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Abstract The large low shear velocity provinces observed in the lowermost mantle are widely accepted
as chemically distinct thermochemical “piles,” but their origin and long-term evolution remain poorly
understood. The survival time and shape of the large low shear velocity provinces are thought to be
mainly controlled by their compositional density, while their viscosity has been considered less important.
Based on recent constraints on chemical reactions between mantle and core, a more complex viscosity
structure of the lowermost mantle, possibly including high viscosity thermochemical pile material, seems
reasonable. In this study, we use numerical models to identify a trade-off between compositional viscosity
and density contrasts required for long-term stability of thermochemical piles, which permits lower-density
and higher-viscosity piles. Moreover, our results indicate more restrictive stability conditions during
periods of strong deformation-induced entrainment, for example, during initial pile formation,
which suggests long-term pile survival.

Plain Language Summary Seismic images of the Earth’s mantle show two anomalous
continent-sized regions close to the core-mantle boundary. The inferred properties of these regions
suggest that they have a different composition than the surrounding mantle. Two possible candidate
materials have been proposed: accumulated oceanic crust from the Earth’s surface or an iron-rich residue
remaining from Earth’s original magma ocean. Although both materials are denser than the surrounding
mantle, it remains unclear whether piles of these chemical heterogeneities can survive at the core-mantle
boundary beneath vigorous mantle convection. Numerical models show that the excess density required to
preserve these structures is typically larger than indicated by seismological and gravitational observations.
In this study, we show that the excess density used in numerical models can be reduced toward the
observed values if the pile material is also stiffer than the surrounding mantle. Furthermore, we show that
piles must be denser and/or stiffer to avoid destruction during episodes of strong deformation. Because
pile formation probably includes vigorous deformation, we expect long-term survival of the piles after their
formation is completed.

1. Introduction

The presence of a dominant degree-2 structure of low seismic velocities in the lowermost mantle has
been revealed by seismic tomography models throughout the last decades, (e.g., Dziewonski et al., 2010;
Garnero et al., 2016; Hager et al., 1985). Although all tomographic models agree on the position of the
so-called large low shear velocity provinces (LLSVPs; Dziewonski et al., 2010; Garnero & McNamara, 2008;
Garnero et al., 2016) beneath Africa and the Pacific (Cottar & Lekic, 2016; Garnero & McNamara, 2008;
Lekic et al., 2012), their origin and evolution with time is still under debate. While some studies suggest
a purely thermal origin of the observed structures (e.g., Davies et al., 2012; Schuberth, Bunge, & Ritsema,
2009; Schuberth, Bunge, Steinle-Neumann et al., 2009; Schuberth et al., 2012) or indicate a dominant effect
of temperature (Simmons et al., 2009), most geodynamic models involve a compositionally distinct and
dense pile material (e.g., Li, Deschamps, et al., 2014, 2015; McNamara & Zhong, 2004, 2005; Mulyukova
et al., 2015; Nakagawa & Tackley, 2011; Tackley, 2012). Typical arguments supporting chemical piles include
their sharp boundaries (see review by Garnero et al., 2016), although they might also be explained by
strong temperature gradients (Davies et al., 2012; Schuberth, Bunge, Steinle-Neumann et al., 2009; Schuberth
et al., 2012).
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Two different possible candidate materials for chemical LLSVPs, recycled oceanic crust (mid-ocean ridge
basalt [MORB]; Li & McNamara, 2013; Li, McNamara, et al., 2014; Mulyukova et al., 2015; Nakagawa & Tackley,
2011), or primordial iron-rich cumulates (Li, Deschamps, et al., 2014, 2015; McNamara & Zhong, 2004, 2005;
Nakagawa & Tackley, 2011) imply different pile formation histories. While MORB would accumulate over
time to form the observed structures (Li & McNamara, 2013; Mulyukova et al., 2015), primordial mate-
rial would start as a layer at the core-mantle boundary (CMB) after crystallization of the magma ocean
(Labrosse et al., 2007) and subsequently be deformed by mantle convection to form two antipodal piles
(e.g., Li, Deschamps, et al., 2014; Li et al., 2015; McNamara & Zhong, 2004). In both cases, composition
may affect the viscosity, which considerably widens the range of possible viscosities in the pile (Torsvik
et al., 2016).

