
Earth and Planetary Science Letters 432 (2015) 1–12
Contents lists available at ScienceDirect

Earth and Planetary Science Letters

www.elsevier.com/locate/epsl

Effects of the post-perovskite phase transition properties 

on the stability and structure of primordial reservoirs in the lower 

mantle of the Earth

Yang Li a,b,∗, Frédéric Deschamps b, Paul J. Tackley a

a Institute of Geophysics, Department of Earth Sciences, ETH Zurich, Sonnegstrasse 5, 8092 Zurich, Switzerland
b Institute of Earth Sciences, Academia Sinica, 128 Academia Road Sec. 2, Nangang, Taipei 11529, Taiwan

a r t i c l e i n f o a b s t r a c t

Article history:
Received 31 March 2015
Received in revised form 28 August 2015
Accepted 25 September 2015
Available online xxxx
Editor: B. Buffett

Keywords:
thermo-chemical mantle convection
post-perovskite
primordial reservoir

Two key features of the lowermost Earth’s mantle are the presence of Large Low Shear Velocity Provinces 
(LLSVPs), which may be reservoirs of primordial, chemically distinct material, and the phase change from 
perovskite (pv) to post-perovskite (pPv), which may occur at lowermost mantle conditions. However, the 
influence of this phase change on the shape, dynamics, and stability of chemically distinct reservoirs is
not well constrained. Here, we performed numerical experiments of thermo-chemical convection in 2-D 
spherical annulus geometry to investigate the effects on thermo-chemical structure in the lower mantle 
of three parameters affecting the pPv phase change: the core–mantle boundary (CMB) temperature 
(TCMB), the viscosity ratio between pv and pPv (�ηpPv), and the Clapeyron slope of the pPv phase 
transition (�pPv). Our results indicate that increasing CMB temperature increases the wavelength of 
the primordial reservoirs. Furthermore, a high CMB temperature promotes the development of plumes 
outside the reservoir of primordial material. High CMB temperature and large Clapeyron slope both 
favour the formation of pPv patches and of a double-crossing of the phase boundary, thus preventing 
the formation of continuous layer of pPv above the CMB. Combined with a low CMB temperature and/or 
a low Clapeyron slope of the pPv phase transition, a full layer of weak pPv above the CMB strongly 
enhances the mixing efficiency of primordial material with ambient regular mantle material, which 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 MPa/K), and a moderate CMB temperature (around 3750 K). Our models do 
not provide further constraints on the value of the pPv viscosity, both regular and low values giving 
similar results on stability and structure of large primordial reservoirs for models with a moderate CMB 
temperature and large Clapeyron slope, but more plumes can be observed outside these large reservoirs 
in the cases with regular pPv than those in the cases with weak pPv.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

One of the most important discoveries of the past decade in 
mineral physics 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., 2004). This phase transition was 
predicted by Sidorin et al. (1999), who noted that an exothermic 
phase change above the core–mantle boundary (CMB) would ex-
plain the D ′′ discontinuity observed by seismologists better than a 
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chemically distinct layer. Since its discovery, post-perovskite was 
found to bear properties compatible with the properties of the 
D ′′ region. In particular, the shear modulus of pPv is larger than 
that of pv, implying that shear-waves travel faster in pPv regions 
(e.g., Caracas and Cohen, 2005; Mao et al., 2007; Stackhouse and 
Brodholt, 2007). Recent seismic observations (Cobden and Thomas, 
2013) suggest that the D ′′ discontinuity may however have differ-
ent origins depending on the polarities of P - and S-waves, and 
that the pPv phase transition may be a good candidate for regions 
where these polarities are opposite. A key property of the pPv 
phase transition is its large Clapeyron slope, around 8–10 MPa/K 
(Oganov and Ono, 2004), or even more according to recent es-
timates (Tateno et al., 2009; Hernlund, 2010), implying that pPv 
should not be stable in hot regions, which would explain why the 
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seismic discontinuity atop D ′′ is not ubiquitous. Interestingly, pPv 
is a strongly anisotropic mineral, and its presence may thus explain 
the anisotropy observed in the D ′′ region (Wookey et al., 2005).

