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The deep mantle (> 2400km) of the Earth is largely heterogenous. The most
striking figures are the two large low shear velocity provinces (LLSVPs) beneath
the Africa and the Pacific, which almost cover one third to one half of the CMB region, and extend upward to hundreds of kilometers from CMB. Although a thermochemical structure is required to explain the seismic observations, the nature of
LLSVPs is still not fully understood. Therefore, this thesis aims at exploring the
model space of thermo-chemical convection that can maintain large-scale chemical
heterogeneities in the lower mantle, which will give a better understanding on how
the LLSVPs could remain stable in the lower mantle for a long period of time
comparable to the history of the Earth.
First, we extend the model space from previous 3-D Cartesian geometry to
3-D spherical geometry, which is more like the shape of the Earth. We found that
the main findings from 3-D Cartesian experiments are still valid in 3-D spherical
geometry after slight modifications. Furthermore, we found with an intermediate buoyancy ratio and large thermal viscosity contrast, the chemical structure
(primordial reservoirs of dense material in this study) is dominated by spherical
harmonic degree 2, as in the case of the Earth’s mantle, and plumes arise more
from edges of dense piles instead of randomly with a smaller volume fraction of
initial primordial material.
Second, we extend the search of the model space to include the phase transition
from perovskite (pv) to post-perovskite (pPv), and we focus on the viscosity ratio
between pv and pPv in investigating the effects of this phase transition on the
stability and structure of primordial reservoirs in the lower mantle. In a model
in which parameters are chosen from the findings of our first work to be able to
maintain primordial reservoirs in the lower mantle, only very limited differences
are observed between cases with regular pPv (pPv viscosity identical to that of
pv) and weak pPv (1000× viscosity reduction in regions containing pPv). Cold
slabs can spread more easily and broadly along the CMB in the case with weak
pPv, but the stability and size of the dense reservoirs is not substantially altered
by weak pPv.
Finally, we investigate the influences of three parameters (the core-mantle
boundary temperature, viscosity contrast between pv and pPv, and the Clapeyron
slope of phase transition from pv to pPv) on the long term evolution of primordial
reservoirs in the lower mantle. We find that the models in which the core is fully
covered by weak pPv can not maintain large primordial reservoirs.
In summary, this thesis demonstrates that primordial reservoirs could survive
from the whole history of mantle convection and the interaction between the sta-
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bility and structure of primordial reservoirs and phase transition from pv to pPv.
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Der untere Mantel (>2400km) der Erde ist grösstenteils heterogen. Das auffälligste Merkmal sind die beiden grossen Niedriggeschwindigkeitsstrukturen (large low
shear velocity provinces, LLSVPs) unter dem afrikanischen Kontinent und dem
Pazifik, die beinahe ein Drittel bis zur Hälfte der Kern-Mantel-Grenzregion (core
mantle boundary, CMB) bedecken und sich auch Hunderte von Kilometern vertikal
ausdehnen. Obwohl eine thermo-chemische Struktur zur Erklärung der seismischen Beobachtungen herangezogen wird, ist die Herkunft der LLSVPs immer noch
nicht restlos geklärt. Das Ziel dieser Doktorarbeit wird es deshalb sein, den Modelraum der thermo-chemischen Konvektion zu untersuchen. Diese Konvektion kann
grossräumige chemische Heterogenitäten im unteren Mantel aufrechterhalten und
liefert uns deshalb ein vertieftes Verstädnis, wie die LLSVPs im unteren Mantel
üher längere Zeitperioden der Erdgeschichte stabilisiert werden können.
Zuerst erweitern wir den Modelraum von der ursprünglichen 3-D kartesischen
Geometrie zu einer 3-D sphärischen Geometrie, die mehr der Form der Erde
angepasst ist. Unsere Haupterkenntnisse aus den 3-D kartesischen Experimenten
besitzen nach einigen kleineren Änderungen noch immer Gültigkeit. Des Weiteren
haben wir gefunden, dass bei mittlerem Auftriebsverhältnis und grossem thermischem Viskositätskontrast die chemische Struktur (der ursprünglichen Reservoirs
aus dichtem Material in dieser Studie) dominiert wird von der Kugelflächenfunktion vom Grad 2, wie das der Fall ist im Erdmantel. Plumes treten nicht zufällig
auf, sondern jeweils an den Rändern der Reservoirs und mit einem kleineren Volumenanteil des anfänglichen Ursprungsmaterials.
Als nächstes erweitern wir unseren Modelraum um die Phasentransformation
von Perowskit (pv) nach Post-Perowskit (pPv) und konzentrieren uns auf den
Viskositätskontrast zwischen pv und pPv, so dass wir den Einfluss der Phasentransformation auf Stabilität und Struktur der ursprünglichen Reservoirs im unteren
Mantel untersuchen können. In einem Model, dessen Parameter in Übereinstimmung mit unserer ersten Arbeit gewählt wurden, in der die ursprünglichen Reservoirs im unteren Mantel erhalten bleiben, konnten wir nur minimale Unterschiede
ausfindig machen zwischen einem Fall mit regulärem pPv (wo die Viskosität von
pPv identisch gewählt wurde zu der von pv) und schwachem pPv (1000× reduzierte
Viskosität in Regionen mit pPv). Im Falle von schwachem pPv können sich kalte
Slabs einfacher und weiter ausbreiten entlang der CMB, aber die Grösse und Stabilität der dichten Reservoirs wird nicht substantiell verändert durch schwachen
pPv.
Schlussendlich untersuchen wir noch den Einfluss dreier weiterer Parameter
(der Kern-Mantel-Grenztemperatur, des Viskositätskontrastes zwischen pv und
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pPv, sowie der Clapeyron-Steigung des Phasenüberghanges von pv nach pPv) auf
die Langzeitentwicklung der ursprünglichen Reservoirs im unteren Mantel. Wir
konnten beobachten, dass in den Modellen in denen der Kern vollständig bedeckt ist mit schwachem pPv, die grossen ursprünglichen Reservoirs nicht erhalten
blieben.
Zusammenfassend demonstriert diese Doktorarbeit, wie die ursprünglichen Reservoirs über die ganze Dauer der Mantelkonvektion überleben können, sowie die Interaktion zwischen Stabilität und Struktur der ursprünglichen Reservoirs und des
Phasenüberganges von pv nach pPv.
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1
Introduction

1.1 Mantle convection and the thermo-chemical heterogeneities in the lower mantle
1.1.1 Present-day structure of the lower mantle
The deep mantle of the Earth is one of the most complex regions in the Earth.
Multi-scale heterogeneities, from large-scale structures (typically 1000 km across
and more,) to small scale structures (up to a few tens of kilometres) may coexist, as revealed by seismological observations. The most striking features are the
two large low shear velocity provinces (LLSVPs) beneath Africa and the Pacific,
which extend upward several hundred kilometres from the CMB. The shear velocity
drops by a few percent, suggesting that these regions may be hotter than their
surroundings and possibly chemically distinct.
Regional seismic studies [e.g., He and Wen, 2012; Ni et al., 2002; Wang and
Wen, 2007] indicate that the high altitude of these large anomalies is unlikely to
be caused by a purely thermal origin (Figure 1.1). Other seismic observations
such as the anti-correlation between shear wave and bulk-sound phase velocity
[e.g., Ishii and Tromp, 1999; Masters et al., 2000] could be better explained if
chemical heterogeneities are present in the deep mantle. Furthermore, normal
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Figure 1.1: (A) Shear velocity from South America to South Africa. The
lowest velocities are in red. Green line is idealised LVZ2 structure with sharp
sides (3% velocity reduction in enclosed area). Taken from [Ni et al., 2002]
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3

mode tomography [e.g., Ishii and Tromp, 1999; Mosca et al., 2012; Trampert et al.,
2004] gives constraints on the deep mantle density distribution, which also supports
the presence of large scale compositional anomalies in the deep mantle (Figure 1.2).

Figure 1.2: Seismic and thermo-chemical structures from probabilistic tomography [Trampert et al., 2004] in the depth range of 2000-2891km. a).
Shear-wave velocity, b). bulk-sound velocity, c). density anomalies, d). temperature, e). fraction of perovskite, f). fraction of iron.

1.1.2 Models of thermo-chemical convection and the survival of large
thermo-chemical heterogeneities
Paleomagnetic reconstructions of the locations of large igneous provinces [e.g.,
Torsvik et al., 2008], and the amplitude of true polar wander [e.g., Dziewonski
et al., 2010] suggest that LLSVPs have remained at these locations during at least
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the past 300 Myr. The LLSVPs are also suggested to be robust structures by
probabilistic tomography studies [Mosca et al., 2012; Trampert et al., 2004], which
are based on normal mode data and allows error bars for density anomalies. A
cluster analysis applied to recent tomographic models by [Lekic et al., 2012] reaches
a similar conclusion. Again, many seismic observations suggest that LLSVPs are
chemically distinct from the surrounding mantle.
Given these observations and constraints, models of mantle convection, which
aim to describe mantle dynamics as accurately as possible, should be able to
maintain large scale thermo-chemical reservoirs during long period of time.
Experimental [e.g., Davaille, 1999; Jellinek and Manga, 2002] and numerical
[e.g., Bower et al., 2013; Christensen and Hofmann, 1994; Deschamps and Tackley,
2008, 2009; Kellogg et al., 1999; McNamara and Zhong, 2004, 2005a; Tackley, 1998,
2002] models of thermo-chemical convection have observed a strong stratification or
a more complex structure, depending on the parameters of the model. From these
studies, several parameters are identified to play an important role on the thermochemical structure. One of the most important parameters is buoyancy ratio (B),
which measures the density contrast between the chemical heterogeneities and the
ambient mantle, and controls the amplitude of the deformation of the dense layer
and the stratification of the system [e.g., Jaupart et al., 2007; McNamara and
Zhong, 2004]. When varied from a large value to small value, B leads to different
patterns. Large values of B lead to stable layering, whereas small values promote
efficient mixing between dense and regular material. In the case of the Earth’s
mantle, a large B should be avoided, because chemical stratification would induce
a discontinuity not observed by horizontally averaged seismic models models (e.g.,
PREM, Dziewonski and Anderson [1981]). Maintaining large scale reservoirs of
dense material thus require a moderate B, and one or more additional ingredients
to prevent rapid mixing. One such ingredient is a large thermal viscosity contrast
[e.g., Deschamps and Tackley, 2008; McNamara and Zhong, 2005b]. However, a
large thermal viscosity contrast will result in the stagnant-lid regime, and thus
fails to produce plate-motion on the Earth’s surface. This difficulty can be solved
by applying a yield stress, which can help to break the stagnant lid from the top
of the system and build plate-like behaviour (Figure 1.3).

1.1.3 The nature of chemical heterogeneities
As mentioned above, increasing seismological evidences have pointed out the presence of large chemical variations in the deep mantle. However, the nature and
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Figure 1.3: An example of using yield stress to build plate-like behaviours,
taken from Van Heck and Tackley [2008]

the origin of these chemical heterogeneities are still not clear. Several hypothesis
have been proposed to explain the origin and the nature of these chemical heterogeneities:
i). Recycling of mid ocean ridge basalt (MORB);
ii). The crystallisation of regular or basal magma oceans [Labrosse et al., 2007;
Solomatov and Stevenson, 1993] (Figure 1.4);

Figure 1.4: A cartoon of the crystallisation of magma oceans, taken from
Labrosse et al. [2007]
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iii). Upside-down differentiation in the early history of the Earth [Lee et al., 2010];
iv). Recycling of an early crust [Boyet and Carlson, 2006; Tolstikhin et al., 2006].
The first hypothesis assumes a regular supply of basalt by subducted slabs.
Since the tomographic images clearly show that the cold slabs can subduct to the
deep mantle [e.g., Van der Hilst et al., 1997], the first hypothesis is a straightforward source of heterogeneities, by accumulation of recycled oceanic crust in
the deep mantle [e.g., Nakagawa and Tackley, 2005; Nakagawa et al., 2010]. The
three other scenarios lead to the formation of reservoirs of primitive material that
subsequently evolve and interact with mantle convection. Hotspot plumes, which
are believed to sample the deep mantle, provide a window on the geochemistry of
the deep mantle. Geochemical observations from OIBs, in particular the isotopic
Helium ratio, suggest that hotspot plumes sample several reservoirs, including an
undegassed source and a recycled source [Hofmann, 1997]. Several sources of chemical heterogeneities may thus be present in the deep mantle, and contribute to the
observed seismic models and features. The presence of both recycled and primitive
material is further supported by recent models of thermo-chemical convection. [Li
et al., 2014a; Nakagawa and Tackley, 2014].

1.1.4 The post-perovskite phase transition
One of the most important discoveries in mineral physics during the past decade
is the phase transition from perovskite to post-perovskite [Murakami et al., 2004;
Oganov and Ono, 2004; Tsuchiya et al., 2004a]. An earlier dynamical study by
[Sidorin et al., 1999] predicted that a phase change with a positive Clapeyron
slope would fit the observed D00 S-wave velocity discontinuity observed locally.
At deep mantle temperature and pressure conditions, perovskite transforms to
post-perovskite, which is 1-2% denser than perovskite. This phase transition was
originally estimated to have a large Clapeyron slope (8-10 M P a),Oganov and Ono
[2004]; Tsuchiya et al. [2004a]), and recent studies suggested that the value of
this Clapeyron slope should be higher than previously thought, reaching as high
as 13 M P a/K or even higher (i.e.,16 M P a/K). Experimental studies indicate
that this post-perovskite phase boundary is further sensitive to composition. In
particular it occurs at shallower depth for MORB [Ohta et al., 2008] and ironenriched perovskite [e.g., Mao et al., 2004]. The presence of post-perovskite is likely
contributing to the seismic observations. Shear-waves propagate slightly faster (by
about 2%) in post-perovskite than in pervoskite, whereas the bulk sound velocity

1.2 Thesis objectives

is lower (by 1%) [Caracas and Cohen, 2013; Mao et al., 2013; Oganov and Ono,
2004; Tsuchiya et al., 2004a]. On the basis of these results, it has been suggested
that post-perovskite is responsible for the anti-correlation between shear-wave and
bulk-sound velocity anomalies [Davies et al., 2012; Hutko et al., 2008]. The postperovskite phase transition is a good candidate to explain the D00 discontinuity, at
least in regions where P-and S-wave have opposite polarities [Cobden and Thomas,
2013]. Furthermore, post-perovskite is strongly anisotropic and may also be a good
candidate to explain D00 anisotropy [Wookey et al., 2005].
The post-perovskite phase transition also has strong dynamic influence[e.g.,
Cizkova et al., 2010; Nakagawa and Tackley, 2004, 2005, 2006, 2011; Tosi et al.,
2010], and it may induce double-crossing which is used to constrain the temperature gradient in D00 [Hernlund et al., 2005], and the heat flow with thermal
conductivity prescribed[Hernlund et al., 2005; Lay et al., 2006].

1.2 Thesis objectives
The main goal of this PhD thesis is to explore the model space of thermo-chemical
convection in spherical geometry, and identify the parameters that play a key
role in maintaining primordial reservoirs of dense material at the bottom of the
mantle. By comparing to the existing geophysical and geochemical observations,
we expect to find the most likely models, and get new insight into the deep mantle’s
thermo-chemical structure. A second objective of this PhD is to study in detail the
influence of the post-perovskite phase and of its properties on models of thermochemical convection, and in particular on the shape and stability of reservoirs of
dense material in the lowermost mantle.

