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Abstract Numerical experiments of thermochemical mantle convection in 2-D spherical annulus
geometry are performed to investigate the effects of compositional viscosity ratio (Δ𝜂C) on the long-term
evolution of reservoirs of dense, primordial material in the lowermost mantle of the Earth. The internal
heating rate in the primordial material is larger than in the ambient mantle by a factor of 10, accounting
for the fact that this material may be enriched in radiogenic elements. We find that if the chemical density
contrast is large (128 kg/m3), Δ𝜂C plays only a second-order role on the long-term stability of these
reservoirs. As the chemical density contrast decreases to smaller values (90 kg/m3), Δ𝜂C plays a more
significant role. More specifically, when Δ𝜂C is large, around 10 or larger, convection within the reservoirs
of primordial material is less vigorous, which increases the temperature and thermal buoyancy of these
structures. This, in turn, can eventually lead them to become unstable, with the majority of the primordial
material being advected into the large-scale mantle circulation.

1. Introduction
The Earth's deep mantle appears to be heterogeneous at different length scales. The most striking features
revealed by seismic observations are two large low shear wave velocity provinces (LLSVPs) located above
the core-mantle boundary (CMB) beneath Africa and the Pacific (He & Wen, 2012; Ni et al., 2002; Wang &
Wen, 2007). In these regions, the shear wave velocity is slower than in their surroundings by up to a few
percent (e.g., Auer et al., 2014; French & Romanowicz, 2015; Masters et al., 2000; Ritsema et al., 2011). The
nature and origin of LLSVPs are still enigmatic. Although a purely thermal nature cannot be ruled out (e.g.,
Davies et al., 2012; Schuberth et al., 2012), several lines of evidence, in particular, from the radial and lat-
eral variations of viscosity ratios (Deschamps & Trampert, 2003; van der Hilst & Kárason, 1999) and from
the anticorrelation between shear wave and bulk sound velocities (Ishii & Tromp, 1999; Masters et al., 2000;
Trampert et al., 2004) are best explained by a thermochemical nature. Due to mode-coupling approxima-
tions, observations based on seismic normal modes data are still ambiguous. Several studies found a density
excess in LLSVPs (Ishii & Tromp, 1999; Lau et al., 2017; Moulik & Ekstrom, 2016; Trampert et al., 2004),
implying a thermochemical nature for these structures. In contrast, Koelemeijer et al. (2017) found that
spherical harmonic degree 2 of Stoneley modes are better explained by light LLSVPs. However, when all
structural degrees and other seismic normal modes are taken into account, this preference disappears. Mean-
while, the history of LLSVPs is also poorly constrained. Geochemical signatures of oceanic island basalts
(OIBs) indicate the presence of primitive, undegassed mantle materials in the deep mantle (Hofmann, 1997).
These reservoirs may have formed very early in Earth's history as a result of mantle differentiation (e.g.,
Labrosse et al., 2007; Lee et al., 2010) and persisted since then despite mantle convection. Hereafter, we
refer to the material composing these reservoirs as primordial material. LLSVPs are a good candidate for
such reservoirs, as mantle plumes, from which OIBs originate, apparently rise from their sides or top (e.g.,
Torsvik et al., 2014). Although their size and shape may have changed in Earth's history, LLSVPs may have
been globally stable over long periods of time (e.g., Dziewonski et al., 2010; Torsvik et al., 2014).
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Numerical studies of mantle convection have identified important parameters controlling the long-term
stability and structure of thermochemical reservoirs. These include the buoyancy ratio (chemical density
contrast) and the thermal and compositional viscosity ratios. Buoyancy ratios equivalent to a chemical
density contrast around 60–90 kg/m3 and larger, and a strong dependence of viscosity on temperature (typi-
cally, equivalent to global thermal viscosity ratio larger than 106) are thought to be key ingredients favoring
the long-term stability of LLSVPs (e.g., Deschamps & Tackley, 2008; Li et al., 2014a; McNamara & Zhong,
2004; Mulyukova et al., 2015; Trim & Lowman, 2016). These numerical simulations and laboratory experi-
ments (e.g., Davaille, 1999a, 1999b) further suggest that the compositional viscosity ratio between the dense
material and the ambient mantle material plays a substantial, but secondary role.

