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The core–mantle boundary (CMB) – the interface between the silicate mantle and liquid iron alloy outer core
– is the most important boundary inside our planet, with processes occurring in the deep mantle above it
playing a major role in the evolution of both the core and the mantle. The last decade has seen an astonishing
improvement in our knowledge of this region due to improvements in seismological data and techniques for
mapping both large- and small-scale structures, mineral physics discoveries such as post-perovskite and the
iron spin transition, and dynamical modelling. The deep mantle is increasingly revealed as a very complex re-
gion characterised by large variations in temperature and composition, phase changes, melting (possibly at
present and certainly in the past), and anisotropic structures. Here, some fundamentals of the relevant pro-
cesses and uncertainties are reviewed in the context of long-term Earth evolution and how it has led to the
observed present-day structures. Melting has been a dominant process in Earth's evolution. Several processes
involving melting, some of which operated soon after Earth's formation and some of which operated
throughout its history, have produced dense, iron rich material that has likely sunk to the deepest mantle
to be incorporated into a heterogeneous basal mélange (BAM) that is now evident seismically as two large
low-velocity regions under African and the Pacific, but was probably much larger in the past. This BAM modu-
lates core heat flux, plume formation and the separation of different slab components, and may contain various
trace-element cocktails required to explain geochemical observations. The geographical location of BAMmaterial
has, however, probably changed through Earth's history due to the inherent time-dependence of plate tectonics
and continental cycles.

© 2011 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2. Thermal convection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2. Viscosity variation and value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.2.1. Variation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2.2. Absolute value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.3. Thermal conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.4. Thermal expansivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.5. Dynamical effect of depth- and temperature-dependent properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3. The role of compositional variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1. Seismological observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.2. Origin of the dense material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.3. Dynamical behaviour of dense material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.3.1. Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3.2. Topography and planform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.3.3. Time evolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3.4. Steep sides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.4. Survival time of dense material . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
rights reserved.

http://dx.doi.org/10.1016/j.earscirev.2011.10.001
mailto:ptackley@ethz.ch
http://dx.doi.org/10.1016/j.earscirev.2011.10.001
http://www.sciencedirect.com/science/journal/00128252


2 P.J. Tackley / Earth-Science Reviews 110 (2012) 1–25
3.5. Influence on plumes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.6. CMB topography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.7. Influence on the geodynamo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4. Role of the post-perovskite phase transition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
4.2. Dynamical influences . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.2.1. Clapeyron slope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.2.2. Physical properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4.3. Seismic structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.4. Estimating CMB heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5. Ultra-low Velocity Zones (ULVZs) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
5.1. Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
5.2. Partial melt? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
5.3. Fe-enriched solid? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

6. Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1. Introduction

The core–mantle boundary (CMB) is the interface between the
solid rocky silicate mantle and liquid iron alloy outer core. This inter-
face has a large density contrast and is the most important boundary
inside our planet. As seismologists probe the CMB region with ever
improving techniques and data, it is increasingly found to be a very
complex region containing large variations in temperature and com-
position, phase changes, melting (possibly at present and certainly
in the past), and anisotropic structures. The complexity in this deep
mantle region above the CMB is second only to that in the Earth's
near-surface region (i.e. the crust and lithosphere). Processes occurring
above the CMB influence the evolution of both the core and the mantle.

Large temperature variations arise because the deep mantle con-
tains the lower thermal boundary layer of the convecting mantle, with
the temperature rise from an average mantle adiabat to the top of the
core being in the range 1200–1800 K: here, cold downwelling slabs
pool and heat up, and hot upwelling plumes can form. Compositional
variations are not surprising due to the large density jump between sil-
icate rock and metal, which makes the region above the CMB a natural
accumulation zone for rock that is denser than average mantle and
therefore sinks, but is less dense than the core — just as the region
below Earth's surface (the crust) is an accumulation zone for rock that
is less dense than the mantle below. Our knowledge of deep mantle
phase changes has undergone a near-revolution in the last 8 years, in
particular with the discovery of a transition from perovskite, the domi-
nant lower mantle mineral, to post-perovskite; much mineral physics
research has been devoted to determining the details of this transition.
Additionally, it was discovered that the electronic spin state of iron in
mantle minerals undergoes a transition with increasing pressure,
which could influence the physical properties from mid-mantle to
CMB pressures depending on composition and temperature.

The goal of this review is to summarise the fundamental physics of
relevant processes in the context of long-term Earth evolution, and
examine how they may have led to what is observed in the present-
day Earth. The next section covers dynamics arising from thermal
buoyancy, then there is a section on the interaction of compositional
and thermal buoyancy (thermo-chemical convection), and then sec-
tions focussing on the influence of the post-perovskite transition
and the causes and dynamical implications of ultra-low velocity
zones (ULVZs). Finally, there is a discussion and synthesis.

2. Thermal convection

2.1. Background

Mantle convection and plate tectonics are an integrated system,
and are the engine that drives the dynamic solid Earth, causing
continental drift, mountain building, allowing the Earth to lose the
heat that it gets from radiogenic heating and from its formation,
and controlling heat loss from the core, which drives the geodynamo.
The deepest mantle, directly above the CMB, is the lower thermal
boundary layer (TBL) of this convecting system, and has a large tem-
perature drop across it.

The temperature drop across this lower TBL can be estimated by
subtracting the temperature of an average mantle adiabat extrapolat-
ed to ~2700 km depth (because the interior of a convecting system
adopts an approximately adiabatic profile), from the estimated CMB
temperature. For the former, the mantle potential temperature is typ-
ically estimated to be ~1600 K based on the petrology of basalts (e.g.
Herzberg et al. (2007); McKenzie and Bickle (1988)), which when ex-
trapolated to ~2700 km depth gives temperature estimates in the
range 2400–2700 K (e.g. Brown and Shankland (1981); Katsura et
al. (2010)). The CMB temperature is more difficult to constrain. Esti-
mates of the CMB temperature come from consideration of the core
phase diagram: the outer core is above the liquidus, and the temper-
ature at the inner core boundary (ICB) adiabatically extrapolated to
the CMB gives the CMB temperature. The ICB temperature is, unfortu-
nately, still uncertain by approximately 2000 K (Dubrovinsky and Lin,
2009) because of uncertainties in the core composition and in the
measured or calculated values. Nevertheless, estimates of CMB tem-
perature have been made, notably 3700–4300 K (Boehler, 2000)
and 3950–4200 K (Price et al., 2004), both consistent with the lower
bound of 3300 K based on melting of Fe–Si alloy (Asanuma et al.,
2010). Another estimate of CMB temperature comes from combining
seismological observations of deep mantle structures with high-P,T
elastic properties of minerals, leading to a CMB temperature of 3800±
200 K (Kawai and Tsuchiya, 2009). A CMB temperature of ~4000 K
thus satisfies all constraints. Combining the estimates of CMB tempera-
ture with the estimates of deep mantle adiabat leads to a temperature
drop in the range ~1200–1800 K.

The deep mantle has often been thought of as a ‘slab graveyard’
where subducted slabs, sinking because they are cold, pool and are
warmed by heat from the core. Evidence for this is that seismic tomo-
graphic images convincingly show slabs penetrating the 660 km dis-
continuity, sometimes after temporarily stagnating at the base of the
transition zone (Fukao, 1992; Van der Hilst et al., 1997; Grand, 2002;
Zhao, 2009) and that seismically fast regions above the CMB correlate
well with historical subduction zones (Richards and Engebretson,
1992; Ricard et al., 1993; Kyvalova et al., 1995; Van der Voo et al.,
1999a,b; Becker and Boschi, 2002; van der Meer et al., 2010).

The upwelling part of mantle convection is a combination of two
components: a distributed return flow characteristic of convection
in a system with much internal heating (e.g. Bercovici et al., 1989;
Glatzmaier et al., 1990; Houseman, 1988; Schubert and Zebib, 1980),
and focussed cylindrical plumes, which are thought to provide a
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good explanation for some, although not all, of the ‘hotspots’ ob-
served at Earth's surface (e.g. Morgan, 1971; Richards et al., 1989;
Steinberger, 2000).

The locations of plumes at the CMB, as well as time-variations in
the CMB heat flux, are largely controlled by the arrival of slabs rather
than by the intrinsic dynamics of the lower boundary layer, as is com-
monly seen in time-dependent mantle convection simulations (e.g.
Yuen et al. (1993)). This was clearly quantified by Labrosse (2002),
reproduced here in Fig. 1. The time series of heat transport by cold
plumes and heat flow across the CMB are highly correlated, whereas
heat transported by hot plumes displays similar time-dependence
but with a time lag, showing that cold plumes (slabs) control CMB
heat flow. A model of a single slab interacting with the CMB also
showed some induced plumes (Tan et al., 2002).

The heat flow across the CMB has been a major focus of attention
because of its importance in the heat budgets of the mantle and core.
One method of estimating it has been to estimate, from their surface
Fig. 1. Thermal convection with mixed basal and internal heating (Ra=107 and H=20)
and corresponding time series. Isosurfaces are T=0.55 (blue) and T=0.8 (yellow). The
time series show heat advection by cold plumes arriving at the CMB (top, solid line, left
scale), the heat flux at the CMB (top, dashed, right scale), and heat transport by hot plumes
arriving at the top surface (bottom). This shows clearly that the CMB heat flux is controlled
by cold plumes arriving rather than hot plumes departing.
Reproduced from Labrosse (2002).
uplift, the heat flux associated with hotspots, then assume that
plumes reaching the base of the lithosphere carry all of the heat com-
ing from the core, which yields estimates of 6–12% of the surface heat
flow (Davies, 1988; Campbell and Griffiths, 1990) — roughly 2.5–5
TW. There are several reasons why this should, however, be regarded
as a lower bound, as indicated by several numerical convection stud-
ies (Labrosse, 2002; Bunge, 2005; Mittelstaedt and Tackley, 2005;
Leng and Zhong, 2008). In simple, basally-heated convection, the
heat flux carried by upwellings is half of the global heat flux, because
the other half is carried by cold downwellings, which then pool above
the CMB absorbing heat from the core- so-called ‘slab warming’
(Mittelstaedt and Tackley, 2005). Many of the weaker plumes may
not reach the base of the lithosphere, instead losing their heat to
the interior of the mantle (Malamud and Turcotte, 1999; Labrosse,
2002). In internally-heated convection the geotherm is subadiabatic
(e.g. McKenzie et al., 1974; Monnereau and Yuen, 2002; Parmentier
et al., 1994), and additionally the adiabatic temperature gradient is
steeper for higher temperatures, both resulting in much reduced plume
excess temperature (relative to its surroundings) as a plume rises
(Bunge, 2005), with Leng and Zhong (2008) finding that the latter effect
is the most important. In all of these numerical studies, regardless of ge-
ometry or whether compressibility is included, the heat flow across the
CMB is a factor of 2 to several times larger than that carried by plumes
in the uppermantle. The presence of chemical layering in the deepman-
tle also has a major effect, as discussed later. An exact determination of
CMB heat flow is difficult to make at present because none of the pub-
lished studies include a realistic variation of physical properties like vis-
cosity, but numbers in the range 7–15 TW are plausible.