Apart from the composition of the piles, their evolution is still under debate. Stability of piles can refer to the
evolution of their spatial distribution within the mantle or their survival time. Since we observe these struc-
tures 4.5 Gyr after Earth’s formation, temporal stability (survival) has to be fulfilled. However, constraints for
spatial stability are not as obvious. For at least the last 300 Myr, stability of the current degree-2 structure
of LLSVPs has been inferred by Torsvik et al. (2010, 2014, 2016) based on reconstructions of large igneous
provinces and kimberlites, which are both related to plumes rising at the LLSVP margins. Additionally, Conrad
et al. (2013) showed persistent tectonic divergence above the two LLSVPs for at least the last 250 Myr, suggest-
ing stable upwellings there. Here we consider the conditions necessary to maintain temporal stability of the
piles under the simplifying assumption of spatial stability of mantle flow and surface tectonics, which gives
us the minimum requirements of pile survival.

Survival of thermochemical piles at the CMB is thought to be mostly controlled by the chemical density con-
trast between the pile and the surrounding mantle (e.g., Tackley, 2012). Li, Deschamps, et al. (2014) showed
that large temperature-induced viscosity contrasts (factor of 106) help to stabilize piles, while comparably
small compositional viscosity contrasts (≤100 times) are less important for strongly temperature-controlled
viscosity profiles. However, a higher intrinsic pile viscosity may be required for material with high bulk modu-
lus (Bower et al., 2013). Laboratory experiments of Davaille et al. (2002) also indicate the importance of higher
viscosity to reduce entrainment of the dense component. Reactions between the core and a thermally insu-
lated and long-lived basal magma ocean (Labrosse et al., 2007) may provide late-stage bridgmanitic residues
with high viscosity and elevated Fe/Mg ratio and density. Since the core is undersaturated in oxygen and over-
saturated in silica (Frost et al., 2010; Hirose et al., 2017), SiO2 from the core would be exchanged with FeO
from the basal magma ocean, increasing the bridgmanite-to-ferropericlase ratio and thus the viscosity of the
solid material. Another possible origin of dense material could be an overturn by diapiric sinking of Fe-rich
cumulates from the upper magma ocean, with subsequent melting and reequilibration with the host rock
(Ballmer et al., 2017; Lee et al., 2010). Fe-enriched bridgmanite has also been identified as a reasonable mate-
rial to explain the anticorrelation of bulk sound and shear wave velocity, while basalt does not reproduce the
observations (Deschamps et al., 2012).

Constraints on the temperature dependence of viscosity in the lowermost mantle are limited. Most numerical
models assume large thermal viscosity contrasts (e.g., Li, Deschamps, et al., 2014), although geoid constraints
argue for a weak temperature dependence (e.g., Yang & Gurnis, 2016). In contrast, the overall density of the
LLSVPs has been estimated by Koelemeijer et al. (2017) and Lau et al. (2017), who argue for a neutral buoyancy
of the LLSVP volume or a small excess density of about 0.5–1% in the lower part of the LLSVPs, respectively.
This also agrees with geoid observations indicating that the upwelling material above the LLSVPs has to over-
compensate dense material at the CMB to produce a geoid high (e.g., Liu & Zhong, 2015). However, these
measured densities are smaller than those typically required for stability in numerical models of thermo-
chemical convection, even when accounting for both chemical density and thermal expansion. In this work,
we will show that a compositionally dependent viscosity can strongly increase the temporal stability of ther-
mochemical piles for smaller excess densities and lower temperature dependence of viscosity compared to
previous work.