Seismic tomography models further reveal two Large Low Shear 
Velocity Provinces (LLSVPs) in the lowermost mantle beneath 
Africa and the Pacific (e.g., Masters et al., 2000; Trampert et al., 
2004; Ni et al., 2002; He and Wen, 2012). Cluster analysis (Lekic 
et al., 2012) and the fact that they are also observed by normal 
mode tomography (Ishii and Tromp, 1999; Trampert et al., 2004;
Mosca et al., 2012) indicate that LLSVPs are robust features, not 
artifacts. Furthermore, probabilistic tomography (Trampert et al., 
2004; Mosca et al., 2012) suggest that they are hotter and chem-
ically distinct compared to the ambient mantle. Since the phase 
change from perovskite (pv) to post-perovskite (pPv) is mainly 
expected to occur in cold regions of the lowermost mantle, pPv 
may not be found within LLSVPs. This is in agreement with the 
most recent thermo-chemical distributions deduced from prob-
abilistic tomography (Mosca et al., 2012). If it is present out-
side LLSVPs, pPv may explain the anti-correlation between shear-
wave and bulk sound velocity anomalies (Hutko et al., 2008;
Davies et al., 2012).

The presence of post-perovskite may have some substantial 
influences on mantle dynamics. It has been pointed out, for in-
stance, 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 to-
pography 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). It is therefore important to properly describe the inter-
actions between the pPv phase transition and the LLSVPs. This, in 
turn, requires a good knowledge of the properties of pPv and of 
the conditions under which it appears, including the temperature 
at the CMB, 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., Zerr et 
al., 1998; Fiquet et al., 2010; Andrault et al., 2011). This high 
CMB temperature indicates that part of the CMB region is in the 
perovskite stability field, thus preventing a global layer of pPv cov-
ering the CMB. However, a recent study by Nomura et al. (2014)
suggests that a natural primitive mantle (pyrolite) with 400 ppm 
H2O could result in a much 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., Yoshino and Yamazaki, 
2007; Hunt et al., 2009), as well as theoretical calculations by 
Ammann et al. (2010) based on the first-principle methods, re-
ported 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 re-
cent 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 favour-
ing 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 val-
ues of 8–10 MPa/K (e.g., Oganov and Ono, 2004) to the current 
preferred value of 13 MPa/K or higher (e.g., Tateno et al., 2009;
Hernlund, 2010).

In this study, we perform a series of numerical experiments of 
thermo-chemical convection to investigate the influence of each of 
the three parameters discussed above on mantle convection. We 
focus in particular on their effects on the stability and structure of 
the primordial reservoirs in the lower mantle.

2. Numerical experiments set up

The numerical experiments are performed with StagYY (Tackley, 
2008), which solves the conservation equations of mass, momen-
tum, 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

ηb(z, T ,�pPv)

= η0
[
1 + 29H(z − 660)

]

× exp

[
�pPv ln(�ηpPv) + Va

z

D
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(1)

where η0 is the reference viscosity (taken at temperature T =
1600 K and depth z = 0 km), H is the Heaviside step function, 
and �ηpPv is the viscosity jump between perovskite and post-
perovskite, which is equal to 1 for regular pPv, and 1/1000 in the 
case of weak pPv. Va and Ea are the non-dimensional activation 
volume and energy, controlling viscosity variations with depth and 
temperature, respectively. Toff is the offset temperature, which re-
duces the viscosity jump through the top thermal boundary layer. 
Here, we set the value of this parameter to 0.88�T S . The yield 
stress helps to build plate-like behaviour at the top of the domain. 
Here, we define the yield stress by imposing its surface value σ0, 
and its pressure gradient σi . The yield viscosity ηY , is defined as 
the ratio between the yield stress and the second invariant of the 
strain rate tensor ė. 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

η0κs
(2)

where αs is the surface thermal expansivity, g the acceleration 
of gravity, �Ts the super-adiabatic temperature difference, D the 
mantle thickness, η0 the reference viscosity obtained using the po-
tential temperature of 1600 K at the surface, and κs the surface 
thermal diffusivity. This reference Rayleigh number remains con-
stant during the entire experiment, and in this study we prescribed 
Raref = 108 for all experiments. The effective Rayleigh number 
Raeff , 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. This phase function is based on 
that in Christensen and Yuen (1985), and is defined by

�pPv(T , z) = 0.5 + 0.5 tanh
z − zpPv − γpPv(T − TpPv)

w
(3)

where �pPv is the phase function for post-perovskite, varying from 
0 for perovskite to 1 for post-perovskite, T and z are temperature 
and depth, respectively, (TpPv, zpPv) is a point on the phase bound-
ary, γpPv is the Clapeyron slope and w is the width of the phase 
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Table 1
Mantle model physical parameters.