Another constraint on CMB heat flux comes from considering the
geodynamo: for a geodynamo to exist, the heat flow from the core
must be larger than what can be conducted down the adiabatic gradi-
ent. A major uncertainty in this is the thermal conductivity of the core
alloy, which is uncertain by a factor of two, and a secondary uncer-
tainty is the power required to drive the geodynamo, which must
be added to this. Combined estimates range from 3 to 4 TW (Buffett,
2002) to 8 TW (Gubbins et al., 2004). A third constraint on CMB
heat flux comes from observations of post-perovskite phase transi-
tion and is discussed in Section 4.4. For further discussion of con-
straints on CMB heat flow the reader is referred to Lay et al. (2008).

The physics of thermal convection in the deep mantle is complex
because of material properties that vary with temperature, pressure,
composition and perhaps other things. Viscosity is thematerial proper-
ty that varies the most: it depends on temperature (strongly), pressure
(less strongly), grain size (when undergoing diffusion creep), stress
(when undergoing dislocation creep, which tends to be at high stress),
phase, and probably composition. The absolute value of viscosity in the
deep mantle is also uncertain. Other material properties that vary with
temperature, pressure and composition are thermal conductivity and
thermal expansivity, as well as elastic moduli, which are important for
seismology.

2.2. Viscosity variation and value

2.2.1. Variation
Substantial variations in viscosity, by many orders of magnitude,

are likely to occur in the deep mantle due to variations in tempera-
ture, chemistry, phase, grain size and possibly deformation history.
The temperature- and pressure-dependence of viscosity is often
expressed using an Arrhenius law, such as:

η T ;pð Þ ¼ A exp
H pð Þ
RT

� �
ð1Þ

where T is temperature, p is pressure, A is a constant, H is a pressure-
dependent activation enthalpy and R is the gas constant. H is often
written in terms of an activation energy E and an activation volume
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V as H(p)=E+pV, but this is misleading because H is not linearly
dependent on pressure (e.g. Ammann et al., 2009; Sammis et al.,
1977; Yamazaki and Karato, 2001), which means that in this formula-
tion V is itself pressure-dependent (Sammis et al., 1977; Matas and
Bukowinski, 2007).

Estimates for the activation enthalpy H(p) for perovskite at CMB
pressure range from ~500 kJ/mol (Yamazaki and Karato, 2001) to
792 kJ/mol (Ammann et al., 2009). To estimate the corresponding vis-
cosity variation over the lower thermal boundary layer, consider that
the temperature might, as discussed in Section 2.1, rise from 2400 K
above the TBL to 4000 K at the core–mantle boundary, which leads
to viscosity decrease by a factor 2×104 to 8×106. Which of these is
more appropriate is potentially important because increased viscosity
contrast can lead to a change in regime. At high viscosity contrast, a
different type of plume is obtained, inwhich small-scale convectionwith-
in the thermal boundary layer (Solomatov and Moresi, 2002) develops
faster than the large-scale instability, resulting in a huge plume with
sharp sides (Thompson and Tackley, 1998; Ke and Solomatov, 2004).
The cases from Thompson and Tackley (1998) are reproduced in Fig. 2.

It is important to note that published numerical models of global
mantle convection have always used a much smaller temperature-
dependence of viscosity than realistic, typically because the numerical
schemes used cannot handle such large variations. Often, global simula-
tions include only depth-dependent viscosity or set the temperature-
dependence to some arbitrary factor that is not related to any mineral
physics constraint. Thus, while the term “Earth-like convective vigour”
is increasingly being used to describe global numerical simulations,
the reader should be aware that in no case so far does this also mean
an Earth-like viscosity variation with temperature.
a) Eact=250 kJ/mol

b) Eact=500 kJ/mol

Fig. 2. Development of plumes in a compressible mantle with depth-dependent physical pr
(b) 500 kJ/mol. Plotted is superadiabatic temperature. With the larger activation energy, inte
Reproduced from Thompson and Tackley (1998).
Viscosity is also dependent on several other intrinsic or extrinsic
quantities:

1. Dislocation creep, rather than diffusion creep, can occur at high
stress levels, which in this context exist where slabs reach the
CMB and are forced to bend (McNamara et al., 2001). Slabs nor-
mally have a high viscosity because they are cold, so dislocation
creep in the bending slab acts to reduce these high viscosity
values.

2. Post-perovskite, according to ab initio calculations of atomic dif-
fusion (Ammann et al., 2010) can have an up to ~3 orders of
magnitude lower viscosity than perovskite, although its viscos-
ity is highly anisotropic so it is uncertain which direction domi-
nates. If so, then because post-perovskite tends to occur in cold
regions, this also reduces the highest values of viscosity in the
CMB region, which assists slabs in bending at the CMB, signifi-
cantly increasing overall convective vigour and heat transport
(Nakagawa and Tackley, 2011). This is further discussed in
Section 4.2.2.

3. Grain size strongly affects the diffusion creep viscosity,with smaller
grains facilitating faster creep. Grain size tends to increase with
time and decrease with deformation, and may be greatly reduced
by recrystallisation when material passes through a phase transi-
tion such as perovskite–post-perovskite. The evolution of grain
size in the lower mantle is discussed in detail by Solomatov
(2001), Solomatov et al. (2002) and Solomatov and Reese
(2008); the issue is plagued by uncertainties in the relevant pa-
rameters, but it may have some curious effects such as making
hot plumes more viscous (Korenaga, 2005).
operties and temperature-dependent viscosity with an activation of (a) 250 kJ/mol and
rnal convection develops inside the boundary layer and a much larger plume is formed.

image of Fig.�2


5P.J. Tackley / Earth-Science Reviews 110 (2012) 1–25
4. Composition, which is thought to vary in the deep mantle, may
also influence viscosity, although the lack of data on this pre-
cludes further discussion.

It has also been proposed that viscosity is substantially reduced dur-
ing the transition of iron fromhigh spin to low spin (Wentzcovitch et al.,
2009; Matyska et al., 2011), which occurs in ferro-periclase at mid-
lower mantle pressures (Badro et al., 2003) and is spread over some
depth range (Tsuchiya et al., 2006). This proposed viscosity reduction
was based on the reduction of effective bulkmodulus during the transi-
tion. First-principle calculations of atomic diffusion (Ammann et al.,
2011) indicate, however, that in fact the spin transition has only a
small impact on the rheology.

2.2.2. Absolute value
The value of viscosity above the lower TBL is of great interest be-

cause it determines the general convective vigour of the deep mantle.
Constraints come from the analysis of postglacial rebound/adjustment
(PGR/PGA) data, sometimes in conjunctionwith rotational data,model-
ling of geoid and topography based on density anomalies derived from
seismic tomography, from mineral physics constraints, and from
matching other observations (e.g. heat flow) usingmodelling. PGA con-
strains the absolute viscosity whereas geoid/topography modelling
only gives a relative profile, unless combined with other constraints
such as matching plate velocities.

Viscosity values in the deep mantle derived from PGR and geoid/
topographymodelling are typically in the range ~few.1021–few.2022 Pa.s.
For example Peltier and Jiang (1996) derive seven viscosity profile
models using a combination of PGA and rotational data, finding deep
mantle viscosity in the range 2×1021–7×2022 Pa.s., and the related
model of Peltier (1996) finds ~3×1021 Pa.s above the CMB. King
(1995) used a genetic algorithm to derive various viscosity profiles that
fit geoid/topography data; in the deep mantle the obtained values were
in the range 2–8×1021 Pa.s. Mitrovica and Forte (2004) obtained viscos-
ity profiles by inverting a smorgasbord of geophysical data including PGA,
free-air gravity, excess ellipticity of the CMB and tectonic plate motions,
finding a lower mantle viscosity profile that rises to a peak of ~1023 Pa.s
at 2000 km depth, dropping to ~1021–2×1022 Pa.s above the lower TBL.
In the geoid modelling of Steinberger and Calderwood (2006), advected
heat fluxwas used as an additional constraint; resulting deepmantle vis-
cosities for the optimised models were in the range ~6×1022–

6×1023 Pa.s at 2300 kmdepth before dropping 2–3 orders ofmagnitude
to the CMB.

In these studies the value of viscosity above the CMB is difficult to in-
terpret because there is some trade-off between the viscosity above the
lower TBL and the viscosity reduction inside the TBL. By examining fits
to rotational data Peltier and Drummond (2010) demonstrated this
trade-off very effectively. An example of a good-fitting combination
from their study is 1018 Pa.s inside the TBL and 1022 Pa.s above it.

Mineral physics constraints on lower mantle rheology were dis-
cussed by Yamazaki and Karato (2001). They considered several dif-
ferent models of lower mantle H(p) including a homologous
temperature scaling and an elastic strain energy model, finding that
when combined with a reasonable geotherm, the viscosity of the
lower mantle does not increase dramatically with pressure, and
could be in the range 1020–1022 Pa.s in the deepest part. Recently,
Ammann et al. (2010) calculated a lower mantle viscosity profile
based on H(p) from the ab initio calculations of Ammann et al.
(2009), finding a range of 1022–1024 Pa.s above lower TBL. One uncer-
tainty with mineral physics-based viscosity estimates is that the dif-
fusion creep viscosity is strongly dependent on the grain size, which
is not known. Another key issue is that there are two main phases
in lower mantle rock with quite different viscosities. The less abun-
dant (~20%) phase magnesiowüstite (also known as ferropericlase)
has a much lower viscosity, by perhaps a few orders of magnitude,
than the dominant (~80%) lower mantle phase perovskite, and
therefore the effective viscosity of the lower mantle depends on
which of these phases dominates the overall viscosity. If the strong
perovskite phase forms as interconnected matrix then it will domi-
nate, but if the perovskite grains are separated by a film of MgO,
then MgO could dominate. This could well evolve with deformation.
In laboratory experiments Yamazaki et al. (2009) observed a dihedral
angle that would lead to an interconnected network of weak ferro-
periclase, with the interconnectivity increasing with temperature, al-
though Yoshino et al. (2008) found that the measured electrical
conductivity of such a mixture is more consistent with no intercon-
nection of ferropericlase. Clearly, the issue requires more study.

In summary, the viscosity of the deep mantle above the TBL in the
perovskite stability field is uncertain to ~1 order of magnitude, but a
value of ~1022 Pa.s seems to fit almost all observational and mineral
physics constraints.

2.3. Thermal conductivity

For some time there has been agreement that thermal conductiv-
ity increases with pressure (e.g., Anderson, 1987; Osako and Ito,
1991). There are two components to the thermal conductivity: (i) a
lattice (phonon) part, which increases with pressure but decreases
with temperature, and (ii) a radiative part, which increases strongly
with temperature, and is probably small in most of the mantle but
may become important at the high temperatures in the deep mantle.

Whether the radiative conductivity is important is highly uncertain,
and depends on how well infrared radiation can pass through the rock.
This might be affected by the iron spin transition, which was argued by
Badro et al. (2004) to greatly increase the thermal conductivity so as to
cause “nonconvecting layers in the mantle”, although a quantitative
value of conductivity was not given. The influence of various factors on
the radiative conductivitywas recently studied in laboratory experiments
by Goncharov et al. (2009), who found that the spin transition has a rel-
atively small effect, with increasing amount of iron resulting in higher ab-
sorption and post-perovskite having a higher absorption than perovskite.
Thus, at the moment it appears that the radiative component is small.

Another complexity is that the thermal conductivity varies widely
for different minerals: magnesiowüstite has a much higher thermal
conductivity than perovskite. Thus, as with viscosity the question be-
comes how to average them appropriately to obtain the bulk conduc-
tivity of the aggregate.

