
1. Introduction
Seismic tomography models have discerned the presence of two mantle structures close to the core-mantle inter-
face characterized by low seismic velocities. These large low-shear velocity provinces (LLSVPs) sit beneath 
Africa and the Pacific plate and exhibit a shear velocity anomaly of δlnVs ≈ −2%. Spatially, they are both volu-
minous and broad (Cottaar & Lekić, 2016), with seismic tomography models showing high power in spherical 
harmonic degree 2 and to a lesser extent degree 3 structures (Koelemeijer et al., 2016; Ritsema et al., 2011) in the 
lower mantle. These structures exist within and above the D” layer and may extend >1,000 km into the mantle 
from the core-mantle boundary (CMB) (He & Wen, 2009; Lekic et al., 2012), with the African LLSVP being 
significantly taller than the Pacific LLSVP (Ni et al., 2002; Yuan & Li, 2022). Mantle plumes are claimed to 
cluster around their edges (Thorne et al., 2004) potentially entraining material to be sampled by melting beneath 
ocean islands. Despite the morphology of LLSVPs being well constrained, increasingly accurate measurements 
of their material properties and possible direct links to the surface via plumes, their origin and composition 
remain a matter of debate. This is because the very characteristics that define LLSVPs have a non-unique source; 
the velocity anomaly may originate thermally, chemically, or thermo-chemically. Consequently there are compet-
ing theories over the nature of LLSVPs, are they of a predominantly thermal origin (D. R. Davies et al., 2015; 
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Schubert et  al.,  2004), or thermochemical in nature (Deschamps & Trampert,  2003; Karato & Karki,  2001; 
Nakagawa & Tackley, 2014)?

The argument for a thermochemical origin is generally split into two possible scenarios. The first is that LLSVPs 
are composed of dense primordial material (Deschamps et  al.,  2011; Garnero & McNamara, 2008; Labrosse 
et  al.,  2007; M. Li & McNamara,  2018) and the second is that they formed from the accumulation of recy-
cled oceanic crust (henceforth referred to as OC) (Christensen & Hofmann,  1994; Coltice & Ricard,  1999; 
Tackley, 2011). A third scenario arises from this, where LLSVPs may comprise heterogeneity from both recycled 
OC and primordial material, a so-called basal melange (Gülcher et al., 2021; Jones et al., 2021; Tackley, 2012).

In the past, many lines of evidence appeared to support the thermochemical explanation of LLSVPs, including 
the apparent sharp sides of the African LLSVP (Ni et al., 2002) and an elevated ratio between shear and compres-
sional wavespeed (Masters et al., 2000; Romanowicz, 2001). Numerical geodynamic modeling by D. R. Davies 
et  al.  (2012) showed that sharp sides and low shear wave anomalies could be explained by a purely thermal 
case. Further, the high S/P wavespeed ratio could also indicate the presence of post-bridgmanite (Koelemeijer 
et al., 2018). Nonetheless, there are still strong arguments for a thermo-chemical origin. Given the prevalence 
of mantle plumes originating from the edges and within LLSVPs, high  3He/ 4He measured in many ocean island 
basalts (OIBs) is given as evidence for a primordial origin of thermochemical LLSVPs. This end-member has 
received significant attention by the modeling community (Deschamps et al., 2012; Y. Li et al., 2014; Williams 
et al., 2015), and recently has been scrutinized for the effect that high internal heating rates has on the stability of 
such piles (Citron et al., 2020).