1.3 Thesis outline
This thesis is structured as follows:
In Chapter 2, the important parameters that are thought to affect the stability
and the structure of primordial reservoirs of dense material in the lower mantle
are examined in 3-D spherical geometry. A systematic study on various parameters including the buoyancy ratio, thermal viscosity contrast, chemical viscosity
contrast, volume fraction of primordial material, and Clapeyron slope of the 660
km phase transition is carried out. Resulting thermo-chemical structures and their
properties are tested against seismic observations through spectral heterogeneity
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maps. This helps determine which parameters lead to a more Earth-like mantle
convection model.
In Chapter 3, the effects of low viscosity post-perovskite on the stability and
structure of primordial reservoirs of dense material in the lower mantle are examined using models of thermo-chemical convection in 3-D spherical geometry. In
addition to an experimental setup allowing large reservoirs of primordial material
to be maintained, as found in Chapter 2, the viscosity contrast between pv and
pPv was set to be 1 and 1/1000, simulating the regular and weak pPv, respectively.
Results indicate that the viscosity ratio between perovskite and post-perovskite
does not substantially affect the shape and stability of the primitive reservoirs.
In Chapter 4, the effects of the large uncertainties of CMB temperature, viscosity of pPv and Clapeyron slope of the phase transition from pv to pPv are
examined using high resolution 2-D calculations.
The important findings of this thesis are summarized in Chapter 5. Some
possible additional studies related to this thesis are listed as future work.

2
The stability and structure of primordial
reservoirs in the lower mantle: insights
from models of thermo-chemical
convection in 3-D spherical geometry

Published in Geophysical Journal International as:
Y. Li, F. Deschamps, P.J. Tackley , The stability and structure of primordial
reservoirs in the lower mantle: insights from models of thermo-chemical convection in 3-D spherical geometry,
Geophys.J.Int., 199(2), 914 − 930, http://dx.doi.org/10.1093/gji/ggu295.

9

Abstract
Large scale chemical lateral heterogeneities are inferred in the Earth’s lowermost mantle by seismological studies. We explore the model space of thermochemical convection that can maintain reservoirs of dense material for a long period
of time, by using similar analysis in 3D-spherical geometry. In this study, we focus on the parameters thought to be important in controlling the stability and
structure of primordial dense reservoirs in the lower mantle, including the chemical density contrast between the primordial dense material and the regular mantle
material (buoyancy ratio), thermal and chemical viscosity contrasts, volume fraction of primordial dense material, and the Clapeyron slope of the phase transition
at 660km depth. We find that most of the findings from the 3D-Cartesian study
still apply to 3D-spherical cases after slight modifications. Varying buoyancy ratio leads to different flow patterns, from rapid upwelling to stable layering; and
large thermal viscosity contrasts are required to generate long wavelength chemical
structures in the lower mantle. Chemical viscosity contrasts in a reasonable range
have a second order role in modifying the stability of the dense anomalies. The
volume fraction of the initial primordial dense material does not effect the results
with large thermal viscosity contrasts, but has significant effects on calculations
with intermediate and small thermal viscosity contrasts. The volume fraction of
dense material at which the flow pattern changes from unstable to stable depends
on buoyancy ratio and thermal viscosity contrast. An endothermic phase transition at 660 km depth acts as a ’filter’ allowing cold slabs to penetrate while
blocking most of the dense material from penetrating to the upper mantle.
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2 The stability and structure of primordial reservoirs in the
lower mantle: insights from models of thermo-chemical convection in 3-D
spherical geometry

2.1 Introduction
Seismological observations indicate that the Earth’s lowermost mantle (>2400 km
depth) is strongly heterogeneous at a large scale (>1000 km). In particular, two
large low shear-wave velocity provinces (LLSVPs), in which the shear-wave velocity decreases by a few percent compared to the average mantle, are present
beneath the Pacific and Africa [e.g., He and Wen, 2012; Houser et al., 2008; Li
and Romanowicz , 1996; Ni et al., 2002; Ritsema et al., 2011; Su et al., 1994; Wang
and Wen, 2007]. Paleomagnetic reconstructions of the locations of large igneous
provinces [e.g., Torsvik et al., 2008], and the amplitude of true polar wandering
[e.g., Dziewonski et al., 2010] suggest that LLSVPs have remained at these locations during at least the past 300 Myr.
The nature of these heterogeneities is still unclear. Several studies [e.g., Davies
et al., 2012; Schuberth et al., 2009, 2012a] argue for a dominantly thermal interpretation, whereas other studies [e.g., Deschamps and Trampert, 2003; Forte and
Mitrovica, 2001; Karato and Karki, 2001; Saltzer et al., 2001] prefer a thermochemical interpretation. Several lines of evidence from various datasets, including the anti-correlation between bulk-sound and shear-wave velocity anomalies
[Ishii and Tromp, 1999; Masters et al., 2000; Mosca et al., 2012; Trampert et al.,
2004], support a thermo-chemical origin. It was recently suggested that this anticorrelation may result from wave propagation effects [Schuberth et al., 2012b], or
might be related to the phase change from perovskite to post-perovskite in the
lowermost mantle [Davies et al., 2012]. Because the anti-correlation between VS
and VΦ anomalies is also observed by normal mode data [Ishii and Tromp, 1999;
Mosca et al., 2012; Trampert et al., 2004], which are not affected by wave propagation effects and further show a correlation between density and seismic velocity
anomalies, and because the post-perovskite hypothesis fails to predict large scale
structures, the thermo-chemical hypothesis appears more likely. The detailed nature of chemical heterogeneities is still under debate, the two main hypothesis being
that they result either from the evolution of primordial reservoirs of dense materials
formed by differentiation early in the Earth’s early history [e.g., Labrosse et al.,
2007; Lee et al., 2010; Solomatov and Stevenson, 1993; Tolstikhin et al., 2006],
or from accumulation of subducted oceanic crust above the core-mantle boundary (CMB) [e.g., Christensen, 1989; Christensen and Hofmann, 1994; Gurnis and
Davies, 1986]. Recently, it was proposed that small fractions of recycled MORB
may be episodically incorporated in pre-existing primordial reservoirs [Tackley,
2012], which is supported by high-resolution 2D-Cartesian models of convection
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[Li and McNamara, 2013]. In this study, we assume that chemical heterogeneities
are related to reservoirs of primordial dense material, and we investigate the stability and structure of these primordial reservoirs.
Several studies [e.g., Davaille, 1999; Deschamps and Tackley, 2009; McNamara
and Zhong, 2004; Oldham and Davies, 2004; Tackley, 1998, 2002] have shown
that, the buoyancy ratio (B), measuring the density contrast between the dense
and regular materials relative to the density contrast due to thermal expansion,
is the most important parameter controlling the stability of the dense material in
the mantle. High values of B lead to global chemical stratification in which the
dense material covers the entire core-mantle boundary (CMB) and the interface is
almost horizontal, whereas low values of B leads to rapid mixing. In the case of
the Earth’s mantle, a global chemical stratification is not desired because it is not
observed on 1-D radial seismic models. To avoid stratification and rapid mixing,
moderate buoyancy ratio and some additional ingredient are needed. 3D-Cartesian
numerical experiments have indicated that a large thermal viscosity contrast allows
pools of dense material to be maintained for periods of time comparable to the
age of the Earth [Deschamps and Tackley, 2008]. In contrast, the influence of the
volume fraction of dense material was found to be of second order [Deschamps and
Tackley, 2009; Jaupart et al., 2007]. The effects induced by an endothermic phase
transition at 660 km depth (ringwoodite to perovskite and magnesio-wustite) have
been studied in various geometries. An interesting effect of this phase transition
is to strongly filter the dense material flowing from the lower mantle to the upper
mantle [Deschamps and Tackley, 2009; Deschamps et al., 2011; Van Summeren
et al., 2009; Weinstein, 1992].
Here, we extend the systematic search from the previous studies in 3D-cartesian
geometry [Deschamps and Tackley, 2008, 2009] to spherical geometry, which is
the natural geometry of the Earth, by exploring the effects of buoyancy ratio (B),
thermal and chemical viscosity contrasts (∆ηT , ∆ηC ), volume fraction of primordial
dense material (Xvol ), and Clapeyron slope of the 660 km phase transition (Γ660 )
on the stability and structure of the primordial dense reservoirs.

2.2 Experimental setup
We performed numerical experiments using StagYY [Tackley, 2008] , which solves
the conservation equations of mass, momentum, energy, and composition for an
anelastic, compressible fluid with infinite Prandtl number. Calculations are performed in 3D spherical geometry on the Yin-Yang grid [Kageyama and Sato, 2004].
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The grid is radially parameterized on 64 nodes, the radial increment being refined
at the top and at the bottom of the mantle. At each depth, the resolution of
the Yin (Yang) grid is 64×192 (192×64) points, leading to a total resolution of
64×192×64×2 points. The curvature of the shell is controlled by the ratio between
the core and total radii,
rc
(2.1)
f=
R
which we here fix to f = 0.55, corresponding to the Earth’s mantle’s value.
The top and bottom boundaries are free-slip and isothermal. The system is
heated both from the bottom and from within, and the heating rate of the primordial material is increased by a factor 10 compared to the regular mantle material,
accounting for the fact that MORB source region is depleted in radiogenic elements
[Kellogg et al., 1999]. Compressibility involves depth-dependence of physical properties (density, thermal expansivity and thermal conductivity), and induces additional sources and sinks of heat (viscous dissipation and adiabatic heating/cooling)
that are controlled by the dissipation number, Di, which depends on the thermal
expansion and thus varies with depth. In our calculations, the surface and volume average value of the dissipation number are Dis = 1.2 and < Di >= 0.39,
respectively. Physical parameters are listed in Table 2.1.
Viscosity depends on temperature, depth and composition. The depth-dependence
consists of an exponential increase with depth, plus a viscosity jump by a factor 30
at a depth of 660 km (corresponding to a non-dimensional height above the CMB
z = 0.76). The viscosity is fully described by

η(z, T ) = η0 [1 + 29H(0.76 − z)]exp[Va

∆TS
z
+ Ea
+ Ka C]
D
(T + Tof f )

(2.2)

where η0 is a reference viscosity, H is the Heaviside step function, Tof f the temperature offset (here equals to 2200K) and D the mantle thickness. The viscosity
variations with depth and temperature are controlled by Va and Ea , respectively,
modelling the activation volume and energy. Note that, the top to bottom thermal
viscosity contrast is defined as ∆ηT = exp(Ea ), but due to the temperature offset, the effective viscosity variations due to temperature variations is smaller than
∆ηT . The viscosity variations with composition is controlled by the parameter Ka ,
the viscosity jump between dense and regular material being ∆ηC = exp(Ka ). To
avoid numerical difficulties, the viscosity was truncated between 10−5 and 105 . As
an example, we display the viscosity profile for our reference case (section 3.1) in
online supplementary Figure 2.17.
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As an input, we define the surface Rayleigh number:
Ras =

αs gρs ∆Ts D3
η0 κs

(2.3)

where g is the acceleration of gravity, D the mantle thickness, and κs the surface
thermal diffusivity. The surface Rayleigh number remains constant during the
entire run, and in all the calculations shown in this paper we prescribed Ras = 109 .
In contrast, the effective Rayleigh number Raef f calculated with volume-averaged
properties varies with time, but remains in the range of 106 to 3 × 106 .
Composition is tracked with a collection of Lagrangian tracer particles [Tackley and King, 2003]. Two types of tracers are used, tracking dense and regular
materials, respectively, with a total of 24 million tracers in each experiment. The
volume fraction of dense material Xvol is varied between 2.5% and 15%. Large
values (10% and more) of Xvol are unrealistic in the case of the Earth’s mantle,
and we considered such values only to investigate in details the influence of Xvol .
The compositional field is obtained by calculating the concentration C of dense
tracers in each cell. C varies between 0 for a cell filled with regular material only,
and 1 for a cell filled with dense material only. The density difference between the
dense and regular materials is controlled by the buoyancy ratio:
B=

∆ρC
αs ρs ∆Ts

(2.4)

where ∆ρC is the density difference between the dense and regular material, αs is
the thermal expansion at surface, ρs is the average density at surface, and ∆Ts is
the super-adiabatic temperature difference across the mantle.
The initial condition for temperature is an adiabatic profile on which thin
thermal boundary layers at the top and the bottom, and small random 3D perturbations are added. The dense material is initially located at the base of the shell
in a uniform layer of non-dimensional thickness hDL , which is calculated from the
volume fraction of dense material (Xvol ) and the geometry (f ).

hDL =

[Xvol (1 − f 3 ) + f 3 ]1/3 − f
1−f

(2.5)

To estimate the time of the onset of instability of the dense layer, we use the
method defined in Deschamps and Tackley [2008], which is based on the evolution
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of the average non-dimensional altitude of dense material:
1
< hc >=
V

Z
C(r, θ, φ)rdV

(2.6)

V

For stable layering, < hc > remains constant in time at a × hDL , (where a is
a geometrical constant depending on the curvature of the shell), , and hDL is the
initial thickness of the dense layer. As the layer gets unstable, < hc > increases.
More importantly, < hc > is a good measure of the degree of mixing of the system
at each stage of the experiment. Values of < hc > around a × hDL indicates stable
layering, whereas for efficient mixing one gets
3

)1/3 − f
( 1+f
2
< hc >=
1−f

(2.7)

For f=0.55, this leads to < hc > = 0.634. Stable reservoirs of dense material lead
to intermediate values of values of < hc >.

2.3 Results
2.3.1 Reference case
For comparisons, we define a reference case (here referred to as case 1) with the
following properties: a buoyancy ratio of 0.30, corresponding to a density contrast
of 120 kg/m3 , and a viscosity that varies both with depth (Va = 4.603) and with
temperature (Ea = 20.723). The chemical viscosity contrast is set to 1, i.e., the
dense material and regular material have the same viscosity, all other parameters
being the same. At the upper/lower mantle boundary we impose a viscosity jump
of factor 30, and a phase transition with a non-dimensional Clapeyron slope of
-0.0668, corresponding to −2.5M P a/K. The initial volume fraction of primordial
dense material is 3.5%.
In this reference case, after the onset of the convection two large reservoirs of
dense material are generated at the bottom of the shell and survive convection
(Figure 2.1a). The power spectrum of chemical anomalies is dominated by largescale structures, i.e. low spherical harmonic degrees (Figure 2.1b). The dense
reservoirs can survive mantle convection (i.e., they are not re-entrained by the
flow) for a period of time larger than the age of the Earth. Plumes are generated
at the top of these reservoirs and entrain small fractions of dense material. This
erosion is however very small. We extended the calculation to 9 billion years and

2.3 Results
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Table 2.1: Parameters and Scaling

Parameter
Non-dimensional parameters
Reference Rayleigh number
Buoyancy ratio
Volume fraction of dense material
Initial thickness of the dense layer
Surface dissipation number
Compositional heating ratio
Physical and thermo-dynamical parameters
Acceleration of gravity
Mantle thickness
Super-adiabatic temperature difference
Reference adiabat
Surface density
CMB density
Density jump at z=660km
Surface thermal expansion
CMB thermal expansion
Surface thermal diffusivity
CMB thermal diffusivity
Clapeyron slope at z=660km
Viscosity law
Reference thermal viscosity
Viscosity ratio at z=660km
Thermal viscosity ratio
Compositional viscosity ratio
Vertical viscosity ratio
Dimensional scalings
Velocity
Time
Heat flux
Interal heating rate

Symbol

Value

Unites

109
0.1-0.5
0.025-0.15
0.05-0.255
1.2

Ras
B
X
hDL
DiS
RHC

10

g
D
∆TS
Tas
ρS
ρb
∆ρ660
αS
αb
κS
κb
Γ660

9.81
2891
2500
1600
3300
4950
400
5.0 × 10−5
1.0 × 10−5
6.24 × 10−7
8.74 × 10−7
-5.0 to 0.0

ms−2
km
K
K
kg/m3
kg/m3
kg/m3
K −1
K −1
m2 s−1
m2 s−1
M P a/K

1.0
1.0
1.0
0.64
1
1.5
0.1212
1.0
0.2
1.0
1.4
−1.336 × 10−1 t

η0
∆η660
∆ηT
∆ηC
∆ηZ

1.6 × 1020
30
103 -1010
10−2 -103
102

Pa s

1.0

v
t
Φ
H

1.0
424
2.6
2.72×10−13

cm yr−1
Gyr
mW m−2
W kg −1

1468
1.0
1.0
1.0

Table 2.2: Cases Used in This Study

Case
1
2-8
9-13
14-17
18-25
26-33
34-39

B
∆ηT
0.30
109
0.16 - 0.50
109
3
0.30
10 − 1010
0.20
109
0.30
106 , 109
0.20, 0.30
109
0.20, 0.30
109

Non-dimension

∆ηC
Xvol
1
3.5%
1
3.5%
1
5%
1
2.5 - 15%
1
2.5 - 15%
0.03 - 100
5%
1
3.5%

Γ660
-2.5
-2.5
-2.5
-2.5
-2.5
-2.5
0, -2.5, -5

Figure
1
2, 3, 4
5, 6, 7
8
9, 10, 11
12, 13
14, 15, 16
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Figure 2.1: Snapshot of reference case with B=0.30, ∆ηT = 109 , ∆ηC = 1,
Xvol = 3.5% at time 4.5 Gyr. Top row: Isosurface of the composition with
contour level C=0.50 (left). Isosurface of the non-dimensional temperature
with contour level T=0.65 and T=0.40 (right). Bottom row: SHM of composition field up to degree 12 (left). SHM of temperature field up to degree
12 (right).