A model that combines all these is in Hofmeister (1999), and several
modelling papers have used this formulation. Recent experimental and
first principles work has refined our knowledge, however. Hofmeister
(2008) presents a combined model incorporating both minerals and
bothphonon and lattice conductivity. Along amantle adiabat, the phonon
thermal conductivity is calculated to reachup to 17W/m-K for perovskite
and ~50W/m-K for magnesiowüstite. The radiative conductivity in-
creases from1 to 5W/m-K. The combined conductivity of 80% perovskite
and 20%magnesiowüstite ranges from 12W/m-K at the top of the lower
mantle to 28W/m-K in the deepest mantle.

These high values of phonon conductivity for MgO are supported by
first principles calculations by de Koker (2010), who finds values of up
to ~36W/m-K, Tang and Dong (2010), who find values as large as
35–50W/m-K, and Stackhouse et al. (2010), who find values of ~30W/
m-K, all above the lower TBL. For perovskite there is, however, disagree-
ment about its phonon thermal conductivity in the deep mantle. Experi-
mental data indicates high values: Goncharov et al. (2009) found
10–35W/m-K (although it is stated that “uncertainty is large”) and
Ohta (2010) found ~18W/m-K, while the first principles calculations of
de Koker (2010) find a value of 2.5 W/m-K. The latter study calculates
the overall thermal conductivity of 20% MgO+80% MgSiO3 in the deep
mantle to be 5.9 W/m-K., while Ohta (2010) calculates 20–22W/m-K
for 16%MgO+84%MgSiO3. Manthilake et al. (2011) found that the ther-
mal conductivity is strongly dependent on the presence of impurities:
even small amounts of Fe or Al can reduce the thermal conductivity of
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perovskite or magnesiowüstite by ~50% compared to the pure Mg end-
member. They calculate an aggregate thermal conductivity above the
lower TBL of 18W/m-K for the pure endmember with 20% MgO+80%
MgSiO3 but 9W/m-K formore realistic compositions containing some Fe.

In summary, plausible values for deep mantle thermal conductiv-
ity are bracketed by the ~28 W/m.K calculated by Hofmeister (2008)
and 5.9 W/m.K calculated by de Koker (2010) — a factor of almost 5
difference, with the main uncertainty being the thermal conductivity
of perovskite and a secondary uncertainty being the radiative conduc-
tivity. Values towards the lower end of this range (e.g. 9 W/m-K) are
preferred when the influence of impurities is taken into account
(Manthilake et al., 2011).

2.4. Thermal expansivity

Thermal expansivity decreases with increasing pressure. Almost
all mineral physics papers that calculate the expansivity at CMB pres-
sures find values of 1.0–1.2×10−5/K (e.g., Anderson et al., 1992; Cho-
pelas and Boehler, 1992; Katsura et al., 2010; Kombayashi et al., 2008;
Mosenfelder et al., 2009; Tsuchiya et al., 2005). Occasionally, lower
values will be given, such as 0.6×10−5/K inferred from the study of
(Katsura et al., 2009). Thermal expansivity is also mildly dependent
on temperature, but not enough to justify including temperature-
dependence in numerical studies of deep mantle dynamics (although
Ghias and Jarvis (2008) found that it has some influence on surface
heat flux and velocity).

Inmodelling studies by geodynamicists it is quite common to not in-
clude pressure-dependence and assumemuch higher values of thermal
expansivity such as 2.0–3.0×10−5, which are appropriate for the top of
the lower mantle but not the deepest part. This causes an overestima-
tion of thermal buoyancy in the lower TBL, so such studies must be
interpreted and rescaled accordingly.

2.5. Dynamical effect of depth- and temperature-dependent properties

Viscosity, thermal conductivity and thermal expansivity all change
with increasing depth (pressure) in such a way as to decrease the
convective vigour in the deep mantle. Specifically, and as discussed
in 2.2–2.4, thermal expansivity decreases with pressure, while ther-
mal expansivity and viscosity increase with pressure.

Many mantle convection modelling studies since the early 1990s
have shown that including depth-dependence of one or more of these
three physical properties generates large-scale features in the deep
mantle and increases the horizontal wavelength of convection (Hansen
et al., 1991; Yuen et al., 1991; Balachandar et al., 1992; Cserepes, 1993;
Hansen et al., 1993; Reuteler et al., 1993; Hansen and Yuen, 1994;
Bunge et al., 1996; Tackley, 1996; Moser et al., 1997). A recent study
to investigate the influence of such effects is Monnereau and Yuen
(2010), shown in Fig. 3. This shows the influence of different increases
of thermal conductivity with depth, other parameters being the same.
A large increase of thermal conductivity with depth results in huge
plumes being generated in the deep mantle, and a general increase in
mantle temperature at all depths. Extreme variations of thermal ex-
pansivity and conductivity combined with the endothermic phase
transition at 660 km depth may result in broad lower mantle plumes
that feed multiple narrow upper-mantle plumes (Matyska and Yuen,
2007).

Temperature-dependent viscosity acts in the opposite sense,
counteracting this tendency towards large upwellings. For example,
Matyska and Yuen (2006) show cases that have temperature-
dependent thermal conductivity, reproduced here in Fig. 4. When vis-
cosity is only depth-dependent, this temperature-dependent thermal
conductivity gives similar results to the depth-dependent thermal
conductivity discussed above, resulting in huge plumes in the deep
mantle (Fig. 4 left panel). When, however, temperature-dependent
viscosity is also included, this counteracts the effect of temperature-
dependent thermal conductivity, causing smaller, narrower, more
time-dependent plumes (Fig. 4 middle panel). Thus, for making accu-
rate predictions about the deep Earth it is necessary to include realis-
tic variations of material properties, in particular viscosity, with both
temperature and pressure. Many of the published simulations do not
do this because they are intended to give theoretical guidance about
the influence of different parameters rather than be realistic repre-
sentations of the actual Earth. Calculations that are intended to com-
bine realistic variation of physical parameters were shown in
Schubert et al. (2004), reproduced here in Fig. 5. In the regional
model (left panel), a reasonable variation of material properties
with depth is assumed as given in Tackley (2002), with a viscosity
variation with temperature and pressure based on Yamazaki and
Karato (2001) and a value of 1022 Pa.s just above the lower thermal
boundary layer. A cluster of narrow plumes forms. The large-scale
model (first presented by Hansen and Yuen, AGU 2002) has a de-
crease of thermal expansivity with depth by a factor of 3 and both
depth- and temperature-dependent viscosity, and has several small
plumes forming a plume cluster. From these calculations, it seems
clear that plume clusters are the preferred mode of focussed upwell-
ing for purely thermal convection.

In summary, the deepmantle values of viscosity, thermal expansivity
and thermal conductivity as well as their variation with temperature
have a first-order influence on deepmantle thermally-driven dynamics.
High viscosity, conductivity and low expansivity result in large-scale
structures, but this is counteracted by temperature-dependent viscosity,
which probably varies by 4–6 orders of magnitude across the lower TBL
and results in plume clusters, unless its temperature-dependence is so
large that convection with the TBL results in internal convection and
the formation of ‘megaplumes’. The arrival of downwelling slabs at the
CMB controls the location of plumes and the time-dependence of CMB
heat flow. Uncertainty in physical properties precludes making precise
calculations.

3. The role of compositional variations

3.1. Seismological observations

Several observations in global seismic tomographic models indicate
the presence of compositional variations in the deep mantle. These are,
that the correlation between P- and S-wave velocities drops in the low-
ermost mantle (Saltzer et al., 2001; Becker and Boschi, 2002; Simmons
et al., 2010), the correlation between bulk sound and S-wave anomalies
becomes negative in the deepmantle (Su and Dziewonski, 1997; Antolik
et al., 2003; Kennett and Gorbatov, 2004; Saltzer et al., 2004), and the
amplitude ratio between S- and P-wave velocity anomalies becomes
large in the deep mantle (Robertson and Woodhouse, 1996; Masters
et al., 2000; Karato and Karki, 2001; Ritsema and Van Heijst, 2002). All
of these cannot be explained purely by temperature variations, and re-
quire compositional variations as well (although in the lowest ~200 km
the post-perovskite transition could cause such a signature as discussed
in Section 4.3). Recently, Della Morra et al. (2011) showed that the res-
olution of seismic tomographic models is sufficient to resolve these
characteristics.

The above tomographic models did not use data that can directly
constrain density. Seismic inversions that use normal mode splitting
functions can, however, directly infer density variations, albeit only
at long wavelength, and also find a strong influence of compositional
variations in the deepest mantle (Ishii and Tromp, 1999; Trampert et
al., 2004; Deschamps et al., 2007).

As discussed in more detail below, the form of compositional het-
erogeneity that is most compatible with seismological observations as
well as other constraints is isolated ‘piles’ of dense material, as first
modelled in 2-D by Hansen and Yuen (1988, 1989) and in 3-D by
Tackley (1998, 2002). In the present-day Earth, two ‘piles’ are located
under Africa and the Pacific, and are evident in tomographic models



Fig. 3. Temperature fields from 3-D spherical simulations with various different increases of thermal conductivity with depth but similar surface and CMB heat fluxes. The maps on
the left are at 330 km depth, while the slices on the right on the indicated lines. The thermal conductivity rises from 3 W/mK at the surface to 5, 10 or 30 W/mK at the CMB (top to
bottom cases).
Reproduced from Thompson and Tackley (1998).
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by their low shear wave velocity, which has led to the cumbersome
acronym LLSVP (large low seismic shear-velocity province). Seismic
waveform modelling indicates that these have sharp, steep sides (Ni
et al., 2002; Wang and Wen, 2004; Ni et al., 2005; Wang and Wen,
2007; He and Wen, 2009).

Two obvious questions arise: (i) where does this dense material
come from? and (ii) what is its dynamical effects? These are addressed
in the next two sections.

3.2. Origin of the dense material

There are several possible origins of dense material in the deep
mantle, which fall into two main categories: generated over time, or
‘primordial’, i.e., arising from very early processes.

Mechanisms for generating a primordial layer are fractional crys-
tallisation of a magma ocean (Solomatov and Stevenson, 1993; Abe,
1997), subduction of a very early crustal layer (Tolstikhin et al.,
2006) or an early KREEP-like liquid (Boyet and Carlson, 2005), or “up-
side-down differentiation” (Lee et al., 2010), in which melt that
formed deep in the hot, early upper mantle could have segregated
downwards rather than upwards, then solidified and sunk into the
deepest mantle.

A recently-proposed mechanism for generating deep, dense mate-
rial over time is the crystallisation of a “basal magma ocean” (BMO)
(Labrosse et al., 2007). In this scenario, the entire mantle started off
molten and crystallised from the middle, rather than the bottom as
previously thought (Solomatov and Stevenson, 1993; Abe, 1997).
Thus, the deep mantle would have been partly molten for much of
Earth's history, with some pockets of remnant partial melt left at the pre-
sent day in the form of Ultra-Low Velocity Zones (ULVZs), discussed in
Section 5. Over time, fractional crystallisation would have changed the
composition of the remaining liquid and of the solid that progressively



Fig. 4. 2-D convection models with various variations in physical properties. The upper calculations have constant thermal conductivity k=1, whereas the lower calculations have
temperature-dependent thermal conductivity k=1+10 T3. The three panels show calculations with (left) depth-dependent viscosity and post-perovskite (middle) depth- and
T-dependent viscosity and post-perovskite, (right) depth- and T-dependent viscosity without post-perovskite.
Reproduced from Matyska and Yuen (2006).
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crystallised, such that the crystallising solid would have become increas-
ingly iron-rich and therefore dense.