Parameter Symbol Value Units Non-dimensional

Non-dimensional parameters

Reference Rayleigh number Ras 108

Buoyancy ratio B 0.28
Volume fraction of dense material X 0.04
Initial thickness of the dense layer hDL 0.07
Surface dissipation number DiS 1.2
Compositional heating ratio RHC 10

Physical and thermo-dynamical parameters

Acceleration of gravity g 9.81 m s−2 1.0
Mantle thickness D 2891 km 1.0
Super-adiabatic temperature difference �T S 2500 K 1.0
Reference adiabat Tas 1600 K 0.64
Surface density ρS 3300 kg/m3 1
CMB density ρb 5610 kg/m3 1.7
Density jump at z = 660 km �ρ660 400 kg/m3 0.1212
Surface thermal expansion αS 5.0 × 10−5 K−1 1.0
CMB thermal expansion αb 1.0 × 10−5 K−1 0.2
Surface thermal diffusivity κS 6.24 × 10−7 m2 s−1 1.0
CMB thermal diffusivity κb 8.74 × 10−7 m2 s−1 1.4
Clapeyron slope at z = 660 km �660 −2.5 MPa/K −6.68 × 10−2

Viscosity law

Reference thermal viscosity η0 1.6 × 1021 Pa s 1.0
Viscosity ratio at z = 660 km �η660 30
Thermal viscosity ratio �ηT 1010

Vertical viscosity ratio �ηZ 102

Dimensional scalings

Velocity v 1.0 cm yr−1 1468
Time t 424 Gyr 1.0
Heat flux 
 2.6 mW m−2 1.0
Internal heating rate H 2.72 × 10−13 W kg−1 1.0
transition. In this study, the phase boundary from perovskite to 
post-perovskite occurs at 2650 K and 2700 km depth, which al-
lows a double crossing in the lowermost mantle (e.g., Hernlund et 
al., 2005) in some cases.

A layer of dense material, modelling primitive material, of 
thickness hDL = 0.07 (corresponding to 5% in volume), is initially 
imposed at the bottom of the mantle. The density contrast be-
tween primordial and regular material is controlled by the buoy-
ancy ratio (B):

B = �ρC

αsρs�Ts
(4)

where �ρC is the density difference between the dense and reg-
ular material. In this study, we fix B to 0.28. For a superadiabatic 
temperature difference �T S = 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., Trampert et al., 2004;
Mosca et al., 2012). The values of other physical parameters are 
listed in Table 1.

The initial radial temperature profile is adiabatic with a poten-
tial 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. At best, the grid 
refinement at top and bottom leads to 6 km thick cells. A collection 
of 2.2 million tracers is used to track composition. The composi-
tional field is calculated from the fraction of dense tracers at each 
location, and varies between 0 for regular material and 1 for pri-
mordial material.
To estimate the degree of mixing between dense and regular 
materials, we use the average depth of dense material, as defined 
by Deschamps and Tackley (2008):

< hc >= 1

V

∫
V

C(r, θ,φ)rdV . (5)

Values of < hc > around 0.57 or more indicate efficient mixing, 
whereas for stable layering < hc > is equal to 0.045. For stable 
reservoirs of dense material, < hc > is in between the values for 
efficient mixing and stable layering.

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 (TCMB), the viscosity contrast between pv and pPv (�ηpPv), 
and the Clapeyron slope of the pPv phase transition (�pPv). Model 
parameters are listed in Table 1, and properties of the runs dis-
cussed in this section are detailed in Table 2.

3.1. Reference case

We first define a reference case (case M1 in Table 2), for 
TCMB = 3750 K, �ηpPv = 1, and �pPv = 13 MPa/K. Fig. 1d–f show 
snapshots of the temperature, composition and phase field of the 
reference case at t = 4.5 Gyr. Two large reservoirs of dense pri-
mordial material 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. Fig. 2c 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) 
at t = 4.5 Gyr, primordial material covers about 1/3 of the total 
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Fig. 1. Snapshots taken at t = 4.5 Gyr from cases with regular post-perovskite, �pPv = 13 MPa/K, and different CMB temperatures. From top to bottom: TCMB = 3350, 3750, 
4200 K; from left to right: superadiabatic temperature, composition, phase fields. For the phase field, the colour code ranges from 0 to 3 for olivine, spinel, perovskite, and 
post-perovskite, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Table 2
Cases used in this study.