An estimate of density variations based on tidal tomography (Lau et al., 2017) suggests a much smaller
density difference between LLSVPs and the ambient mantle, around 0.5% compared to Preliminary Refer-
ence Earth Model (Dziewonski & Anderson, 1981), corresponding to a density excess of about 30 kg/m3.
This value includes the thermal and compositional effects on density, and because LLSVPs are likely hot
structures, their effective density contrast compared to their surroundings are necessarily lower than their
compositional density contrast. In addition, the observation of Lau et al. (2017) is integrated over a 1,000-km
thick layer and may therefore represent an average value between denser LLSVPs from the CMB up to alti-
tudes of a few hundreds of kilometers, and lighter or neutral material at shallower depths. Nevertheless, this
finding indicates that the chemical density contrast between LLSVPs and ambient mantle may be lower than
previously expected. Meanwhile, the bridgmanite-to-ferropericlase ratio may be higher in LLSVPs than in
the surrounding mantle material (Mosca et al., 2012; Trampert et al., 2004), which may cause an increase in
the compositional viscosity ratio (Yamazaki & Karato, 2001). This parameter may thus play a more impor-
tant role than previously thought on deep mantle dynamics and on the stability of thermochemical piles,
as suggested by recent numerical simulations (Heyn et al., 2018). For small to moderate chemical density
contrasts, this study shows that a higher compositional viscosity ratio helps to stabilize the chemical piles.
Another parameter that may influence mantle dynamics and thus requires more detailed and careful exam-
ination, is the distribution of internal heating. More specifically, the crystallization of a basal magma ocean
may have led to a layer enriched in the main radioactive elements (U and Th) above the CMB (e.g., Corgne
et al., 2005). Therefore, if LLSVPs result from such a layer, they may be enriched in heat-producing elements,
which could, in turn, affect their long-term evolution (see reviews by McNamara, 2019; Trønnes et al., 2019,
and references therein). A possible side effect of increased internal heating is to increase the amount of
4He in LLSVPs (O'Nions & Oxburgh, 1983), as this isotope is a product of the disintegration of U and Th.
This would, in turn, reduce the 3He/4He isotopic ratio within LLSVPs, and another reservoir, for instance,
bridgmanite-enriched ancient mantle structures (BEAMS; Ballmer et al., 2017), would be needed to explain
OIBs helium isotopic ratio. In this study, we extend the studies of Li et al. (2014a) and Heyn et al. (2018)
to explore the effects of the compositional viscosity ratio on the long-term stability of reservoirs of dense
material assuming a heat-producing ratio between dense material and ambient mantle equal to 10.

2. Method
We performed numerical experiments using the code StagYY (Tackley, 2008), which solves the conservation
equations of mass, momentum, energy, and composition for an anelastic compressible fluid with infinite
Prandtl number. The model setup is similar to that used by Li et al. (2014a, 2015). Here, we only briefly
summarize this setup.

All calculations are performed in 2-D spherical annulus geometry with lateral and radial resolutions of
768 and 96 cells, respectively. The grid is radially refined in the top 100 km and bottom 200 km, with grid
refinement reaching, at finest, 6.5 km. We performed resolution tests in which we investigated selected cases
with grid size ranging from 512 × 64 to 1, 024 × 128, but we did not observe a significant change in the
dynamics of our models (Figure S1 in the supporting information). This conclusion was also reached by
Lourenço et al. (2016).