Themechanism for generating deep, dense material over time that
has received the most attention by the modelling community is recy-
cling and segregation of oceanic crust. The potential importance of
this is related to the total volume of MORB that has been produced
over geological time. The production rate at the present day and during
the recent past is well quantified (e.g, Phipps Morgan, 1998; Stacey,
1992). If this was constant for the whole of Earth's history, then the
total volume of crust produced was 10% of the mantle volume (Xie
and Tackley, 2004b). Most likely, however, convection and oceanic
crust production was more vigorous in the past. For simple, internally-
heated convection the surface velocity scales as the square of internal
heating rate, and two studies (Davies, 1980; Phipps Morgan, 1998)
have argued that in plate tectonics convection the oceanic plate veloci-
ties and hence crustal production rate should scale in the same way. If
that is the case, then the volume of oceanic crust produced corresponds
to 53% of a mantle volume (Xie and Tackley, 2004b). There is much un-
certainty over these estimates, but they serve to show that the volume
produced is substantial and easy enough to explain the seismologically-
inferred volume of the dense regions (Hernlund and Houser, 2008). It
was recently suggested that tonalite–trondhjemite–granite (TTG) con-
tinental crust may be subducted to the CMB region (Komabayashi et
al., 2009; Senshu et al., 2009), but the volume of this is expected to be
Fig. 5. 3-D convection models with temperature- and depth-dependent viscosity and depth
Reproduced from Schubert et al. (2004).
much smaller than the volume of MORB subducted over geological
time discussed above.

Once a slab reaches the CMB, some fraction of its basaltmay separate
and remain above the CMB, as shown in the early laboratory experi-
ments of Olson andKincaid (1991). Some recent simulations of this pro-
cess (Tackley, 2011) are shown in Fig. 6, for slab segments arrivingwith
three different dip angles. First, slabs have a tendency to rotate basalt-
side down because of the differential buoyancy of basalt and harzbur-
gite. Dense material above the CMB is pushed aside, allowing the slab
to reach the CMB and rapidly heat up. Plumes arise at its edges, which
are also the edges of the dense regions, and have a tendency to contain
harzburgitic material, which is compositionally buoyant and therefore
wants to rise as soon as it heats up. Much of the basaltic material
peels off the slab (particularly if the basalt side touches the CMB) and
may subsequently join the layer or be entrained by plumes. The pres-
ence of an existing layer increases the fraction of slab basalt that re-
mains near the CMB (Tackley, 2011).

There have been several numerical studies that address the global,
long-term evolution of this process, starting with Christensen (1989)
and Christensen and Hofmann (1994) and continuing with different
geometries and different assumptions in 2-D (Davies, 2002; Ogawa,
2003; Xie and Tackley, 2004a,b; Brandenburg et al., 2008), and in 3-
D spherical (Huang and Davies, 2007; Nakagawa et al., 2009, 2010)
geometries. Fig. 7 shows a typical case, from Nakagawa and Tackley
-dependence of other physical properties, showing the formation of plume clusters.

http://dx.doi.org/10.1029/j.pepi.2011.04.013
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Fig. 7. The formation of a deep, dense layer by segregation of subducted MORB in a 2-D spherical annulus. The top row shows potential temperature (red=hot to blue=cold) and
the bottom row shows composition (red=MORB and blue=harzburgite). The density contrast between MORB and harzburgite near the CMB is 1.35%.
Reproduced from Nakagawa and Tackley (2010).
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Fig. 6. Interaction of a compositionally-stratified slab section with a layer at the CMB. Each column shows a time sequence for a different initial slab dip angle. blue=harzburgite,
green=MORB, red=hot temperature. Slabs tend to rotate basalt-side down. Plume heads containing buoyant depleted material are formed soon after the slab reaches the CMB;
subsequent plume tails may entrain MORB. A substantial fraction of the MORB initially on the slab joins the dense layer via various different mechanisms.
Reproduced from Tackley (2011).

9P.J. Tackley / Earth-Science Reviews 110 (2012) 1–25

image of Fig.�7
image of Fig.�6
http://dx.doi.org/10.1029/j.pepi.2011.04.013


10 P.J. Tackley / Earth-Science Reviews 110 (2012) 1–25
(2010). The general finding is that a dense layer forms that is mostly
but not entirely made of MORB, and some fraction of the subducted
MORB remains in this layer. The layer does not have a sharp top,
but rather a compositional gradient, and may develop a range of ir-
regular structures including some with sharp vertical sides and even
tilted (Fig. 7). Typically, after ~2 Ga the amount of material in this
layer reaches an equilibrium, at which the addition of new MORB is
balanced by the entrainment of existing layer material into upwell-
ings. The material in the layer becomes hot, giving a super-adiabatic
lower mantle geotherm (Nakagawa and Tackley, 2005b).

It is encouraging that these various global studies obtain similar
behaviour and resulting thermo-chemical structures despite some
quite different modelling assumptions and numerical methods. As
shown by Christensen and Hofmann (1994), the volume of segregat-
ed crust depends mainly on two factors: the density anomaly of
MORB in the deep mantle, and the Rayleigh number (Ra), which is a
nondimensional measure of the convective vigour (Rayleigh, 1916).
It is obvious why denser MORB leads to more settling. Less intuitive is
that higher Rayleigh number leads to less settling, with the volume of
material in the deep layer scaling approximately as Ra−2/3 (Christensen
and Hofmann, 1994; Brandenburg and van Keken, 2007). This could be
related to more rapid entrainment and/or the difference in thermal
boundary layer thickness. Two obvious questions follow: what is the
density anomaly of MORB in the deepmantle, andwhat is the appropri-
ate Rayleigh number? The Rayleigh number is a combination of various
uncertain physical properties discussed earlier (with viscosity and ther-
mal conductivity having the highest uncertainty) andwill not be further
discussed here.

The density anomaly of MORB at the CMB has variously been cal-
culated to be from slightly negative to as much as 5% positive. In early
papers (e.g. Ringwood, 1990) the focus was on the transition zone
and top of the lower mantle, but it appeared that MORB would re-
main denser throughout the lower mantle. However, Kesson et al.
(1998) calculated that at CMB pressures MORB is actually slightly
less dense than pyrolite, by 30 kg/m3, although slightly (by 11 kg/
m3) denser than depleted residue. This was reinforced by Ono et al.
(2001), who calculated a density crossover such that MORB is dense
at the top of the lower mantle but less dense than pyrolite at the
CMB. Subsequent papers have, however, found that MORB is denser
than pyrolite, with Guignot and Andrault (2004) finding it 25–95 kg/m3

denser and Hirose et al. (2005) finding it 200–300 kg/m3 denser
throughout lower mantle, which corresponds to 3.5–5.3% at the
CMB. Recently, Ricolleau et al. (2010) measured the phase assem-
blages and densities of a natural MORB sample at up to 89 GPa, then
calculated the density profile of MORB for various compositions and
temperature profiles. Depending on exact composition, they found
that thermally-equilibrated MORB is between 0.5 and 2% denser than
PREM over the entire lower mantle range. The influence of exact
MORB composition on segregation ofMORB above the CMBwas studied
by Nakagawa et al. (2010) in 3-D spherical convection simulations in-
corporating a self-consistent mineralogical approach, and was indeed
found to have a strong influence. More exotic combinations of sub-
ductedmaterial are possible, and have been speculated byKomabayashi
et al. (2009).

Attempts to match one-dimensional seismic profiles of the lower
mantle (like PREM (Dziewonski and Anderson, 1981)) with candidate
temperature- and compositional-profiles, have often indicated a pref-
erence for some gradual MORB enrichment in the deep mantle, as
well as a super-adiabatic temperature profile, which is a characteris-
tic of deep mantle layering as mentioned above. The basic problem is
that according to our best knowledge of the relevant physical proper-
ties, adiabatic pyrolite does not match PREM: its density, for example,
increases too rapidly with depth (Ricolleau et al., 2009). The inver-
sions of Matas et al. (2007) prefer a superadiabatic temperature gra-
dient and a deep mantle composition that is consistent with slight
MORB enrichment. Accounting for uncertainties in properties, Cobden
et al. (2009) also prefer MORB enrichment going deeper into the
lowermantle. Considering electrical conductivities also results in a pref-
erence forMORB enrichment in the deepmantle (Ohta et al., 2010). Lo-
cally there is some evidence for the presence ofMORB from inversion of
seismic waveforms for local radial structure in the western Pacific
(Konishi et al., 2009). There is no universal agreement, however;
for example while the seismological-mineral physics inversion of
Khan et al. (2008) also finds a superadiabatic temperature profile
in the lower mantle and a lower mantle enrichment in FeO, it
finds lower mantle depletion in SiO2, opposite to what would be
expected for MORB although similar to what would be produced
by crystallisation of a dense basal magma ocean (Nomura et al.,
2011).

3.3. Dynamical behaviour of dense material

3.3.1. Parameters
To characterise the dynamical behaviour of a layer of dense mate-

rial, two nondimensional parameters are relevant. The first is the
Lewis number, which is the ratio of chemical diffusivity κT to thermal
diffusivity κC:

Le ¼ κT
κC

ð2Þ

and is so large (between 108 (Hansen and Yuen, 1989) and 1013 (Kellogg
and Turcotte, 1986)) that chemical diffusion can be neglectedwhen con-
sidering the dynamics of large-scale accumulations of dense material.

The second and most important parameter is the chemical buoy-
ancy ratio, which is the ratio of chemical density contrast ΔρC to ther-
mal density contrast ΔρT:

B ¼ ΔρC

ΔρT
¼ ΔρC

ραΔT
ð3Þ

where ρ is density, α is thermal expansivity and ΔT is the temperature
contrast. In a simple convecting system with constant properties a
number of laboratory and numerical studies (Richter and Johnson,
1974; Richter and McKenzie, 1981; Christensen, 1984; Olson and
Kincaid, 1991; Montague and Kellogg, 2000) have shown that if ΔT
is the temperature drop across the whole mantle then the dense layer
has long-term stability if B>1, remains layered but with large layer to-
pography for 1>B>0.5, but is unstable to rapid overturn and mixing if
Bb0.5 (Davaille, 1999a,b; Le Bars andDavaille, 2002, 2004a,b). These re-
gimes are summarised in a domain diagram in Fig. 8. IfΔT is taken to be
the temperature drop over the lower TBL rather than the whole mantle
then these numbers must be adjusted accordingly. In the actual mantle
α decreases with pressure and ρ increases with pressure; the appropri-
ate values to use are those corresponding to the top of the dense layer.

3.3.2. Topography and planform
The topography on the dense layer depends on B, Ra, and to a less-

er extent, the layer thickness (Fig. 8). The topography on a layer inter-
face decreases with increasing Ra, approximately as Ra−1/3 (Gurnis
and Davies, 1986; Tackley, 1998). The effective Ra of the deep mantle
is quite low because of depth-dependent viscosity and other parame-
ters, which allows large interface fluctuations to occur, as shown in
3D calculations (Tackley, 1998; Tackley, 2002). If topography is larger
than the layer thickness, then the dense material does not cover the
entire CMB, but displays either ridges or discontinuous piles or hills,
depending on various parameters. The dense material is swept
along by the thermally-driven mantle flow, away from downwellings
and accumulating under upwellings (Hansen and Yuen, 1988, 1989).
3-D cartesian calculations (Tackley, 1998; Tackley, 2002) found that
the long-term solution is ridges/spokes. Spherical geometry Boussinesq
calculations (Oldham and Davies, 2004) indicated a greater tendency



Fig. 8. Domain diagram for the behaviour of thermochemical convection as a function of
buoyancy ratio B and initial depth of dense layer a, as determined by laboratory experi-
ments (Davaille, 1999b; Davaille et al., 2002; Le Bars and Davaille, 2002, 2004a,b).
Green, flat layers; red, large topography layers; pink, transient oscillating domes; blue,
thin non-internally convecting layer progressively entrained by thermochemical plumes;
yellow, rapid overturn.
Reproduced from Le Bars and Davaille (2004b).