2. Model Setup

Our numerical models are run in 2-D spherical geometry using the finite element code CitcomS (Tan
et al., 2006; Zhong et al., 2000). Conservation equations of mass, energy, and momentum are solved using
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Figure 1. (a) Initial condition and (b) snapshot after 3.0 Gyr show composition for models that start with a dense layer
and assume B = 1.0, 𝜂ΔT = 65, and 𝜂C = 3, showing deformation and increased entrainment during the transition
from a layer to a pile. White arrows indicate imposed plate velocity. Examples of the (left) composition and (right)
temperature of piles with remaining mass of (c) 91%, (d) 62%, and (e) 34% after 4.5 Gyr and the parameter combinations
used to produce them. Dark lines in the temperature fields indicate the pile shapes for cl = 0.8.

the Boussinesq approximation. Parameters described below are given in nondimensional form and are listed
in the supporting information (Table S1). The Rayleigh number describes the vigor of convection and is set to
107. The domain is a quarter of an annulus chosen along the equator with a grid of 313 by 91 nodes in lon-
gitude and depth, respectively. The mesh is refined in the lowermost 809 km, so that the effective resolution
at the CMB is 17 km by 17 km. As discussed later, this resolution is not sufficient to capture the entrainment
rates precisely but allows for interpretation of time-integrated pile masses relevant for long-term stability.
A constant uniform velocity boundary condition of 1.48 cm/year (Figure 1a) is imposed on the surface to force
a single-plate degree-2 flow structure, while all other boundaries are free slip. Heat is introduced into the sys-
tem by basal and moderate internal heating. We track the advection of composition using tracer particles
(McNamara & Zhong, 2004), 20 particles per element (a total of ∼1.1 million), and the tracer-ratio method
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(Tackley & King, 2003) to determine the composition within each element. The density contrast between
enriched and regular mantle is defined via the buoyancy ratio

B =
Δ𝜌C

𝛼𝜌ΔT
,

where Δ𝜌C is the density difference due to composition. 𝛼, ΔT , and 𝜌 are the thermal expansion coefficient,
temperature difference, and density, respectively.

Viscosity depends on temperature, depth, and the composition, given by

𝜂(z, T ,C) = 𝜂0(z)𝜂ΔT (z, T) exp
[

C ln 𝜂C

]

= 𝜂0(z) exp

[ E
𝜂
(z)

T∗ + T
𝜂
(z)

−
E
𝜂
(z)

1 + T
𝜂
(z)

+ C ln 𝜂C

]

with the nondimensional temperature T∗ =min(max(T , 0), 1). The depth dependence is implemented as step-
wise adjustments of the viscosity prefactor 𝜂0, the activation energy E

𝜂
, and the temperature offset T

𝜂
(see

Table S2). 𝜂C is the viscosity contrast due to composition, and C is the composition value between 0 and 1.
The thermal viscosity contrast 𝜂ΔT describes the maximum potential viscosity variations due to temperature
in the lower mantle and is varied in the range 2.3 to 330, while 𝜂C assumes values between 1 and 20.

Models start with a dense layer at the CMB (see Figure 1a) and are run for at least 4.5 Gyr. We calculate the
remaining mass m and volume of the pile for each time step by defining elements as belonging to the pile
if their composition is above a contour value of cl = 0.8 (>80% pile material) and if they are connected to
another pile element below or at the same depth. This algorithm hence accounts for all compositionally dis-
tinct patches connected to the CMB and does not discriminate between all material occurring in a single pile
or distributed between two or more.

3. Observed Pile Structures

Piles are characterized by the mass remaining after 4.5 Gyr. Piles with about 80% retained mass can be con-
sidered stable, while piles with approximately 50% of the original mass are metastable. “Stable” piles with
>80% mass remaining are compact and have only small heterogeneities (Figure 1c, m ∼ 91%), while almost
no dense material is entrained in the mantle. In contrast, both entrainment and internal heterogeneities
increase with decreasing compositional viscosity contrast (Figure 1d, m ∼ 62%) and density (Figure 1e,
m ∼ 34%). As a consequence, the mass remaining in the pile is significantly reduced. During the formation
of the pile (compare Figure 1b), the dense component is strongly deformed and parts of the material can get
ripped off the coherent structure but may later sink back toward the pile.