We use a tracer ratio method to track the composition field (Tackley & Scott, 2003), with a total number of
2.2 million tracers. This leads to an average number of tracers per cell of about 30, which is enough to model
the evolution of the chemical field. Tracers are of two types, modeling the primordial and regular materials,
respectively, and the chemical field is determined from the concentration of tracers in each cell, from 0 for
a cell containing only regular material, to 1 for a cell containing only primordial material. The primordial
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material is set to be denser than the regular mantle material, and the density contrast between primordial
and regular materials is controlled by buoyancy ratio (B), which is defined as

B =
Δ𝜌C

𝛼s𝜌sΔTS
(1)

where Δ𝜌C is the chemical density contrast between the dense and regular material, 𝛼s and 𝜌s are the (ref-
erence) surface thermal expansion and density, respectively, and ΔTS is the superadiabatic temperature
difference across the mantle. Note that other studies have used bottom values of thermal expansion and/or
density to define the buoyancy ratio. However, provided that the dimensional chemical density contrast is
the same, the dynamics of the system should not be affected by the choice of the reference density and the
thermal expansion used to define the buoyancy ratio. A basal layer of primordial material with a nondimen-
sional thickness of 0.07 (200 km in dimensional unit) is imposed as initial condition, corresponding to a
volume fraction of 3.5%, that is, in the range of initial LLSVPs volume estimated by Hernlund and Houser
(2008). The initial temperature field is built by adding small random perturbations to an adiabatic profile
with thermal boundary layers at its top and bottom (Figure. S2).

The evolution of the average altitude of primordial material, defined as

< Hc >=
1
V ∫V

C(r, 𝜃)rdV , (2)

provides a good estimate of mixing efficiency (e.g., Deschamps & Tackley, 2009; Li et al., 2014a). Small values
of < Hc >, around 0.04 in our case, correspond to stable layering (i.e., the initial layer of primordial material
remains unchanged), while large values indicate strong mixing, with complete mixing corresponding to
< Hc > around 0.6.

The reference Rayleigh number is defined as

Raref =
𝛼sg𝜌sΔTSD3

𝜂0𝜅s
(3)

where 𝛼s is the surface thermal expansivity, g the acceleration of gravity, and 𝜅s the surface thermal
diffusivity. This reference Rayleigh number is fixed at 108 in all experiments.

The viscosity depends on temperature, depth, composition, and yield stress. In addition, we imposed a
viscosity jump of 30 between the upper and lower mantles. The viscosity is therefore fully given by

𝜂 = 1
( 1
𝜂b(z,T,C)

+ 1
𝜂Y
)

(4)

with

𝜂b(z,T,C) = 𝜂0[1 + 29H(z − 660)] exp[Ea
ΔTS

(T + Toff)
+ Va

z
D

+ KaC] (5)

and

𝜂Y =
𝜎0 + 𝜎iP

2ė
(6)

where H is the Heaviside step function, Va and Ea are the nondimensional activation volume and activation
energy, controlling viscosity variations with depth and temperature, Ka is a parameter controlling viscosity
variations with composition, and Toff is the offset temperature, which determines the viscosity jump through
the top thermal boundary layer. Note that the viscosity at the top of the system increases with increasing
value of Toff. In all our calculations, the value of Toff is set to 0.88ΔTS. The yield stress helps to build plate-like
behavior at the top of the domain. Here, we defined the yield stress by imposing its surface value 𝜎0 and
its pressure gradient 𝜎i. In all our simulations, these parameters are set to 200 MPa and 2.5 × 10−3 Pa/Pa,
respectively. 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.
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Figure 1. (a) Snapshots of superadiabatic temperature (top), composition (middle), and viscosity (bottom) fields for
experiments with B = 0.32 (left) and 0.225 (right) at t = 4.5 Gyrs; (b) profiles of horizontally averaged temperature at
t = 4.5 Gyrs; (c) profiles of horizontally averaged viscosity at t = 4.5 Gyrs; (d) average altitude of primordial material
(< Hc >) as a function of time.

