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Our understanding of the core-mantle boundary (CMB) region has improved
significantly over the past several years due, in part, to the discovery of the post-
perovskite phase. Sesimic data suggest that the CMB region is highly heteroge-
neous, possibly reflecting chemical and physical interaction between outer core
material and the lowermost mantle. In this contribution we present the results of a
new mechanism of mass transfer across the CMB and comment on possible reper-
cussions that include the initiation of deep, siderophile-enriched mantle plumes.
We view the nature of core-mantle interaction, and the geodynamic and geochemi-
cal ramifications, as multiscale processes, both spatially and temporally. Three
lengthscales are defined. On the microscale (1-50 km), we describe the effect of
loading and subsequent shearing of the CMB region and show how this may drive
local flow of outer core fluid upwards into D″. We propose that larger scale
processes operating on a mesoscale (50-300 km) and macroscale regimes (> 300 km)
are linked to the microscale, and suggest ways in which these processes may
impact on global mantle dynamics.
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1. INTRODUCTION

The boundary between the lowermost mantle and outer core,
including the D″ bottom layer, is the most active region of the
Earth’s deep interior. Our understanding of the core-mantle
boundary (CMB) region has improved significantly over the
past several years due to a combination of improvements in

seismic resolution and the recent discovery in 2004 of the
post-perovskite (ppv) phase (Murakami et al., 2004;
Tsuchiya et al, 2004; Ono and Oganov, 2004, Mao et. al.,
2004). The perovskite (pv) to post-perovskite (ppv) phase
transition near the CMB, as revealed from from experiments
and calculations, has exciting and potentially far-reaching
consequences (Monnereau and Yuen, 2007). It is already
clear that this transition can profoundly influence the
dynamics of the D″ layer, and by implication, the CMB
(Nakagawa and Tackley, 2004; 2006; Lay et al., 2004,
Hernlund et al., 2005; Matyska and Yuen, 2005, 2006;
Petford, 2006; Yuen et al., 2007). Furthermore, the elastic
properties of post-perovskite are quite different from
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perovskite, a factor that may account for much of the seismic
anisotropy in D″ (Lay et al., 2004).Yet despite this progress,
the extent to which the seismic properties of the lower man-
tle relate to the phase transition alone, or other processes
including material transfer of outer core fluid across the
CMB and into D″, remain unclear. Less controversially, heat
transfer across the core-mantle boundary (CMB) is funda-
mental in generating large scale instabilities including plume
and superplume upwellings which impact not just on the
lower mantle but the whole earth system (Davies, 1999;
Gibbons and Gubbins, 2000; Olson, 2003; Boyet and
Carlson, 2005, Nolet et al., 2006). Thus, identifying the mode
and extent to which the Earth’s silicate lowermost mantle and
liquid outer core have interacted physically over geological
time has far-reaching consequences for mantle dynamics,
plume initiation and fluxes and the long-term geochemical
evolution of the mantle (e.g Sleep, 1990; Romanowicz and
Gung, 2002; Brandon and Walker, 2005; Nolet et al., 2006).

Seismically, the lowermost 200-300 km of Earth’s mantle
is anomalous. Geophysical investigations over the last decade
show that D″, the ∼100-350 km-thick seismic layer located
near the CMB and characterized generally by a negative
shear velocity and small compressional velocity gradients, is
both seismically heterogeneous and anisotropic on vertical
and horizontal length scales down to c. 10 km (e.g. Garnero
2000, Wang and Wen, 2004). Seismic studies have also
revealed several hundred meters of small-scale topography
on the core-mantle boundary (e.g Earle and Shearer, 1997).
In addition, a thin layer at the base of the mantle where com-
pressional wave velocities drop by ∼10% (Ultra Low Velocity
Zone) may contain ∼5-30% partial melt (Williams and
Garnero, 1996, Garnero, 2000; Lay et al., 2004). But D″ is
not only a thermal and chemical boundary layer. The region
is also a mechanical boundary layer susceptible to regional-
scale deformation deformaton (Karato, 1998 a,b; McNamara
et al. 2002; Panning and Romanowicz, 2004, Merkel et al.,
2007). The strain-field measured by seismic methods has
revealed a detectable anisotropy due to the alignment of crys-
tals or lateral changes in material (elastic) properties (Karato,
1998a,b; Panning and Romanowicz, 2004), while numerical
simulations show that large strain deformations accumulate
in high stress zones associated with downwelling material
(McNamara et al., 2002). Most recently, Merkel et al (2007)
have proposed that structural features such as mechanical
layering, in addition to the elastic properties of post-perovskite,
may be needed to explain seismic anisotropy in D″.

In tandem with these new developments in mineral physics
and seismology, recent geochemical evidence implies that
some deep mantle plumes originating at the core-mantle
boundary (e.g. Montelli et al., 2004) may have tapped a D″
source region modified by core-mantle interaction. Although
unique geochemical identifiers appear lacking, recent
osmium isotopic studies of plume-derived materials

(Brandon et al., 2003; Brandon and Walker, 2005), combined
with Fe/Mn ratios in Hawaiian lavas (Humayun et al., 2004),
suggest that putative CMB-derived plumes may have sam-
pled ∼0.5% core material, inherited from a thermal or Fe-
enriched chemical boundary layer at the core-mantle
interface (Humayun, et al., 2004).

In this contribution, we combine the results of mineral
physics calculations on the elastic properties of post-
perovskite with deformation modeling of viscoelastic media,
deformation experiments, geochemistry and other geophysi-
cal information (such as geoid constraints) to build an inte-
grated model of the geodynamic behavior of D″.We argue
that the dynamics of the lower mantle can be understood in
terms of three interlinked, hierarchical processes that begin at
the grain scale and culminate with the generation of chemi-
cally-enriched mantle plumes. At the smallest scale (defined
here as the microscale), local deformation of the CMB region
is the chief agent responsible for imparting chemical hetero-
geneity in D″. The mesoscale regime (50-300 km) is charac-
terized by internal boundary layer flow and small scale
convection within this sub-layer. Finally, the macroscale
regime (300-1000 km) is treated as a lower mantle convec-
tion problem.