Name botT �ηppv �ppv

L1 3350 K 1 13 MPa/K
L2 3350 K 1 8 MPa/K
L3 3350 K 1 16 MPa/K
L4 3350 K 10−3 13 MPa/K
L5 3350 K 10−3 8 MPa/K
L6 3350 K 10−3 16 MPa/K
M1 3750 K 1 13 MPa/K
M2 3750 K 1 8 MPa/K
M3 3750 K 1 16 MPa/K
M4 3750 K 10−3 13 MPa/K
M5 3750 K 10−3 8 MPa/K
M6 3750 K 10−3 16 MPa/K
H1 4200 K 1 13 MPa/K
H2 4200 K 1 8 MPa/K
H3 4200 K 1 16 MPa/K
H4 4200 K 10−3 13 MPa/K
H5 4200 K 10−3 8 MPa/K
H6 4200 K 10−3 16 MPa/K

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 sta-
ble only outside the reservoirs of primordial material, which are 
hotter than average, and away from the additional plumes gen-
erated outside these reservoirs. As a result pPv is distributed in 
discontinuous patches above the CMB. We also observe a ‘double-
crossing’ of the pPv phase change at the edges of these patches.

3.2. Effects of the core–mantle boundary temperature

We then performed experiments in which we varied the CMB 
temperature to explore its dynamical influence on the stability and 
structure of the reservoirs of primordial material. We considered 
three values of TCMB: 3350 K, 3750 K (corresponding to the ref-
erence case), and 4200 K, sampling the range of values estimated 
from mineral physics experiments. In all three experiments, the 
viscosity of pPv is equal to that of pv (�ηpPv = 1), and the Clapey-
ron slope is �pPv = 13 MPa/K, as in the reference case.

Fig. 1 shows the temperature, composition and phase fields for 
three cases with different CMB temperatures. We observe strong 
differences in the pPv stability field, in the size and distribution of 
reservoirs of primitive material, and in the appearance of plumes, 
depending on the CMB temperature. For the lowest CMB temper-
ature we considered (TCMB = 3350 K), the CMB is fully covered 
by post-perovskite (Fig. 1c), including at the bottom of the reser-
voirs of primordial material, and the thickness of the pPv layer 
laterally varies with local temperature. Thicker layers are found in 
the colder-than-average regions, where cold downwellings (mod-
elling subducted slabs) reach the lower mantle and spread along 
the CMB. As one would expect, the area covered by pPv decreases 
with increasing CMB temperature, while the phase change occurs 
deeper and the pPv piles become thinner. For instance, in reser-
voirs of dense material, which are hotter than their surroundings, 
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Fig. 2. (a) Surface and CMB heat flux as a function of time. (b) Volume-averaged mantle temperature as a function of time. (c) Percentage of area at the CMB and 300 km 
above the CMB covered by primordial material as a function of time. (d) The average altitude of primordial material as a function of time for experiments shown in Fig. 1. 
(For interpretation of the colours in this figure, the reader is referred to the web version of this article.)
pPv is stable only in a thin layer above the CMB. In contrast, as the 
CMB temperature increases, pPv is only stable outside the reser-
voirs of dense material, forming discontinuous patches (Figs. 1f 
and 1i). Double-crossing may also appear, either at the edge of the 
patches for an intermediate CMB temperature (Fig. 1f), or within 
them (Fig. 1i), for a high CMB temperature.