The second end-member is supported by the observation of subducted OC entering the lower mantle in seis-
mic tomography (Grand et al., 1997). Additionally, many mantle plumes contain a component of OC (Kokfelt 
et al., 2006; Sobolev et al., 2000; X.-J. Wang et al., 2018). Christensen and Hofmann (1994) showed that long 
term segregation of OC into the lower mantle could result in accumulations forming into pile like structures. This 
requires subducted basalt to have an excess density compared to ambient mantle material, which has been deter-
mined by mineral physics experiments to be 0.5%–5% denser in the lower mantle (Hirose et al., 2005; Ricolleau 
et al., 2010; Ringwood & Irifune, 1988; W. Wang et al., 2020). Simulations by Brandenburg et al. (2008) and 
Jones et al. (2020) suggest that subducted OC is required to have an excess density of at least +3% relative to 
ambient mantle compositions in order for significant volumes to be retained at the CMB. Other numerical exper-
iments agree that the lower mantle becomes enriched in OC if the OC is chemically dense (Ogawa, 2003, 2007) 
and this can lead to large piles of compositionally distinct material developing (G. F. Davies,  2002; Huang 
et al., 2020; Xie & Tackley, 2004). However, the majority of studies to date which include recycling of OC mate-
rial have been conducted in 2D geometry which cannot account for the full complexity of the flows which shape 
such piles. The partial melting process that forms OC concentrates heat producing elements (HPEs) such as U, 
Th, and K, giving recycled crust a strong potential to heat up relative to the surrounding, relatively HPE depleted, 
mantle. Despite this, almost all studies to date in which OC is recycled into the mantle (with just a small number 
of exceptions, e.g., Ogawa, 2014; Xie & Tackley, 2004) have opted for a homogeneous heating rate throughout 
the mantle, which is often constant over time. For this reason, the effect that relatively high heating rates within 
piles has on their formation and evolution is poorly known.

In this study we test the hypothesis that LLSVPs are composed of recycled OC material which is enriched in 
HPEs using 3D spherical models. Our models are heated internally by the decay of HPEs, which are concentrated 
into basaltic OC by a self consistent melting regime. We vary the excess density of the OC compared to ambient 
mantle compositions by varying the buoyancy number (B) of our simulations in order to assess how easy or 
difficult it is to form piles in the D” layer. We also test different chemical models to vary the distribution and 
concentration of HPEs in the model to assess the impact this has on pile formation and retention. In our analysis 
we examine the age and morphology of accumulations of subducted OC and in a case where piles persist to pres-
ent day we present predictions of the seismic velocity for first order comparisons against observations.

2. Methods
2.1. Dynamic Model

In this study we use the three-dimensional mantle convection code, TERRA (Baumgardner,  1985; Bunge 
et al., 1997; D. R. Davies et al., 2013) to solve the governing equations for mantle convection under the Boussinesq 
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approximation and assuming incompressibility (McKenzie et  al.,  1974). 
Values for common parameters can be found in Table 1. A regular icosahe-
dron projected onto a sphere provides the basis of the grid structure at each 
of the 65 radial layers (average radial spacing of 45 km). The grid is further 
discretized identically at each radial layer to give an average lateral grid spac-
ing of ∼33 km at the CMB and ∼60 km at the surface, with a total of >10 
million grid points. Both the top and bottom boundaries are free-slip and 
iso-thermal at 300 and 3000 K respectively. Our calculations are freely evolv-
ing mantle convection simulations which lack true plate tectonics. To this end 
we employ a partially strong lithosphere via a depth dependent viscosity in 
order to strike a balance between the surface velocity and surface heat flux. 
Our viscosity profile also contains a ×30 jump at 660 km (Hager et al., 1985, 
van Keken & Ballentine,  1998) and a drop near the CMB to approximate 
lower viscosities induced by the thermal boundary layer and the exothermic 
bridgmanite phase transition in the lowermost mantle (Y. Li et al., 2014).

2.2. Particles

Active particles are used to track chemical information throughout the mantle. Each of the ∼1.1 × 10 8 particles 
stores its mass, bulk composition (C) and abundance of certain isotopes. The bulk composition may vary between 
0 and 1, where C = 0 is completely depleted (harzburgitic), C = 1 is completed enriched (basaltic) and we assume 
the average mantle composition to be Cav = 0.25, which we denote as lherzolite. We refer to the end-member 
compositions with the terms “harzburgite,” “basalt” and “lherzolite” for simplicity, despite these having petrolog-
ical implications which we do not include in our models. Simulations are initialized with 1/2 of all particles having 
a composition C = 0.25, 1/8 with C = 1 and 3/8 with C = 0, uniformly distributed throughout the mantle giving 
an average mantle composition of C = 0.25. The bulk composition and depth of particles affects the local density. 
In the upper mantle (<660 km depth) completely enriched particles are 3% denser than completely depleted parti-
cles (Ono et al., 2001) and we vary the excess density of basaltic material in the lower mantle (>750 km depth). 
Due to OC being relatively cool compared to ambient mantle, there is a delayed transition to dense lower-mantle 
mineral phases within subducted slabs from 660 to 750 km depth (Irifune & Ringwood, 1993). This is modeled 
by making basalt 3.75% more buoyant than material of average mantle composition within this depth range (G. F. 
Davies, 2008). Our model includes a simplified parameterization for the olivine system phase transitions 410 and 
660 km depth (Table 2). We note that this implementation is not composition dependent but nonetheless allows us 
to capture some of the behaviors that are associated with these phase transitions (Price et al., 2019; Wolstencroft 
& Davies, 2011). Melting in the models is controlled by a simple linear solidus, dependent on depth (z) and bulk 
composition (Price et al., 2019; van Heck et al., 2016):