2. APPROACH

We view lower mantle geodynamics as a multiscale sys-
tem, both spatially and temporally. In this sense we have
taken a lead from other disciplines in geophysical fluid
dynamics, notably meteorology, where small-scale perturba-
tions are known to impact significantly on global circulation
patterns. Fig. 1 shows how the relevant length scales interact
with each other, highlighting in particular how macroscale
processes help drive microscale fluid flow and core-mantle
chemical interaction by generating the required deformation
field. Fig. 1 provides a roadmap of how we think the various
linkages between the physical properties of the post-
pervoskite phase, geochemistry, deformation and mantle
dynamics may operate. These linkages are summarized quali-
tatively in cartoon form in Fig. 2.

In the following sections we look in more detail at the spe-
cific, scale-dependent processes that underpin our geody-
namic model. The microscale modeling is informed from
knowledge of the elastic properties of the post-perovskite
phase derived from ab-initio molecular dynamic simulations
(Stackhouse et al., 2005). Deformation experiments on
metal-silicate systems and simulations to determine the
effects of radiative heat transfer in D″ are also important
components of the microscale model, the latter providing a
potentially important upscaling route to superplume nucle-
ation at the CMB. We end by discussing the implications of
our model for core-mantle boundary initiation of plumes and
global mantle evolution.
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3. MICROSCALE PROCESSES: DEFORMATION-
DRIVEN MASS TRANSFER ACROSS THE CMB

In this section we address the physical mechanism respon-
sible for locally transporting liquid metal from the outer core
across the CMB into D″. Identifying a physical processes
capable of transporting liquid metal upwards across the CMB
remains challenging. Put simply, density arguments make
physically emplacing outer core material into D″ via buoy-
ancy fluxing problematic (Stevenson, 2003; Kandar and
Stevenson, 2006). Indeed, there is a reverse analogy with
fluid dynamic models of core formation (e.g. Stevenson,
1990). The high density of liquid metal compared to mantle
silicates means that buoyancy forces dominate the transport
processes, which is essentially one of drainage. From this
perspective, upwelling of liquid metal by gravity-driven
instabilities back into the lower mantle makes little sense. In
an attempt to overcome this contradiction, Petford et al.,
(2005a) proposed a possible mechanism for upwards trans-
port of dense liquid metal that involves shear-aided dilation
of mantle silicate grains in the vicinity mantle downwellings.
Dilatancy of the type first described by Reynolds (1885) is
commonly observed in tests on granular materials under low
stress (low in the sense that the elastic moduli of individual
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Figure 1. Flowchart summarizing the links between the four key
components underpinning the geodynamical evolution of the lower
mantle (physical properties, deformation, geochemistry and plume
generation), and their relationship with the post-perovskite phase
transition.

Figure 2. Cartoon summarizing some of the physical processes and geometries identified in Fig. 1 along with a qualitative indication
of the governing lengthscales.
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grains are small compared with the overall skeleton stress,
ensuring that the constituents of the solid framework remain
virtually undeformed). Dilatancy differs fundamentally from
compaction, where pore space is destroyed due to viscous
deformation of the grains comprising the matrix (McKenzie,
1984; Buffett et al., 2000). The idea put forward is that
Reynolds dilatancy could, given an appropriate matrix rheol-
ogy, play a role in ‘sucking’ core material upwards across the
CMB, thus contributing to some of the chemical and geo-
physical variability observed in D″. This concept is explored
in more detail below.

3.1. Shear-Aided Dilatancy

For shear-aided dilation to occur, D″ must be deformed by
one or more mechanisms so that the required stresses are
generated. We emphasize that with the exception of the pv-
ppv phase transition, the potential driving mechanisms out-
lined below are likely to be both local and discrete in space
and time. In our calculations, loading of the CMB by cold
downwelling mantle is the main deformation mechanism
(Fig 4).The deformational and rheological consequences of
cold material impacting on the CMB have been described by
Karato (1998a,b), who identified regions characterised by
both simple and pure shear (Fig. 3a,b). Following theory out-
lined by Petford et al., (2005 a,b); and Koenders and Petford,
(2003, 2005), predicting the effects of externally derived
shearing forces in granular media, we present order of mag-
nitude estimates of the upwelling fluid flow and mass flux
rates of core liquid metal across the CMB in the vicinity of
the shear field set up by the impacting slab (Fig. 4). The
instability follows thus. A typical value for the liquid (outer
core) viscosity is 10−2Pa s (Secco et al., 1998), the length
scale H is assumed to be 10 km (Garnero, 2000). The perme-
ability is obtained from the well-known Kozeny-Carman
relationship with an assumed mean ppv grain size of 10−3 m
and a local porosity (silicate melt fraction) of 0.2-0.4 (see
Williams and Garnero, 1998; Ohtani and Maeda, 2001; Lay et
al., 2004, Rost et al., 2005; Petford et al., 2005). Note that the
assumed presence of a silicate melt fraction at the CMB is
critical for our model as the dilatancy effect (local volume
increase) will not work without some pre-existing pore space.
The required porosity is a silicate melt fraction that will be
displaced or intermix with upwelling metallic fluid (e.g.
Garnero, 2000). An important feature of the model is that
from the perspective of strain rate-sensitive media, upwelling
velocities velocity scales linearly with the rate of deforma-
tion (see Koenders and Petford, 2000; Petford and Koenders,
2003; Petford et al., 2005a), thus overcoming textural
problems relating to percolation of Fe-rich melts through a
silicate matrix constrained by high dihedral angles (e.g.
Bruhn et al., 2000; Rushmer et al., 2000). A key parameter