The heat-producing elements are assumed to fractionate into the primordial material with a factor Λ. This
leads to a distribution of internal heating, Rh, that varies according to the linear relationship

Rh(C) = Rhref × [1 + C(Λ − 1)] (7)

where C is the concentration of dense tracers. The reference internal heating rate is set to 4.0 × 10−12 W/kg
in all calculations. Here, taking into account the fact that primordial material may be enriched in radiogenic
elements (Kellogg et al., 1999; Richter, 1985), and following Deschamps and Tackley (2008), we set Λ = 10,
that is, the internal heat production in primordial material is increased by a factor of 10 compared to ambient
mantle. While this value is somewhat arbitrary and is not constrained by experimental data, it allows to
assess the long-term evolution of thermochemical piles enriched in heat-producing elements.

All other physical parameters used in this study are listed in Table S1.

3. Results
We first performed two numerical experiments with buoyancy ratio equal to 0.32 and 0.225, respectively,
corresponding to chemical density contrasts of 128 kg/m3 and 90 kg/m3. In both simulations, the chemi-
cal viscosity ratio is set to 1. Figure 1 shows snapshots from these two experiments taken at t = 4.5 Gyrs.
Although in both cases, reservoirs of primordial material are maintained in the lower mantle of the Earth,
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Figure 2. (a) Snapshots of superadiabatic temperature (top), composition (middle), and viscosity (bottom) fields for
experiments with B = 0.32 and (from left to right) Δ𝜂C = 0.1, 1, 10, 30 at t = 4.5 Gyrs; (b) average mantle temperatures
as a function of time; (c) fraction of primordial material maintained in large reservoirs as a function of time.

we observe substantial differences in the stability and structures of the reservoirs. For B = 0.32, two large sta-
ble reservoirs, reaching up to 600 km above CMB, are generated from the deformation of the initial layer of
primordial material. Hot plumes are mostly generated at the top and on the margins of these reservoirs. For
B = 0.225, the primordial layer deforms into three smaller and less stable reservoirs (subsequently referred
to as marginally stable), covering a smaller fraction of the CMB area, compared to the case B = 0.32, and
reaching up to 800 km above the CMB. These smaller, less stable reservoirs experience more thermal erosion
through entrainment by plumes, and stronger mixing with the ambient mantle after the onset of convection
at 0.8 Gyrs, as indicated by the evolution of the average altitude of primordial material (< Hc >; Figure 1d).
Figure 1b and 1c show that, for both cases, the profiles of mantle temperature and viscosity are very close to
each other. Note that in the lower mantle, the temperature is slightly higher for the case B = 0.225, except
for the lowermost 500 km, due to the larger size of hot primordial reservoirs in the case with B = 0.32. Snap-
shots of the compositional field (Figure 1a) and the time series of the average altitude of primordial material
(Figure 1d) indicate that these two cases are in the stable or marginally stable pile modes. Further hints on
the vigor of convection is given by the time evolution of root-mean-square velocity, VRMS (supporting infor-
mation Figure S3). For cases with Δ𝜂C = 1, VRMS strongly vary in time, but oscillate around 1.5 cm/year
after 1 Gyr.

We then performed a series of experiments with B = 0.32 and with compositional viscosity ratios between
0.1 and 30. Figure 2a shows snapshots of temperature, composition, and viscosity fields of each of these four
simulations at t = 4.5 Gyrs. Changing the compositional viscosity ratio from 0.1 to 30 leads to a change
of the reservoirs' viscosity, from much lower values than surrounding material at Δ𝜂C = 0.1, to similar,
and even larger values at Δ𝜂C = 30. In all cases, the large value of the buoyancy ratio (B = 0.32) plays a
dominant role in controlling the long-term stability and structure of the primordial reservoirs. Large reser-
voirs of primordial material remain stable throughout the entire simulations. Slight differences in the size
and shape of reservoirs are however visible. In particular, the case with smaller Δ𝜂C reduces the height of
the reservoirs. More generally, the maximum elevation of reservoirs increases slightly with increasing Δ𝜂C.
Figure 2b, plotting the evolution of averaged mantle temperature as a function of time, indicates that after the
onset of convection at 0.8 Gyrs, all cases experience a similar cooling rate of ∼65 K/Gyr. Note that, because
our models do not include time-dependent heat sources and do not account for core cooling, this cooling
rate is determined by the initial temperature condition and the internal heating rate. Figure 2c shows that
over 90% of primordial material is maintained within the large reservoirs over a period of 4.5 Gyrs' evolu-
tion. This series of experiments thus demonstrate, in agreement with previous studies (e.g., Deschamps &
Tackley, 2009; Li et al., 2014a; McNamara & Zhong, 2004), that if it is large enough, the buoyancy controls
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Figure 3. (a) Snapshots of superadiabatic temperature (top), composition (middle), and viscosity (bottom) fields for
experiments with B = 0.225 and (from left to right) Δ𝜂C = 0.1, 1, 10, 30 at t = 4.5 Gyrs; (b) average mantle temperatures
as a function of time; (c) fraction of primordial material maintained in large reservoirs as a function of time.