For pile masses <50%, we observe a range of different structures. All of them are characterized by signifi-
cant material loss, but pile shapes are considerably affected by the buoyancy ratio and the viscosity contrast.
Patches of dense material can get detached from the pile and subsequently be advected with the flow (as
seen in Figure 1e). This process is amplified for low buoyancy ratios or in models where mixing between dense
components and ambient mantle considerably reduces the initial density contrast. However, an increased
viscosity allows patches of dense material to survive one or more mantle overturns before they are com-
pletely entrained. Metastable piles (around 50% mass) are in general strongly time dependent and show a
pronounced topography and an increased mobility both in lateral and in radial directions.

As can be seen in the temperature field (see Figures 1c–1e, right panel), plumes rise primarily at the edges
of the dense piles, as inferred from hotspots, large igneous provinces, and kimberlites (Steinberger & Torsvik,
2012; Torsvik et al., 2014, 2016), although these correlations have been questioned (Austermann et al., 2014;
Davies et al., 2015). However, thermal instabilities grow along the CMB and are subsequently pushed toward
the pile, where they reshape the edge of the dense material during ascent. Part of the dense component
is entrained in the rising plume and may reach the surface. Less buoyant upwellings, consisting of plumes
that have lost most of their excess temperature and were pushed on top of the pile, can be seen in Figure 1c
(right). This broader upwelling is strongly time dependent and can entrain variable amounts of dense material,
which may provide a potential source for heterogeneities observed in magmas of weak hotspots above LLSVPs
(e.g., Chauvel et al., 2012).
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Figure 2. Snapshots of different thermochemical models at 4.5 Gyr. (a) Compositional and (b) viscosity fields for B = 0.8,
𝜂ΔT = 65, 𝜂C = 6, and for the same parameters except 𝜂ΔT = 330 (c and d, respectively). Dark lines in the viscosity fields
outline the pile shapes for cl = 0.8. (e, f ) The composition fields for B = 0.8, 𝜂ΔT = 65, 𝜂C = 10 and B = 1.0, 𝜂ΔT = 65 and
𝜂C = 6. (g) Temporal evolution of pile masses (cl = 0.8) for models discussed in (a)–(f ) and Figure 1e.

4. Trade-Off Between Buoyancy Ratio and Viscosity Contrast

For models with a moderate buoyancy number of B = 0.8 (excess density of ∼2.6% for ΔT = 3200 K, see
Table S1), stable piles can be obtained for 𝜂ΔT = 65 and 𝜂C = 6 (Figure 2a). However, almost 30% of the
initial mass is lost, and the pile exhibits heterogeneities within, indicating that stability may only be temporal.
A higher compositional viscosity contrast of 𝜂C = 10 as for the case in Figure 2e increases the pile mass to
about 87% and results in a more homogeneous pile. A similar, though less pronounced effect can be observed
for a higher thermal viscosity contrast of 𝜂ΔT = 330 (Figure 2c). In contrast to 𝜂C , 𝜂ΔT causes the pile to flatten
instead of doming up (Bower et al., 2013; McNamara & Zhong, 2004) as observed in Figure 2e.

If we increase the buoyancy ratio to B = 1.0, the pile mass does not change significantly but the pile contains
slightly fewer heterogeneities (Figure 2f ). However, the resulting pile structure exhibits a less pronounced
topography. A reduction of the buoyancy ratio, or a lower viscosity contract𝜂C , both result in significantly more
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Figure 3. (a) Overview of contour lines for 50% and 80% remaining mass as a function of B, 𝜂ΔT , and 𝜂C . The observed
fields of pile masses with dots indicating the tested parameter combinations for 𝜂ΔT = 2.3 (b), 65 (c), and 330 (d).
Solid lines mark the expected contours of 20%, 50%, and 80% mass remaining.

entrainment of dense material, which agrees with Davaille et al. (2002), and small, highly heterogeneous piles.
Between B = 0.7 and B = 1.2 the chemical viscosity contrast necessary for stability increases with decreasing
buoyancy ratio.