governing the dilatancy effect is the shear modulus (G) of the
granular assemblage. Experimental and ab-initio simulations
of the ppv phase a function of P and T predict the shear mod-
ulus varies from 280 to 300 GPa over a temperature interval
of 1000 K (Stackhouse et al., 2005). The stiffness of the
grains another important factor, which itself is a reflection of
the porosity (melt fraction). Virtually nothing is known about
this quantity under conditions prevailing at the CMB, and we
assume a fixed value of 109 Pa (Petford et al., 2005a). Indeed,
given the extreme pressures and temperatures at the core-
mantle boundary, a purely elastic response to loading is likely
to be unrealistic, and viscoelastic effects must be considered
for timescales less than about one millenium, or for viscosity
in D″ exceeding 1021 Pa s. Numerical formulations for two-
phase flow with a Maxwellian viscoelastic rheology have
been developed by Vasilyev et al. (1998) and Connolly and
Podladchikov (1998). We have used this 2-D version for
investigating melt extraction in multiphase systems at deep
mantle conditions where the hydrostatic pressure P is high
relative to the bulk modulus K. Unlike shallower regions of
the earth, P/K is close to unity in the D″ layer. The local
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Figure 3. Two examples of external loading (macroscale) of the
core-mantle boundary (modified from Karato, 1998a), showing
focused sites of shear-induced deformation located at the boundary
between the plume structure and surrounding lower mantle material
(a) thermal upwelling (simple shear dominant) and (b) loading of
CMB by cold, downwelling material (pure and simple shear).
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matrix flow regime can be expressed as a function of the
Deborah (De) number, which measures the importance of
elasticity in this phenomenon. We expect De to be of order 1
or greater in the D″ layer. The technology of second-genera-
tion wavelets (Vasilyev, 2003) can also be brought to bear in
the numerical solution of this problem, which is difficult to
solve using conventional finite-difference techniques
(Connolly and Podladchikov, 1998).

Previous numerical simulations of D″ suggest that dense
material, concentrated in regions of downwelling, can also be
entrained in upwellings. This can result in imposing a topog-
raphy on D″ that is steep and of large amplitude, and whose
structure is most likely coupled to the overlying mantle
(Loper and Lay, 1995; Olson, 2003). Recently, the dilation
model outlined above has been revised to allow explicitly for
the effects of Maxwellian viscoelasticity in the granular

phase (Koenders and Petford, 2007). This marks an important
advance on earlier treatments. Fig. 5 summarizes results from
initial scoping calculations aimed at determining the order of
magnitude flow and mass flux rates of upwelling outer core
liquid across the CMB in response to deformation-driven
dilatancy in D″ for the non-viscoelastic case (see Appendix
for further details). Fig. 5a uses two end-member values of
post-perovskite shear modulus, 3.4 × 1011 Pa (T = 0 K) and
2.85 × 1011 Pa (T = 4000 K; Stackhouse et al., 2005). The
results suggest that average flow flow rates (u) into D″ are
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Figure 4. Diagram showing the simplified geometry of a thermal
and chemical boundary layer (TCBL) in the lowermost mantle of
thickness H and porosity (n) undergoing loading by downwelling
dense material (arrows, see Fig. 4 and Appendix 1 for definitions).
Three zones are identified: (1) region of shear-enhanced (porovis-
coelastic) dilatancy, (2) upwelling outer core fluid shown as yellow
arrow, and (3) Compositionally buoyant upper layer of uncertain
thickness and extent that may contain ppv-dominated sediments
(Buffett et al., 2000; Alfe et al., 2002). The thermal effect of
upwelling core material on the positioning of the pv-ppv phase
boundary is approximated by the upper dashed line (from Petford 
et al., 2005a).

Figure 5. (a) Calculated core liquid metal flow rates (ms-1) as a
function of strain rate assuming a ppv shear modulus of 340 and 285
GPa (0 < T < 4000 K; Stackhouse et al., 2005). Upwelling rates due
to dilatancy range from c. 5 × 10-9 m s-1 to c 10-4 m s -1 over the cal-
culated strain rate interval. (b) Estimated mass flux rate (kg s-1) of
outer core material (assumed density = 104 kg m3) into D” as a
function of loading rate for three cross sectional areas of the core
mantle boundary corresponding to 0.1, 1 and 10% of the total
present-day CMB surface area (Petford et al., 2005a). Mass flux
increases with increasing rate of strain.
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negligible (<10−6 ms−1) until the local strain rate exceeds 
10−12 s−1. For high strain rates (10−10 s−1), flow rates are of the
order of 10−4 ms−1 (Fig 6a). The potential transport time of
infiltrating core fluid given a vertical distance (H) upwards
from the CMB to a height of 10 km (a length scale charac-
teristic of the observed small scale geophysical heterogeneity
in D″, Garnero, 2000) is c. 102to 103 years, provided loading
remains constant at strain rate of 10−12 s−1 may result in local
rapid changes in electrical conductivity (see also section 3.2
below). If higher rates of strain (10−10 s−1) can be achieved,
transport times are of the order 108 s (several years). Estimates
of mass flux rates into the base of D″ are shown in Fig. 5b as
a function of area fraction of CMB deformed. The entire
CMB cannot be deformed simultaneously by cold down-
wellings, and to gain an impression of the effect, three cross
sectional areas corresponding to 0.1, 1 and 10% of the total
CMB surface area (c. 1.5 × 1014m2) are used. As with average
flow rates, mass flux rates increase with increasing strain rate
for a given area of CMB deformed. For strain rates in excess
of 10−12 s−1, mass flux rates lie in the range 109-1011 kg s−1.
At higher loading rates (c. 10−10 s−1), the mass flux rate
across an area of deformation corresponding to 10% of the
CMB may exceed 1013 kg s−1. Clearly, mass transfer of the
type described here will only occur during loading events of
appropriate magnitude. However, during a period of protracted

deformation, it may be the case that the amount of dense
material transported upwards into D″ is sufficient to produce
an exchange of angular momentum between solid mantle and
the core. Density anomalies in the core-mantle system have
been evoked as possible candidate mechanisms for length of
day variations (e.g. Kuang, 2003, Holme, 1998). As unlikely
as it may sound, a direct consequence of our mass transfer
mechanism is a core-mantle coupling with the potential to
alter Earth’s rotation.

