk 
composition

– Velocity-composition scaling differ

Phase Equilibria



19
subduction of differentiated oceanic lithosphere. Moreover, dynamical
mechanisms have been proposed for segregating basalt from harzbur-
gite in a convecting mantle, including slab delamination, and segrega-
tion due to the density contrast between basalt and harzburgite
(Brandenburg and Van Keken, 2007; Christensen and Hofmann, 1994;
Davies, 2006; Nakagawa and Buffett, 2005; Ringwood and Irifune,1988;
Xie and Tackley, 2004). Segregation of basalt from harzburgite provides
a mechanism for producing radial and lateral variations in basalt
fraction.

Within our present understanding of subduction and the differ-
entiated structure of the oceanic lithosphere, it is inevitable that some

amount of unequilibrated basalt and harzburgite is present in the
mantle. In our mechanical mixture model, we have explored the end-
member case, corresponding to a mantle that has undergone
differentiation at least once, and in which equilibration is slow
compared to the age of the Earth. Does the mantle lie nearer to this
mechanically mixed disequilibrium end-member, or to the equili-
brium pyrolitic end-member? Arguments based on experimentally
measured chemical diffusivities, suggest that equilibration will not be
significant over the age of the Earth for the amount of stretching and
folding that can be expected in a convecting mantle (Allégre and
Turcotte, 1986). However, important uncertainties remain: how much

Fig. 5. Profile of shear wave velocity VS as a function of depth with different basalt fractions (0–100%) for the two models: (Top) mechanical mixture and (bottom) equilibrium
assemblage. All calculations are along the 1600 K adiabat of EA pyrolite. The inset shows the velocity difference (VS) between basalt and harzburgite along the same adiabat.

76 W. Xu et al. / Earth and Planetary Science Letters 275 (2008) 70–79

• Upper mantle and Lower mantle
• Velocity depends strongly on basalt 

fraction
• Eclogite
• Ca-perovskite, silica in basalt, no 

ferropericlase
• Transition zone

• Little compositional dependence
• Garnet, wadsleyite, ringwoodite 

have similar velocities

Effects of  
Composition

Xu et al. (2008) EPSL



Mechanical Mixture

Xu et al. (2008) EPSL

 In MM, transition zone velocity, discontinuity structure depend 
weakly on basalt fraction



Effects of  Temperature

21

of the mantle has been differentiated? What is the basalt fraction?
What might the role of partial melt, water, or grain-size reduction be
in enhancing rates of equilibration?

Our results provide a means of testing in situ the extent of major
element disequilibrium in the mantle based on the significant
differences in seismic velocity structure between the equilibrium
assemblage and the mechanical mixture. We argue that the mechan-
ical mixture provides a better match to radial seismological models in
the transition zone because it is faster and has a steeper radial velocity
gradient.

Comparison to radial seismological models provides tentative
evidence of a radial gradient in basalt fraction. Whereas the

mechanical mixture matches 1D seismological models of the transi-
tion zone significantly better than the equilibrium assemblage, the
mechanical mixture is almost certainly too fast in the upper mantle,
and too slow in the lowermantle, even accounting for uncertainties in
seismological models and the effects of lateral heterogeneity. Our
results show that basalt depletion in the upper mantle, and basalt
enrichment in the lower mantle, would yield better agreement with
seismological models by producing a slower uppermantle and a faster
lower mantle. Indeed, just such an enrichment in basalt with
increasing depth is seen in several models of mantle convection
(Davies, 2006; Nakagawa and Buffett, 2005; Xie and Tackley, 2004).
Any investigation of the seismological signature of basalt enrichment

Fig. 6. Shear wave seismic velocity profiles along adiabats of different potential temperatures (1000 K–blue to 2000 K (red) for (top)MM and (bottom) EA. The bulk composition of the
two models is identical (f=18.02%). The adiabatic temperature profiles along which the velocities are calculated are computed for EA pyrolite. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

77W. Xu et al. / Earth and Planetary Science Letters 275 (2008) 70–79

• Transition zone
• Depth of discontinuities
• Complex 660 and 520 

(disappearance)

Xu et al. (2008) EPSL



 Two lithologic components (basalt 
and harzburgite) have different 
physical properties

 Density
 Buoyancy
 Drives segregation
 Radial and lateral compositional 

heterogeneity

 Seismic wave velocity
 Altered by segregation
 Scattering

 Lower mantle enriched in basalt?