Increasing the CMB temperature further affects the size, struc-
ture, and distribution of the primordial reservoirs, in that the 
wavelength of these reservoirs increases with increasing CMB tem-
perature (Fig. 1). For a high CMB temperature, the mantle temper-
ature is also higher (i.e., Fig. 2b), which reduce the stress close to 
the surface, and oppose the formation of downwellings. A low CMB 
temperature (TCMB = 3350 K), on the contrary, favours the devel-
opment of cold downwellings (modelling subducted slabs) at the 
top of the 2D-annulus shell (Fig. 1a). Because the geometry and 
distribution of reservoirs of primordial material are controlled by 
the location of downwellings, which are pushing primordial mate-
rial aside as they arrive at the bottom of the shell (e.g., Y. Li et 
al., 2014b), a larger number of downwellings favours in turn the 
formation of several small scale reservoirs (Fig. 1b). In contrast, for 
an intermediate CMB temperature (TCMB = 3750 K), as in our refer-
ence case, two antipodal large primordial reservoirs are generated 
(Fig. 1e), while for a high CMB temperature (TCMB = 4200 K), we 
observe even larger primordial reservoirs with a roughly degree-
1 distribution. Figs. S1–S3 show the time evolution of thermal, 
chemical, and phase structures during the last 1 Gyr in the calcula-
tions. Similar to our previous studies (Y. Li et al., 2014a, 2014b), we 
observe that the reservoirs of dense material can be maintained in 
the lower mantle for a long period of time, while their locations 
migrate laterally and their shapes slightly change with time.

The CMB temperature finally has some important consequences 
for instabilities from the bottom thermal boundary layer (TBL). For 
TCMB = 3350 K, plumes are rising mainly from the top of the pri-
mordial reservoirs (Fig. 1a). In contrast, for CMB temperatures of 
3750 K (Fig. 1d) and 4200 K (Fig. 1g), plumes are also generated 
from outside these reservoirs, the number of such plumes increas-
ing with TCMB . The temperature at the feet of these plumes is 
higher than the surroundings, inducing gaps in the pPv layer. The 
CMB heat flux (Fig. 2a, dashed lines) further indicates that increas-
ing TCMB promotes the development of instabilities in the bottom 
TBL. For TCMB = 3350 K, the bottom heat flux is nearly constant 
in the time interval 1.5–4.5 Gyr, at around 40 mW/m2. With in-
creasing TCMB , the time-averaged heat flux strongly increases (up 
to 140 mW/m2 for TCMB = 4200 K), and its time variations have 
larger amplitudes. Fig. 2b, which plots the volume-averaged man-
tle temperature as a function of time, indicates that the cooling 
rate is not very sensitive to the CMB temperature. Higher values of 
TCMB lead to slightly faster cooling, but the temperature drop over 
the entire experiments remains around 450 K for all cases.

Fig. 2c shows the percentage of the area covered by primordial 
reservoirs at the CMB and 300 km above the CMB, and Fig. 2d 
shows the average altitude of primordial material for the three 
cases shown in Fig. 1. Although the CMB temperature and the 
wavelength of primordial reservoirs are different in these cases, 
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Fig. 3. Snapshots taken at t = 4.5 Gyr from cases with weak post-perovskite, �pPv = 13 MPa/K, and different CMB temperatures. From top to bottom: TCMB = 3350, 3750 and 
4200 K; from left to right: superadiabatic temperature, composition, phase fields. Colour scales are similar to those in Fig. 1. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)
the total areas covered by primordial material are very similar to 
each other. The average altitude of dense material is also unaf-
fected by the value of TCMB , indicating that the entrainment of 
dense material is similar in the three cases considered here. This is 
due to the fact that the buoyancy ratio, which is the most impor-
tant parameter controlling the stability of the primordial reservoirs 
(e.g., McNamara and Zhong, 2005; Deschamps and Tackley, 2009;
Y. Li et al., 2014b), is the same for the three cases shown here. Its 
value (B = 0.28) allows primordial reservoirs in the lower mantle 
to be maintained.

3.3. Effects of viscosity contrast between pv and pPv

The influence of the viscosity contrast between pv and pPv is 
illustrated in Figs. 3 and 4 for the three values of the CMB temper-
ature considered in Section 3.2.

Fig. 1d–f and Fig. 3d–f compare thermo-chemical structures ob-
tained from regular and weak pPv cases with a CMB temperature 
equal to 3750 K. The pPv piles in the case with weak pPv are gen-
erally thinner and more continuous than those in the case with 
regular pPv, indicating that the mantle temperature is higher in the 
weak pPv case, which is also shown by the time evolution of the 
average mantle temperature (Figs. 2b and 4b, black lines). Com-
parison between Figs. 2b and 4b further indicates that the mantle 
cooling is slightly slower in the weak pPv case.

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 in the distribution of plumes 
and pPv. In the case with weak pPv, the primordial reservoirs are 
flatter. Fig. 2d and Fig. 4d, plotting the average altitude of dense 
material, further show that the entrainment of dense material by 
plumes to the upper mantle is slightly stronger in the case with 
weak pPv than 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 (Figs. 2a and 4a, black dashed lines). 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 (Y. Li et al., 2014a). 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.