3.2. Implications of Fe Infiltration on the Composition of
Post-Perovskite at the CMB

We emphasize that these results are preliminary and relate
to an end-member (ideal) rheology. Nonetheless, they provide
some insight into the possible role of deformation-induced
instabilities at the CMB in locally drawing up dense, outer-
core fluid into the lowermost mantle. Moreover, given the
strong assumed dependence of the post-perovskite phase tran-
sition on composition (Fe content), periodic excursions of
infiltrating Fe-rich liquid metal from the outer core into the
lowermost mantle may profoundly effect the positioning of
this transition over time. Also noteworthy is the fact that per-
ovskite can accommodate significant Fe (e.g. over 75 mole%)
under lower mantle conditions and that the incorporation of
FeO might stablize perovskite to higher pressures (Tateno 
et al., 2007). Either way then the interaction of liquid Fe with
silicate perovskite close to the CMB is likely to result in
changes in density and seismic properties that will contribute to
overall heterogeneity and anisotropy in the lowermost mantle.

Enhanced infiltration of Fe-metallic liquid into D″ may
also expand the influence played by the chemically induced
phase boundary, which could impact at a larger scale those
dynamics of D″ considered responsible for the generation of
superplumes, thus linking the micro and macroscale compo-
nents. Again at the microscale, the pp-ppv phase change of 
c. 1% by volume will result in a stress (pressure) effect that
could in principle give rise to differential stresses close to the
CMB. Indeed, it is possible that the phase transition itself
induces a viscoelastic response capable of driving microscale
flow, although more work is needed to confirm the magnitude
of the effect. Furthermore, the phase change boundary will
vary laterally with temperature. This will result in different
depths of dP/dT laterally and may produce strong lateral
stress gradients leading to lateral flow, shear-wave splitting
and microscale flow.

3.3. Deformation of Silicate (ppv) Sediments Below the CMB

While debate continues as to the exact positioning of the
perovskite-ppv phase transition within the lowermost mantle,
there is evidence to support the idea that the ppv structure may
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Figure 6. Compliation plot showing perovskite and post-perovskite
phase stability at PT conditions relevant to the lowermost mantle
and outer core (after shim, 2005).
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be stable at PT conditions appropriate to the outer core (Fig.6).
Thus, it seems reasonable to assume that any Fe silicate located
there will be dominated by the post-perovskite phase. In a
provocative paper, Buffett et al., (2000) showed that viscous
compaction in a putative silicate sediment layer will act to
expel interstitial core metal liquid and reduce an initial 50%
porosity to a residual value of c. 0.1 on timescales of the order
80-100 Ma. Inspired by this work and the idea that a sedimen-
tary layer may be present at the top of the lower core mantle
boundary, we have investigated some consequences that may
arise from the local deformation of this layer, in particular the
potential for liquid core metal to be drawn upwards into the
sedimentary pile. As for the case outlined above for the lower-
most mantle, infiltration of Fe-metal into previously com-
pacted sediment below the CMB (Buffett et al., 2000) has a
number of potentially significant implications for the short-
term geophysical behaviour of the upper outer core-CMB
interface, including rapid changes in electrical conductivity,
local composition and heat transport. In this section, we
explore the idea that if there is indeed a thin (few km-thick)
granular silicate slurry at the top of the outer core, its matrix
and transport properties may be more dynamic than first envi-
sioned. A key difference between the Buffett model and the
one described here (which are otherwise complementary),
relates to the rheology and microscale deformation behaviour
of the assumed ppv-dominated sediment. As with our model
for mantle deformation above, we assume the bulk material
will dilate in response to an applied shearing stress. The effect
causes the medium to expand, implying that pore space
becomes available for the pore fluid, again noting that there are
no voids in the system (in this case the pore fluid is trapped Fe-
liquid metal). The model requires fixing material properties for
the permeability and stiffness of the solid phase. Thus, the
material properties of the sediment have to be considered.
Buffett et al., (2000) assumed an arbitrary grain size of 10−7 m,
similar to that of fine clay, but acknowledged that there is no
direct evidence for this parameter range. As dilatancy has not
been observed in materials where the grain size is < 1 micron,
specimen calculations are performed assuming flocculation
into clumps larger than the mean particle size. We find that
grain clump sizes ≥10−4 m (100 microns) in the sediment layer,
the dilation effect can result in significant fluid flow.

As with silicate mantle, we assume the putative sediment
pile undergoes loading due to deformation effects that are
external to the layer. Loading may be caused by fluctuations
in convection velocity in the fluid outer core that cause
stresses to propagate normal to the layer, or deformation
from above the CMB in the lower mantle (D″), again due to
downwelling of cold material (e.g. Karato, 1998a,b; Petford
et al., 2005b). On shorter timescales, there is little doubt that
the outer core is convecting turbulently (Olson, 2003), giving
rise to shearing strains concentrated at the sediment-liquid

interface. “Geomagnetic jerks”, caused by sudden accelera-
tions in outer core liquid (Bloxham et al., 2002) also provide
an attractive, if poorly understood, candidate mechanism.

Order of magnitude estimates of the local flow rate of
liquid metal upwards into the dilating sediment layer 1 km
thick are very small (< 10−9 ms−1) where the loading rate is
comparable to mantle convection rates (10−15 s−1). However,
at rates of strain in excess of 10−12 s−1, flow rates increase
markedly (in tandem with threshold changes in excess pore
fluid pressure), and at high loading rates (c. 10−10 s−1),
upwelling velocities approach values characteristic of outer
core convection velocities (0.1 mm s−1, Whaler, 1986). Total
transport time of core liquid upwards through the layer is of
the order 107 - 1010 s (c. 1 to 300 years) depending on the
loading rate. Thus, provided the sediment pile can be
deformed externally at rates ≥ 10−12 s−1, upwards infiltration
of liquid core metal into the compacted upper sediment layer
is expected to occur over for the duration of the loading event.