2.3 Results

the reservoirs in the lower mantle were still present, with a similar structure as
in Figure 2.1. An interesting difference, compared to similar calculations in 3DCartesian geometry [Deschamps and Tackley, 2008, 2009], is that many plumes
are located on the edges of the reservoirs. This is consistent with the observation
that most of the deep rooted hotspots are generated on the edges of the low shearwave velocity provinces [e.g. Torsvik et al., 2008], and with previous models of
thermo-chemical convection [e.g. Tan et al., 2011].
The flow pattern is time-dependent. After they formed, plumes remain the
same position for some period of time. They then disappear and are replaced by
newly formed plumes located elsewhere. At each time step, however, most of the
plumes are located at the margins instead of the central area of the dense reservoirs.
The detailed location of plumes is likely related to the detailed dynamics of the
dense reservoirs, and the temperature distribution within them. In addition, cold
downwellings arriving at the bottom of the shell play an important role by pushing
away chemical piles. A full understanding of the plume distribution at the top of
the dense reservoirs requires a detailed study of the dynamics of these reservoirs,
which is beyond the scope of this paper.

2.3.2 Effects of buoyancy ratio
We present a series of experiments with the buoyancy ratio between 0.1 and 0.5
(cases 2 to 8). According to the parameters listed in Table 2.1, this leads to density
contrasts between 41kg/m3 and 206kg/m3 . Other parameters are the same as in
the reference case.
We observe significant changes in the stability and structure of the system,
depending on B. For buoyancy ratios smaller than 0.20, the dense material is
quickly swept around by mantle convection (Figure 2.2a), and entrained upwards in
the shell. Dense and regular material mix efficiently after the onset of convection.
The thermal structure is dominated by large plumes that are generated at the
bottom of the shell, rise upwards, and spread out beneath the phase transition
(Figure 2.2c). Above this transition, secondary plumes rising up to the surface are
generated.
For intermediate buoyancy ratios (B = 0.20 − 0.36), large thermo-chemical
reservoirs are generated at the bottom of the shell and remain stable for periods of time comparable to the age of the Earth. Clearly, the thermo-chemical
structure varies strongly with B (Figure 2.2d-i). Dense reservoirs have substantial
topography for cases with smaller B (around 0.2-0.3), while the dense material
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Figure 2.2:
Snapshot of cases with (from left to right): B =
0.16, 0.26, 0.36, 0.50, ∆ηT = 109 , ∆ηC = 1, Xvol = 3.5%, Γ660 =
−2.5M P a/K. Top row: Isosurface of the composition with contour level
C = 0.5. Middle row: Polar slices of the composition. Bottom row: Polar
slices of temperature.

tends to flatten and spread above the CMB with increasing B. Despite their different shapes, these structures are dominated by long wavelengths, as indicated
by spectral heterogeneity maps (Figure 2.3). After they have formed, these long
wavelengths thermo-chemical structures remain stable during the rest of the experiments.
For larger buoyancy ratios (> 0.36), reservoirs remain stable during the whole
run time without forming large topography structures, but with no ubiquitous layer
surrounding the core, due to the small fraction of dense material (Xvol = 3.5%)
used in these experiments (Figure 2.2j-l). A fully core-covering dense layer can
be obtained only with both a large buoyancy ratio (B > 0.4) and a large volume
fraction (Xvol > 10%) (section 3.4). If such global layering were present in the
Earth’s mantle, it would induce a discontinuity near the bottom of the mantle,
in contradiction with 1-D radial seismic profiles [e.g., Dziewonski and Anderson,
1981; Kennet, 1991].

2.3 Results

composition
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Figure 2.3: Spectral heterogeneity map (SHM) of the temperature (left
column), and composition (right column) for the 4 cases show in Figure 2.
From top to bottom: B = 0.16, B = 0.26, B = 0.36, B = 0.50.
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Figure 2.4: Influence of buoyancy ratio. Average depth of dense material,
< hc > as a function of time and for various values of B, including the three
cases in fig 2.

This series of experiments indicates that, as observed in Cartesian geometry
[Davaille, 1999; Deschamps and Tackley, 2009; Jaupart et al., 2007; Tackley, 1998],
the buoyancy ratio is the main parameter controlling the stability of the dense material. Low values of this parameter lead to efficient mixing of the initial dense layer
with the rest of the shell, whereas large values induce stable layering (Figure 2.2,
Figure 2.3, Figure 2.4).
Note that B as defined in this paper uses the thermal expansivity at the top
of the mantle, which is five times larger than the thermal expansivity at the base
of the mantle (Table 2.1). If B were instead defined using thermal expansivity at
the base of the mantle, which is where the balance between thermal and compositional buoyancy matters in our experiments, then the boundary between rapid
layer overturn and long-term stable reservoirs occurs at a B of around 1.0, as expected from previous works in which expansivity was not depth-dependent. For
further discussions on this see [e.g. Tackley, 1998].

2.3.3 Effects of the thermal viscosity contrast
In cases 9 to 13, we performed runs with values of Ea from 0 to 23.03, which potentially correspond to thermal viscosity contrast (∆ηT ) from 1 to 1010 . However, due
to the temperature offset (Eq.2), the effective thermal viscosity contrast is lower,
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which avoids the system operating in stagnant-lid mode. Instead, the system is in
a sluggish lid regime which tends to generate long wavelength convection [Tackley,
1996; Tackley et al., 1993]. The buoyancy ratio was fixed at B = 0.30. Again,
strong changes in the thermo-chemical structure are observed, depending on the
value of ∆ηT (Figure 2.5).
First, it should be noted that the onset time of mantle convection (tonset ) increases with the thermal viscosity contrast (∆ηT ) (Figure 2.7). Meanwhile, the
stability of dense reservoirs increases with increasing thermal viscosity contrast.
For thermal viscosity contrasts smaller than 106 , the layer of dense material becomes unstable after a non-dimensional time of less than 10−3 (Figure 2.7). Dense
material is swept upwards, and quickly mixes with the regular material (plots
a,b,d, and e in Figure 2.5). For thermal viscosity contrasts larger than 108 , reservoirs of dense material are generated and remain stable in the lower mantle during
the entire run.

Figure 2.5: Snapshot for cases with B = 0.30, Xvol = 5%, t =
0.0117(4.5Gyr) and (from left to right): ∆ηT = 103 , 106 , 109 , 1010 . Top
row: Isosurface of composition with contour level C = 0.5. Middle row:
Polar slice of composition. Bottom row: Polar slice of temperature.

For intermediate thermal viscosity contrasts in the range 106 − 108 , the onset
time of the convection is larger than in cases with small thermal viscosity con-
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trasts, and the structure of dense reservoirs is substantially different. Figure 2.5
indicates that smaller thermal viscosity contrast leads to sharp edges at the boundary, whereas for larger thermal viscosity contrast, the dense reservoirs are flatter
and cover a larger fraction of the CMB. Also, the mixing of the dense material and
regular material becomes less efficient with increasing thermal viscosity contrast.
Figure 2.6, which shows spectral heterogeneities maps(SHM) of the compositional field, indicates that long wavelength structures are more easily generated
with large ∆ηT . In contrast, the cases with small ∆ηT are dominated by short
wavelength structures.
Furthermore, increasing thermal viscosity contrast flattens the topography of
the dense reservoirs (Figure 2.7), an observation that agrees with previous studies
[Bower et al., 2013]. The thermal viscosity contrast thus has a strong influence
on the stability and shape of reservoirs of dense material. Large contrasts, corresponding to a strongly temperature-dependent viscosity, are needed to maintain
reservoirs of dense material in the lower mantle. This is consistent with results
obtained in 3D-Cartesian geometry [Deschamps and Tackley, 2008]. An important difference is that larger contrasts are needed in spherical geometry than in
3D-Cartesian geometry. Our study indicates that contrasts in the range 108 − 1010
(which refers to Ea between 18.42 and 23.03), maintain stable reservoirs more
easily, and are therefore more likely for the Earth’s mantle.
Taking ∆TS = 2500K and R = 8.32, the thermal viscosity contrast we imposed
in our reference case (Ea = 20.723) is equivalent to an activation energy of about
435 kJ/mol. Thermal viscosity contrasts of 108 and 1010 correspond to activation
energies of 390 and 480 kJ/mol, respectively, which are in the range of deep mantle
activation energies for MgO and perovskite derived by Yamazaki and Karato [2001]
as well as the top-of-lower-mantle value for perovskite measured by Holzapfel et al.
[2005], but lower than ab initio calculations for perovskite determined by Ammann
et al. [2009].

2.3.4 Effects of volume fraction of dense material
In cases 14 to 25, we performed experiments with fixed buoyancy ratio and thermal
viscosity contrast, but varied the volume fraction of dense material from 2.5%,
which is representative of the LLSVP volume(e.g., Hernlund and Houser [2008]),
to 15%. Note that large values of volume fraction (> 10%) are not realistic for the
Earth’s mantle, but we consider them to better understand the influence of this
parameter.
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Figure 2.6: Spectral heterogeneity maps (SHM) of the composition for cases
with B = 0.30, Xvol = 5% and (a):∆ηT = 103 , (b): ∆ηT = 106 , (c):
∆ηT = 109 , (d): ∆ηT = 1010 .
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Figure 2.7: Influence of the thermal viscosity constrast. Plotted is the average depth of the dense material < hc > as a function of time for cases with
B = 0.30, Xvol = 5% and various values of ∆ηT = 103 , 106 , 108 , 109 , 1010 .

Figure 2.8: Snapshot of cases with B = 0.20, ∆ηT = 109 , t = 0.0117(4.5Gyr)
and (from left to right): Xvol =2.5%, 5%, 10%, 15%. Top row: Isosurface
of the composition with contour level C = 0.5. Middle row: Polar slice of
composition. Bottom row: Polar slice of non-dimensional temperature.
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For small thermal viscosity contrast (< 106 ) and/or small buoyancy ratio (<
0.20), the layer of dense material becomes unstable and is swept into the upper
mantle quickly after the onset of convection, whatever the volume fraction we
imposed. In contrast, for large thermal viscosity contrast (> 108 ), changing the
volume fraction does not substantially modify the stability and structure of the
reservoirs of dense material (e.g., cases with B=0.30, ∆ηT = 109 for which only
< hc > are plotted in Figure 2.10).
For intermediate thermal viscosity contrasts (between 106 and 108 ), the volume
fraction of dense material plays a role, although a second order role compared to
that of the buoyancy ratio. Indeed, a comparison between Figure 2.8 and Figure 2.9
indicates that the volume fraction of dense material has a stronger influence on
the stability and structure of dense reservoirs when the buoyancy ratio is lower.
Our results also show that with a small volume fraction of dense material (i.e.,
Xvol < 3.5%), it may be very difficult to get a stable layer of dense material
fully covering the CMB, because the cold downwellings which subduct to the deep
mantle are strong enough to break and push aside the dense material.

Figure 2.9: Snapshot of cases with B = 0.30, ∆ηT = 106 , t = 0.0117(4.5Gyr)
and (from left to right): Xvol =2.5%, 5%, 10%, 15%. Top row: Isosurface
of the composition with contour level C = 0.5. Middle row: Polar slice of
composition. Bottom row: Polar slice of non-dimensional temperature.
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An interesting difference, compared to calculations in 3-D Cartesian geometry [Deschamps and Tackley, 2009] is the distribution of the plumes. First, it
should be noted that in both geometries, the locations of plumes are related to the
dense reservoirs (i.e. we do not observe plumes rising from locations outside these
reservoirs), regardless of the volume fraction of dense material. However, in 3-D
Cartesian calculations, most of the plumes rise from the area located in the central
region of the dense reservoirs. In our calculations, by contrast, the locations of
plumes strongly depend on volume fraction of dense material (Figure 2.11). For a
large volume fraction (e.g., 10% or larger), plumes are mostly located on the central area of these reservoirs. In contrast, for volume fractions lower than 5%, most
of plumes are located on the edges of the dense reservoirs, and only a few plumes
still rise from the central parts. This is consistent with the observations that the
reconstructed positions of large igneous provinces are preferentially located at the
margins of the LLSVPs [e.g., Torsvik et al., 2006]. But it is also important to
note that all plumes do not necessarily rise from the edges of LLSVPs. Our experiments show that plumes may also be generated within dense reservoirs, and
reconstructed LIPs do not all fit on the margins of LLSPVs, but may also found
within the LLSVPs. A recent analysis [Austermann et al., 2014] further suggest
that there is no significant correlation between the locations of plumes and margins of LLSVPs. Finally, thermal winds may slightly shift the surface expression
of hotspots away from their root in the deep mantle (Figure 2.11). However, a full
understanding of the plume distribution requires studying the coupled dynamics of
dense reservoirs and cold downwellings in more detail, which is beyond the scope
of this study.

2.3.5 Effects of the chemical viscosity contrast
Another parameter controlling the rheology of the fluid is the chemical viscosity
contrast between dense and regular materials, which may influence the detailed
shape of the reservoir [Deschamps and Tackley, 2008]. In cases 26 to 33, we
performed experiments in which the chemical viscosity contrast is varied between
0.03 and 100 .
For cases with a small buoyancy ratio (B = 0.20) and large thermal viscosity
contrast (109 ), the chemical viscosity contrast has a substantial influence on the
thermo-chemical structure of the system (Figure 2.12). The dense reservoirs have
larger topography with increasing value of ∆ηC . Note that in the cases shown in
Figure 2.12, because the buoyancy ratio is relatively small, the reservoirs are not
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Figure 2.10: Influence of volume fraction of dense material. All cases have
B = 0.30. Average depth of dense material, < hc > as a function of time for
various values of volume fraction (Xvol ) and the thermal viscosity contrast
(∆ηT ), including the cases in Fig 9.

Figure 2.11: Snapshot of cases with B = 0.30, ∆ηT = 109 , t =
0.0117(4.5Gyr), and (from left to right): Xvol = 3.5%, 10%. A combination
of isosurface of the composition C = 0.5 and non-dimensional temperature
T = 0.6 to show the locations of the hot plumes from the dense reservoirs.
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Figure 2.12: Snapshot of cases with B = 0.20, Xvol = 3.5%, ∆ηT = 109 , t =
0.0117(4.5Gyr) and (from left to right): ∆ηC = 0.03, 1, 30, 100. Top row:
Isosurface of the composition with contour level C = 0.5. Middle row: Polar
slice of the composition. Bottom row: Polar slice of the temperature.

very stable. For cases with a larger buoyancy ratio (B = 0.30), dense reservoirs
are more stable and the chemical viscosity contrast plays only a second order role
(Figure 2.13). Additional calculations with B = 0.30 show that dense reservoirs
become unstable only for smaller values of the thermal viscosity contrast (around
104 ) and smaller values of the chemical density contrast (10−1 ).
This series of experiments indicates that the chemical viscosity contrast plays
a second order role on the stability of the dense reservoirs. It however slightly
modifies the shape of the reservoirs by controlling its detailed topography, with
both the topography and the steepness of the reservoirs increasing with increasing
∆ηC (Figure 2.12).