Fig. 1g–i and Fig. 3g–i compare thermo-chemical structures ob-
tained 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 fewer but stronger plumes 
compared to the plumes are generated in the case with weak pPv. 
Fig. 1a–c and Fig. 3a–c compare thermo-chemical structures ob-
tained 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 TCMB = 3750 K. 
With weak pPv, the reservoirs of primordial dense material nearly 
disappear, indicating more efficient mixing between primordial 
and regular materials (blue lines in Fig. 4d). Furthermore, the weak 
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Fig. 4. (a) Surface and CMB heat flux as a function of time. (b) Volume-averaged mantle temperature as a function of time. (c) Percentage of area at the CMB and 300 km 
above the CMB covered by primordial material as a function of time. (d) The average altitude of primordial material as a function of time for experiments shown in Fig. 3. 
(For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
pPv layer is thinner but less variable. It should be pointed out that 
such an ubiquitous pPv layer is unlikely in the case of the Earth’s 
mantle, since the D ′′ seismic discontinuity, which is thought to be 
the signature of the pPv phase transition to pPv, is not observed 
everywhere.

Our experiments further indicate that the viscosity of pPv has 
an influence on the development of plumes outside the dense 
reservoirs. Such plumes are generated in hotter than average re-
gions, which also cause gaps in pPv layer. With regular pPv, we 
observe that plumes are being generated outside dense reservoirs 
for all the CMB temperature we tested (Fig. 1), whereas with weak 
pPv they only appear for large CMB temperature (4200 K; Fig. 3). 
This may be related to the fact that weak pPv favours the spread-
ing of cold downwelling around the CMB, thus preventing the 
development of hot instabilities in these regions, unless the CMB 
temperature is large enough.

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 struc-
ture of the primordial reservoirs, as well as on the pPv piles.

Fig. 5 shows that the Clapeyron slope of the pPv phase change 
significantly affects the shape and distributions of the pPv piles 
and of the primordial reservoirs in the lower mantle. In the case 
with TCMB = 3750 K and a small Clapeyron slope (8 MPa/K), the 
pPv piles are flatter and more continuous compared to the cases 
with a larger Clapeyron slope (13 and 16 MPa/K), all other param-
eters being the same. In addition, a thin layer of pPv is present be-
neath the reservoirs of dense material for �pPv = 8 MPa/K (Fig. 5c), 
whereas for �pPv = 13 MPa/K (Fig. 5f) and �pPv = 16 MPa/K
(Fig. 5i), 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 TCMB = 3750 K, plumes are gener-
ated from both within and outside the reservoirs of dense material. 
As noted in the previous sections, the locations where plumes are 
generated outside the primordial reservoirs are associated with 
gaps between pPv piles. Fig. 6 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.

Fig. 6 shows the effects of Clapeyron slope of the pPv phase 
transition on the weak pPv cases. In the case with TCMB = 3750 K, 
pPv fully covers the CMB if the Clapeyron slope is small, and as 
discussed in Section 3.3, this weak pPv shell destabilises the pri-
mordial materials. The combination of a small Clapeyron slope 
(8 MPa/K) and weak pPv (Fig. 6a) allows primordial material to mix 
efficiently with the surrounding regular mantle material, leaving 
only very small reservoirs at the end of the run. As the Clapey-
ron slope increases, the CMB area covered by weak pPv decreases, 
and the primordial reservoirs become stable, as observed from the 
regular pPv cases.
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Fig. 5. Snapshots taken at t = 4.5 Gyr from cases with regular post-perovskite and TCMB = 3750 K. From top to bottom: �pPv = 8, 13, 16 MPa/K; from left to right: superadi-
abatic temperature, composition, and phase fields. Colour scales are similar to those in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
Finally, Fig. 7 plots cases combining a low CMB temperature 
(3350 K) with regular pPv. This series of experiments confirms the 
trend observed with an intermediate CMB temperature (Fig. 5), i.e., 
that increasing values of �pPv reduces the stability field of pPv. For 
�pPv = 16 MPa/K, pPv is stable only outside the reservoirs of pri-
mordial material (Fig. 7i). 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 �pPv , plumes are generated outside 
reservoirs of primitive material, even for low CMB temperatures 
(3350 K).