Several interesting geophysical implications follow on that
are relevant to the core mantle boundary region. Most notable
are changes in electrical conductivity when compared to
estimates of this parameter based on the Buffett et al (2000)
compaction model. The presence of an eclectically conducting
layer along the core mantle boundary is well known (e.g.
Garnero, 2000), but its precise location (mantle side or outer
core) remains unclear. In the Buffett et al., (2000) model, com-
paction in the upper part of the sediment layer resulted in
expulsion of more dense core liquid, and a corresponding
upwards reduction in electrical conductivity, from an initial
value of 1.75×105 Sm−1 to c. 105 Sm−1 where the conductance
of the order 108 S. The relationship between electrical conduc-
tivity (σ) and sediment transport properties is given by Archie’s
law: σ = nχσc, where n is porosity, χ is a constant (1.5) and σc

is the electrical conductivity of liquid iron (5×105 Sm−1). A
consequence of the dilatancy effect is that upwelling of core
liquid metal into the compacted region will locally raise the
electrical conductivity there, leading to fluctuations in electri-
cal properties in regions undergoing active deformation. As an
illustration of this, Fig. 7 shows how σ will change in an ini-
tially well compacted region of sediment (n = 0.05) away from
its background value (5.5×103 Sm−1) as the porosity increases
on dilation. Depending upon the exact choice of Fe liquid con-
ductivity, the electrical conductivity could in principle increase
thirty fold relative to the initial background value in highly
dilatant, large porosity (n > 0.3) regions.

Another important consequence of the dilatant effect relates
to heat flux. Sediments should accumulate in valleys where
heat flux across the CBM is lower than average (Olson, 2003).
However, disruption and infiltration of the sediment pile by
hotter upwelling liquid might act to pump heat locally into the
lower mantle. Hofmeister (2005) has suggested that the ther-
mal conductivity of lower-mantle minerals should decrease
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with increasing Fe content. With respect to the scale hierarchy
of processes outlined earlier, this could give rise to an inter-
esting non-local effect in which Fe drawn into the source
region of a mantle plume developing at the CMB would selec-
tively heat up the interior. This would lower the plume viscosity,
leading to a scenario involving a hot accelerating jet, fueled by
the infiltrated iron. Fresh liquid iron drawn up into contact
with the silicate part of the lowermost mantle also provides an
opportunity to refresh the basin with new sediment, a process
unlikely to occur during compaction as Fe liquid metal is dri-
ven out of the pile away from contact with the overlying man-
tle. Finally, as already outlined, the Fe mole fraction in the
post-perovskite phase lies in the range 0.2 to 0.8 (Mao et al.,
2004). The potential for partitioning large amounts of iron into
the ppv structure means that ppv-dominated sediment could be
up to 20% more dense that Fe perovskite (see also section 3.2)
Gravitational compaction of a high density ppv slurry would
thus be slower than that of Fe perovskite due to the reduced
density contrast between grains and ambient fluid.

3.4. Microscale Physical Processes: Experimental
Deformation Studies

Experimental studies on metallic liquid and silicate systems
provide a direct approach to core-mantle interaction driven by

deformation processes. While conducting ultra-high pressure
deformation experiments on dilatancy are challenging (e.g.
Petford et al., 2006), insight into metal liquid and silicate inter-
action under stress can be gleaned from lower pressure defor-
mation experiments that provide some insight into the range of
physical migration processes and the associated geochemical
response. Changes in melt migration processes and geochemi-
cal signatures conducted on a natural H6 chondrite, composed
of 25% FeNi and FeS and silicate phases olivine and pyroxene
at 1.0-1.3 GPa, under pure shear are presented in Rushmer et al.
(2000) and Rushmer et al. (2005). In summary, the experi-
mental charges show micro-veining and modification of the
silicate phase compositions by migrating Fe-Ni-S-O metallic
liquid (the eutectic composition at the onset of metallic mel-
ting). Deformed charges also reveal textures consistent with
Fe-Ni-S liquid quench occupying dilatant zones formed sub-
parallel to the maximum compression direction, as shown in
Fig. 8 (see also Plate 1c in Rushmer et al., 2005). We regard
this as a critical observation. In all experiments where silicate
melt is absent or present only in low volumes, metallic liquid
is observed in dilatant shear zones, along grain boundaries or
in zones of hydrofracture that develop at higher strain rates.
These textures provide supporting evidence for the microscale
segregation processes and Fe-infiltration model and suggest
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Figrue 7. Plot showing relative electrical conductivity in the sedi-
ment layer 1 km beneath the CMB normalised to a background con-
ductivity (5.5 ×103 Sm-1) at 5% porosity (after Buffett et al., 2000).
Increasing the local porosity in the layer due to dilatancy also
increases the electrical conductivity of the layer. Results are given
for two values of liquid Fe metal conductivity σc = 5 × 105 Sm-1

(light grey) and σc = 4 ×105 Sm-1 (dark grey).

Figure 8. Deformed Kernouve H6 Chondrite sample (KM-18). The
experiment was performed at a strain rate 10-4 s-1, a pressure of 1.3
GPa and temperature of 950°C. Applied stress (σ1) at constant strain
rate is from the top of the image down, vertically. Shearing devel-
ops at an angle to the applied stress and is filled with metallic liq-
uid (now quench).
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Plate 1. Summary diagram showing the proposed relationship between each of the three key length scales described in the text, along
with their characteristic lengthscales: (1) Microscale (< 50 km) shear induced matrix deformation and core liquid entrainment in D″,
(2) Mesoscale (50-300 km) internal boundary layer flow and density-driven sub-layer convection modeled using the shallow water
equations, (3) Macroscale (> 300 km) superplume initiation coupled with radiative heat transfer close to the CMB.
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that external loading can result in dilatant behaviour in relevant
materials during the initial stages of deformation.

Preliminary results from high-pressure simple shear experi-
ments investigating dilatancy in silicate-FeS systems per-
formed at confining pressures of 3 GPa (used to inhibit brittle
behaviour of the silicate matrix) are reported by Petford et al
(2006). Despite the known high dihedral angle between FeS
melt and silicate (Shannon and Agee, 1996), the experiments
revealed that FeS liquid was highly mobile during deforma-
tion. Liquid FeS routinely segregated towards the top of the
deforming sample layers, and textural evidence ofearly dila-
tantion was clearly preserved in some experimental runs.
Detailed analysis of the resultant solid-melt microstructures is
currently underway. But the observation that migration of FeS
melt upwards in the experimental charge (i.e. against gravity)
suggests that transient granular dilatancy and associated pres-
sure gradients driven by shear, as predicted in theoretical mod-
els of Petford and Koenders (2003), lends further support to
the basic physics underlying the microscopic regime (Fig. 9).
However, we acknowledge it is a big step to extrapolate these
textural observations to processes operating at the core-mantle
boundary, and further experimental confirmation relating to
the specific mechanism of shear-enhanced dilatancy at high
pressure is needed (Petford et al., 2006), along with more data
on the deformational behaviour of post-perovskite and relevant
analogs (e.g. Yamazaki et al., 2006).