𝑇𝑇solidus,dry(𝑧𝑧𝑧 𝑧𝑧) = 𝑇𝑇meltsurf + 𝑧𝑧𝑇𝑇meltslope + (1 − 𝑧𝑧)𝑇𝑇meltcomp (1)

where Tmeltsurf = 1400 K is the melting temperature of C = 1 material at the surface, Tmeltslope = 2.5 K km −1 is 
the gradient of the solidus, and Tmeltcomp = 500 K is the temperature difference between the solidi of C = 0 and 
C = 1 material. Temperature is linearly interpolated from the grid to each particle in order to determine whether 
melting may occur. During melting a particle's bulk composition is reduced so it becomes more depleted. The 
new composition of a melting particle is therefore defined by a particle's temperature and depth on the solidus 
(Cnew = C(T, d)). Note that a particle may not be depleted beyond C = 0, at which point the composition is 

assumed to be so refractory that it cannot experience further melting. The 
amount of melt produced (Mm) is calculated by multiplying the mass of the 
melting particle (Ms) by the degree of melting (F = Cold − Cnew), as described 
in van Heck et al. (2016) and the melt is always of composition C = 1.

Particles store abundances of the radioactive isotopes  235U,  238U,  232Th 
and  40K, as well as their stable daughter isotopes ( 207Pb,  206Pb,  208Pb and  40Ar 
respectively and  4He), the non-radiogenic isotopes  204Pb,  36Ar and  3He and 
also water. Decay constants for each radioactive isotope (Table  3) control 
their rate of decay. For the purposes of this study we are most interested in 

Table 1 
Common Parameters to All Simulations and Their Values

Symbol Parameter Value Unit

Ts Surface temperature 300 K

Tcmb CMB temperature 3,000 K

η0 Reference viscosity 5 × 10 21 Pas

ρ0 Reference density 4,500 kgm −3

k Thermal conductivity 4 Wm −1K −1

α Thermal expansivity 2.5 × 10 −5 K −1

Cp Specific heat capacity 1,100 Jkg −1K −1

Note. Reference viscosity is equal to the viscosity of the upper mantle.

Table 2 
Olivine Phase Change Parameters for an Assumed Composition With 67% 
Olivine

Depth (km) Δρ kg m −3 Clapeyron slope MPa K −1

410 230 2.25

660 380 −1.5

Note. Density difference relative to PREM (Dziewonski & Anderson, 1981).
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the radioactive isotopes as the energy released during their decay is used to 
internally heat the mantle heterogeneously (see Table 3 for decay energy). 
We initialize trace element abundances from 3.6  Ga in order to prevent 
having to model early Earth conditions, when high temperatures may have 
lead to extremely low mantle viscosities. During melting, trace elements are 
depleted from the melting particle according to the batch melting equation

𝐴𝐴𝑙𝑙 = 𝐹𝐹

(

𝐴𝐴0

𝐹𝐹 + (𝐷𝐷𝑖𝑖(1 − 𝐹𝐹 ))

)

 (2)

where A0 and Al are the number of atoms of the isotopes before melting and 
lost during melting respectively and Di is an isotope's partition coefficient 
(Table  3). Isotopes with different partition coefficients are therefore frac-
tionated during melting. The isotopes and bulk composition component lost 

from a particle during melting form a “melt packet” which is instantaneously migrated to the particle(s) closest to 
the surface in cells directly above the melting particle. The amount of melt that a particle may receive is equal to 
(1 − Cr) × Mr, where Cr is the bulk composition of the receiving particle and Mr is the mass of the receiving parti-
cle. Receiving particles cannot become more enriched than C = 1, so melt may have to be distributed amongst 
multiple particles, in which case trace elements are distributed according the mass fraction of melt assigned to 
each particle. Handling melt distribution in this way ensures conservation of bulk composition. The melting 
process generates an enriched (basaltic) layer at the surface which is underlain by a depleted (harzburgitic) layer, 
similar to how we think of OC forming.