Fig. 9. Comparison of (A) low shear velocity anomalies in the seismic tomographic
model S20RTS (Ritsema et al., 1999; Ritsema et al., 2004) with (B) thermo-chemical
piles from a dynamical, thermo-chemical calculation and (C) plume clusters from a
purely thermal dynamical calculation.
Reproduced from Lassak et al. (2010).
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for isolated piles. A viscosity contrast between the layers makes a large
difference. McNamara and Zhong (2004b) showed that temperature-
dependent viscosity leads to linear piles that are swept around and
spread through the entire lower mantle, whereas composition-
dependent viscosity in which the dense material is more viscous leads
to isolated round ‘superplumes’, particularly with viscosity contrasts
as large as factor 500. Some calculations have been designed to replicate
present-day Earth by specifying plate motions from plate reconstruc-
tions. McNamara and Zhong (2005) found that structures similar to
those seismologically observed under Africa and the Pacificwere gener-
ated. Specifically, Earth's subduction history tends to focus dense mate-
rial into a ridge-like pile beneath Africa and a relatively more rounded
pile under the Pacific Ocean, which is arguably consistent with seismic
observations (Bull et al., 2009). Fig. 9 (from Lassak et al. (2010))
shows a comparison of one of these thermo-chemical convection calcu-
lations and the seismic tomographic model of Ritsema et al. (1999) and
Ritsema et al. (2004), with a purely thermal model that displays plume
clusters also included.

3.3.3. Time evolution
The evolution of a primordial layer is time-dependent. With time,

entrainment of the lower layer into the upper layer, and also the
upper layer into the lower layer, reduces the density contrast hence B,
which may lead to changes in the behaviour. If, as seems likely, the
lower layer is thinner then this entrainment is asymmetric and the
lower layer shrinks with time, as discussed in Section 2.4. The combina-
tion of decreased size and decreased B can lead to changes in the plan-
form and behaviour with time, as illustrated in Fig. 10 from Le Bars and
Davaille (2004b). The right column of Fig. 10 shows a sequence from a
laboratory experiment, showing how an initial flat layer can evolve
into high-topography domes, eventually with blobs, filaments, and a
thin remaining layer at the bottom. These are compared (left column)
to various cartoonmodels of themantle summarised by Tackley (2000).

A systematic study of the influence of various parameters on the
long-term behaviour of a primordial dense layer in compressiblemantle
convection was performed by Deschamps and Tackley (2008, 2009), fo-
cussing particularly on solutions that match long-wavelength probabi-
listic seismic tomographic models (Trampert et al., 2004). In
Deschamps and Tackley (2008) it was found that the dependence of vis-
cosity on composition and temperature makes a large difference to the
solution, with the best-fitting cases having only a small dependence of
viscosity on composition (between factor 0.1 and 10) but a large
(≥104) thermal viscosity contrast, which acts to increase the stability
of the layer (Tackley, 1998). In Deschamps and Tackley (2009) the endo-
thermic phase transition at 660 km depth was found to strongly inhibit
mass exchange and help to keep strong compositional heterogeneities
in the lowermantle, while internal heatingwas found to have negligible
influence. The solutions that best match probabilistic tomography had a
chemical density contrast of 90–150 kg/m3, a large thermal viscosity
contrast, higher viscosity lower mantle, and a Clapeyron slope at
660 km in the range −1.5 to −3.0 MPa/K, a value that is supported by
laboratory experiments (Ito and Takahashi, 1989; Akaogi and Ito,
1993; Yu et al., 2007).

3.3.4. Steep sides
As mentioned earlier, in some places sharp, near-vertical sides to

the LLVSPs are observed seismically (e.g. Ni et al. (2002)). It is not
known whether these steep sides are stable on the ~Ga timescale,
or are simply transient features associated with the time-dependent
evolution of a dense layer (e.g. as discussed by Davaille (1999a) and
later observed in Deschamps and Tackley (2008, 2009)) with time-
scales of ~100 s Ma. For the long-term case, the conditions necessary
to obtain stable steep edges to thermochemical piles were
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Fig. 10. The time evolution of a laboratory thermo-chemical convection experiment (right column) compared to various mantle models proposed to explain geochemical observa-
tions (left column). Cartoons in the left column are from Tackley (2000). (a) Layered at the 660 km discontinuity; (b) deep, high-topography hidden layer (Kellogg et al., 1999); (c)
‘piles’ (Tackley, 1998) or ‘domes’ (Davaille, 1999a); (d) primitive blobs (Davies, 1984; Manga, 1996; Becker et al., 1999; du Vignaux and Fleitout, 2001); (e) whole-mantle convec-
tion with thin dense layer at the base.
Reproduced from Le Bars and Davaille (2004b).

12 P.J. Tackley / Earth-Science Reviews 110 (2012) 1–25

image of Fig.�10


Table 1
Rescaled estimates of density contrast required for layer survival for 4.5 Ga.

Study Thickness
(km)

Δρ
(%)

Δη

Sleep (1988) 100 3.0 1
Davaille et al. (2002) 100 3.5 1
Davaille et al. (2002) 100 2.0 10
Gonnermann et al. (2002) 300 2.0 1
Namiki (2003) 200 2.75 0.01
Zhong and Hager (2003) 1000 1.5 1
Lin and Van Keken (2006a) >75 >0.5 0.001
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investigated by Tan and Gurnis (2005, 2007), who found that an in-
crease in chemical density contrast with height above the CMB is nec-
essary. This is because the thermal expansivity increases with height
above the CMB, making the top of the piles less stable unless the
chemical buoyancy contrast also increases. Whether MORB has this
property is uncertain: as discussed earlier some studies have sug-
gested that its density contrast compared to PREM decreases with
pressure (Ono et al., 2001) but Hirose et al. (2005) found that its den-
sity contrast is approximately constant over the lower mantle and
Ricolleau et al. (2010) found that its density contrast is constant or
slightly decreasing with pressure, depending on exact composition.
Decreasing MORB density contrast with depth has also been included
in some numerical simulations in which a layer accumulates over
time by segregation of MORB (Xie and Tackley, 2004a,b; Nakagawa
and Tackley, 2005a, 2010, 2011) and steep-sided thermo-chemical
structures are observed in some of those calculations, such as the
one in Fig. 7. The rate at which thermal expansivity changes with
depth is very small in the deep mantle (and is exaggerated in Tan
and Gurnis (2007) by assuming a linear profile) so the needed differ-
ence in compressibility is small. However, as mentioned above, it is
not clear that it is necessary for the steep edges to have long-term-
stability; they are also observed as transient features in other experi-
ments (e.g. Fig. 10).

3.4. Survival time of dense material

A layer that is dense enough to be stable against rapid overturn nev-
ertheless gets slowly entrained over geological time. There have been
several laboratory (Davaille, 1999b; Davaille et al., 2002; Gonnermann
et al., 2002; Namiki, 2003), analytical (Sleep, 1988) and numerical
(Zhong and Hager, 2003) studies to determine this entrainment rate.
The various findings and scaling laws from these studies are compared
and reconciled in section 7.10.3.2.1 of Tackley (2007); a brief summary
is given here. The various expressions found for entrainment by plumes
are generally compatible with the one found by Davaille (1999b):

Q ¼ C
κH
B2 Ra1=3

1
1þ Δη=B

ð4Þ

where Q is the flux of entrained material, C is an experimentally-
determined constant, κ is thermal diffusivity, H is the initial thickness
of the lower layer, Ra is the Rayleigh number, Δη is the ratio of lower
layer viscosity to upper layer viscosity and B is the ratio of chemical den-
sity difference ΔρC to thermal density difference ΔρT given by:

B ¼ ΔρC

ΔρT
¼ ΔρC

ρ0αΔT
ð5Þ

where ρ0 is the background density,α is the thermal expansivity andΔT
is the superadiabatic temperature drop across the layer. The time it
takes to entrain a dense layer is thus dependent on its density contrast,
the viscosity contrast, and the vigour of convection, other things being
equal. The density contrast required for a layer to survive over geologi-
cal time has been calculated by several authors. In many cases these es-
timates assume an unrealistically high value of deep mantle α such as
2–3×10−5/K leading to an unrealistically high value of ΔρC; the esti-
mates were rescaled to a value of 1×10−5 in Tackley (2007) and tabu-
lated, as reproduced in Table 1.

When rescaled and compared in thismanner, it becomes clear that a
chemical density contrast of around 2% or so is needed for a layer to be
stable over the age of the Earth, which may be decreased if the dense
material has a much lower viscosity (Tackley, 1998; Deschamps and
Tackley, 2008).
3.5. Influence on plumes

Compositional stratification in the deep has a large effect on plumes.
An early study (Farnetani, 1997) showed that if plumes form from the
top of a dense layer, then their temperature relative to that of their sur-
roundings (the excess temperature) is smaller, helping to explain why
the excess temperature inferred for hotspots is relatively small. It also
leads to a wider variety of plume forms and dynamics. Farnetani and
Samuel (2005) showed that in thermo-chemical convection a great vari-
ety of plume shapes and sizes can form simultaneously. This was further
supported by the study of Lin and Van Keken (2006b), in which thermo-
chemical plumesdisplayeddiverse characteristics that frequently deviat-
ed from the classic features of plumes observed in purely thermal con-
vection studies, and also displayed additional time-dependence, for
example that might cause multiple flood basalt episodes (Lin and van
Keken, 2005).

Plumes normally form from the top of dense piles or ridges in lab-
oratory and numerical experiments of thermo-chemical convection.
There has been some debate about whether this increases their fixity
relative to plumes forming from a purely thermal boundary layer.
Laboratory experiments appeared to indicate that plumes forming
from the top of dense ridges are more fixed than purely thermal
plumes (Davaille et al., 2002; Jellinek and Manga, 2002), although
Davaille et al. (2002) point out that the dense material is swept
around by the large-scale flow and thus the dense material acts as a
“floating anchor” rather than an absolute anchor. Numerical results,
however, found little difference in the fixity of thermo-chemical
plumes and purely thermal plumes (McNamara and Zhong, 2004a).
The reconciliation of these apparently contradictory results is not
clear at present; most likely it depends on the exact parameter range.

Observations indicate that in Earth, present-day plumes (Thorne
et al., 2004) and large-igneous provinces (LIPs) (Burke and Torsvik,
2004; Torsvik et al., 2006; Burke et al., 2008; Torsvik et al., 2010)
tend to come from the edges of inferred chemically-dense piles (i.e.
low-velocity provinces), rather than the tops of them, an apparent dif-
ference to laboratory and numerical experiments of thermo-chemical
convection. Three factors may, individually or combined, explain this
difference:

(1) Previous experiments were not representative of Earth. In
thermo-chemical convection calculations that are designed to
match present day Earth by specifying historical plate motions
as a surface boundary condition (Fig. 9 and Bull et al., 2009; Lassak
et al., 2010), cusps fromwhich plumeswould be expected to form
do appear at the edges of the Pacific and African regions. In local
calculations that include realistic compositionally-stratified slabs
shown in Fig. 6 from (Tackley, 2011), plumes also tend to form
at the edges of regions of dense material (which are also the
edges of the slabs).