Deformation experiments are not only important for testing
our ideas underpinning the microscale regime, but also in
helping improve our overall understanding of the rheology of
the lowermost mantle and core-mantle boundary region.
Experimental deformation studies can also be combined with
observations made via geoid anomaly data (e.g. Cadek and
Fleitout, 2006) to provide additional insight into the rheology
of the lowermost mantle. Inversion of lateral viscosity distri-
butions in the lower mantle obtained using long-wavelength
geoid anomaly data (Cadek and Fleitout, 2006) reveal an
interesting pattern of high viscosity regions associated with
slow seismic velocity anomalies, and low viscosity regions
found in regions with fast velocities. From a macroscale per-
spective, this scenario can be explained by a model whereby
downwelling slabs are transformed at their leading edge to
post-perovskite and become less viscous. Their lower viscosity
allows them to spread laterally so that together they pin down
stiff, hot upwelling plumes. This situation is shown in Fig. 10,
where the sinking slabs act to stabilize the hot, but rheologi-
cally strong, pervoskite plumes in the deep mantle.

3.5. Microscale Physical Processes and Associated
Geochemistry: Fe-Ni-S Liquid Entrainment and Possible 
Fe-Enrichment of Silicates

The extent to which Fe-enrichment due to core-mantle inter-
action in the D″ region is a real processes or a geochemical

artifact is proving controversial (Walker and Walker, 2005).
As already mentioned, the greater density of liquid iron alloy
and its immiscibility with silicate rock creates a highly effi-
cient physical barrier between mantle and core. However,
there are no significant reasons why the Earth’s mantle
should be chemically isolated from the core. Indeed, Brandon
and Walker (2005) claim that the D” region is one of the most
chemically reactive regions of Earth’s interior. Several mech-
anisms have been proposed to account for the required core-
mantle interaction. One is the microscale processes described
above where core liquid is physically incorporated directly
into D″ by shear and subsequently tapped by CMB-derived
plumes. This model could give rise to the isotopic systema-
tics observed in Os and W (e.g. Walker et al., 1995; Brandon
et al., 2003; Brandon and Walker, 2005). A complementary
process, operating in tandem with physical entrainment,
arises out of chemical reactions between migrating liquid Fe-
Ni-S (O) and the surrounding silicate matrix. It is proposed
that such chemical exchange could locally produce Fe-
enriched silicates (e.g. Humayun et al., 2004) which are in
turn tapped by CMB-derived plumes, enriching them with
high Fe/Mn ratios but without any corresponding metallic
component that would generate clearly distinguishable iso-
topic heterogeneities. In this way, Fe/Mn is decoupled from
186Os -187Os ratios during physical entrainment at source. In
addition, as the outer core crystallizes, W and Os can be
decoupled due to differences in partitioning behaviour (W
has a lower Kd for the metallic residual metal than Os,
Humayun et al., 2004). Thus, depending upon the plume
source process history, W and Os isotopic ratios and Fe/Mn
ratios need not correlate in plume-derived materials sampled
at the Earth’s surface, and the presence/absence of one or the
other are not in themselves unique indicators (the ‘smoking
gun’) either in support or as evidence against of core-mantle
interaction. Less controversially, continued differentiation of
the liquid outer core to form the solid inner core over time is
likely to have increased the overall abundances of the light
element constituents (FeS, FeO, etc.) to the point of exsolu-
tion at the CMB (Brandon and Walker, 2005). Existing
Fe/Mn data from Gorgona and Hawaiian samples help place
some limits on the possible types of chemical reactions that
may occur at the CMB. One such reaction between an outer
core composed of FeO-FeS-Fe (O and S being the light ele-
ments that ensure the outer core is liquid by reducing the
solidus of FeNi), and silicate mantle (Mg,Fe)O comprising
perovskite and magnesiowustite is:

(Mg,Fe)O + FeO+FeS+Fe = (Mg, Fe*)O + Fe-FeS

In this reaction, the outer core would contribute FeO in the
silicate form to any subsequent mantle plume, leaving Fe-FeS
as residual metallic liquid in D″. Os isotopes see this metal,
but more randomly than the interaction via FeO with the
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silicates. Therefore, mantle plumes derived from a transiently
sheared core-mantle boundary may be higher in FeO (Fe/Mn
ratios), but, Re-Os systematics may be decoupled.

Rushmer et al. (2005) noted the enrichment of silicate
phases through interaction with liquid metal during shear-
ing deformation. In contrast, experimental studies at high

pressures but without deformation (e.g. Knittle and Jeanloz,
1991 Takafuji et al. 2005; Sakai et al. 2006; Asahara et al.
2007) suggest that O will be incorporated preferentially into
the liquid Fe. Such observations may help explain the appar-
ently conflicting chemical signatures in some magmas
believed to have been sourced from plumes originating deep
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Figure 9. Simple shear experiment performed on FeS and Olivine matrix with solid olivine at 3 GPa and 1200°C. Before melting and
simple shear, FeS was distributed evenly across the olivine matrix. After shear, a small fault was seen to cut the sample midway. During
deformation, molten FeS has migrated to the top of the layer (right hand side of top image) and to the bottom (left hand side, top
image). The lower image is a close-up of the sample, showing that liquid FeS has migrated upwards to collect at the top of the
deformed layer.
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in the mantle. It also seems likely that variations in fO2 are
important. This is confirmed by Asahara et al., (2007) who
found that at high pressures in the system magnesiowustite
plus liquid iron, FeO partitions into magnesiowustite. One
consequence, given chemical equilibrium between mantle
and core, is the presence of a thin layer at the base of the
mantle, highly depleted in FeO.