Xu et al. (2008) EPSL

Hellfrich (2002)

Mechanical Mixture



Major Element Chemical Geodynamics

Christensen & Hofmann (1994) JGR
Nakagawa & Buffett (2005) EPSL

 Compositional heterogeneity at many 
length scales as seen dynamically

 Basalt pile-ups increase wavelength of 
heterogeneity

 Seismic signal in 1-D structure
 Physically averaged basalt fraction 

varies a lot with depth
 Seismic signal in 3-D structure?
 Scatterers?



Duration of  heterogeneity
 Long…

 Hofmann & Hart, 1978, EPSL; 
Allegré & Turcotte, 1986, Nature

 Uncertainties
 Role of  fluids?

 Role of  deep melting 
processes?

 Re-homogenization cannot 
be rapid (crustal signatures 
in OIB)

 Hofmann and White, 1982, EPSL

ol: Farber et al. (1994) Nature; ri: Farber et al. (1994) Nature; pv: Yamazaki et al. (2000) 
PEPI; Kellogg and Turcotte (1985); 



What do anomalies mean?

Ritsema et al. (1999)



Origin of  velocity anomalies
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Importance of  Phase
 Phase transformations are likely to be important radially and 

laterally

Dziewonski & Anderson (1981) PEPI; Anderson (1987) JGR



Velocity-Density/T Scalings
Karato, 1993

Forte et al., 2001

Ishii & Tromp, 2002
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 Metamorphic term increases velocity 
sensitivity throughout upper mantle and 
transition zone

 Reduces lateral temperature variations 
inferred from tomography



Phase transitions and dynamics
 Phase transformations influence 

dynamics

 Destabilizing throughout transition 
zone

 Stabilizing at upper-lower mantle 
boundary

 Typical formulation may be 
inadequate

 Look-up table
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Modeling Mantle Flow
Mantle Density Heterogeneity Model

  

∇ •
 
v = 0

∇ •T +δρgˆ z = 0
T = −pI + 2η ˙ ε 
∇2V = 4πGδρ

-Induced Viscous Flow

-Can be solved analytically
For a spherical shell

-Predict: Radial Stresses
Dynamic topography

Based on Geologic Information-Plate Motion History

Seismic Tomography- Convert velocity to density

[Grand et al., 1997]

[Lithgow-Bertelloni and Richards 1998]

Hager and O’Connell, (1979)



31[Lithgow-Bertelloni and Richards, 1998]

[cartoon, courtesy of Lana Panasyuk]

Earth’s Geoid



Dynamic Topography

ρ1

ρ2qr

h=− qr/δρg

h

Mantle Flow
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Global Dynamic Topography



Other Sources of  Heterogeneity?
 Differentiation from magma 

ocean

 Ab initio MD predicts 
crystallization starts from the 
middle

 Separates upper and lower 
magma layers

 Lower layer may have distinct 
history and may end with a 
different composition

 Generalization of  
thermodynamic model to 
include 
 All relevant lower mantle 

physics

Stixrude and Karki (2005) Science; 
Labrosse et al. (2007) Nature



Conclusions
• Basalt fraction a natural metric of major compositional 

variability 
• Two end-members

• Mechanical mixture of basalt and harzburgite
• Equilibrium assemblage

• Should be distinguishable based on geophysical observations
• Differences in radial structure
• Phase transitions within the lower mantle
• Scattering

• Radial gradient in basalt fraction
• Dynamically plausible
• Should be detectable
• May explain vanishing slabs

• Importance of full phase equilibria for global geophysical fields
• Plate acceleration and deceleration
• Amplitude of dynamic topography