We also consider non-magmatic processes for fractionating trace elements. Following the method of Panton 
et  al.  (2022),  235U and  238U are recycled from the continental reservoir, which tracks the number of mols of 
isotopes that are isolated from the mantle, after 2.4 Ga. This accounts for the oxidation of U 4+ to U 6+ after the 
onset of the great-oxygenation event, allowing U to become fluid mobile and be recycled from the continents into 
the mantle via hydrothermal addition to OC at ridges (Andersen et al., 2015; Michard & Albarede, 1985). The 
continental reservoir is populated immediately after isotopes have been initialized, prior to the first convection 
iteration. One third of all  235U,  238U,  232Th, and  40K is removed from each particle in the mantle and added to the 
continental reservoir. This end-member crustal growth model implicitly assumes full continent extraction prior to 
3.6 Ga (Armstrong, 1968). Relative solubility differences cause preferential removal of K from subducted slabs 
relative to U and Th (Lassiter, 2004; Tatsumi & Kogiso, 1997). This is accounted for by removing a fraction (10%) 
of the  40K in each melt packet to the continental reservoir. The net effect of these fractionation processes is that 
particles with a more basaltic composition than average mantle become enriched in radioactive trace elements.

2.3. Seismic Properties

The next step is to compare the results of our geodynamic simulations with seismic observations of the Earth. It 
is not possible to uniquely invert seismic data to obtain temperature and composition, and so we instead use the 
pressure, temperature, and compositions from our geodynamic models to estimate seismic properties. To do this, 
we use the thermodynamic data set of Stixrude and Lithgow-Bertelloni (2022) as implemented in the software 
Perple_X (Connolly, 2009). We assign a six-oxide bulk composition to each of our “lithologies” (Table 4), and 

then create lookup tables for densities and perfectly elastic seismic velocities 
(Vp, vs.) for each of these compositions. Attenuation is accounted for using 
the model of Goes et al. (2004) and Maguire et al. (2016). Parameters corre-
spond to their model Q7g, which provides good agreement with the data 
provided by Matas and Bukowinski (2007).

Particles with a model bulk composition which lies in between 0.00 and 
0.25 are treated as a mechanical mixture (Xu et  al.,  2008) of harzburgite 
and lherzolite, while those with a composition of 0.25–1.00 are treated as a 
mechanical mixture of lherzolite and basaltic OC. The relative proportions 
of these endmember lithologies are interpolated to the grid so that each node 
can be assigned proportions of the three lithologies, in addition to pressure 
and temperature. The seismic properties at each node are obtained by taking 

Table 3 
Isotope Information

Isotope
Initial concentration 

(mol g −1)
Decay 

constant (s −1)
Decay energy 

(MeV)
Partition 

coefficient

 235U 2.11 × 10 −11 9.85 × 10 −10 46.40 0.007

 238U 1.47 × 10 −10 1.55 × 10 −10 51.70 0.007

 232Th 3.91 × 10 −10 4.95 × 10 −11 42.66 0.008

 40K 6.14 × 10 −09 5.54 × 10 −10 1.34 0.010

Note. Initial concentrations are given at 3.6 Ga before any material has been 
extracted to the continental reservoir.

Table 4 
Assumed Molar Composition of Three End Member Lithologies

Harzburgite Lherzolite Basaltic OC

SiO2 36.184 38.819 52.298

MgO 56.559 49.894 15.812

FeO 5.954 6.145 7.121

CaO 0.889 2.874 13.027

Al2O3 0.492 1.963 9.489

Na2O 0.001 0.367 2.244
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the harmonic mean of the velocities for each lithology, weighted according 
to their proportions.

Our procedure for estimating seismic velocities is therefore a postprocessing 
step.  This allows us to vary the excess density of OC in the geodynamic 
simulations independent from the thermodynamic models. This is not strictly 
consistent but does allow us to investigate a wide parameter range without 
worrying about tweaking many parameters. Our output incorporates the seis-
mic effects of reactions including the olivine to wadsleyite (“410”), ring-
woodite to bridgmanite (“660”) and bridgmanite to post-perovskite phase 
transitions, even though only the “410” and “660” transitions are accounted 
for in our dynamic models (Table 2).