the long-term stability and structure of the reservoirs of primordial material in the lower mantle, while the
compositional viscosity ratio plays a secondary role, mainly affecting the height of these structures.

We then performed a second series of experiments in which we decreased the value of the buoyancy ratio to
B = 0.225 (corresponding to a chemical density contrast of 90 kg/m3) and again vary the compositional vis-
cosity ratio from 0.1 to 30. For this value of B, we observe important differences in the structure and stability
of primordial reservoirs, depending on the compositional viscosity ratio. Figure 3a shows the snapshots of
temperature, composition, and viscosity fields of these four cases at t = 4.5 Gyrs. In contrast to the results
we obtained for B = 0.32, the structure and stability of primordial reservoirs strongly vary with the compo-
sitional viscosity ratio. For Δ𝜂C equal to 0.1 and 1, primordial reservoirs form marginally stable piles with
high altitude and sometimes sharp edges. For larger values of Δ𝜂C, around 10 and larger, the layer of primor-
dial material is not stable, and wide thermochemical plumes (or “fat plumes”) are generated from this layer.
This material then spreads laterally and mixes with ambient mantle. As a consequence, the size of the ther-
mochemical reservoir and the fraction of the CMB area covered by primordial material strongly decrease.
Figure 3b shows the average mantle temperature as a function of time. Until about 2.0 Gyrs, the cooling rate
is about 60 K/Gyr for all cases. At later times, it stays around this value for smallΔ𝜂C, but it slightly decreases
for cases with larger Δ𝜂C. Again, it is important to keep in mind that the cooling rate is determined by the
initial temperature condition and the internal heating rate. Figure 3c shows more details in the evolution of
the fraction of primordial material remaining in the midbottom lower mantle. Until about 3.0 or 3.5 Gyrs,
the amount of dense material entrained upward is larger for cases with Δ𝜂C equal to 0.1 and 1 than for
cases with larger Δ𝜂C, consistent with previous laboratory (Davaille, 1999a) and numerical (e.g., Heyn et al.,
2018) studies. From about 3.0 Gyrs for the case with Δ𝜂C = 30, and 3.5 Gyrs for the case with Δ𝜂C = 10,
the fraction of entrained material sharply increases because the primordial reservoirs are no longer stable
and, instead, start participating in mantle circulation by forming fat plumes. The size of primordial reser-
voirs rapidly shrinks, and by the end of the simulation, their size reaches only 40% of their initial volume
(Figure 3c). In contrast, for cases with smaller Δ𝜂C, the entrainment remains regular, and the volume of
thermochemical piles by the end of the experiments is still about 70% of their initial volume (Figure 3c).
One may point out that, while they lead to the destabilization of the reservoirs of primordial material, our
simulations with small chemical density contrast and large compositional viscosity ratio predict less effi-
cient mixing between primordial and regular material than observed in previous studies (e.g., Deschamps
& Tackley, 2009; Li et al., 2014a; McNamara & Zhong, 2004). Instead, the primordial material spreads later-
ally after the heads of the piles reach the 660 phase boundary. The large compositional viscosity ratio leads
to a slow mixing of the primordial material with the ambient mantle and produces strong small-scale lateral
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Figure 4. (a) Snapshots of composition fields of B = 0.225, Δ𝜂C = 1 (top), 30(bottom) at t = 2.3, 3.5, and 4.5 Gyrs;
(b) fraction of primordial material maintained in large reservoirs as a function of time; (c) maximum temperature
within reservoirs of primordial material as a function of time.