(2) The top of piles is not a sharp interface. Piles ofmaterial that form
by the accumulation of subducted MORB (Fig. 7 and Section 3.2)
do not have sharp tops, but rather a compositional gradient. Such
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a compositional gradient can strongly suppress the formation of
plumes (Tackley, 2011).

(3) The dense material is more compressible. Building on earlier
findings (Tan and Gurnis, 2005) that steep sides are promoted
when the compositional density contrast increases with dis-
tance from the CMB (Section 3.3.4), Tan et al. (2011) per-
formed global 3-D spherical models and also found long-lived
stable thermo-chemical structures with steep sides and inter-
estingly, plumes coming preferentially from their edges rather
than centres.
Fig. 11. Geotherms and PPV phase boundaries for three different compositions (dashed,
dotted and dot-dashed lines) and three different geotherms (labelled hot, warm and
cold). For material with an effective phase boundary temperature higher than the CMB
temperature (dot-dashed), a single-, rather than double-, crossing is expected.
Reproduced from Tackley et al. (2007).
3.6. CMB topography

Simple considerations indicate that dense material sitting above
the CMB is expected to induce negative topography (i.e. a depression)
of the CMB, and this was indeed observed in some isoviscous calcula-
tions by Hansen and Yuen (1989). In a more realistic system with
strongly temperature-dependent viscosity, however, this is incorrect.
The ‘piles’ heat up until their net density anomaly is small, and slabs
impinging on the CMB generate more normal stress and stronger neg-
ative topography, such that the topography underneath piles is posi-
tive relative to the average and topography underneath slabs is
negative (Lassak et al., 2007). Purely thermal convection also has neg-
ative CMB topography underneath downwellings and positive CMB
topography underneath upwellings. Lassak et al. (2010) did a detailed
comparison of the calculated CMB topography distribution for the
two cases for present-day Earth, making predictions that will require
greater seismic resolution to resolve. If the regions where slabs reach
the CMB also have a low viscosity due to the presence of post-
perovskite (discussed in Section 4.2.2), then the topography under
slabs is greatly reduced, reducing the overall CMB topographic varia-
tion (Nakagawa and Tackley, 2011).

3.7. Influence on the geodynamo

Because the mantle's viscosity is ~20 orders of magnitude higher
than the outer core's, mantle convection determines both the average
heat flux and lateral variations of heat flux out of the core, which can
influence the existence and the dynamics of the geodynamo. The
mean CMB heat flux is strongly influenced by the presence of a
dense layer. With no layering, the heat flux can be so large that the
inner core grows to much larger than its observed size, unless radio-
genic potassium exists in the core (Nakagawa and Tackley, 2004b,
2005a; Nimmo et al., 2004; Butler et al., 2005). A global layer, howev-
er, may reduce the heat flux so much that the dynamo shuts off
(Nakagawa and Tackley, 2004b, 2005a; Costin and Butler, 2006). A
discontinuous layer, as preferred by seismological observations, pro-
vides a reconciliation of these problems, reducing the heat flux to rea-
sonable values that are still large enough to power the geodynamo
(Nakagawa and Tackley, 2004b, 2005a). This present-day core tem-
perature is insensitive to initial core temperature unless the CMB is
completely blanketed by a layer of dense material and for a reason-
able core evolution the present-day CMB heat flow is around 9 TW
(Nakagawa and Tackley, 2010).

Layering above the CMB also has a dramatic influence on the later-
al variation of CMB heat flux. Large lateral variations can prevent a
dynamo (Olson and Christensen, 2002), while more moderate varia-
tions influence the pattern of core convection (Amit and Choblet,
2010), geomagnetic reversal paths (Gubbins, 1998) and the growth
pattern of the inner core (Aubert et al., 2008). 3-D spherical convection
calculations (Nakagawa and Tackley, 2008) show that the peak-to-peak
heatflux variation is approximately twice themeanheatflux, and that a
discontinuous dense layer results in a bimodal heat flux distribution,
which is influenced by the viscosity of post-perovskite as discussed
later.
4. Role of the post-perovskite phase transition

4.1. Background

The phase transition from perovskite to post-perovskite was discov-
ered in 2004 (Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya
et al., 2004a) and is interesting in the present context for two reasons:
its influence on the dynamics, and its ability to explain various seismo-
logical observations, starting with the much-studied shear-wave dis-
continuity atop D″ discovered by Lay and Helmberger (1983). This
phase transition has a strongly positive Clapeyron slope, initially esti-
mated at ~8 MPa/K (Oganov and Ono, 2004; Tsuchiya et al., 2004b),
but this is probably a lower bound (Hernlund and Labrosse, 2007) and
values as high as 13 MPa/K may be appropriate (Tateno et al., 2009;
Hernlund, 2010).

If the CMB temperature is in the post-perovskite stability field
then the perovskite-to-post-perovskite transition will exist every-
where with a variable depth depending on the local temperature pro-
file (Fig. 11 dot-dashed line). If, however, the CMB temperature is in
the perovskite stability field (Fig. 11 dotted and dashed lines) then
post-perovskite will only exist in regions that have a cold-to average
temperature, with a “double crossing” of the phase boundary with in-
creasing depth (first Pv→pPv with a positive S-wave velocity (Vs)
jump, then pPv→Pv with a negative Vs jump), while in hot areas it
would not occur at all (Hernlund et al., 2005). From core-related con-
straints on the CMB temperature and mineral physics constraints on
the post-perovskite phase transition parameters it is not clear which
of these alternatives applies. Several seismological studies provide
support for the double-crossing scenario in the sense of detecting a
Vs increase followed by a Vs decrease (Thomas et al., 2004a; Thomas
et al., 2004b; Hernlund et al., 2005; Avants et al., 2006; Lay et al.,
2006; Kawai et al., 2007a; Kawai et al., 2007b; van der Hilst et al.,
2007; Sun and Helmberger, 2008; Kawai et al., 2009; Kawai and Geller,
2010). Caution must, however, be exercised in interpreting a Vs de-
crease close to the CMB, because the expected rapid increase in
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temperaturewould also cause such a feature.Mineralogical and seismo-
logical constraints on post-perovskite are further reviewed in Hirose
(2007) and Lay and Garnero (2007), with a broader review of deep
mantle mineralogical complexities in Tronnes (2010).

4.2. Dynamical influences

4.2.1. Clapeyron slope
The dynamical influences of the post-perovskite transition come

from two effects: its positive Clapeyron slope and its influence on
physical properties, particularly viscosity. This positive Clapeyron
slope means that hotter than average regions undergo the transition
at higher pressure (depth) and colder regions at lower depth, creating
lateral density anomalies that enhance convective instability, resulting
in more plumes and a warmer mantle, as shown in 2-D (Nakagawa
and Tackley, 2004a; Matyska and Yuen, 2005, 2006; Yuen et al., 2007)
and in 3-D (Nakagawa and Tackley, 2006; Tackley et al., 2007). This is
visible from a comparison of the middle and right panels of Fig. 4,
which differ only in that the middle panel case contains the pPv transi-
tion. The magnitude of these effects is greatest if the pPv transition is
embedded in the lower TBL rather than above it (Tackley et al., 2007).
This destabilising effect is, however, relatively small despite the large
Clapeyron slope, because the density contrast is small, and so it proba-
bly has less influence than other uncertainties in deep mantle parame-
ters (such as the density of MORB). Using 3-D spherical convection
simulations, Monnereau and Yuen (2007) found that the shape of the
pPv surface is sensitive to amount of internal heating, Clapeyron slope
and temperature at which the pPv transition intercepts the CMB, with
the best match to seismic observations found when the Clapeyron
slope is >9 MPa/K, a relatively high intercept temperature and 80% in-
ternal heating.

Piles of dense material tend to be hot (Fig. 7) so there is less or no
post-perovskite inside them if the transition is composition-
independent (Fig. 12 top panel). This results in an anti-correlation be-
tween regions of dense material and regions containing post-
perovskite, which has the effect of destabilising the piles (Nakagawa
and Tackley, 2005b). The sides of post-perovskite regions can be sharp
and vertical, and thus may offer an alternative explanation for explain-
ing some seismological observations (Ni et al., 2002; To et al., 2005).

Adding complexity to this picture, the pressure and sharpness of
the pPv transition does depend on composition (Caracas and Cohen,
2005; Catalli et al., 2009) such that it occurs at lower pressure in
MORB than in pyrolite (Ohta et al., 2008a), which is consistent with
seismological observations of a post-perovskite lens in the hot, probably
dense region in the central Pacific (Lay et al., 2006). Fig. 12 lower panel
illustrates that when the pPv transition occurs at a lower pressure in
MORB, pPv occurs everywhere but with some complexity at the edges
of piles. Such composition-dependence eliminates the destabilisation
effect (Tackley et al., 2007).

4.2.2. Physical properties
Post-perovskite may have different physical properties than pe-

rovskite (in addition to the obvious density difference), including
thermal conductivity (Goncharov et al., 2010), electrical conductivity
(Ohta et al., 2008b) and most importantly, viscosity. The mechanical
properties of pPv, including seismic velocity and viscosity, are strong-
ly anisotropic due to its crystal structure (Stackhouse et al., 2005;
Wentzcovitch et al., 2006). Seismological observations of strong an-
isotropy at the base of the mantle combined with the expected strong
LPO seismic anisotropy of post-perovskite (Yamazaki et al., 2006;
Walte et al., 2007) led to the idea that post-perovskite is undergoing
dislocation creep while perovskite undergoes diffusion creep. A rela-
tively low dislocation creep viscosity was argued by Carrez et al.
(2007), and a reduction in viscosity was indeed observed in analogue
material CaIrO3 when transforming from perovskite to pPv (Hunt et
al., 2009). Based on ab initio calculations, Ammann et al. (2010)
proposed that the diffusion creep viscosity is also lower than that of
perovskite by as much as 2–3 orders of magnitude. This is not certain
because its viscosity is highly anisotropic, varying by several orders of
magnitude depending on the slip direction (Ammann et al., 2010), so it
is not clear what the macroscopic effective viscosity of an assemblage
of grains is. While Ammann et al. (2010) argue that the easiest slip sys-
temwill dominate the overall strength, this has been questioned (Karato,
2010). Another mechanism bywhich viscosity could be reduced in post-
perovskite is grain size reduction accompanying the phase transition, as
previously discussed for other phase transitions (e.g. Karato et al., 2001;
Solomatov, 2001) and observed during the transformation of CaIrO3

from the perovskite to post-perovskite structure (Hunt et al., 2009).
As post-pervoskite tends to occur in coldmaterial due to its positive

Clapeyron slope, low-viscosity post-perovskite strongly influences (fa-
cilitates) slab deformation above the CMB, resulting in locally higher
CMB heat flux (Cizkova et al., 2010) and in structures that resemble
some seismic results (van den Berg et al., 2010). Global 3-D spherical
calculations (Nakagawa and Tackley, 2011) in which the pPv viscosity
is lowered by a factor of 100 show that this local weakening can also
have a major effect on global heat flux and convective velocities, and
that it also influences the morphology of dense ‘piles’ because the slab
material is able to spreadmore effectively, and because a larger amount
of MORB settles at the CMB.