2.3.6 Effects of the phase transition at 660 km depth
Because it opposes the cold downwellings and hot upwellings, an endothermic
phase transition, such as the spinel-to-perovskite and periclase/wustite transition
at 660km depth, is likely to have a strong effect on the mantle flow pattern. Models of thermal convection indicate that slabs may penetrate below an endother-
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Figure 2.13: Snapshot of cases with B = 0.30, ∆ηT = 109 , Xvol = 3.5%, t =
0.0117(4.5Gyr) and (from left to right): ∆ηC = 0.03, 1, 30, 100. Top row:
Isosurface of the composition with contour level C = 0.5. Bottom row: Polar
slice of the non-dimensional temperature.

mic phase transition through episodic avalanches [e.g., Machetel and Weber , 1991;
Tackley et al., 1993; Wolstencroft and Davies, 2011]. Experiments in 2D-Cartesian
geometry have further suggested that if its Clapeyron slope is large enough, an endothermic phase transition may induce compositional layering by trapping dense
material below the phase transition [Weinstein, 1992]. More recently, several models have pointed out that the 660 km discontinuity acts as a filter for dense material
entrained by hot plumes [Deschamps and Tackley, 2009; Deschamps et al., 2011;
Van Summeren et al., 2009]. The detail effect of the 660 km phase transition
on plumes is however still debated, due to the multiple phase change occurring
at these depths. It has for instance been pointed out that hot material may go
through an exothermic phase transition at 660 km (Hirose, 2002). In cases 34 to
39, we performed a series of experiments with a Clapeyron slope (Γ660 ) between
0M P a/K and −5M P a/K, corresponding to non-dimensional values between 0
and -0.1336. (Figure 2.14 and Figure 2.15). Note that in all experiments we
impose a viscosity jump of 30 at the phase transition.
In models with a small buoyancy ratio (B = 0.20), in which the layer of dense
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Figure 2.14: Snapshot of cases with B = 0.20, Xvol = 3.5%, ∆ηT =
109 , t = 0.0117(4.5Gyr) and (from left to right): 660 km Clapeyron slope
(Γ660 )=0MPa/K, -2.5MPa/K, -5MPa/K. Top row: Isosurface of the composition with contour level C=0.5. Middle row: Polar slice of the composition.
Bottom row: Polar slice of the temperature.

material is unstable, and a Clapeyron slopes between 0 and −1.25M P a/K, the
dense material entrained by plumes crosses the 660-km phase transition without
significant filtering. When the Clapeyron slope is set to 0, plumes remain unaffected and a substantial part of the dense material is entering the upper mantle
(Figure 2.14a and b). With increasing magnitude of Clapeyron slope, the plumes
spread out below the phase transition. Small secondary plumes are generated
above the transition and rise towards the surface. Most of the dense material is
trapped below the transition zone, but a small fraction is entrained above this
transition by the secondary plumes (Figure 2.14d and e). Figure 2.16 indicates
that the fraction of primordial material in the upper mantle decreases by about
30% when the Clapeyron slope increases strength from 0 to −2.5M P a/K. Interestingly, a large Clapeyron slope of around −5.0M P a/K triggers a double layering
(plots g and h in Figure 2.14 ). First, plumes rising from the bottom of the shell
and downwellings sinking from the surface are stopped below and above the phase
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Figure 2.15: Snapshot of cases with B = 0.30, Xvol = 3.5%, ∆ηT =
109 , t = 0.0117(4.5Gyr) and (from left to right): 660 km Clapeyron slope
(Γ660 )=0MPa/K, -2.5MPa/K, -5MPa/K. Top row: Isosurface of the composition with contour level C=0.5. Middle row: Polar slice of the composition.
Bottom row: Polar slice of the temperature.

transition, respectively, inducing a stratification of the system, i.e. convection operates separately in the shells below and above the transition. As a consequence,
the dense material is trapped below the phase transition. Second, because of
this layering convection in the bottom shell is less vigorous (the thickness of each
sub-shells, hence the Rayleigh numbers, are smaller) which in turn increases the
stability of the layer of dense material. Note, however, that such a large negative
Clapeyron slope is not applicable to the Earth. If the dense reservoirs are more
stable due to larger buoyancy ratio (Figure 2.15), only a small amount of dense
material is entrained upwards by plumes. This dense material is further filtered
by the transition zone, provided that the Clapeyron slope at 660 km depth is large
enough. A Clapeyron slope of −2.5M P a/K can reduce the entrainment to the upper mantle by around 30% to 40%. Again, if the Clapeyron slope is too large, the
system is stratified, and all the dense material remains trapped below the phase
transition.
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Figure 2.16: Fraction of primordial dense material in the upper mantle with
different buoyancy ratio (B) and Clapeyron slope at 660 km (Γ660 ).

2.4 Concluding discussion
In this study, we perform numerical experiments of thermo-chemical mantle convection in 3-D spherical geometry to identify the parameters that control the
thermo-chemical structure and dynamics of the system. Our findings generally
show that the conclusions drawn from studies in 3-D Cartesian geometry [Deschamps and Tackley, 2008, 2009], are also valid in 3-D spherical geometry. They
also agree with previous experiments in 3D-spherical geometry [McNamara and
Zhong, 2004]. Our systematic search allows us to identify the parameter range
needed to maintain reservoirs of dense material for a period of time comparable
to the age of the Earth, without them mixing with the surrounding mantle.
Maintaining reservoirs of dense material requires both moderate chemical buoyancy ratio and a large thermal viscosity contrast. A large buoyancy ratio leads
to global chemical stratification of the system with a stable layer of dense material covering the CMB. This structure does not fit seismological observations,
because it induces a discontinuity in the radial model of seismic velocity, which is
not observed. Furthermore, the mantle beneath the discontinuity would appear to
be homogeneous, whereas tomographic models report strong lateral variations. A
low buoyancy ratio favours quick mixing between the dense and regular material,
leading to a chemically homogeneous mantle. At least in the lowermost mantle,
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seismological observations imply the presence of strong chemical heterogeneities.
For intermediate buoyancy ratios, reservoirs form due to the dense material being
swept away from downwellings, but keeping them stable requires a large thermal viscosity contrast. Our study indicates that such structures may be obtained
with a buoyancy ratio between 0.2 and 0.36 (which, if taking a superadiabatic
jump of 2500K, corresponds to a chemical density difference between 80kg/m3
and 145kg/m3 ). This is in agreement with current estimates of density anomalies
in the lower mantle [Mosca et al., 2012; Trampert et al., 2004]. A large thermal
viscosity contrast also helps in building long wavelength structures dominated by
spherical harmonic degree 2. Note that [Tan et al., 2011] explored other combinations of parameters and found that higher bulk modulus also helps in keeping the
reservoir stable and maintaining sharp edges.
Our numerical experiments further indicate that the volume fraction of dense
material plays a second order role in controlling the stability and structure of
dense materials. This is consistent with previous analogue [Jaupart et al., 2007]
and numerical [McNamara and Zhong, 2004] experiments. Interestingly, if the
thermal viscosity contrast and the buoyancy ratio both have intermediate values,
the effect of the volume fraction is more pronounced. In the case of the Earth’s
mantle, the volume fraction of initial dense material is still poorly constrained. A
crude estimate inferred from the volume of LLSVPs suggests a value in the range
1.5-3% at the present day. This is consistent with with our results, which suggest
that the most likely value of the volume fraction of dense material (in the sense
that the reservoirs’ geometry matches that of LLSVPs) is lower than 5%. For
these values, the initial thickness of the dense material is between 200 km and
400 km, and the height of the dense reservoirs reaches 500-800km above CMB,
consistent with the height of LLSVPs observed by most of the tomography models
[e.g., Houser et al., 2008; Masters et al., 2000; Ritsema et al., 2011].
More interestingly, our 3-D spherical experiments indicate that the volume
fraction of dense material influences the distribution of plumes. For values of
the volume fraction of 10% and higher, plumes are located near the centre of the
reservoirs and along central ridges. By contrast, for volume fractions less than
5%, plumes are mostly located on the edges of the dense reservoirs. Reducing
the volume fraction of dense material is therefore consistent with observation from
paleomagnetic data that suggest that plumes originate from the edges of LLSVPs
[Burke and Torsvik , 2004; Torsvik et al., 2008, 2010]. Note that models that
impose surface velocity from models of reconstructed plate motion [Bower et al.,
2013; McNamara and Zhong, 2005a; Zhang et al., 2010] also reproduce some of
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the observed characteristics of LLSVPs, including locally sharp edges [Ni et al.,
2002], and the concentration of plumes near the edges of the reservoirs [Torsvik
et al., 2008, 2010]. Therefore, to fit the shape of LLSVPs best and to explain the
location of hotpots as reconstructed by paleomagnetic data, the volume fraction
of dense material should not be larger than 5%, equivalent to an initial thickness
of dense material of about 300 km.
Although a phase transition at 660 km acts as a filter for dense materials,
the strong cold downwellings can cross this phase transition and reach the CMB
in most of the experiments we performed. The hot upwellings, on the contrary,
are blocked below the phase transition, and smaller plumes are generated above
the phase transition. The filtering of dense material depends on the value of the
Clapeyron slope of this transition. For a Clapeyron slope of −2.5M P a/K, which is
the expected value for the transition from ringwoodite to perovskite and periclase,
most of the dense material remains trapped below the phase transition, but a small
fraction of dense material penetrates into the upper shell and is entrained upwards
to the surface. Interestingly, numerical experiments in 3D-Cartesian geometry [Deschamps et al., 2011] have shown that the entrainment of dense material by upper
mantle plumes is consistent with the geochemical signature of ocean island basalts.
Larger values of the Clapeyron slope ( < −4M P a/K) lead to layered convection,
and thus keep the primordial dense material in the lower mantle, favouring chemical layering at the bottom of the system. This does not fit the seismic observations
for the Earth’s mantle. Furthermore, such large values of the Clapeyron slope at
660 km are unrealistic in the case of the Earth’s mantle. The real effect of the
660 km transition is further complicated by multiple phase transition around this
depth. In addition, mineral physics experiments indicate that plumes, because
they are hot, may experience an exothermic phase transition [Hirose, 2002], thus
cancelling or reducing the filtering effect of this transition. It is important to note,
however, that a positive Clapeyron slope does not influence the stability of the
reservoirs of dense material, which remains mainly controlled by the buoyancy
ratio.
Chemical viscosity contrast (between dense and regular materials) has a limited
effect on the stability of reservoirs. Increasing the chemical viscosity contrast
leads to larger topography and a sharper compositional boundary, and induces
less entrainment of dense material into the surrounding mantle. It does, however,
have an effect on layer morphology, as previously noted by McNamara and Zhong
[2004]. They found that if the dense material is less viscous then it tends to form
ridges, whereas if it is more viscous then it tends to form domes. Our results
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Figure 2.17: Supplementary information Fig S1. 1-D viscosity profile for
the reference case. The black, blue, and red curves show the horizontally
averaged viscosity, the maximum and minimum viscosity, respectively.

(Figure 2.12) are broadly consistent with this although in detail our obtained
morphologies are somewhat different because our model is compressible rather
than Boussinesq as in McNamara and Zhong [2004].
A detailed comparison between the thermo-chemical structures predicted by
our models and seismic tomography would require an accurate equation of state
modelling and mineral physics data to convert our temperature and compositional
distributions in seismic velocity anomalies, and appropriate filtering of these distributions to match the resolution of global tomographic models. This is beyond
the scope of this paper, but general comments may be drawn from the spectral
heterogeneity maps issued from our models. In global tomographic models the
lowermost mantle is clearly dominated by large scale structures (spherical harmonic degrees 6 and less). The mid mantle appear mostly homogeneous, and
strong anomalies are observed again close to the surface. According to our model
search, basal large scale thermo-chemical structures (dominated by degree 2) can
be obtained by models that include a moderate buoyancy ratio and a large thermal viscosity contrast (Figure 2.3 and Figure 2.6). Such models further predict
no chemical anomalies in the mid and small thermal anomalies in the mid mantle, which would lead to a seismically homogeneous mantle. Below the surface,
the spreading of plumes induces strong temperature anomalies that may partly
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explain the observed tomography (another source of tomographic anomalies in the
uppermost mantle that is not taken into account in our models is the dichotomy
between oceans and continents, which persist down to about 300 km depth). Models with lower buoyancy ratio and/or smaller thermal viscosity contrasts, in which
primordial and regular materials mix efficiently, lead to thermo-chemical structures
that are dominated by smaller scale anomalies throughout the mantle including
in the mid-mantle (1st and 2nd row in Figure 6), and are therefore unlikely to fit
tomographic maps. Assuming that the primordial reservoirs are enriched in iron, a
rough estimate of the seismic velocity anomaly generated by these reservoirs may
further be calculated. Taking a super-adiabatic jump of 2500 K (i.e., accounting for the adiabatic contribution, a total temperature increase around 3500 K),
the lateral thermal anomalies predicted by our models with large scale structures
vary with depth and case (Figure S2) (see next paragraph for details of the calculations). For cases in which reservoirs of dense material are maintained, temperature
anomalies are typically around +/- 500 K. Assuming that the reservoirs of dense
material are further enriched in iron by about 3% compared to the surrounding
material, as suggested by probabilistic tomography [Mosca et al., 2012; Trampert
et al., 2004], and converting the thermo-chemical structure with sensitivities calculated by Deschamps et al. [2012] from an appropriate mineral physics dataset,
this would lead to shear-wave velocity anomalies around -2.5%, typical of what is
observed in LLSVP.
We have further calculated the temperature excess in plumes for the cases
discussed in this paper. Defining the plume boundary is subjective. Here, we used
a definition similar to that of Labrosse [2002], which assume that a point is located
within a plume if the temperature at this point is larger than
Tb (z) = Tm (z) + c × (Tmax (z) − Tm (z)),

(2.8)

where Tm (z) and Tmax (z) are the horizontally averaged and maximum temperature
at height z, and c a constant, which we fix here to c = 0.5, , based on previous
estimates in 3D-Cartesian geometry (see supplementary information in Deschamps
et al. [2011]). We then define the average plume temperature and the excess
temperature of plumes as
Tplume (z) = 0.5 × (Tb (z) + Tmax (z))

(2.9)

Texcess = Tplume (z) − Tm (z)