4. MESOSCALE PROCESSES: PETROLOGICAL AND
THERMAL-MECHANICAL INTERACTION BETWEEN

THE PPV BOUNDARY AND OUTER FLUID CORE

We now address the effects of mescscale processes and ther
relationship with the ‘leaky’ core hypothesis. Gerya et al.,
(2006) have developed a 2-D numerical model of coupled
petrological-thermomechanical and porous flow processes at
the CMB. Along with core-mantle interaction (microscale
processes), chemical-mechanical changes in D″ may also
result from contamination by floundering, Fe-rich, oxidized
slab fragments reaching the CMB (Fig. 2) and changes in
lower mantle convection style resulting from small scale con-
vection within a denser Fe-rich D″-ppv layer. Recently a self-
consistent, mesoscale petrological-thermomechanical model
of the lowermost mantle has been derived (Connolly, et al.,
2005; Gerya et al., 2006, Gorczyk et al., 2007) that explicitly
accounts for density changes due to phase transitions involv-
ing ppv in both the continuity and the momentum equations,
along with relevant latent heat reactions and energy conser-
vation equations that include shear heating. The time-depen-
dent continuity equations, solved in Lagrangian form with
substantive time derivative of density computed from moving
active markers, use a viscoelastoplastic rheology (Gerya et
al., 2006, Connolly et al., 2005). The mesoscale model
includes the various nonlinear dependences of thermal con-
ductivity, which has a strong radiative component (see also
section 3.5 below). Initial results suggest that undulations in

the thickness of D″ can result from the interplay of tempera-
ture and composition on the pv-ppv phase transition.
Thermally-driven undulations of the pv-ppv phase boundary
can be significant due to the large Clapeyron slope.
Temperature excursions of 100 K and 500 K give rise to 17 km
and 85 km deflections of the boundary, respectively.
Traditionally, undulations of the phase boundary have been
attributed strictly to thermal perturbations associated with
erupting plumes (Schubert et al., 1975). However, there is
increasing evidence that deep mantle plumes respond to local
chemical potential (Yuen et al., 1993; Ishii and Tromp, 1999;
Trampert et al., 2004). Therefore, the possibility that the 
pv-ppv phase boundary undulation is in part compositional,
reflecting variations in Fe/Mg within a chemically heteroge-
neous D″, requires serious consideration. It may also follow
that the transition pressure (depth) may vary with the molar
fraction of Fe replacing Mg in the ppv lattice. The approxi-
mate relative magnitudes of thermal and chemical perturba-
tions still need to be investigated. However, one implication
of Fe infiltration due to shearing is that the Fe/Mg ratio in
post perovskite, hence the location of the phase transition
(section 3.1), close to the CMB may be position-dependent
and linked with tectonic events (downwelling of slabs,
upwelling of outer core fluid).

5. MACROSCALE PROCESSES: THERMAL-
CHEMICAL (SUPER)PLUMES WITH RADIATIVE

THERMAL CONDUCTIVITY

The presence of a thermal boundary layer at the core-mantle
interface requires conductive heat transfer to take place
across the CMB. Heat transport by thermal conductivity
involves two different mechanisms: scattering involving lat-
tice vibrations (klat) or diffusive emission-absorption
exchange of photons (krad). Previous results show ∂klat/∂T is
negative whereas ∂krad /∂T is positive (e.g., Hofmeister,
2004), leading Dubuffet et al. (2002) to conclude that vibra-
tional transport invigorates convection through feedback in
the temperature equation (boundary layers are destabilized
and convection is made more chaotic and time-dependent),
whereas radiative transport weakens convection by stabiliz-
ing the flow. Recent work (e.g. Hofmeister, 2005, 2006), has
shown that the temperature dependencies are more compli-
cated than previously thought, with strong ramifications for
large scale (superplume) initiation in the lower mantle.
Radiative, diffusive transfer inside the Earth is governed by
two factors: the mean free path traveled by photons, and the
photon flux. In turn, both factors depend on grain size
(Fujisawa et al., 1968; Brewster, 1992; Hapke, 1993;
Kaufmann and Freedman, 2002). However, only recently has
grain size been included in calculating krad (Hofmeister,
2006). In Earth’s lower mantle, energy absorptions in the
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Figure 10. Cartoon showing role of large-scale (macroscale) defor-
mation and interaction at the CMB as inferred from long-wavelength
geoid anomaly data (Cadek and Fleitout, 2006) in relation to the pv-
ppv transition. Fast sinking slabs, transformed to post-perovskite,
have lower viscosity and can spread laterally. This could act to desta-
bilize hot, but strong, pervoskite plumes in the deep mantle.
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visible range are dominated by electronic transitions in Fe2+

with krad a direct function of the concentration of [Fe2+]. The
threshold effects and flattening of klat, which also exhibits
threshold behavior, have ramifications on the style of mantle
convection as shown by the results of Dubuffet et al. (2002).
The specific domains in thermal conductivity suggest slug-
gish lower mantle flow, but a strongly time-dependent pattern
above 670 km. That radiative transfer decreases as
Fe/(Fe+Mg) increases beyond 0.1 suggest that thermo-chem-
ical plumes can form at the base of the lower mantle through
a positive feedback involving chemical enrichment (e.g.
shear-induced dilatancy on the microscale), thermal conduc-
tivity, and temperature-dependent viscosity. This combined
set of processes would be most effective at stagnant points of
the upwelling.