There is some evidence for low-viscosity post-perovskite from the
geoid. Instantaneous flow calculations designed to model the geoid in-
dicate that including low viscosity in regions where post-perovskite is
expected to be present improves the global fit to Earth's geoid (Cadek
and Fleitout, 2006). This is because low-viscosity pPv changes the
flow pattern near the CMB, decreasing the geoid above slabs (Tosi et
al., 2009a; Tosi et al., 2009b).

4.3. Seismic structure

Post-perovskite has a strong influence on seismic structure and
heterogeneity in the deep mantle. It is the most likely explanation
for the discontinuity in S-wave velocities that occurs at different
heights above the CMB and is observed in some areas but not others
(Lay and Helmberger, 1983; Young and Lay, 1987, 1990; Gaherty
and Lay, 1992; Ding and Helmberger, 1997; Wysession et al., 1998;
Sun and Helmberger, 2008), as argued presciently by Sidorin et al.
(1999a,b). In contrast, the P-wave and bulk sound velocities are slightly
lower (Wookey et al., 2005; Shim et al., 2008). Detailed analysis of deep
mantle structure under the Cocos plate (Hutko et al., 2008)finds a strong
S-wave velocity increase accompanied by aweak decrease in P-wave ve-
locity, exactly as expected for pPv (Wookey et al., 2005; Hustoft et al.,
2008). Post-perovskite may provide an explanation for Vs–Vp decorrela-
tion in the deepest ~200 km of the mantle, although not above that
(Hernlund and Houser, 2008). As discussed earlier, pPv may actually
generate two discontinuities (Hernlund et al., 2005), for which several
seismic studies provide evidence. A detailed review of seismological im-
aging of the deep mantle is (Lay and Garnero, 2011).

The presence of impurities such as aluminium cause the pPv transi-
tion to be more spread out in pressure space (Akber-Knutson et al.,
2005), such that for a pyrolitic composition it might be 100 s km thick
(Catalli et al., 2009), which would be seismically undetectable. Howev-
er, consideration of the detailed temperature structure including latent
heat effects indicates that the transition can appear seismically sharp
even if the phase loop is fairly broad (Hernlund, 2010). Differences in
composition also affect the depth of the transition, such that it occurs
at lower pressure in MORB than in pyrolite (Ohta et al., 2008a), which
is consistent with seismological observations of a post-perovskite lens
in the hot, probably dense region in the central Pacific (Lay et al., 2006).

The S-wave velocity contrast caused by the pPv transition is quite
large at 1–2% — of the same order as the total velocity contrasts due to
temperature or composition, and therefore lateral variability in the oc-
currence of post-perovskite causes strong seismic heterogeneity in the



Fig. 12. Thermo-chemical convection in 3D spherical geometry, showing the effects of composition-independent pPv phase transition depth (top panel) compared to composition-
dependent pPv depth (bottom panel). In each panel the plots are: (a) Residual temperature isosurfaces showing where the temperature is 250 K higher (red) or 250 K lower (blue)
than the geotherm, with the upper 400 km removed to expose the deep mantle. (b) Compositional isosurface showing 75% MORB, again with the upper 400 km removed. (c) Lo-
cation of at least 50% volume fraction post-perovskite. (d) S-wave anomalies at 2700 km depth, where Vs varies by 2% both for composition and with PPV.
Reproduced from Tackley et al. (2007).
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deepest mantle. Synthetic seismic spectra at 2700 km depth (Nakagawa
and Tackley, 2006) or plotted as a function of radius (Tackley et al., 2007)
indicate that post-perovskite may be the dominant contribution to
globally-averaged (spherical harmonic) seismic heterogeneity in the
deepest part of themantle, and has a different spectrum to the heteroge-
neity caused by thermal or compositional variations. It also leads to sharp
vertical structures, which may explain some seismological observations.

As mentioned in Section 4.2.2 pPv is strongly anisotropic. If the
crystals are aligned by deformation (which occurs during dislocation
creep), then this will cause lattice preferred orientation (LPO) anisot-
ropy in regions where pPv is deformed in the deep mantle (Yamazaki
et al., 2006). The alternative mechanism for generating anisotropy is
shape preferred orientation (SPO) of heterogeneous materials such
as inclusions andmelt. An early attempt to simulate anisotropy develop-
ment by flow in a pPv D″ layer (Merkel et al., 2007) found that it is diffi-
cult to reproduce seismically-observed anisotropy using thismechanism.
Miyagi et al. (2010), however, found that slip probably occurs on a differ-
ent system than previously assumed, producing a pattern of anisotropy
that is consistent with seismic observations. Assuming this new slip sys-
tem,Wenk et al. (2011) calculated anisotropy development in a convec-
tion cell that included a slab reaching the CMB and the development of
plumes, finding that it indeed looks like observed seismic anisotropy.
Consistent with early calculations of deformation during convection
(McKenzie, 1979) the long strain direction close to the boundary aligns
with the flow.

4.4. Estimating CMB heat flux

By combining the seismologically-inferred position of the pPv phase
transition with information about the Clapeyron slope of the transition,
it is possible to place a bound on the local temperature gradient in the
region of observation, and by combining this with an estimate of ther-
mal conductivity, obtain the local CMB heat flux. In particular, if a
double-crossing is observed then the temperature gradient with pres-
sure must be at least the inverse of the Clapeyron slope. A problem
with this approach is that, as discussed in Section 2.3, estimates of the
deep mantle thermal conductivity vary by a factor of ~4.5. Application
of this technique assuming a thermal conductivity of 10W/m-K has
yielded local CMB heat flux estimates of 60–80mW/m2 under Eurasia
and the Caribbean (Hernlund et al., 2005), 85±25mW/m2 underneath
the central Pacific (Lay et al., 2006) and 115±45mW/m2 under Central
and North America (van der Hilst et al., 2007). Areas where post-
perovskite is present tend, however, to be colder than average areas,
which, according to global convection models (Nakagawa and Tackley,
2008) may have local heat flux as much as a factor of two higher than
the global average. Another complication is that the temperature profile
above the CMB is not linear or error function. Buffett (2007) showed
that if the pPv transition drives downwards flow then the heat flux
can be much higher. Using 3-D spherical convection calculations,
Monnereau and Yuen (2007, 2010) studied the relationship between
seismic structure (depth of phase transition crossings) and local heat
flux, finding a more complex relationship than linear, with the exact
relationship depending on the profiles of viscosity and thermal con-
ductivity. They concluded that a range of CMB heat flux of 5–17 TW
are consistent with seismic observations, depending on the deep
mantle thermal conductivity.

5. Ultra-low Velocity Zones (ULVZs)

5.1. Background

A number of geographically localised and vertically thin (~10 s km)
zones of very low (5–10% lower than average) seismic velocity directly
above the CMB have been detected since the mid-1990s (Garnero and
Helmberger, 1995, 1996). These have commonly been interpreted
as being due to the presence of 10–30% partial melt (Williams and
Garnero, 1996; Revenaugh and Meyer, 1997; Vidale and Hedlin,
1998; Wen and Helmberger, 1998; Garnero, 2004), although some
type of iron-enriched solid could also explain the seismic signature, ei-
ther forming in the mantle, as discussed below, or by accumulated sili-
cate sediments from the core (Buffett et al., 2000). The mantle-side
explanations are reviewed in detail in the next two sections.

The locations of detected ULVZs are not random, but rather are sta-
tistically correlated with hotspot locations (Williams et al., 1998), and
also the edges of large, seismically-slow regions (McNamara et al.,
2010) that are commonly inferred to be compositionally-distinct, as
discussed in Section 3.

5.2. Partial melt?

Partial melting requires that the CMB temperature be higher than
the solidus temperature at that pressure. This is plausible but highly
uncertain. Estimates of the solidus for pyrolite come frommelting ex-
periments or ab initio calculations, with recent determinations for the
value at CMB pressure being quite consistent: 4100 K (Stixrude et al.,
2009), 4180±150 K (Fiquet et al., 2010) and 4150±150 K (Andrault
et al., 2011), which are also consistent with the upper bound of 4300 K
found earlier by Zerr et al. (1998). Estimates of the CMB temperature,
discussed in Section 2.1, come from consideration of the core phase di-
agram and are highly uncertain, but commonly-quoted values are in the
range 3700–4300 K (Boehler, 2000; Price et al., 2004).

Because the CMB is very close to being isothermal, partial melt
should exist everywhere at the CMB with a variable thickness depend-
ing on the local temperature gradient. An exception to this would be if
compositional variations exist at the CMB and different compositions
have different solidus temperatures; in particular, MORB probably has
lower solidus than pyrolite (Ohtani and Maeda, 2001; Stixrude et al.,
2009). Because ULVZs are not observed in some areas (e.g. Rost et al.,
2010a,b), it therefore appears that they must be compositionally dis-
tinct and probably iron enriched.

If ULVZs are caused by a fairly large fraction of partial melt, then
why does the melt stay in the solid matrix and not drain out into a
pure melt layer above the CMB (if it is denser than the solid) or rise
into the colder mantle above and solidify (if it is buoyant)? Dynamical
calculations of the deepestmantle including two-phaseflow indicated a
very narrow parameter range, in which the melt is very slightly denser
than solid and the permeability is curiously very low, under whichmelt
would remain in the solid to form ULVZ-like features (Hernlund and
Tackley, 2007). These calculations, however, used a simplified treat-
ment of melt migration in which the driving force for melt percolation
was purely gravity acting on the density difference between solid and
liquid. Hernlund and Jellinek (2010) showed that when dynamic pres-
sure gradients associated with deformation of the solid matrix by sur-
rounding flow are also included, dynamic pressure gradients can
dominate gravitational settling and allow themelt to stay in suspension
in the solid.

A melt explanation for ULVZs thus requires the melt to be slightly
denser than the solid at deep mantle pressures, so a key question is
whether this is the case. There is increasing evidence that it is. Extrapo-
lations of laboratory data (Agee, 1998; Ohtani and Maeda, 2001) indi-
cate that basaltic melt becomes denser than solid peridotite, although
peridotitic melt does not. Shock-wave experiments (Akins et al., 2004;
Mosenfelder et al., 2007; Mosenfelder et al., 2009) indicate that melt
may indeed be slightly denser than perovskite, although less dense
than post-perovskite (Mosenfelder et al., 2009). Molecular dynamics
simulations (Stixrude et al., 2009) indicate that although MgSiO3 melt
is slightly less dense than the solid counterpart at CMB pressures, if Fe
partitioning is considered then the melt could be more dense. This is
reinforced by the laboratory experiments of (Nomura et al., 2011),
who find that both systematic changes in Fe and (Fe+Mg) partitioning
with pressure, and the iron spin transition, combine tomakemelt dens-
er in the lower ~1000 km of the mantle.
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If the base of the mantle is partially molten today, it is obvious that
a larger volume of it would have been molten in the past when the
mantle and core were hotter (e.g. Sharpe and Peltier, 1978). Labrosse
et al. (2007) termed this partially molten region at the base of the
mantle the ‘basal magma ocean’ (BMO), and outlined how it would
have influenced the thermo-chemical evolution of the Earth. If the
mantle was entirelymolten after themoon-forming impact, as is com-
monly believed, then it would have solidified from the middle rather
than bottom as was previously thought (Solomatov, 2007). This sce-
nario is supported by subsequent studies (Mosenfelder et al., 2009;
Stixrude et al., 2009). Other consequences are that as the BMO crystal-
lised over Earth's history, the composition of the remaining liquid
would have changed to more Fe rich, as would the composition of the
crystallising solid. Incompatible trace elements, such as those producing
heat, would tend to be concentrated in the remaining liquid (Corgne et
al., 2005). A layer of liquid around the core would have suppressed
lateral variations in CMBheatflux. Eventually the BMOwould complete-
ly solidify,with the last-forming solids being highly iron-enriched,which
might be a better match for ULVZ observations than partial melt
(Nomura et al., 2011).