(2.10)
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The excess temperatures at height z=0.90 (corresponding to 290 km below the
surface) are in the range of 250 − 400 K, depending on the cases. Supplementary
Figure S2 shows radial profiles of the absolute maximum excess temperatures for
selected cases. Several conclusions may be drawn from these profiles. For all the
cases that can maintain stable primordial reservoirs, the excess temperature in
the upper mantle does not vary substantially. In cases in which reservoirs are not
stable, i.e. are entrained the upper mantle, the excess temperatures in the upper
mantle increase. In the lower mantle: larger buoyancy ratios lead to smaller excess
temperature, whereas larger thermal viscosity contrasts lead to smaller excess temperature. The volume fraction of primordial material mainly affects the depth at
which the peak of excess temperature is located, with larger volume fractions leading to shallower depths. The excess temperature slightly decreases with chemical
viscosity contrast. Finally, large values of the Clapeyron slope (i.e., -5.0 M P a/K)
lead to small excess temperature, whereas small values of this parameter do not
significantly affect the excess temperature.
Due to its large uncertainties, the phase change from perovskite to postperovskite was not investigated in this study. This transition may, however, occur
in Earth’s lowermost mantle just above core-mantle boundary (CMB) [Murakami
et al., 2004; Oganov and Ono, 2004]. Previous numerical studies suggested that
this phase change may have important implications in terms of dynamics and
evolution of the Earth’s mantle [e.g., Nakagawa and Tackley, 2004, 2005, 2006,
2011; Samuel and Tosi , 2012; Zhang and Zhong, 2011]. Experimental studies
[Hunt et al., 2009; Yoshino and Yamazaki, 2007] and first principle calculations of
atomic diffusion [Ammann et al., 2010] indicate that post-perovskite is less viscous
than perovskite by a factor of O(10−3 ) to O(10−4 ). Since post-perovskite is most
likely to lie outside dense reservoirs (because these reservoirs are hot, and thus
outside the stability field of post-perovskite), the effect of chemical viscosity contrast, which we explored in this study, may be important in explaining the shape
of LLSVPs. It has also been suggested that small lenses of post-perovskite may
exist within the LLSVPs [e.g., Lay et al., 2006; Tackley et al., 2013]. Due to its dependence on composition in oxides, iron-rich perovskite may be able to transform
at higher temperature in LLSVPs than outside these regions. This would lead to
the formation of iron-rich post-perovskite lenses, which have been proposed as a
candidate to explain the ultra-low velocity zones observed by seismologists [Mao
et al., 2006]. Hence, finer models of lowermost mantle structure and dynamics
would require accounting for the phase change of perovskite to post-perovskite.
Previous studies [e.g., Hunt et al., 2012; Nakagawa and Tackley, 2011; Samuel and
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Figure 2.18: Supplementary information Fig S2. Radial profiles of the excess
temperature in plumes for the cases in Table 2.2.
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Tosi , 2012; Zhang and Zhong, 2011] have found that it has a first-order effect on
convective vigour and heat flow.
Seismological studies clearly show that cold slabs can reach the bottom of
the mantle. These slabs bring recycled mid-ocean ridge basalt (MORB) into the
lowermost mantle, which may accumulate there. This constitutes another possible
source of chemical heterogeneity at the bottom of the mantle [e.g., Nakagawa et al.,
2010]. Furthermore, this recycled MORB may interact with the reservoirs of dense
primordial material and modify the thermo-chemical structure of the lower mantle
and its dynamics. The Basal Melange hypothesis [Tackley, 2012] proposes that
small fractions of MORB are regularly incorporated in pre-existing primordial
reservoirs. High-resolution 2D-Cartesian models of thermo-chemical convection
further show that small fractions of MORB are incorporated in primordial reservoirs and are subsequently partially re-entrained towards the surface by plumes
generated at the top of the primordial reservoir [Li et al., 2014a]. In order to
investigate the interaction of recycled MORB with primordial dense material, a
three-compositional-component system is required [e.g., Nakagawa and Tackley,
2014].
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Abstract
We performed numerical experiments of thermo-chemical convection in 3-D
spherical geometry to investigate the effects of a low viscosity of post-perovskite
(pPv) on the stability and structure of primordial reservoirs of dense material in
the lower mantle of the Earth. Our results show that weak pPv (1000× viscosity
reduction in the regions of pPv phase transition) strongly increase the core-mantle
boundary (CMB) heat flux. The volume averaged mantle temperature with weak
pPv is slightly higher than that with regular pPv, except in the lowermost mantle.
This is because weak pPv weakens the base of the cold downwellings, allowing
cold slabs to spread more easily and broadly along the CMB. The stability and
size of the dense reservoirs is not substantially altered by weak pPv. In the weak
pPv case, slabs spreading along the CMB slightly decreases the stability of dense
reservoirs, i.e. the amount of dense material entrained upwards is slightly larger
than in the regular pPv case (no viscosity reduction in the regions of pPv phase
transition). Furthermore, the topography and steepness of these reservoirs slightly
increase. However, as in the regular pPv case, the dense reservoirs are maintained
over periods of time comparable to the age of the Earth.
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3.1 Introduction
Sidorin et al. [1999] first suggested that a strong exothermic phase transition,
which would be deflected upwards by low temperatures, fits the seismological observations in the D00 region better than a chemical boundary. Such an exothermic
phase transition from perovskite (Pv) to post-perovskite (pPv) was subsequently
discovered by [Murakami et al., 2004; Oganov and Ono, 2004; Tsuchiya et al.,
2004a] under similar temperature and pressure conditions as the Earth’s deep
mantle. This phase change also has a strongly positive Clapeyron slope, which
may be as high as 13 M P a/K [Hernlund , 2010; Tateno et al., 2009]. The presence of post-perovskite is needed to explain Pdif f and Sdif f arrivals [Cobden et al.,
2012]. It has been suggested that it may further explain the lowermost mantle
seismic tomography [Davies et al., 2012]. Other studies, however, indicate that
compositional anomalies are further needed to fully explain seismic tomography
[Deschamps et al., 2012; Mosca et al., 2012]. The pPv is expected to be highly
anisotropic and that along a different crystallographic direction, pPv would be
much stiffer. First principle calculations of atomic diffusion [Ammann et al., 2010]
indicate that the viscosity of post-perovskite may be lower than that of perovskite
by a factor of O(103 ) to O(104 ). Dynamically, the combination of a low viscosity
and a large positive Clapeyron slope should have some influences on the long-term
evolution of thermal and chemical structures in the mantle.
Compositional heterogeneities are widely thought to exist above the coremantle boundary (CMB) in order to explain observations from various global seismological studies [e.g., Ishii and Tromp, 1999; Masters et al., 2000; Trampert et al.,
2004], and local regional seismological studies [e.g., He and Wen, 2012; Ni et al.,
2002; Wang and Wen, 2007]. The detailed nature of these compositional heterogeneities is still not clearly understood. One hypothesis is that they are reservoirs
of primordial material formed at early stages in the Earth’s history through one or
more melting-related differentiation processes [e.g., Labrosse et al., 2007; Lee et al.,
2010; Solomatov and Stevenson, 1993], and that these primordial reservoirs have
been maintained in the lower mantle over Earth’s history with limited interaction
with the surface. The presence of undegassed reservoirs in the deep mantle is
further supported by Ocean Island Basalt geochemistry (see [Hofmann, 1997], for
a review). Previous numerical experiments have identified important parameters
controlling the stability of dense reservoirs [e.g., Deschamps and Tackley, 2008,
2009; Li et al., 2014b; McNamara and Zhong, 2005a], including the buoyancy ratio and the thermal viscosity contrast. These studies, however, did not include the
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Pv to pPv phase transition.
Other studies have focused on the influence of weak pPv on mantle convection
[e.g., Li and McNamara, 2013; Nakagawa and Tackley, 2011; Samuel and Tosi,
2012], and found important effects, in particular a higher mantle temperature, a
higher CMB heat flux, and smaller CMB topography. However, no studies have
investigated the dynamical influence of weak pPv on the stability and structure
of primordial reservoirs of dense material in the lower mantle. Here, we use numerical thermo-chemical mantle convection simulations in a 3-D spherical shell
to investigate the stability and structures of these primordial reservoirs of dense
material.

3.2 Methods and model set up
The numerical experiments are performed with StagYY [Tackley, 2008], which
solves the conservation equations of mass, momentum, energy, and composition
for an anelastic, compressible fluid with infinite Prandtl number. Calculations are
performed in 3-D spherical geometry on the Yin-Yang grid [Kageyama and Sato,
2004] with a ratio between inner and outer radii of f = 0.55, matching the Earth’s
mantle.
To model the perovskite to post-perovskite phase transition, we use a phase
function approach, which is based on that in [Christensen and Yuen, 1985], defined
as:
z − zpP v − γpP v (T − TpP v )
(3.1)
ΓpP v (T, z) = 0.5 + 0.5tanh
w
where ΓpP v is the phase function for post-perovskite, which varies from 0 for perovskite to 1 for post-perovskite, T and z are temperature and depth, respectively,
(TpP v , zpP v ) is a point on the phase boundary, γpP v is the Clapeyron slope (13
M P a/K) and w is the width of the phase transition. In this study, the phase
boundary from perovskite to post-perovskite occurs at 2650 K and 2700 km depth,
which allows a double crossing in the lowermost mantle [e.g., Hernlund et al., 2005].
The viscosity is assumed to depend on temperature, depth and yield stress.
An additional viscosity jump of 30 is imposed at the boundary between upper and
lower mantle. The viscosity is further allowed to depend on the phase (perovskite
or post-perovskite). Viscosity is thus given by
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z
∆TS
+ Ea
]
D
(T + Tof f )
σ0 + σi P
ηY =
(3.2)
2ė
1
η=
1
( η(z,T,Γ ) + η1Y )

η(z, T, ΓpP v ) = η0 [1 + 29H(z − 660)]exp[ΓpP v ln(ηpP v ) + Va

pP v

where η0 is the reference viscosity (taken at temperature T =1600K and depth
z=0 km), H is the Heaviside step function, and ηpP v is the viscosity jump between
perovskite and post-perovskite (1 for regular pPv, and 1/1000 for weak pPv in
this study). Va and Ea are respectively the activation volume and energy, which
control viscosity variations with depth and temperature. In this study, we fixed
the value of Va to 4.602, and Ea to 23.026. Tof f is the offset temperature which is
set to 0.88∆TS . The yield stress (σ0 ) at surface is 300 M P a , and the gradient of
yield stress (σi ) is 0.001 Pa/Pa. ė is the second invariant of the strain rate tensor.
To avoid numerical difficulties, the viscosity is truncated between 10−3 and 105 of
the reference viscosity.
The reference Rayleigh number is defined as:
Raref =

αs gρs ∆Ts D3
η0 κs

(3.3)

where αs is the surface thermal expansion, g the acceleration of gravity, ∆Ts the
super-adiabatic temperature difference, D the mantle thickness, η0 the reference
thermal viscosity (1.6 × 1021 P aS in this study, which is the viscosity obtained
using the potential temperature of 1600K, and depth of 0km), and κs the surface
thermal diffusivity. This reference Rayleigh number remains constant during the
entire experiment. In this study we prescribed Raref = 108 . The effective Rayleigh
number Raef f calculated with volume-averaged properties varies with time, but
remains around 3 × 106 .
The initial temperature is adiabatic with a potential temperature of 2000 K,
plus thermal boundary layers at top and bottom (300 K at the top and 3750 K at
the CMB), and the shell is heated from both bottom and within. The numerical
resolution is 64×192×64×2 with 24 million tracers to track chemical composition,
refined both at the top and bottom 150km. The compositional field is calculated
from the density of dense tracers at each location, and varies between 0 for regular
material and 1 for primordial material.
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The density contrast between primordial and regular material is controlled by
the buoyancy ratio (B):
∆ρC
B=
(3.4)
αs ρs ∆Ts
where ∆ρC is the density difference between the dense and regular material. We fix
B to 0.36 in this study. For a superadiabatic temperature difference ∆TS = 2500
K and thermal expansion αs = 5.0×10−5 , this corresponds to a density contrast of
147 kg/m3 , which, taking PREM as a reference, leads to a relative density anomaly
of about 3% at the bottom of the mantle, in consistent with current estimates of
density anomalies in the lower mantle [e.g., Mosca et al., 2012; Trampert et al.,
2004]. The values of other physical parameters are listed in Table 3.1. These values
were identified by [Li et al., 2014b] as reasonable values for the Earth mantle, i.e.
they lead to long lived reservoirs of dense material at the bottom of the shell.
To estimate the degree of mixing between dense and regular materials, we used
the average depth of dense material, as defined in [Deschamps and Tackley, 2008]:
1
< hc >=
V

Z
C(r, θ, φ)rdV

(3.5)

V

For stable layering, < hc > remains constant in time at a × hDL , where a
is a geometrical constant depending on the curvature of the shell , and hDL is
the initial thickness of the dense layer. As the layer becomes unstable, < hc >
increases. More importantly, < hc > is a good measure of the degree of mixing
of the system at each stage of the experiment. For a ratio between the inner and
outer radii of f = 0.55, stable layering and efficient mixing lead to < hc > around
0.04 and 0.63, respectively. Intermediate values indicate the presence of stable
reservoirs.

Parameter
Symbol
Reference Rayleigh number
Ras
Buoyancy ratio
B
Volume fraction of primordial material
X
Initial thickness of primordial layer
hDL
Gravitational acceleration
g
Mantle thickness
D
Ratio of inner to outer radii of the shell
f
Super-adiabatic temperature difference
∆TS
Reference adiabat
Tas
Surface density
ρS
CMB density
ρb
Surface thermal expansion
αS
CMB thermal expansion
αb
Surface thermal diffusivity
κS
CMB thermal diffusivity
κb
Reference thermal viscosity (T = 1600 K,z = 0 km) η0
Reference transition depth (pv-pPv)
zpP v
Reference transition temperature (pv-pPv)
TpP v
Clapeyron slope (pv-pPv)
ΓpP v

Unites

m/s2
km
K
K
kg/m3
kg/m3
K −1
K −1
m2 /s
m2 /s
Pa s
km
K
M P a/K

Value

9.81
2891
2500
1600
3300
4950
5.0 × 10−5
1.0 × 10−5
6.24 × 10−7
8.74 × 10−7
1.6 × 1021
2700
2650
13

Table 3.1: Mantle Model Physical Parameters

Non-dimensional
108
0.36
0.037
0.07
1.0
1.0
0.55
1.0
0.64
1
1.5
1.0
0.2
1.0
1.4
1.0
0.934
1.06
0.347
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3.3 Results
To study the influence of the low viscosity of post-perovskite, we performed two
experiments, one with ηpP v = 1(regular pPv) and one with ηpP v = 10−3 (weak pPv).
Figure 3.1 plots the time-variations of several output observables of these models.
In the weak pPv case, the CMB heat flux is larger by about 50% than in the regular
pPv case, in agreement with previous studies in 2D-Cartesian [Cizkova et al., 2010],
and 3D-spherical [Nakagawa and Tackley, 2011] geometries. In contrast, in the
time range 1.5 - 4.5 Gyr, the surface heat flux is similar for weak and regular pPv
cases, around 55 mW/m2 . In the weak pPv case, the CMB heat flux is strongly
time-dependent, with variations of up to 40 mW/m2 in amplitude and a pseudoperiod of around 0.5 Gyr. Such variations are a good indication that strong, small
scale thermal instabilities are generated in the bottom thermal boundary layer.
The main explanation for the difference in heat flux between regular and weak pPv
cases is that cold slabs can spread more easily over the CMB. Meanwhile, the less
time dependent surface heat flux of both regular and weak pPv cases indicates that
the system has reached a statistically steady state. Another interesting difference
between the regular and weak pPv cases is that the difference between the CMB
and surface heat flux is much larger in the weak pPv case (around 60 mW/m2 )
than in the regular pPv case (around 20 mW/m2 ). Figure 3.1b shows the volume
averaged mantle temperature as a function of time, indicating a slower cooling of
mantle temperature in the weak pPv case than in the regular pPv case. Figure 3.1c
shows the area covered by primordial reservoirs at CMB and 300 km above CMB
with regular and weak pPv. We do not observe significant differences between
the regular and weak pPv cases. The CMB area covered by primordial reservoirs
is a slightly larger with weak pPv, but smaller at 300 km above CMB, where
most of the area is dominated by perovskite. Figure 3.1d, showing the average
altitude of dense material as a function of time < hc > (Eq. 4), indicates that the
reservoirs are stable, for both regular and weak pPv cases. Note that < hc > is
slightly larger for the weak pPv case, i.e., dense reservoirs culminate at slightly
higher altitude than in the regular pPv case, although their topography appears
smoother according to Figure 3.1c.
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Figure 3.1: a). CMB and surface heat flux for regular and weak pPv as
a function of time; b).volume averaged mantle temperature as a function
of time; c) percentage of CMB area and 300km above CMB area covered
by primordial reservoirs as a function of time; d). the average altitude of
primordial material as a function of time.
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Figure 3.2 shows snapshots of the temperature and composition fields, and the
phase boundary of pPv at t=4.0 Gyr. As previously indicated by Figure 3.1c,
isosurfaces of the chemical field show that the total CMB areas covered by primordial reservoirs are similar in these two cases. Both the thermal anomalies and
primordial reservoirs in the weak pPv case have larger topography and steeper
edges, which is consistent with seismological observations of LLSVPs [Ni et al.,
2002]. Note that in both cases, the pPv phase is stable only outside the dense
reservoirs, which are hotter than average, and thus outside the stability field of
pPv. Since the weak pPv also destabilises the lower mantle’s thermal boundary
layer, large plumes arise more easily from the lower thermal boundary layer, and
are more likely to arise from the margins of the primordial reservoirs, which is
consistent with the paleomagnetic reconstruction of the location of large igneous
provinces [Burke et al., 2008; Torsvik et al., 2006]. Comparison between the 1-D
profiles of temperature shows that the case with weak pPv has a higher average
temperature throughout most of the mantle, except in the deepest mantle, where
the phase transition from Pv to pPv is most likely to occur. As a consequence,
in the case with regular pPv the mantle is globally more viscous throughout the
domain. In the case with weak pPv, we further observe a wider spreading of cold
downwellings along the CMB area. As a result, in cold regions, the location of the
phase transition is shallower than that in the case with regular pPv. This leads to
a more heterogenous distribution of pPv in the deep mantle, which may partly help
to explain the seismic discontinuity in the D00 region. Since the CMB temperature
is fixed at 3750K in this study, the CMB region is still in the stability field of
perovskite, and a ’double crossing’ of the pPv phase change can be observed just
above CMB. In the case of weak pPv, this induces a sharp increase in viscosity
right above the CMB in a layer of a few tens of kilometres thick (Figure 3.2 bottom
right panel).
Figure 3.3 shows polar slices of temperature, composition and viscosity combined with spherical surface slices at 2790km. Temperature and composition fields
at this depth do not have significant differences compared to each other. In contrast, the viscosity field at this depth is different. In the regular pPv case, the dense
reservoirs are less viscous than the surrounding material by about two orders of
magnitude. In the weak pPv case, the situation is reversed, i.e., the reservoirs of
dense material are more viscous than the surrounding material (which is mostly
in the pPv phase) by two orders of magnitude. This leads to a larger topography
and sharper edges of the primordial reservoirs.