4. Implications for the lower mantle

Several interesting conclusions may be drawn from the numer-
ical experiments discussed in Section 3.

First, increasing the CMB temperature favours large scale reser-
voirs of dense primordial material. Larger CMB temperature also 
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 should be possible that small lenses of pPv exist 
at the 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 main-
tained, if the CMB temperature is too low. Instead it promotes 
efficient mixing between dense and regular material, and the pres-
ence 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 at their edges. Interestingly, preferen-
tial location of plumes at reservoirs edges is 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. In contrast, a low value of the Clapeyron slope 
allows pPv to spread all over the CMB and if, as mentioned above, 
the pPv viscosity is very low compared to that of perovskite, reser-
voirs of dense material are not stable. Fig. 8 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.

Other model parameters have a strong influence on the stability 
and shape of primordial dense reservoirs. Here, we choose these 
parameters according to the results of our previous calculations 
(Y. Li et al., 2014b), which identified values leading to stable reser-
voirs. The most important controlling parameter is certainly the 
buoyancy ratio (measuring the density contrast between dense and 
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Fig. 6. Snapshots taken at t = 4.5 Gyr from cases with weak post-perovskite and TCMB = 3750 K. From top to bottom: �pPv = 8, 13, 16 MPa/K, from left to right: superadiabatic 
temperature, composition, and phase fields. Colour scales are similar to those in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
regular materials). Previous studies (e.g., McNamara and Zhong, 
2005; Deschamps and Tackley, 2009; Y. Li et al., 2014b) suggested 
that increasing the buoyancy ratio help maintaining primordial 
reservoirs in the lower mantle. However, it is important to note 
that the buoyancy ratio should not be chosen too high to avoid full 
stratification, and to be consistent with density contrast estimates 
(Trampert et al., 2004; Mosca et al., 2012), around 2% compared 
to PREM, leading to the buoyancy ratio in the range 0.2–0.4 in 
our cases. The volume fraction of dense material is less sensitive, 
and has a limited influence on the stability of reservoirs of dense 
material (Y. Li et al., 2014b). Large values (10% or more) of this 
parameter are however not likely because they wouldn’t match 
estimates of LLSVPs’ volume, around 4% (Hernlund and Houser, 
2008), and because they would lead to a plume distribution (Y. Li 
et al., 2014b) that does not match paleomagnetic reconstruction of 
LIPs’ locations (Burke et al., 2008). Numerically, the resolution of 
the grid might also alter the stability of dense reservoir. The res-
olution we used here (768 lateral nodes and 96 vertical nodes), 
combined with grid refinement, is enough to avoid this problem.

These findings have interesting implications for the Earth’s 
mantle. First, assuming that the D ′′ 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 con-
tinuous layer around the CMB. In our models, such a pPv layer 
appears for a low value (3350 K) of the CMB temperature and/or 
a small (8 MPa/K) Clapeyron slope of the pPv phase transition. For 
the Earth’s mantle, larger values of these parameters may thus be 
preferred. Second, a successful model of mantle convection should 
explain the presence of LLSVPs by maintaining large scale reser-
voirs of chemically differentiated material. Models combining weak 
pPv and low pPv Clapeyron slope are unable to maintain large 
scale thermo-chemical reservoirs, and instead result in a chem-
ically homogeneous lower mantle that cannot explain structures 
such as the LLSVPs observed by tomographic models. Therefore, 
these models appear less likely. Similarly, a low CMB tempera-
ture, 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 Clapey-
ron 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 reconstruc-
tions of Large Igneous Provinces suggest that plumes are prefer-
entially (but not only) generated on the edges of LLSVPs (e.g., 
Burke et al., 2008), while a few plumes are originating from re-
gions outside LLSVPs. Our experiments indicate that the develop-
ment of plumes outside dense reservoirs is mostly controlled by 
the viscosity contrast between pv and pPv (Section 3.3; Figs. 1
and 3), with weak pPv preventing the generation of such plumes 
as it favours the spreading of cold downwellings along CMB. In 
this case, plumes may however be generated outside the dense 
reservoirs only if the CMB temperature is large. Our experiments 
further show that high CMB temperature combined with a large 
Clapeyron slope of the pPv phase transition promote the growth 
of plumes outside the primordial reservoirs. In contrast, in mod-
els with an intermediate CMB temperature (around 3750 K) most 
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Fig. 7. Snapshots taken at t = 4.5 Gyr from cases with regular post-perovskite and TCMB = 3350 K. From top to bottom: �pPv = 8, 13, 16 MPa/K, from left to right: superadi-
abatic temperature, composition, and phase fields. Colour scales are similar to those in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
plumes originate from the reservoirs of primordial material, and 
only a few plumes are generated outside these reservoirs, in agree-
ment with observations. One may point out that such instabilities 
may disappear in experiments with lower Rayleigh numbers than 
that used in our experiments, and those cases with high CMB tem-
perature may not be totally ruled out. Similarly, increasing the 
Rayleigh number in models with low or moderate TCMB may lead 
to the formation of thermal instabilities outside the reservoirs. It 
should be noted that this would imply substantial modification of 
the Rayleigh number, whereas in our experiments the reference 
Rayleigh number was fixed to make the effective Rayleigh num-
ber match expected value for the Earth’s mantle (typically, in the 
range 106–107).