5.1. Global Implications

Models of thermal convection and mantle dynamics are
now being constrained by the post-perovskite phase transition.
This advance, combined with the microscale and mesoscale
processes outlined above that argue for a chemically diverse
D″, have the potential to deepen significantly our under-
standing of mantle gedynamics on a global scale, and in par-
ticular the formation of superplumes. Recent geodynamical
simulations (Matyska and Yuen, 2005, 2006; Nakagawa and
Tackley, 2004, 2006) have focused on the ppv phase transi-
tion itself. However, these studies differ in that the model of
Matyska and Yuen (2005, 2006) makes explicit use of the
radiative component of thermal conductivity in the fluid
dynamic calculations (see section 5 above). For all other
parameters fixed (e.g. Rayleigh number, spinel to perovskite
upper-mantle phase transition, depth-dependent viscosity
etc) superplumes only develop where radiative thermal con-
ductivity is included explicitly in the calculations (Fig. 11).
We regard this result, linking the microscale and macroscale
aspects of our model through 3-D numerical solutions and
thermal-chemical convection in D″ with the post-perovskite
phase transition, as a significant development. Although still
incomplete, as the transition pressure of the phase change
depends on both thermal and chemical variations associated
with lower-mantle dynamics (section 4), we believe we have
moved forward in our understanding of thermal-chemical
convection with a phase transition.

Additional factors that follow on from a better understanding
of the thermal and chemical variations that influence lower
mantle dynamics are the role of Fe-enrichment and plume
flux rates (Nolet et al., 2006). Observations indicate clear
variations in flux strength (Hawaii high, Azores, low) of deep
sourced mantle plumes (Montelli et al., 2004). If temperature
alone is the driving force for upwelling, it is not clear 
why this should result in such variable flux rates. Could

compositional variations play a role too? Clearly we still have
much to learn. However, it is apparent that the next genera-
tion of geodynamic models must incorporate a chemically
diverse D″ layer appropriately parameterized to include the
mineralogical and seismic properties of post-perovskite and
its position-dependent phase transition.

6. SUMMARY

We have presented a model that views lower mantle convec-
tion as a series of linked, hierarchical processes. The emerging
picture is one of a highly dynamic region modified by signifi-
cant interaction and exchange, both chemically and physically
between post-perovskite dominated silicate and outer core
fluid. The “leaky core” hypothesis requires an appropriate
transport mechanism and we propose a model to account for
this that involves regional deformation of ppv silicate triggering
a local dilatant effect that sucks up core fluid. We define this
aspect of the problem as contributing to the microscale (< 50
km) dynamics of D″. Some important meso (50-300 km) and
macroscale (> 300 km) geodymanical implications follow on
from our micorscale model. Firstly, it provides a mechanism for
imparting a distinctive HSE chemical signature into the lower-
most mantle, that links known large scale mantle flow processes
with recent geochemical observations for core-mantle interac-
tions. Secondly, given the strong dependence of the perovskite
and post-perovskite phase transition on composition, periodic
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Figure 11. Figure from a numerical simulation into the effects of
radiative heat transfer on plume nucleation at the CMB. The two
models show contrasting temperature fields that highlight the strong
effect of a small amount of radiative thermal conductivity (k = k(T))
resulting in an overall conductivity increase of around 50% (from
Matyska and Yuen, 2005).
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excursions of infiltrating Fe-rich metal from the outer core into
the lowermost mantle may have profoundly effected the posi-
tioning of this transition over time, and contributed also to sub-
layer mesoscale convection driven in part by density gradients.
Even if upwelling core metal does not instill a strong chemical
potential in D”, it is likely to produce a rheological effect that
could influence the elastic properties of ppv and produce
changes in electrical conductivity. Fe-rich ppv may be respon-
sible for ultra low velocity zones, although other mechanisms
related to topography such as sedimentation in CMB basins,
which may themselves be deformed to produce local changes in
electrical conductivity, should not be ruled out. Encouragingly
there is some experimental evidence in support of the dilatant
mechanism at elevated PT conditions. Finally, Fe-rich ppv in
the lowermost mantle resulting from leaky core infiltration will
influence the nature of thermal conduction across the CBM.
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APPENDIX

The dilatancy effect is a key component of the microscale
process. The model put forward is described in detail in
Petford and Koenders (2003) but summarised here for com-
pleteness. The total stress is σij = σ'ij � pδij where p is the
excess pore pressure and σ ' is the skeletal stress (Terzaghi,
1943). The vertical coordinate is y, the two horizontal coor-
dinates are x and z. The stress equilibrium requires that
∂σij/∂xj = 0 which for a problem that does not depend on x
and z results in σ 'xy = c(t) and σ 'yy = p � d(t), where c(t) and
d(t) are time dependent constants. Biot’s equation for the con-
solidation of an incompressible fluid flowing through a
porous material with position-dependent permeability k(x)
takes the special form:

(1)

where v is the displacement of the granular material, n is the
porosity (melt fraction), and β is the fluid (Fe-metal) com-
pressibility. Time differentiation is denoted by a dot.
Although Biot’s theory describes well the mechanical behavi-
our of porous media under compaction, it does not take into
account the coupling between volume strain and shear stress
that in granular materials results in dilatancy. Koenders and
Petford (2000) and Petford and Koenders (2003) give a

modified form of Eq. (1) that takes into account the effects of
coupled shear strain and volume stress. The reader is referred
to Petford and Koenders (2003) and Koenders and Petford
(2005, 2007) for a full treatment of the mathematical details
of granular aggregates deforming under pure and simple
shear that includes also the effects of rate-dependency. The
basic model is incremental, and by assigning fixed material
properties for the permeability and stiffness of the solid
phase, Eq. (1) can be rewritten as:

(2)

where ṗ is the excess pore pressure, ċ is the shear stress rate,
R is a non dimensional constant of 1 and a is a measure of the
granular stiffness of the sediments comprising the layer.
Under appropriate boundary conditions p(H) = 0 (there is no
excess pore fluid pressure at the bottom of layer of thickness
H), and ∂p/∂y = 0 (the layer is virtually impermeable at the
top), Eq. (2) can be solved analyticallyto provide insight into
the potential magnitude of pressure changes and accompany-
ing fluid flow rates as the material deforms in response to
externally applied shearing strains. The position-dependent
order of magnitude change in excess pore (fluid) presure in a
layer of thickness H is:

(3)

where k is the matrix permeability and θ in this case is the
ppv matrix strength (taken arbitairly as 109 Pa). Finally, the
upwelling (u) rate is:

(4)

where G is the ppv shear modulus, obtained from ab-initio
calculations (Stackhouse et al., 2005).
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