53

54

3 Effects of low-viscosity post-perovskite on the stability and
structure of primordial reservoirs in the lower mantle

Figure 3.2: Snapshots of cases with regular pPv (a,b) and weak pPv (c,d)
at 4 Gyr. a) and c): Isosurface of potential temperature with contour level
T=0.7; b) and d): Isosurface of the composition with contour level C=0.50
(green), and isosurface of pPv (cyan). e). 1-D profile of temperature; e).
1-D profile of viscosity for these two cases.

Figure 3.3: Snapshots of cases with regular (top) and weak (bottom) pPv
at 2790km depth and evolution time equals to 4 Gyr. From left to right:
temperature (a,d), composition (b,e), viscosity(c,f).

3.3 Results
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Figure 3.4 shows spectral heterogeneity maps of the composition and temperature fields for the two experiments also taken at 4 Gyr. In both cases, chemical
heterogeneities are dominated by long wavelength structure (degree 2) at the bottom of the shell. Because small fractions of dense material are entrained upwards
by plumes, small scale heterogeneities may be present elsewhere in the mantle, but
Figure 3.4 shows that these are not significant. Thermal anomalies are dominated
by strong degree 2 anomalies in the deep mantle and below the surface. Overall,
these heterogeneities would result in strong large scale seismic velocity anomalies
at the bottom of the mantle, as observed in tomographic models, with shear-wave
velocity in hot reservoirs of dense material appearing slower than average. In our
case, the seismic dichotomy between the dense reservoirs and their surroundings
would be enhanced by the fact that shear waves travel faster in pPv than in Pv
[e.g., Tsuchiya et al., 2004b].

Figure 3.4: Spectral heterogeneity maps (SHM) of Figure 2. Top: regular
pPv, bottom: weak pPv. From left to right: composition field, temperature
field.

3.4 Discussion
Our calculations show that the presence of weak pPv, with viscosity lower by
three orders of magnitude compared to Pv, does not substantially modify the
stability of reservoirs of dense material at the bottom of the mantle. Such reservoirs
remain stable during a period comparable to the age of the Earth, and their height

3.4 Discussion

and width are comparable to those obtained with regular pPv. This result is
consistent with the previous studies that suggest the most important parameters
which control the stability and structure of the primordial reservoirs in the lower
mantle are buoyancy ratio and thermal viscosity contrast [e.g., Deschamps and
Tackley, 2009; McNamara and Zhong, 2005a]. The presence of weak pPv however
induces small differences.
Regarding the temperature field, we find that mantle cooling is slower with
weak pPv, and the CMB heat flux is larger but more time dependent, because the
weak pPv enhances the convective vigour above the CMB, which is consistent with
previous studies [e.g., Bower et al., 2009; Nakagawa and Tackley, 2011; Samuel and
Tosi , 2012; Tosi et al., 2010]. Cold slabs spread more widely along the CMB in the
case with weak pPv. This tends to push the primordial reservoirs aside, sharpening
the edges of these reservoirs and triggering the generation of hot upwellings from
their margins.
Cadek and Fleitout [2006] pointed out that the viscosity of some cold downwelling regions may be less than the average, while hot regions are more viscous
than average. Because plumes rise from these hot regions, plume dynamics may
be altered by this situation. However, the 2D-Cartesian models of [Cizkova et al.,
2010] in 2-D cartesian geometry show that this does not substantially modify the
dynamics of the hot regions. Our calculations confirm this conclusion in 3-D spherical geometry. The hot primordial reservoirs also appear to be more viscous than
the cold surrounding regions due to the low viscosity of pPv. This slightly strengthens the stability of these reservoirs, and tends to generate a sharper boundary, but
it does not prevent the growth and rise of plumes at the top of the hot reservoirs.
Our conclusions may be altered by several parameters. First, tomographic observations show clear evidence that the subducting slabs can reach the core-mantle
boundary, and may bring mid ocean ridge basalt (MORB) to the lower mantle.
Although in this study, the size of primordial reservoirs does not change significantly, the study by [Nakagawa and Tackley, 2011] pointed out that the amount
of recycled MORB segregating above the CMB might substantially increase due
to the weak viscosity of the pPv. It is necessary to carefully examine the effect
of weak pPv in a system which contains both primordial material and recycled
MORB. Second, a large Clapeyron slope (e.g. 13M P a/K) avoids a large or fully
covering layer of pPv above CMB, but it may allow the phase change from Pv to
pPv occur within hot reservoirs of primordial material [Lay et al., 2006; Tackley
et al., 2013]. This may trigger small scale heterogeneities (e.g., ultra low velocity zones) in the lower mantle, whose effect on the stability of the dense reservoirs
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needs to be investigated. Finally, the temperature at the CMB may play an important role. Here we used TCM B = 3750K, based on the upper bound estimated by
a recent mineral physics research by [Nomura et al., 2014] . Higher temperatures,
as previously estimated, would reduce the stability field of pPv. This would not
alter the main conclusion that the stability of reservoirs of dense material is not
affected by the presence of weak pPv. However, the core cooling is not considered
in this study, which may alter the results from this study by leading to a faster
cooling of the mantle due to the thermal effects induced by a weak pPv (e.g.,higher
CMB heat flux), and should be fully investigated in future work.
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Abstract
The phase change from perovskite (pv) to post-perovskite (pPv), which may
occur in the lowermost mantle of the Earth, is very important in understanding the
Earth’s dynamical evolution. However, the influence of this phase change on potential primordial reservoirs of dense material located in the deep mantle depends
on the values of parameters related to the pPv phase change that are still not well
constrained. We performed numerical experiments of thermo-chemical convection
in 2-D spherical annulus geometry to investigate the effects of three parameters on
the thermo-chemical structure in the lower mantle: core-mantle boundary (CMB)
temperature (TCM B ), viscosity ratio between pv and pPv (∆ηpP v ), and Clapeyron
slope of the pPv phase transition (ΓpP v ). Our results indicate that: High CMB
temperature increases the wavelength of the primordial reservoirs by preventing
the phase transition from pv to pPv to occur. Both the CMB temperature and
Clapeyron slope play important roles in controlling the size and structure of the
pPv piles. A full layer of weak pPv above the CMB strongly enhances the mixing
efficiency of primordial material with ambient regular mantle material that may
not allow the generation of large reservoirs. Based on our experiments, we conclude that the models of convection best describing the Earth’s mantle dynamics
include a large pPv Clapeyron slope (typically in the range of 13∼16 M P a/K),
and a moderate CMB temperature (around 3750 K). Further constrains are required to determine the viscosity contrast between pv and pPv for an Earth-like
model.
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4.1 Introduction
One of the most important discoveries in mineral physics during the past decade
is the phase change from perovskite (pv) to post-perovskite (pPv), which may
occur under the conditions of the lowermost mantle of the Earth [Murakami et al.,
2004; Oganov and Ono, 2004; Tsuchiya et al., 2004a]. This phase transition was
predicted by Sidorin et al. [1999], who noted that an exothermic phase change
above the CMB would explain the D00 discontinuity observed by seismologists
better than a chemically distinct layer. Since its discovery, post-perovskite was
found to bear properties compatible with the properties of the D00 region. In
particular, the shear-moduli of pPv is larger than that of pv, implying that shearwave travel faster in pPv regions [e.g., Caracas and Cohen, 2005; Mao et al.,
2007; Stackhouse and Brodholt, 2007]. A recent seismic observation [Cobden and
Thomas, 2013] suggests that the D00 discontinuity may have different origins, and
the pPv phase transition may be a good candidate for regions where the polarities
of the P- and S-waves are opposite. A key property of the pPv phase transition is
its large Clapeyron slope, around 8∼10 M P a/K [Oganov and Ono, 2004], or even
more according to recent estimates [Hernlund , 2010; Tateno et al., 2009], implying
that pPv should not be stable in hot regions, which would explain why D00 is not
ubiquitous. Interestingly, pPv is a strongly anisotropic mineral, and its presence
may thus explain the anisotropy observed in the D00 region [Wookey et al., 2005].
The two large low shear-wave velocity provinces (LLSVPs) beneath Africa and
the Pacific are also striking features in the lower mantle of the Earth suggested by
the seismological studies [e.g., He and Wen, 2012; Masters et al., 2000; Ni et al.,
2002; Trampert et al., 2004]. Cluster analysis [Lekic et al., 2012] and the fact that
they are also observed by normal mode tomography [Ishii and Tromp, 1999; Mosca
et al., 2012; Trampert et al., 2004] indicate that LLSVPs are robust features, not
artifacts. Furthermore, probabilistic tomography [Mosca et al., 2012; Trampert
et al., 2004] suggest that they are hotter and chemically distinct compared to the
ambient mantle. Since the phase change from perovskite (pv) to post-perovskite
(pPv) is mainly expected to occur in the cold region of the lowermost mantle,
pPv may not be found within LLSVPs. This is in agreement with the most recent themo-chemical distributions deduced from probabilistic tomography [Mosca
et al., 2012]. If it is present outside LLSVPs, pPv may explain the anti-correlation
between shear-wave and bulk sound velocity anomalies [Davies et al., 2012; Hutko
et al., 2008].
The presence of post-perovskite may have some substantial influences on man-

4.1 Introduction

tle dynamics. It has been pointed out, for instance, that the distributions of dense
material and post-perovskite are anti-correlated [Nakagawa and Tackley, 2005,
2006], and the spectra of chemical anomalies are strongly influenced by the topography of the post-perovskite phase transition [Nakagawa and Tackley, 2006].
Furthermore, due to its large Clapeyron slope, the post-perovskite phase transition
may be responsible for specific structures such as double-crossings in warm regions
[Hernlund et al., 2005]. Therefore, it is important to understand the interactions
between the pPv phase transition and the LLSVPs.
Accurate estimates of the influence of the pPv phase require a good knowledge
of the properties of pPv and of the conditions under which it appears, including the
temperature at the core-mantle-boundary, the Clapeyron slope of the pPv phase
transition, and the viscosity of the pPv relative to that of pv. These parameters,
however, remain poorly constrained.
The CMB temperature provides important constrains on the thermal structure
of Earth’s mantle. Previous laser-heated diamond-anvil cell (DAC) experiments
indicated that the solidus temperature of primitive mantle is about 4200 K at
the CMB [e.g., Andrault et al., 2011; Fiquet et al., 2010; Zerr et al., 1998]. This
high CMB temperature indicates that part of the CMB region is in the perovskite
stability field, and prevents a global layer of pPv covering the CMB. However,
a recent study by [Nomura et al., 2014] suggests that a natural primitive mantle
(pyrolite) with 400 ppm H2 O could result in a lower CMB temperature (3570±200
K) compared to the previously assumed range of values.
The viscosity contrast between pv and pPv remains a matter of debate. Some
experimental studies [e.g., Hunt et al., 2009; Yoshino and Yamazaki , 2007] as well
as theoretical calculations by Ammann et al. [2010] based on the first-principle
methods reported a weak pPv viscosity, by a factor of O(103 ) to O(104 ) lower
than that of pv. A low viscosity of pPv is consistent with recent geoid modelling,
which requires colder regions of the deepest lower mantle to be weaker than hotter
regions [Cadek and Fleitout, 2006]. Meanwhile, some other studies give opposite
results favouring more viscous pPv [Karato, 2011].
The Clapeyron slope of the phase transition from pv to pPv also varies in
different experimental studies from early measured values of 8∼10 M P a/K [e.g.,
Oganov and Ono, 2004] to the current preferred value of 13 M P a/K or higher
[e.g., Hernlund , 2010; Tateno et al., 2009].
In this study, we perform series of numerical experiments of thermo-chemical
convection to investigate the influences of the three parameters discussed above
on mantle convection, and in particular how they affect the stability and structure
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of the primordial reservoirs in the lower mantle.

4.2 Numerical experiments set up
The numerical experiments are performed with StagYY [Tackley, 2008], which
solves the conservation equations of mass, momentum, energy, and composition
for an anelastic compressible fluid with infinite Prandtl number. Calculations are
performed in 2-D spherical annulus geometry [Hernlund and Tackley, 2008] with
a ratio between inner and outer radii of f = 0.55, matching the Earth’s mantle.
The viscosity is assumed to depend on temperature, depth, phase, and yield
stress. A viscosity jump of 30 is imposed at the boundary between upper and
lower mantles. Viscosity is thus given by

∆TS
z
+ Ea
]
D
(T + Tof f )
σ0 + σi P
(4.1)
ηY =
2ė
1
η=
1
( ηb (z,T,ΓpP v ) + η1Y )

ηb (z, T, ΓpP v ) = η0 [1 + 29H(z − 660)]exp[ΓpP v ln(∆ηpP v ) + Va

where η0 is the reference viscosity (taken at temperature T =1600K and depth
z=0 km), H is the Heaviside step function, ∆ηpP v is the viscosity jump between
perovskite and post-perovskite, equal to 1 for regular pPv, and 1/1000 in the case
of weak pPv. Va and Ea are respectively the non-dimensional activation volume
and energy, which control viscosity variations with depth and temperature. Tof f
is the offset temperature, which is set to 0.88∆TS . σ0 is the yield stress at surface,
σi is the gradient of yield stress, and ė is the second invariant of the strain rate
tensor. Note that the yield stress helps to build plate-like behaviour at the top
of the domain. To avoid numerical difficulties, the viscosity is truncated between
10−3 and 105 of the reference viscosity.
The reference Rayleigh number is defined as:
Raref =

αs gρs ∆Ts D3
η0 κs

(4.2)

where αs is the surface thermal expansivity, g the acceleration due to gravity, ∆Ts
the super-adiabatic temperature difference, D the mantle thickness, η0 the reference viscosity obtained using the potential temperature of 1600K at the surface,
and κs the surface thermal diffusivity. This reference Rayleigh number remains
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constant during the entire experiment. In this study we prescribed Raref = 108 .
The effective Rayleigh number Raef f calculated with volume-averaged properties
varies with time, but remains around 3 × 106 in all our calculations.
We use a phase function approach to model the perovskite to post-perovskite phase
transition, based on that in [Christensen and Yuen, 1985], defined as:
z − zpP v − γpP v (T − TpP v )
(4.3)
w
where ΓpP v is the phase function for post-perovskite, which varies from 0 for perovskite to 1 for post-perovskite, T and z are temperature and depth, respectively,
(TpP v , zpP v ) is a point on the phase boundary, γpP v is the Clapeyron slope and
w is the width of the phase transition. In this study, the phase boundary from
perovskite to post-perovskite occurs at 2650 K and 2700 km depth, which allows
a double crossing in the lowermost mantle [e.g., Hernlund et al., 2005] in some
cases.
ΓpP v (T, z) = 0.5 + 0.5tanh