The thermodynamic modelset used in this study lacks some features that 
could be seismically important in the real Earth. There is no spin transition 
in ferropericlase, for example, whose influence could potentially be visible 
for two reasons. First, seismic waves are expected to influence the propor-
tions of high and low spin iron, lowering the bulk modulus. Second, the spin 
transition is expected to increase the amount of iron in lowermost mantle 
ferropericlase relative to cases with no transition. In addition, no reduced 
phases (iron, iron sulfide) are included in the data set, and all iron is assumed 
to be ferrous. The second order phase transition in stishovite may also reduce 
seismic velocities in subducted OC.

2.4. Parameter Space

The buoyancy number has consistently been shown to be important in maintaining a stable dense layer in the 
lowermost mantle (Deschamps & Tackley, 2009; Le Bars & Davaille, 2004; M. Li & McNamara, 2013; Oldham 
& Davies, 2004). In the context of our models, the buoyancy number can be translated into a maximum density 
difference between subducted OC and ambient mantle compositions. In order to investigate the stability of lower 
mantle accumulations of subducted OC which are internally heated from the decay of radioactive isotopes, we 
systematically vary the buoyancy number of OC in the lower mantle (see Table 5). Under certain conditions, 
this should allow accumulations of OC to develop self consistently, that is to say we need not prescribe a dense 
primordial layer. The buoyancy number is given by

𝐵𝐵 =
Δ𝜌𝜌b

𝛼𝛼s𝜌𝜌sΔ𝑇𝑇
 (3)

where Δρb is the intrinsic density difference between the material and an average mantle composition, αs is the 
coefficient of thermal expansion, ρs is the mantle reference density, and ΔT is the temperature difference across 
the mantle. Note that the buoyancy numbers quoted in Table 5 are those of purely basaltic material. The buoyancy 
number for a particle with a arbitrary composition (Bc) is given by

𝐵𝐵𝑐𝑐 = 𝐵𝐵
𝐶𝐶 − 𝐶𝐶𝑎𝑎𝑎𝑎

1 − 𝐶𝐶𝑎𝑎𝑎𝑎

. (4)

As the degree of HPE enrichment will affect the local heating rate, we also present cases to investigate the 
effect of different treatment of non-magmatic HPE fractionation processes and uniform radiogenic heating of 
the mantle. In case noU we form a continental reservoir prior to 3.6 Ga but do not allow U recycling into the 
mantle and case noCont does not include the formation of a continental reservoir before 3.6 Ga (i.e., there is 
a higher concentration of HPEs in the mantle). Case U2C has a reduced continental reservoir prior to 3.6 Ga 
(1/6 of all HPEs removed from particles instead of 1/3) but a fraction (10%) of U, Th, and K isotopes are 
removed from the melt to the continental reservoir to simulate continuous continent extraction. In case UH the 
radiogenic heating produced within the mantle is uniformly distributed, rather than being concentrated in HPE 
enriched material.

Table 5 
Buoyancy Number of Each Simulation Presented in This Study and Other 
Treatment for Varying Distribution of HPEs

Case Buoyancy number Other treatment

B0.00 0.0 -

B0.22 0.22 -

B0.33 0.33 -

B0.44 0.44 -

B0.55 0.55 -

B0.66 0.66 -

B0.77 0.77 -

B0.88 0.88 -

noU 0.55 No U recycling

noCont 0.55 No continental reservoir

U2C 0.55 Continuous continent extraction

UH 0.55 Uniform heating
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3. Results
3.1. The Effects of Buoyancy Number