5.3. Fe-enriched solid?

Various solid compositions are also plausible candidates for
explaining seismic ULVZ observations, and may even match better
than partial melt. The properties of iron-rich post-perovskite, wheth-
er ferrous (Caracas and Cohen, 2005; Mao et al., 2006; Stackhouse et
al., 2006) or ferric (Stackhouse and Brodholt, 2008) could also explain
the seismic velocities. Recent results indicate another possible solid
composition: a mixture of iron-enriched (Mg,Fe)O magnesiowüstite
and ambient mantle (Wicks et al., 2010; Bower et al., 2011).

If ULVZs are iron-enriched solid, where did this material come
from? Three possibilities have been proposed:

(i) Subducted banded-iron formations were proposed as the ori-
gin of ULVZs by Dobson and Brodholt (2005).

(ii) Progressive crystallisation of a basal magma ocean (BMO)
above the CMB (Labrosse et al., 2007) would result in an in-
creasingly Fe-enriched liquid, which would eventually solidify
to form an Fe-enriched solid (Nomura et al., 2011) that might
match ULVZ properties.

(iii) Chemical reactions with the core have received much attention
(Knittle and Jeanloz, 1991; Song and Ahrens, 1994; Dubrovinsky
et al., 2001; Dubrovinsky et al., 2003). Such chemical reactions
would be expected to occur over rather small length scales mak-
ing it difficult to build up a significant layer: a penetration by liq-
uid Fe of 1–100 m was estimated by Poirier (1993) and Poirier
and LeMouel (1992). Amuchmore efficientmechanism is a suc-
tion in areas of downwelling (where the CMB is depressed),
which may entrain Fe a distance ~1 km into the mantle with
fractions of up to 10% (Kanda and Stevenson, 2006). Another dy-
namical mechanism for enhancing Fe transfer is shear-aided
dilatency in regions that already contain a substantial silicate
melt fraction: above a critical strain rate of order (10−12 s−1) sig-
nificant amounts of liquid Fe can percolate upwards into the sil-
icate matrix (Petford et al., 2005; Petford et al., 2007). For either
mechanism it remains to be determined whether at these reac-
tion rates, a sufficient amount of Fe-rich material to explain
ULVZs can build up over geological time.

The dynamical feasibility of the ‘dense solid’ explanation was dem-
onstrated by McNamara et al. (2010) using calculations of thermo-
chemical convectionwith two types of densematerial, one representing
piles and one with the density seismically-inferred for ULVZs. They
showed that small volumes of solid ULVZmaterial can be locally elevat-
ed despite its high density, and are swept around by the convection to
the boundaries of large compositional accumulations, which
periodically break apart and merge together in response to changes in
downwelling patterns.

If ULVZs are enriched in iron, then they could have substantially
higher thermal conductivity (Manga and Jeanloz, 1996), which would
influence their temperature profiles, although they are small enough
that this might not have a major effect on large-scale flow.

6. Synthesis

The last decade has seen an astonishing improvement in our
knowledge of the deep mantle due to improvements in seismological
data and techniques for mapping both large- and small-scale struc-
ture, mineral physics (particularly the discovery of post-perovskite
and the iron spin transition, but also physical properties such as
those of melts) and dynamical modelling, such that views of the
present-day structure of the deep mantle seem to be converging to-
wards a consensus. Components of this consensus include two
large-scale thermo-chemical dense piles underneath the Pacific and
Africa with a total volume of approximately a few percent of the man-
tle volume (Section 3.3.2; Fig. 9), shear-wave velocity discontinuities
caused by the perovskite to post-perovskite transition (Sections 4.1,
4.3), scattered pockets of dense, iron-enriched solid or partial melt
that get swept to the edges of the piles (Section 4.3), a tendency for
plumes to arise from the edges of these piles (Section 3.5), and strong
anisotropy aligned with the local flow direction in D″ (Section 4.3).
The field has reached the stage where individual ‘blobs’ in seismic to-
mographic models can be identified as features from historical plate
reconstructions (van der Meer et al., 2010). It is thus easy to get the
impression that all that is left to do is work out a few details and
write review papers (e.g. Garnero and McNamara, 2008; Tronnes,
2010).

Even if deep mantle structure were known in minute detail, how-
ever, fundamental questions would still remain — in particular, how
the deep mantle developed its present structure as a result of 4.5 bil-
lion years of evolution. This encompasses many individual questions,
including: What is the dense material and how did it get there? How
can geochemical observations be reconciled with geophysically-
inferred structures? Are ULVZs solid or partially molten? How are
deep mantle processes linked to geological observations? Further-
more, large uncertainties in various deep mantle physical properties
discussed earlier, including the dependence of viscosity on various
factors, the thermal conductivity, phase relationships, elemental par-
titioning and melting in the deep mantle taking into account post-
perovskite, iron spin transitions, etc., preclude a precise quantitative
understanding at this stage.

The origin of densematerial in the deepmantle is of particular inter-
est; various primordial or recycled possible origins were discussed in
Section 3.2. Most likely it does not have a single origin but is a mélange
of various things, as shown in Fig. 13.Melting is the dominant process in
its creation. After the moon-forming impact the Earth was likely
completely molten, and according to recent data the mantle would
have solidified from the middle with the deepest ~800–1000 km of
the mantle containing a basal magma ocean that became increasingly
iron-rich as the mantle progressively crystallised (Labrosse et al.,
2007; Stixrude et al., 2009; Nomura et al., 2011), although there is still
some uncertainty about this scenario (Andrault et al., 2011). Wide-
spread melting in the upper mantle would have created negatively-
buoyant melts and subsequently dense solids that could have sunk
to the deepest mantle, so-called upside-down differentiation (Lee
et al., 2010), joining the partially-molten material that was already
there. Extensive early crust would also have been generated due to
widespread melting, and this might also have subducted and sunk
into the deepest mantle (Boyet and Carlson, 2005; Tolstikhin and
Hofmann, 2005; Tolstikhin et al., 2006). Subsequently, over billions
of years, large volumes of subducted oceanic crust, and possibly some
smaller amount of continental crust (Komabayashi et al., 2009; Senshu
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Fig. 13. Plausible scenario of deep mantle processes in (a) the early Earth and (b) present day. In the early Earth, iron-rich materials from several sources including basal magma
ocean (Labrosse et al., 2007), upside-down differentiation (Lee et al., 2010) and overturn of early crust (Tolstikhin et al., 2006) accumulated in the deep mantle generating the basal
mélange (BAM). At the present day, BAM exists in two large piles and the remains of the basal magma ocean are in ULVZs. For a full discussion see text.
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et al., 2009)would have also reached this region and become assimilated
to some extent (Fig. 13b).

The result of these combined early and ongoing processes is a het-
erogeneous basal mélange (BAM). All of these materials would be
enriched in iron and incompatible trace elements, although their de-
tailed compositions would vary due to different formation pressures
and melt fractions. Melting in the deepest mantle likely existed over
much of Earth history (Labrosse et al., 2007) and would have served
to mix and equilibrate these incomingmaterials to some extent, as in-
coming iron-rich material that reached existing hot melt would have
melted itself (Fig. 13a). It is also possible that different materials
retained some of their original chemical identity, particularly the deep
mantle became mostly solid. The last remaining pockets of partial
melt would be highly concentrated in iron and could explain ULVZs,
possibly after solidifying (Nomura et al., 2011).

Geochemical observations are typically interpreted to require a
need for storage of three main types of material (Hofmann, 1997):
(i) with a primitive noble gas signature (i.e., that has never degassed),
(ii) containing incompatible trace elements that are ‘missing’ from
the sampled mantle according to Earth composition models, and
(iii) recycled material, with oceanic crust producing the HIMU end-
member and continental material producing the EM1 and EM2 end-
members (Stracke et al., 2005; Willbold and Stracke, 2006). There
has been much debate about these interpretations and some alterna-
tive concepts (e.g. reviewed in Tackley (2007)) that will not be
discussed here; briefly, recycled crust can offer an explanation
for (ii) and (iii) (e.g. Coltice et al., 2000), while melt products that
formed at greater depth and therefore never degassed could explain
(i) and (ii). Therefore, BAMhas the potential to explain the various geo-
chemical observations.

Given the enormous amount of iron-enriched material that has
probably formed in or reached the deep mantle over geological
time, it is perhaps surprising that the volume of BAM is not a great
deal larger than inferred from seismic observations: for example
Hernlund and Houser (2008) estimate a volume of only 2% of the
mantle volume. On the other hand, simulations of pile formation by
segregation of subductedMORB find that 2% is a reasonable equilibrium
volume at an Earth-like convective vigour (Christensen and Hofmann,
1994; Brandenburg and van Keken, 2007). Therefore, a plausible sce-
nario for the evolution of the BAM is that it was very large early on
due to the basal magma ocean and subsequent rapid arrival of other
material, but has decreased in size over time to its present equilibrium
value. Entrainment is also more rapid at higher Rayleigh number
(Eq. 4), which would have characterised the early Earth, so the volume
could have decreased quite rapidly as heterogeneities got rapidly
remixed (Coltice et al., 2009; Caro, 2011). A complicating factor is that
phase transitions around 660 km depth have a much higher influence
at higher Ra, both for thermal convection (Christensen and Yuen,
1985) and thermo-chemical convection (Davies, 2008), which might
have caused significant flow layering early on, reducing the rate of en-
trainment (Deschamps and Tackley, 2009).

According to inferences that present-day plumes and the recon-
structed locations of erupting LIPs both come from the edges of
BAM piles, these piles have remained in a similar position for the
last few 100 s Ma (Burke and Torsvik, 2004; Thorne et al., 2004; Torsvik
et al., 2006; Burke et al., 2008; Torsvik et al., 2008), and there has even
been a proposal that the large-scale structure of the deep mantle has
been stable for billions of years (Dziewonski et al., 2010). In all labora-
tory or numerical experiments of thermo-chemical convection in
which the flow is time-dependent, however, piles are swept around
by the large-scale flow and sometimes split by new downwelling
slabs (e.g., Figs. 7 and 10 here and Davaille et al., 2002; Hansen and
Yuen, 1989; McNamara et al., 2010; Tan et al., 2011). Convection
models in which supercontinent aggregation is included demonstrate
a supercontinent's ability to reorganise and even reverse the long-
wavelength flow (e.g. Grigne et al., 2007; Gurnis, 1988; Honda et al.,
2000; Lowman and Jarvis, 1993). Thus, stability for billions of years
seems unlikely. Even in time-dependent, chaotic convection, however,
there are sometimes features that remain in a similar position for
some time; for example the pile near the bottom of the simulation in
Fig. 7. Thus, a special explanation for approximately few 100 s Ma fixity
of BAM piles is probably not required. It has been proposed, based on
geological observations, that broad upwelling “superplumes” rising
from these BAM piles have played a major role in Earth's mantle evolu-
tion (Maruyama, 1994; Maruyama et al., 2007).

Future progress in understanding the deep mantle will require ad-
vanced modelling to understand present-day structure in the context
of long-term evolution, which will in turn require better knowledge
of the relevant mineral physics properties. Seismological observations
of increasing resolution will continue to play a key role in unravelling
present-day structures.
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