A layer of dense material, modelling primitive material, of thickness hDL =
0.07 (corresponding to 3.5% in volume), is initially imposed at the bottom of the
mantle. The density contrast between primordial and regular material is controlled
by the buoyancy ratio (B):
B=

∆ρC
αs ρs ∆Ts

(4.4)

where ∆ρC is the density difference between the dense and regular material. In
this study, we fix B to 0.28. For a superadiabatic temperature difference ∆TS =
2500 K and thermal expansion αs = 5.0 × 10−5 (i.e.,taken at z=0 and T =1600
K), this corresponds to a density contrast of 115 kg/m3 . Taking PREM as a
reference, this leads to a relative density anomaly of about 2.3% at the bottom of
the mantle, a value that is consistent with current estimates of density anomalies
in the lower mantle [e.g., Mosca et al., 2012; Trampert et al., 2004]. The values of
other physical parameters are listed in Table 4.1.
The initial radial temperature profile is adiabatic with a potential temperature
of 2000 K, and the shell is heated both from the bottom and from within. The
numerical resolution is 96 × 768, and is radially refined in the top and bottom 150
km. 2.2 million tracers are used to track composition. The compositional field is
calculated from the fraction of dense tracers at each location, and varies between
0 for regular material and 1 for primordial material.
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To estimate the degree of mixing between dense and regular materials, we used
the average depth of dense material, as defined in [Deschamps and Tackley, 2008]:
1
< hc >=
V

Z
C(r, θ, φ)rdV

(4.5)

V

< hc > is used as a good measure of the degree of mixing of the system at each
stage of the experiments.
Table 4.1: Mantle Model Physical Parameters

Parameter
Symbol
Non-dimensional parameters
Reference Rayleigh number
Ras
Buoyancy ratio
B
Volume fraction of dense material
X
Initial thickness of the dense layer
hDL
Surface dissipation number
DiS
Compositional heating ratio
RHC
Physical and thermo-dynamical parameters
Acceleration of gravity
g
Mantle thickness
D
Super-adiabatic temperature difference
∆TS
Reference adiabat
Tas
Surface density
ρS
CMB density
ρb
Density jump at z=660km
∆ρ660
Surface thermal expansion
αS
CMB thermal expansion
αb
Surface thermal diffusivity
κS
CMB thermal diffusivity
κb
Clapeyron slope at z=660km
Γ660
Viscosity law
Reference thermal viscosity
η0
Viscosity ratio at z=660km
∆η660
Thermal viscosity ratio
∆ηT
Vertical viscosity ratio
∆ηZ
Dimensional scalings
Velocity
v
Time
t
Heat flux
Φ
Interal heating rate
H

Value

Unites

Non-dimensional
108
0.28
0.035
0.06
1.2

10
9.81
2891
2500
1600
3300
4950
400
5.0 × 10−5
1.0 × 10−5
6.24 × 10−7
8.74 × 10−7
-2.5

ms−2
km
K
K
kg/m3
kg/m3
kg/m3
K −1
K −1
m2 s−1
m2 s−1
M P a/K

1.0
1.0
1.0
0.64
1
1.5
0.1212
1.0
0.2
1.0
1.4
−6.68 × 10−2

1.6 × 1021
30
1010
102

Pa s

1.0

1.0
424
2.6
2.72×10−13

cm yr−1
Gyr
mW m−2
W kg −1

1468
1.0
1.0
1.0

4.3 Results

4.3 Results
Using the setup outlined in section 2, we performed a series of numerical experiments in which we varied the temperature at the CMB (TCM B ), the viscosity
contrast between pv and pPv (∆ηpP v ), and the Clapeyron slope of the pPv phase
transition (ΓpP v ). Model parameters are listed in Table 4.1, and properties of the
runs discussed in this section are detailed in Table 4.2.

4.3.1 Reference case
We first define a reference case (case M1 in Table 4.2), for TCM B =3750 K, ∆ηpP v =1,
and ΓpP v =13 M P a/K. Figure 4.1d-f show snapshots of the temperature, composition and phase field of the reference case at t = 4.5 Gyr. Two large primordial
reservoirs are generated above the CMB about 2 Gyr from the beginning of the
run, and remain stable with a degree-two structure for the rest of the experiment.
Figure 4.2b shows the average area covered by primordial material at the CMB
(solid lines) and 300 km above it (dashed lines). For the reference case (black
lines), primordial material covers about 1/3 of the total area at the CMB, and
1/4 300 km above it, leading to reservoirs with relatively sharp edges. Plumes are
generated at the top of the reservoirs and at their margins, entraining upwards
small fractions of dense material. Furthermore, a few plumes are also generated
outside the reservoirs of primordial material. Post-perovskite is stable only outside the reservoirs of primordial material, which are hotter than average, and away
from the additional plumes generated outside these reservoirs. As a result pPv is
distributed in discontinuous patches above the CMB. We also observe a ’doublecrossing’ of pPv phase change at the edges of these patches.

4.3.2 Effects of the core-mantle boundary temperature
We then performed experiments in which we varied the CMB temperature to explore its dynamical influences on the stability and structure of primordial reservoirs
in the lower mantle. We considered three values, 3350 K, 3750 K (corresponding
to the reference case), and 4200 K, sampling the range of the CMB temperature
estimated from experiments of mineral physics. In all three experiments, the viscosity of pPv is equal to that of pv (∆ηpP v = 1), and the Clapeyron slope is ΓpP v
= 13 M P a/K, as in the reference case.
Figure 4.1 shows the temperature, composition and phase fields for three cases
with different CMB temperatures. Strong differences in the pPv stability field and
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Figure 4.1: Snapshots taken at t = 4.5 Gyr from cases with regular postperovskite, ΓpP v = 13 M P a/K, and different CMB temperatures. From
top to bottom: TCM B =3350, 3750, 4200 K; from left to right: temperature,
composition, phase fields.

4.3 Results

Figure 4.2: Surface and CMB heat flux as a function of time, percentage of
area at the CMB and 300 km above the CMB covered by primordial reservoirs as a function of time, and the average altitude of primordial material
as a function of time for experiments shown in Figure 4.1.
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Table 4.2: Cases used in this study

Name
L1
L2
L3
L4
L5
L6
M1
M2
M3
M4
M5
M6
H1
H2
H3
H4
H5
H6

botT
3350K
3350K
3350K
3350K
3350K
3350K
3750K
3750K
3750K
3750K
3750K
3750K
4200K
4200K
4200K
4200K
4200K
4200K

∆ηppv
1
1
1
10−3
10−3
10−3
1
1
1
10−3
10−3
10−3
1
1
1
10−3
10−3
10−3

Γppv
13 MPa/K
8 MPa/K
16 MPa/K
13 MPa/K
8 MPa/K
16 MPa/K
13 MPa/K
8 MPa/K
16 MPa/K
13 MPa/K
8 MPa/K
16 MPa/K
13 MPa/K
8 MPa/K
16 MPa/K
13 MPa/K
8 MPa/K
16 MPa/K

the size and distribution of reservoirs of primitive material, plumes appearance,
depending on the CMB temperature. For the lower CMB temperature we considered (TCM B = 3350 K), the CMB is fully covered by post-perovskite (Figure 4.1c),
including at the bottom of the reservoirs of primordial material, and the thickness
of the pPv layer varies with local temperature. Thicker layers are found in the
colder-than-average regions, where cold downwellings (modelling subducted slabs)
reach the lower mantle and spread along the CMB. As one would expect, the
area covered by pPv decrease with increasing CMB temperature while the phase
change occurs deeper and the pPv piles become thinner. For instance, in reservoirs
of dense material, which are hotter than their surroundings, pPv is stable only in a
thin layer above the CMB. By contrast, as the CMB temperature increases, pPv is
only stable outside the reservoirs of dense material, forming discontinuous patches
(Figure 4.1f and Figure 4.1i). Double-crossing may also appear, either at the edge
of the patches for an intermediate CMB temperature, or within them, for a high
CMB temperature.
Increasing the CMB temperature further affects the size, structure, and distribution of the primordial reservoirs, in that the wavelength of these reservoirs
increases with increasing CMB temperature (Figure 4.1). A low CMB temper-
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ature (TCM B =3350 K) favours the development of cold downwellings (modelling
subducted slabs) at the top of the system (Figure 4.1a), which in turn favours small
scale reservoirs (Figure 4.1b). By contrast, for an intermediate CMB temperature
(TCM B =3750 K), as in our reference case, two antipodal large primordial reservoirs
are generated (Figure 4.1e), while for a high CMB temperature (TCM B =4200 K),
we observe even larger primordial reservoirs with roughly degree-1 distribution.
The CMB temperature finally has some important consequences for instabilities
from the bottom thermal boundary layer (TBL). For TCM B = 3350 K, plumes are
mainly rising from the top of the primordial reservoirs (Figure 4.1a). By contrast,
for CMB temperatures of 3750 K (Fig. 1d) and 4200 K (Figure 4.1g), we observe
plumes rising from outside these reservoirs, the number of plumes increasing with
TCM B . Temperature at the feet of these plumes is higher than the surroundings,
inducing gaps in the pPv layer. The CMB heat flux (Figure 4.4a, dotted lines)
further indicates that increasing TCM B promotes the development of instabilities
in the bottom TBL. For TCM B = 3350 K, the bottom heat flux is nearly constant
in the time range 1.5-4.5 Gyr, at around 40 mW/m2 . With increasing TCM B , the
time-averaged heat flux strongly increases (up to 140 mW/m2 for TCM B = 4200
K), and its time variations have larger amplitudes.
Figure 4.2b shows the percentage of the area covered by primordial reservoirs
at the CMB and 300 km above the CMB, while Figure 4.2c shows the average
altitude of primordial material for the three cases shown in Figure 4.1. Although
the CMB temperatures and the wavelength of primordial reservoirs are different
in these cases, the total areas covered by primordial material are quite similar to
each other. This is due to the fact that the buoyancy ratio, which is the most
important parameter controlling the stability of the primordial reservoirs [e.g.,
Deschamps and Tackley, 2009; Li et al., 2014b; McNamara and Zhong, 2005a], is
the same for the three cases shown here. Its value (B=0.28) allows maintaining
the primordial reservoirs in the lower mantle.

4.3.3 Effects of viscosity contrast between pv and pPv
The influences of the viscosity contrast between pv and pPv are illustrated on
Figures 3-6 for the three values of the CMB temperature considered in section 3.2.
Figure 4.3 compares thermo-chemical structures obtained from regular and
weak pPv cases, with a CMB temperature equal to 3750 K. The pPv piles in the
case with a weak pPv are generally thinner and more continuous than those in the
case with regular pPv, indicating that the mantle temperature in the weak pPv
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case is higher than that in the regular pPv case, which is also shown by the time
evolution of the average mantle temperature (Figure 4.4b).
In both cases, we observe two large reservoirs of primordial dense material,
with plumes rising from the margins and the top of these reservoirs. However,
notable differences clearly appear, both in the shape of reservoirs and distribution
of plumes and pPv. In the case with weak pPv, the primordial reservoirs are flatter.
Figure 4.4c further shows that the entrainment of dense material by plumes to the
upper mantle is stronger in the case with weak pPv, comparing to that in the case
with regular pPv. In addition, the CMB heat flux in the case with weak pPv is
more time-dependent, and is much larger than that in the case with regular pPv
(Figure 4.4a). This indicates that instabilities in the bottom TBL are more easily
generated if pPv is much less viscous than pv, in agreement with calculations in
3-D spherical geometry [Li et al., 2014c].

Figure 4.3: Snapshots taken at t = 4.5 Gyr from cases with regular (top)
and weak (bottom) post-perovskite, ΓpP v = 13 M P a/K, TCM B = 3750 K.
From left to right: temperature, composition, phase fields.

4.3 Results
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Figure 4.4: From top to bottom: CMB and surface heat flux for regular and
weak pPv as a function of time; volume averaged mantle temperature as a
function of time; the average altitude of primordial material as a function of
time for experiments shown in Figure 4.3.

Figure 4.5: Snapshots taken at t = 4.5 Gyr from cases with regular (top)
and weak (bottom) post-perovskite, ΓpP v = 13 M P a/K, TCM B = 4200 K.
From left to right: temperature, composition, phase fields..
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Figure 4.6: Snapshots taken at t = 4.5 Gyr from cases with regular (top)
and weak (bottom) post-perovskite, ΓpP v = 13 M P a/K, TCM B = 3350 K.
From left to right: temperature, composition, phase fields.
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4.3 Results

To check whether these results are still valid for other values of the CMB
temperature, we performed experiments with low (3350 K) and high (4200 K)
CMB temperatures. Figure 4.5 compares thermo-chemical structures obtained
from cases with a high CMB temperature (4200 K). Most of the findings from these
two experiments are consistent with those from the experiments with intermediate
CMB temperature, i.e., primordial reservoirs are less stable in the case with weak
pPv than in the case with regular pPv, and the case with weak pPv has fewer but
stronger plumes compared to the plumes in the case with regular pPv.
Figure 4.6 compares thermo-chemical structures obtained in cases with a low
CMB temperature (3350 K). In both cases, pPv fully covers the CMB region. The
effects of weak pPv are more pronounced compared to the cases with TCM B = 3750
K. With weak pPv, the reservoirs of primordial dense material nearly disappear,
indicating more efficient mixing between primordial and regular materials. Furthermore, the weak pPv layer is thinner but less variable, with locations comparable to those in the case with regular pPv. It should be pointed out that such
a ubiquitous pPv layer is unlikely in the case of the Earth’s mantle, since the
D00 seismic discontinuity, which is thought to be the signature of the pPv phase
transition to pPv, is not observed everywhere.

4.3.4 Effects of Clapeyron slope of the pPv phase change
In the last series of experiments, we explore the effects of Clapeyron slope of the
pPv phase change on the stability and structure of the primordial reservoirs, as
well as the pPv piles.
Figure 4.7 shows that the Clapeyron slope of the pPv phase change significantly
affects the shape and distribution of the pPv piles, as well as the primordial reservoirs in the lower mantle. In the case with TCM B = 3750 K and a small Clapeyron
slope (8 M P a/K), the pPv piles are flatter and more continuous comparing to in
the cases with a larger Clapeyron slope (13 and 16 M P a/K), all other parameters
being the same. In addition, a thin layer of pPv is present beneath the reservoirs
of dense material for ΓpP v = 8 M P a/K, whereas for ΓpP v = 13 M P a/K (Figure 4.7d-f) and ΓpP v = 16 M P a/K (Figure 4.7g-i), we observe a double crossing
of pPv phase change. These results indicate, as one would expect, that in lowermost mantle conditions, small Clapeyron slopes favours the phase change to pPv,
while large Clapeyron slopes prevent the phase change from occurring. Still in the
case with TCM B = 3750 K, plumes are generated from both within and outside the
reservoirs of dense material. As noted in the previous sections, the locations where
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Figure 4.7: Snapshots taken at t = 4.5 Gyr from cases with regular postperovskite and TCM B = 3750 K. From top to bottom: ΓpP v = 8, 13, 16
M P a/K; from left to right: temperature, composition, and phase fields.
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Figure 4.8: Snapshots taken at t = 4.5 Gyr from cases with weak postperovskite and TCM B = 3750 K. From top to bottom: ΓpP v = 8, 13, 16
M P a/K, from left to right: temperature, composition, and phase fields.
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plumes are generated outside the primordial reservoirs are associated with gaps
between pPv piles. Figure 4.7 further indicates that the growth of instabilities in
the bottom TBL is not substantially affected by the pPv Clapeyron slope. The
primordial reservoirs are strongly anti-correlated with pPv piles.
Figure 4.8 shows the effects of Clapeyron slope of the pPv phase transition on
the weak pPv cases. In the case with a low CMB temperature, pPv fully covers the
CMB if the Clapeyron slope is small, and as discussed in section 3.3, this weak pPv
shell destabilises the primordial materials. The combination of a small Clapeyron
slope (8 M P a/K) and weak pPv (Figure 4.8a-c) allows primordial material to mix
efficiently with the surrounding regular mantle material, only leaving very small
reservoirs at the end of the run. As the Clapeyron slope increases, the CMB area
covered by weak pPv decreases, and a trend similar to that observed for the regular
pPv cases, i.e., in that the primordial reservoirs become stable.
Finally, Figure 4.9 shows cases combining a low CMB temperature (3350K)
with regular pPv. The experiments show similar results comparable to those shown
in Figure 4.7. This series of experiments confirms the trend observed with an
intermediate CMB temperature (Figure 4.7), i.e., that increasing values of ΓpP v
reduces the stability field of pPv. For ΓpP v = 16 M P a/K, pPv is stable only
outside the reservoirs of primordial material (Figure 4.9i). A large Clapeyron slope
can thus prevent pPv from fully covering the CMB region. It is also interesting
to note that for large values of ΓpP v , plumes are generated outside reservoirs of
primitive material, even for low CMB temperatures (3350 K).