chemical heterogeneities beneath the 660 phase boundary. The main reason is probably that high-viscosity
heterogeneities mix far less rapidly (Manga, 1996). In addition, efficiency of mixing may be reduced by dif-
ferences between the 2-D spherical annulus geometry, which we use in this study, and the 3-D geometry,
the later allowing more degrees of freedom. Continuing our simulations beyond 4.5 Gyrs is likely to lead to
efficient mixing, as primordial material entrained by fat plumes may be recycled in the deep mantle.

4. Discussion and Conclusions
In this study, we have investigated the effects of compositional viscosity ratio between the primordial and
regular mantle materials, Δ𝜂C, on the long-term evolution of mantle dynamics, and on the stability and
structure of reservoirs of primordial material in the Earth's lower mantle. Since the primordial material
may contain more heat-producing elements and have a larger heat-producing rate compared to the ambient
mantle (Kellogg et al., 1999; Richter, 1985), we imposed the heat-producing rate in primordial material to
be 1 order of magnitude larger than in regular mantle. We find that the role played by the compositional
viscosity ratio is different depending on the values of chemical density contrasts that we tested here, B = 0.32
and B = 0.225, corresponding to stable and marginally stable reservoirs, respectively.
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Figure 5. (a) Snapshots of superadiabatic temperature (top), composition (middle), and viscosity (bottom) fields for
experiments with B = 0.225 and Λ = 1, (from left to right) Δ𝜂C = 0.1, 1, 10, 30 at t = 4.5 Gyrs; (b) averaged mantle
temperatures as a function of time; (c) fraction of primordial material maintained in large reservoirs as a function
of time.

For large chemical density contrast (128 kg/m3 in this study), the long-term stability and structure of large
primordial reservoirs is not substantially affected byΔ𝜂C. AsΔ𝜂C increases, the viscosity of primordial mate-
rial increases, thus convection within the reservoirs becomes less vigorous. Due to the large internal heating
rate of primordial material, the interiors of these structures become hotter than those obtained with smaller
compositional viscosity contrasts. This increases the thermal buoyancy of these reservoirs, tending to desta-
bilize them. For a contrast of 128 kg/m3, this is manifested by an increase in reservoir height. On the other
hand, the large Δ𝜂C limits the amount of primordial material that is entrained by plumes and mixed with
the ambient mantle, thus opposing thermal effects. Nevertheless, a large chemical density contrast is the
dominant parameter controlling the stability of large reservoirs of primordial material over long time peri-
ods comparable to the history of the Earth, as pointed out in earlier studies (Bower et al., 2013; Deschamps
& Tackley, 2009; Li et al., 2014a; Li & McNamara, 2018; McNamara & Zhong, 2004; Mulyukova et al., 2015).

In contrast, for a smaller chemical density contrast (90 kg/m3 in this study), the stability and structure of
primordial reservoirs are strongly affected by Δ𝜂C. For values of this ratio equal to 1 or lower, the primordial
material forms marginally stable piles at the base of the mantle, and these piles can persist for a long period of
time compared to Earth's history. AsΔ𝜂C increases by 1 order of magnitude or more, reservoirs of primordial
material are not stable in the long term. Therefore, in the case of small chemical density contrasts, the
compositional viscosity ratio also plays an important role on mantle dynamics, altering the structure and
long-term stability of reservoirs of primordial dense material.