Overall, our experiments indicate that a combination of very 
low CMB temperature and very small Clapeyron slope is the most 
unlikely 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 tempera-
ture (i.e., 4200 K in this study) leads to long wavelength thermo-
chemical structures in degree-one rather than in degree-two. Fur-
thermore, a high CMB temperature promotes the generation of 
many plumes outside primordial reservoirs, which contradicts ob-
servations. Thus, models of mantle convection that appear to be 
most likely include a high pPv Clapeyron slope (typically, in the 
range 13–16 MPa/K), and a moderate CMB temperature (around 
3750 K). Additional constrains are required to determine the vis-
cosity contrast between pv and pPv in the range we explored 
(10−3–1), the viscosity contrast between pv and pPv does not 
Fig. 8. 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. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

show significant differences on the stability and structure of large 
primordial reservoirs, but more plumes are being generated out-
side the large primordial reservoirs in the cases with regular pPv 
than those with weak pPv.
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5. Conclusions and perspectives

In this study, we have investigated the effects of the CMB tem-
perature, viscosity contrast between pv and pPv, and Clapeyron 
slope of the pPv phase change on the distribution and size of the 
pPv stability field, and on the structure and stability of primordial 
reservoirs in the lower mantle. The numerical experiments we per-
formed showed that:

1. The CMB temperature has a strong influence on the number 
and size of reservoirs of primordial material because it controls 
the mantle temperature, which in turn controls the generation of 
downwellings below the surface. Lower end temperatures (around 
3350 K) favour small size reservoirs, while large scale (degree two) 
reservoirs appear for higher CMB temperature of around 3750 K 
and more.

2. In cases with regular pPv, high CMB temperatures (around 
4200 K) promote the development of thermal instabilities, and 
therefore the generation of plumes, outside the reservoirs of pri-
mordial materials. On the other hand, weak pPv prevents the for-
mation of such plumes whatever the CMB temperature we tested.

3. Weak (i.e., low viscosity) pPv modifies the stability of the 
reservoirs of primordial material. This effect is important at small 
CMB temperature, but remains moderate for intermediate and high 
temperature (3750 K and higher). Meanwhile, weak pPv strongly 
prevents the generation of plumes outside large primordial reser-
voirs.

4. Large values of the Clapeyron slope prevent the formation 
of a continuous layer of pPv above the CMB. These findings sug-
gest that to explain available geophysical observation, including 
constraints on the D ′′ layer, tomographic models, and plume dis-
tribution reconstructed from paleomagnetic data, models of mantle 
dynamics should include a moderate CMB temperature (around 
3750 K), and a large Clapeyron slope (13–16 MPa/K) of the pPv 
phase transition. Our models, on the other hand, do not allow con-
straining the viscosity of pPv.

Future directions may focus on several aspects. First, it is im-
portant 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, and to compare to observations to find 
the best fit model. Second, our experiments model subducted slabs 
in a very simple way that does not take into account the chem-
istry 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 
(M. Li et al., 2014; Nakagawa and Tackley, 2014). Third, the phase 
parameters of the pPv phase change also depend on the compo-
sition (e.g., Hirose et al., 2008; Andrault et al., 2010), and more 
accurate models 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 regular 
pPv. Therefore, it will be interesting to include core cooling in fu-
ture models.
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