4.4 Concluding discussions
In this study, we have investigated the effects of the CMB temperature, viscosity
contrast between pv and pPv, and Clapeyron slope of the pPv phase change on the
distribution and size of the pPv stability region, and on the structure and stability
of primordial reservoirs in the lower mantle. Several interesting conclusions may
be drawn from our experiments.
First, increasing the CMB temperature favors large scale reservoirs of dense
primordial material. Larger CMB temperature reduces the stability field of pPv,
which becomes thinner and more discontinuous as the CMB temperature increases.
On the other hand, increasing CMB temperature promotes the growth of instabilities in the bottom TBL, allowing plumes to rise from regions outside the reservoirs
of dense material. Since the low CMB temperature can maintain thin layers of
pPv within the hot piles, it would be possible that small lenses of pPv exist at the
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Figure 4.9: Snapshots taken at t = 4.5 Gyr from cases with regular postperovskite and TCM B = 3350 K. From top to bottom: ΓpP v = 8, 13, 16
M P a/K, from left to right: temperature, composition, and phase fields.

81

82

4 Effects of the post-perovskite phase transition properties on the
stability and structure of primordial reservoirs in the lower mantle

bottom of large reservoirs [e.g., Lay and Garnero, 2007; Tackley, 2012].
Second, the viscosity of pPv has a strong influence when other parameters (the
CMB temperature and Clapeyron slope) allow a substantial amount of pPv to
be present above the CMB. In these cases, the stability of the dense reservoirs is
strongly affected. For instance, weak pPv, combined with low values of the Clapeyron slope, does not allow large reservoirs of dense material to be maintained, if
the CMB temperature is too low. Instead it promotes efficient mixing between
dense and regular material, and the presence of a continuous pPv layer around the
CMB. We also find that the weak pPv destabilises the margins of the primordial
reservoirs, favouring plume generation from their edges, in agreement with Paleomagnetic reconstructions of the locations of large igneous provinces [e.g., Burke
et al., 2008].
Finally, the Clapeyron slope is a key parameter of the pPv phase change. Increasing its value limits the stability field of pPv, which exists in disconnected
patches. It further facilitates the presence of double crossings. By contrast, a low
value of the Clapeyron slope allows pPv to spread all over the CMB and if, as
mentioned above, pPv viscosity is very low compared to that of perovskite, reservoirs of dense material are not stable. Figure 4.10 shows that a full layer of pPv
covering the CMB is determined by two main parameters: the CMB temperature
and the Clapeyron slope of the phase change from pv to pPv. Note that although
the viscosity contrast between pv and pPv affects the stability of the primordial
reservoirs, it has no significant influence on the presence of pPv.
These findings have interesting implications for the Earth’s mantle. First, assuming that the D00 discontinuity is a signature of the pPv phase transition, and
noting that this discontinuity is not observed everywhere, pPv is unlikely to be
forming a thick continuous layer around the CMB. Models of convection that
predict such continuous layers, i.e., models combining weak pPv and low pPv
Clapeyron slope, are unable to maintain large scale thermo-chemical reservoirs,
and instead result in a chemically homogeneous lower mantle that cannot explain
structures such as the LLSVPs observed by tomographic models. Therefore, they
may be ruled out. Similarly, a low CMB temperature, as suggested by a recent
experiment on the solidus of pyrolite [Nomura et al., 2014], should be taken with
caution. Results from our models indicate that in order to maintain large primordial reservoirs with such a low CMB temperature, a very large Clapeyron slope is
required to avoid a full layer of pPv covering the CMB.
Another important observational constraint is the distribution of plumes. The
location of hotspots and paleomagnetic reconstructions of Large Igneous Provinces
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Figure 4.10: Observations of whether or not pPv forms a full layer above
the CMB. Colour red for regular pPv cases, colour black for weak pPv cases;
marker square for pPv observed fully layering above the CMB; marker triangle for not fully layering above the CMB.

Figure 4.11: Fig S1. 1-D profiles of viscosity (left) and temperature (right)
for the models shown in Figure 4.1.
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suggest that plumes are preferentially (but not only) generated on the edges of
LLSVPs [e.g., Burke et al., 2008], while a few plumes originating from regions
outside LLSVPs. Our experiments indicate that a high CMB temperature , and a
large Clapeyron slope of the pPv phase transition, promote the growth of plumes
outside the primordial reservoirs. Therefore, to explain the observed distribution
of plumes, the CMB temperature should not be too high. In models with TCM B
= 4200 K, for instance, about half of the plumes are generated outside the reservoirs of primordial material. By contrast, in models with an intermediate CMB
temperature (around 3750 K) most plumes originate from the reservoirs of primordial material, and only a few plumes are generated outside these reservoirs, in
agreement with observations.
Overall, our experiments indicate that a combination of very low CMB temperature and very small Clapeyron slope is the most unlike case for the Earth.
The CMB temperature shouldn’t be too high, as the upper limit for the CMB
temperature is the melting temperature of deep mantle material and very high
CMB temperature (i.e., 4200 K in this study) leads to degree-one structure rather
than degree-two. Furthermore, a high CMB temperature promotes the generation
of many plumes outside primordial reservoirs, which contradicts the observations.
Thus, models of mantle convection that appear to be most likely include a high
pPv Clapeyron slope (typically, in the range 13 ∼ 16 M P a/K), and a moderate CMB temperature (around 3750 K). Additional constrains are required to
determine the viscosity contrast between pv and pPv, as in the range we suggested for the Earth’s mantle, the viscosity contrast between pv and pPv does not
show significant differences, as further suggested by recent 3-D spherical geometry
calculations [Li et al., 2014c].
Future directions may focus on several aspects. First, it is important to check
whether our results, in particular the generation of plumes outside the reservoirs of
dense material, are also valid in 3-D spherical geometry. Second, our experiments
model subducted slabs in a very simple way that do not take into account the
chemistry of slabs. In reality, slabs bring recycled oceanic crust to the bottom
of the mantle, which may interact with the reservoirs of primitive material and
influence the dynamics of these reservoirs [Li et al., 2014a; Nakagawa and Tackley,
2014]. Third, the phase parameters of the pPv phase change also depend on the
composition [e.g., Andrault et al., 2010; Hirose et al., 2008], and more accurate
model should take the compositional-dependent phase change into account. Last,
with weak pPv, the CMB conductive heat flow is larger than the that with regular
pPv, i.e., a mantle with weak pPv might cool down faster than the mantle with
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regular pPv. Therefore, it will be interesting to include core cooling in future
models.

85

5
Conclusions and perspectives

5.1 Thesis summary
The main goal of this PhD project was to explore the model space of thermochemical convection in spherical geometry, and identify the model parameters that
allow large reservoirs of primordial dense material to be maintained in the lower
mantle of the Earth for a long period of time. Important results obtained can be
summarized as follows:
- Chapter 2. Systematic investigation the parameters that play a key role in
maintaining reservoirs of dense material in 3-D spherical geometry. We find that
the conclusions obtained in 3-D Cartesian geometry are overall also valid in spherical geometry after slight modifications. A intermediate density contrast between
the regular and primordial dense material (buoyancy ratio) and a large thermal
viscosity contrast are the two most important parameters that help to keep the
primordial reservoirs stable, and lead to a spherical harmonic degree 2 structure,
similar to the lower mantle images obtained by seismic tomography.
- Chapter 3. Taking the phase transition from perovskite to post-perovskite
into account, and investigating the effects of low viscosity post-perovskite on the
stability and structure of primordial reservoirs. Based on the results obtained in
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Chapter 2, we choose model parameters that allow the maintenance of large reservoirs of primordial material, and vary the viscosity ratio by 1 and 1/1000 to model
regular and weak pPv. Our results indicate that, with an Earth-like set-up, the
viscosity of pPv has limited effects on the stability and structure of the primordial
reservoirs. However, the weak pPv allows a wider spreading of cold slabs along the
CMB, and slightly increases the instability of the primordial reservoirs. Therefore,
more primordial material may be entrained by plumes rising from the edge of the
reservoirs.

- Chapter 4. Systematic investigation of the influences of pPv parameters on
the stability and structure of primordial reservoirs in the lower mantle, including
the CMB temperature, the viscosity contrast between pv and pPv, and Clapeyron
slope of pPv phase change. A high CMB temperature increases the wavelength of
the primordial reservoirs. Both the CMB temperature and the Clapeyron slope
of pPv phase change play important roles in controlling the size and structure
of the pPv piles. A full layer of weak pPv above the CMB strongly enhances the
mixing efficiency of primordial material with ambient regular mantle material that
may not allow the generation of large reservoirs. Our results suggest the models
of convection best describing the Earth’s mantle dynamics include a large pPv
Clapeyron slope in the range of 13 ∼ 16 M P a/K, and a moderate CMB temperature around 3750 K.

5.2 Perspectives
The results obtained in this PhD thesis open several interesting perspectives that
may be further explored in future works. Here, two possible projects are discussed
more in details :
i). Small pPv lens at the bottom of the LLSVPs as a possible origin of ULVZs;

ii). Full 3-D models of thermo-chemical convection with three chemical components.

5.2 Perspectives

5.2.1 A possible origin of ULVZs : post-perovskite piles within LLSVPs
The lowermost mantle of the Earth (>2400 km) is dominated by two large low
shear velocity provinces (LLSVPs). One is located beneath Africa and the other
beneath the Pacific, as indicated from both global and local seismological observations [e.g., He and Wen, 2012; Ni et al., 2002; Su et al., 1994]. Local waveform
studies with higher resolution have found evidence for ultra low velocity zones
(ULVZs), most of which are near the borders of LLSVPs (Figure 5.1). The shear
wave velocity is reduced by 10%∼30% in the ULVZs. The lateral extent of these
ULVZs may be quite different, but their height are typically in a range of 5∼30
km.

Figure 5.1: Global distribution of ULVZ based on seismic studies. Blue areas
in the foreground indicate probed areas lacking evidence for ULVZ structure,
while red patches in the foreground mark regions with detected ULVZs.
Background colors show lowermost mantle seismic shear wave velocities from
the tomographic study by Ritsema et al. [2004]; reproduced from McNamara
et al. [2010].

The nature of these ULVZs is still unknown. The large ratio between S and Pvelocity reduction, up to 3, was interpreted as being due to the presence of partial
melt [e.g., Williams and Garnero, 1996]. However, some recent studies indicate
that a solid state chemically dense material may also explain the observations [e.g.,
Wicks et al., 2010], and are supported by numerical studies [e.g., Bower et al., 2011;
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McNamara et al., 2010].
Since the LLSVPs are the hot regions in the lower mantle, the phase transition from perovskite to post-perovskite is unlikely to occur within these regions.
However, due to the large uncertainties in key parameters, such as the CMB temperature, temperature and the Clapeyron slope of the pv to pPv phase transition
(Chapter 4) and composition-dependence of pPv, small pPv piles may exist within
the LLSVPs [e.g., Lay et al., 2006; Tackley, 2012]. Studies of mineral physics [e.g.,
Mao et al., 2006] also observe similar low compressional and shear wave velocities
and a high Poisson’s ratio in iron-enriched post-perovskite silicate phase to the
observations of ULVZs, and therefore suggest that iron-enriched pPv could be a
possible origin of ULVZ. Up to now, no numerical simulations have been performed
to investigate this possibility.

Figure 5.2: Preliminary results from 3-D calculations. a). Isosurface of
composition field C = 0.5(gray); b). Isosurface of post-perovskite (yellow);
c). Combined composition and phase slice; d) Combined temperature and
phase slice.

By using the same phase function approach as Chapter 3 and 4, I performed
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some testing experiments, and Figure 5.2 shows the preliminary results in which
small piles of pPv can be found within the large reservoirs of primordial dense
material in 3-D spherical geometry. The height of these small pPv piles is in a good
agreement with the seismological observations of ULVZ from several kilometres to
several tens of kilometres. The locations of these small pPv piles are mostly in
the margins of the large primordial reservoirs beneath hot plumes [Williams et al.,
1998].
Iron-rich perovskite may transform to post-perovskite at lower mantle pressure than Mg-perovskite [e.g., Mao et al., 2004], i.e., it can transform at higher
temperature at the bottom of the mantle. The primordial reservoirs in the lower
mantle are suggested to be iron-enriched [Deschamps et al., 2012], therefore it is
reasonable to assume that the phase change from pv to pPv occurring within the
primordial reservoirs will produce iron-enriched pPv or mixture of post-perovskite
and iron-enriched ambient material. Figure 5.2 shows the preliminary results. In
this experiment, the low CMB temperature allows the phase change to occur within
the primordial reservoirs, meanwhile the large Clapeyron slope (here 13 M P a/K)
avoids a pPv layer that fully covers the CMB. As expected, we observe small thin
pPv piles within the primordial reservoirs. The lateral extent of these pPv piles
within primordial reservoirs (102 km to 103 km in width and length) is much larger
than the thickness ( ∼10 km), which is consistent with seismic observations [e.g.,
Ritsema et al., 2004]. We also find that the locations of the pPv piles along the
margins of the primordial reservoirs are strongly correlated with the hot plumes.
This result is interesting, because a recent study by [Cottaar and Romanowicz ,
2012] reports an unusually large ULVZ at the base of the mantle near Hawaii
(∼103 km in lateral extension, and ∼20 km in height), and the Hawaiian plume
is thought to be arising from the edge of Pacific LLSVP (Figure 5.3).
Therefore, it would be interesting to test the conditions for small piles of pPv
to exist at the base of large reservoirs of primordial material, and compare the
results with the observations of ULVZs in future work.

5.2.2 Three-component mantle convection system
Most of the previous numerical studies investigating the dynamical processes of the
large scale chemical heterogeneities in the lower mantle assumed they have only
one chemical origin, either recycled [e.g., Li and McNamara, 2013; Nakagawa and
Tackley, 2014] or primordial [e.g., Deschamps and Tackley, 2008, 2009; McNamara
and Zhong, 2005a]. However, geochemical signatures of ocean island basalts, such
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Figure 5.3: A simplified 3-D model of the ULVZ observed at the base of
the mantle near Hawaii. This figure is taken from personal website of Sanne
Cottaar (http://www.sannecottaar.nl/research.html )

as from Hawaii hotspots, show that plumes sample several reservoirs, including a
reservoir of undegassed material, and a reservoir of recycled crust [e.g., Hofmann,
1997; Jackson et al., 2010; Mukhopadhyay, 2012]. A recent study by Li et al.
[2014a] qualitatively explains the complex geochemistry of ocean island lavas by
using numerical system with both primordial material and recycled oceanic crust.
Another study by Nakagawa and Tackley [2014] indicates that primordial material
above the CMB might be needed to construct a realistic model of a coupled mantle and core evolution. Although not being investigated, the chemical viscosity
contrast between the primordial and recycled material may have some interesting
effects on the current results. Since these two studies are both in 2-D, full 3-D
spherical calculations are therefore needed to test if their findings are still valid in
3-D.
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