Our study reaches a different conclusion than that of Heyn et al. (2018), which suggests that increas-
ing compositional viscosity ratio in simulations with small density contrast has a stabilizing effect on the
thermochemical structure. This difference may be caused by the larger internal heat production rate in
primordial material that we used in this study. Because of the large Δ𝜂C, the interiors of the reservoirs of
primordial material are less vigorous and lose heat less efficiently. Heat accumulation inside these reser-
voirs results in higher temperature in their interiors (Figure 4c), which enhances their thermal buoyancy
and thus reduces their stability. In addition, more viscous compositional piles result in less entrainment by
plumes, as suggested by previous studies (e.g., Davaille, 1999a, 1999b; McNamara & Zhong, 2004). These
processes finally destabilize the reservoirs of primordial material, and large amounts of this material are
entrained upward (Figure 4). To check this hypothesis, we performed additional experiments with B = 0.225
and homogeneous heat production rate (Λ = 1 in equation (3)). Results are shown in Figure 5. In this case,
and as expected by our scenario, increasing compositional viscosity ratio helps to stabilize the reservoirs of
primordial material and to maintain large amount of this material at the bottom of mantle (Figure 5c), in
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agreement with the findings of Heyn et al. (2018). We further note that this case is in very good agreement
with similar calculations conducted by Langemeyer et al. (2018). In this study, we implicitly assume that
LLSVPs are made of primordial material segregated at the bottom of the mantle as a result of the crystalliza-
tion of a basal magma ocean, a process that might be long lasting (Labrosse et al., 2007; Trønnes et al., 2019).
As a result, the solidification of this magma ocean may have been completed less than three billion years
ago. Following our simulations, and if LLSVPs are more viscous than the ambient mantle and enriched in
radiogenic elements, they may be at an early stage of their evolution and become unstable in the future.
Alternatively, it has been suggested that LLSVPs are made of recycled oceanic crust, in which cases simula-
tions indicate that they could remain stable for billions of years (e.g., Mulyukova et al., 2015). Because the
excess density of basalt is assumed to be lower than that presumed for primordial material (e.g., Ballmer
et al., 2016), and because basalts are enriched in U and Th (e.g., Corgne et al., 2005; Kellogg et al., 1999),
LLSVPs consisting uniquely of basalt may, according to our simulations, become unstable after billions of
years of evolution if they are chemically more viscous than the ambient mantle. In summary, by considering
a smaller chemical excess density and a higher heat production rate, the compositional viscosity ratio plays
a more important and complex role than for the cases with larger chemical excess density and/or similar
heat production rate. The properties of the primordial material, including its concentration in radiogenic
elements, thus strongly affect the fate of this material. This, in turn, provides some constraints on its nature
and origin. If these reservoirs are depleted in heat-producing elements, increasing the compositional vis-
cosity ratio can help in maintaining the stability of these structures over a long period of time. Meanwhile,
reservoirs of primordial material with a high heat production in the lower mantle explain the mantle heat
budget better (e.g., Jochum et al., 1983; O'Nions & Oxburgh, 1983) and may therefore better explain the
long-term thermochemical evolution of Earth's mantle (e.g., Tackley, 2015; van Keken et al., 2001). This,
however, might be at the cost of decreasing their stability. One may point out that the value of the increase
in the heat production rate we assumed is somehow arbitrary and that the detailed thermochemical struc-
ture of the mantle should depend on the exact value of the enrichment of LLSVPs in radiogenic elements.
Stronger enrichments, compared to the one we used, may lead to less stable structures, while smaller enrich-
ment may not substantially affect the thermochemical structure. Furthermore, accounting for a decaying
heat production rate and for core cooling may affect the long-term stability of the thermochemical struc-
ture. Quantifying these factors however requires additional series of experiments. In addition, an exhaustive
study should explore a larger range of the buoyancy and compositional viscosity ratios than those we con-
sidered. Finally, our findings may be altered by other factors, including a more complex D′ ′ layer with a
different viscosity structure. More specifically, the D′ ′ layer may be composed of postperovskite, the viscos-
ity of which may be lower than that of bridgmanite by 2 to 3 orders of magnitude (Ammann et al., 2010).
This may, in turn, influence the dynamics of the lower mantle, for instance, allowing a more vigorous con-
vection that may help to extract more heat from the large primordial reservoirs (e.g., Li et al., 2014b). This
should be carefully examined in future works.
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