The temporal evolution of the pile mass for five models discussed above is shown in Figure 2g. As can be
seen, all of them show a more or less pronounced loss of material during the first 1–2 Gyr, while the pile mass
slightly recovers afterward for most models. This initial loss is caused by deformation of the starting layer
(Figure 1b) that depends on the initial temperature condition (McNamara & Zhong, 2004). During this period,
𝜂C has more importance than B as both the case in Figures 2a and 2f loose the same amount of mass, while
the case in Figure 2e does not. After ∼1.5 Gyr, when material starts to reaccumulate to the pile, both B and 𝜂C

control how much ambient mantle will be included in the dense pile. This determines the effective density
and viscosity of the pile and thus its long-term behavior, favoring dense piles for times beyond 6 Gyr.

An overview of contour lines for the remaining mass as a function of buoyancy ratio B, compositional viscos-
ity contrast 𝜂C and thermal viscosity contrast 𝜂ΔT (Figure 3a) shows the trade-offs between these parameters.
More detailed figures for thermal viscosity contrasts of 𝜂ΔT = 2.3, 65, and 330, including our tested mod-
els as data points (Figures 3b–3d), show that the compositional viscosity contrast necessary for pile stability
decreases with increasing buoyancy ratio or increasing thermal viscosity contrast. This trend is consistent for
all our models, except for some deviations for B = 0.6 (about 1.9% excess density), which marks a lower limit of
stability. Models with smaller B (not shown) require significantly higher thermal or chemical viscosity contrasts
𝜂C > 100 to avoid extensive entrainment of the dense material within 4.5 Gyr. The observation of increased
stability with larger 𝜂ΔT is consistent with the results of Li, Deschamps, et al. (2014), although we need signif-
icantly lower thermal viscosity contrasts when adding even a small compositional viscosity contrast 𝜂C . Our
results indicate that the pile does not have to be more viscous than the slab (compare Figures 2b and 2d), but
the plume-pile viscosity contrast (controlled by 𝜂C) plays a major role.

5. Stability Conditions for Different Pile Deformation Histories

Little is known about the initial conditions of pile formation. A compositionally layered mantle with a tem-
perature gradient is a straightforward, but simplified, assumption. To explore the full range of possible initial
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Figure 4. Comparison of compositional structures 4.5 Gyr after starting models with (top row) a dense basal layer
and (bottom row) a fully developed pile. (a) and (b) compare results for B = 0.9 and 𝜂C = 3; (c) and (d) compare results
for B = 1.0 and 𝜂C = 1; all models use 𝜂ΔT = 65. (e) Temporal evolution of the pile mass (cl = 0.8) for models in (a)–(d).
The higher mass at t = 0 for the pile models is due to compaction and reduction of surface area during pile formation
for B = 1.2.

conditions for composition, we also perform simulations in which we start our models with a fully developed
pile structure, which we obtain after 5.0 Gyr for B = 1.2, 𝜂C = 10, and 𝜂ΔT = 2.3. The thermal viscosity contrast
is set to 𝜂ΔT = 65, and we observe a similar trade-off between buoyancy ratio and compositional viscosity con-
trast as before. However, significantly decreasing either (or even both) B and 𝜂C still results in stable thermo-
chemical piles. As can be seen in Figures 4c and 4d, a buoyancy ratio of B = 0.9 for 𝜂C = 3 or no compositional
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viscosity contrast (𝜂C = 1) for B = 1.0 are sufficient to keep entrainment low, while these combinations of
parameters are not suitable to form stable piles if we start with a layer of dense material (Figures 4a and 4b).

If we compare the temporal evolution of the pile mass for models starting with a pile to those that start with
a dense basal layer as shown in Figure 4e, the strong influence of deformation-induced entrainment during
pile formation becomes apparent. The pile mass for models with preformed structures stays almost constant
or decreases only slightly with time, while calculations starting with a dense layer show the characteristic
mass loss during the first 1–2 Gyr as discussed above, without permanent recovery. Hence, the requirements
for stability depend on the initial configuration of the dense material and temperature, and the observed
entrainment during pile formation may result from destruction of the initial temperature gradient. This is
because strong deformation, for example, as required to form piles, is accompanied by increased entrainment
and mixing between dense material and ambient mantle.

6. Discussion

As already mentioned in section 2, the chosen resolution is not sufficient to resolve details of the entrainment
rate, which occurs on length scales<1 km (e.g., Davaille et al., 2002; Jellinek & Manga, 2002). To ensure that our
models still qualitatively capture the dynamics of the dense material, we performed tests with different reso-
lutions. The results show a similar behavior, although lower resolution overestimates material loss (cf. Figure
S1). A more detailed discussion can be found in the supporting information. In general, our model setup may
underestimate the entrainment after pile formation because we assume a stable convection pattern, which
might not be true throughout Earth’s history. However, tests with reversed plate velocity after pile formation
indicate that piles tend to persist if they survive formation with m> 80% (Figure S2).

Since we force the flow to a degree-2 structure, we cannot fully investigate stability with respect to pile
position or spherical harmonic degree. However, piles react to changes in mantle flow, for example, thermal
instabilities next to the pile margin. Growing instabilities deflect the pressure that downwellings apply to the
pile, allowing the dense material to flatten. When the plume is finally pushed against the edge of the pile, the
LLSVP structure is compressed and lifted upward, resulting in steep sides. A lower density contrast or a lower
compositional viscosity of the pile amplifies this radial and horizontal movement because the material can
react more rapidly.

In our models, we assume primordial material as a source for the LLSVPs, in agreement with, for exam-
ple, Deschamps et al. (2012). However, subducted MORB accumulating at the CMB may also be a candidate
(e.g., Mulyukova et al., 2015), although this process is still under debate (Li & McNamara, 2013). The high bulk
modulus of basalt reduces its excess density with depth, which causes almost neutral buoyancy of the mate-
rial at CMB conditions (Ballmer et al., 2016; Li & McNamara, 2013; Mulyukova et al., 2015). In our models, even
intrinsically strong piles require an original excess density of ∼1.9% during pile formation, which argues for
primordial material. This inferred excess density is larger than estimated by Koelemeijer et al. (2017) and Lau
et al. (2017), but most of our piles contain small portions of ambient mantle, which reduces the pile’s over-
all excess density. A similar reduction would be caused by small portions of basalt mixing into the primordial
material (Ballmer et al., 2016), but MORB’s intrinsic high viscosity would not impact pile viscosity as much
(Ballmer et al., 2016). Consequently, we do not expect a significant impact on pile stability for small fractions
of basalt mixing into the pile after its formation.

7. Conclusions

Our 2-D calculations indicate a strong impact of compositional viscosity contrasts on the stability of dense pile
structures, especially for low thermal viscosity contrasts (e.g., Yang & Gurnis, 2016). In agreement with Davaille
et al. (2002), internal viscosity due to composition significantly reduces pile entrainment rates, especially dur-
ing stages of strong deformation of the dense material. In general, the chemical viscosity contrasts necessary
for pile stability decrease with increasing thermal viscosity contrast and/or buoyancy ratio. For our calcula-
tions, a limit of stability is reached at about 1.9% excess density (B = 0.56), as lower excess density requires
considerably higher compositional and/or thermal viscosity contrasts than we used. Requirements for stabil-
ity are lower if the dense material does not have to survive an initial overturn event. However, if the reaction
between mantle and core has been extensive enough to convert the dense component to pure bridgmanite,
we may expect a chemical viscosity increase of up to 3 orders of magnitude, which may stabilize piles for even
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smaller excess densities. On the other hand, mixing between pile material and ambient mantle or subducted
basalt can reduce the effective density during pile formation or deformation.

We find that the requirements for long-term pile stability are determined by the pile’s deformation history. For
example, long-term stability of LLSVP structures is likely if they survive their initial formation without critical
mass loss. However, our results assume spatial stability of the piles. Since strong entrainment of pile material
is confined to periods of intense deformation, pile survival following a change from degree-2 to degree-1
structure or vice versa should require higher viscosities or densities than compared to survival beneath an
enduring degree-2 structure.
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