Visualizations show that in all cases there is an initial period of high melt productivity followed by widespread 
subduction of large volumes of enriched OC material (Supplementary videos V1–V8, https://doi.org/10.5281/
zenodo.7544389). The amount of OC material that reaches the CMB region varies with the buoyancy number of 
the simulation (Figure 1), as does its subsequent rate of removal. For buoyancy numbers of ≤0.55, large volumes 
of enriched, basaltic material rapidly accumulate but are subsequently removed in hot upwelling regions. By the 
present day these accumulations have been largely eroded (Figures 2a–2d) accounting for the reduction in CMB 
coverage in these cases (Figure 1). In the case of B0.55, large volumes of basaltic material can be seen in the 
mid-mantle at present day, having been recently destabilized and removed from the CMB (Figure 2e). For cases 
B0.77 and B0.88 much of the recycled OC that reaches the CMB remains there to present day, forming a blanket 
of enriched material (Figure 2g). At these high buoyancy numbers the CMB only becomes exposed when pene-
trated by strong downwellings. For case B0.66, the accumulations of subducted OC are in a transformative state, 
where they have formed piles by the sweeping action of downwelling material and are beginning to be eroded by 
entrainment.

In Citron et al. (2020) CMB exposure is used as a measure for identifying when different convective regimes 
develop due to the inclusion of a primordial dense layer in their simulations. For our class of simulations, where 
thermochemical piles develop due the accumulation of recycled OC material, it is more appropriate to think of 
this as CMB coverage. We define CMB coverage as the fraction of particles in the lowermost layer with a bulk 
composition of C = 1. For each simulation the CMB coverage is initially 12.5% due to C = 1 material initially 
comprising 12.5% of all particles (Figure 1). Typically the CMB coverage stays at 12.5% for a short period of 
time while the recycled OC material descends from the surface to the base of the mantle. There is then a period 
of increasing CMB coverage as more recycled OC accumulates followed by a period of slowly decreasing CMB 
coverage as old recycled material is removed from the CMB whilst being buffered by newly recycled material. 
Two general trends are observed between cases with varying buoyancy numbers. One is that higher buoyancy 
numbers develop a larger maximum CMB coverage and the other is that for higher buoyancy numbers the inflec-
tion point at which CMB coverage begins to decrease is generally later on in the calculation. Only simulations in 
which B > 0.55 have more than 50% CMB coverage at present day. There is a particularly pronounced difference 
in the present day CMB coverage between cases B0.55 and B0.66.

Radially averaged present day melting ages (average time since particles last underwent melting), show a gradual 
tendency toward younger ages in the lowermost mantle toward the CMB (Figure 3c). The oldest average melting 
ages are observed in cases with the highest buoyancy numbers. Buoyancy number does not affect the surface heat 
flux for the first 700 Myr of model time (Figure 3a). Thereafter is a general trend for surface heat flux to decrease 
with time, though the exact rates depend on the buoyancy number of the simulation. This could be considered an 
Earth-like behavior, as Earth's surface heat flux is thought to decrease with time (Turcotte, 1980). Earth's mantle 
surface heat flux is currently estimated to be ∼39 TW, assuming the continental crust accounts for ∼8 TW of 
the total surface heat flux J. H. Davies and Davies (2010). The present day values of mantle surface heat flux are 

Figure 1. Fraction CMB coverage from start of calculation (3.6 Ga) to present day for different buoyancy numbers and non 
magmatic fractionation treatments.

https://doi.org/10.5281/zenodo.7544389
https://doi.org/10.5281/zenodo.7544389
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generally slightly higher than this with the exception of cases B0.77 and B0.88. For the CMB heat flux both the 
exact value and long term trend varies with buoyancy number. Between 250 and 600 Myr of model time, higher 
CMB heat fluxes are recorded for simulations with higher buoyancy numbers. Each case subsequently shows a 
peak in CMB heat flux after 1 Gyr of model time, with lower buoyancy number simulations experiencing higher 
peaks (Figure 3e). After this the CMB heat flux decreases for a period of time, the length of which increases with 
buoyancy number. For cases B0.77 and B0.88 there is prolonged low CMB heat flux until present day.

Strong similarities exist between the radially averaged radiogenic heating rate (Figure 3b) and radially averaged 
bulk composition (Figure 3d), which is expected as the melting process concentrates HPEs in OC material. This 
emphasizes how OC material has a tendency to heat up over time due to the relatively high concentrations of 
radioactive isotopes. Generally cases with higher buoyancy numbers have a higher concentration of basaltic 
material in the lowermost mantle and consequently a lower average C (more depleted) in the upper and mid 
mantle (Figure 3d). This is especially visible for cases with B = 0.66–0.88.

Mantle processing rates show significant variation with both time and buoyancy number (Figure 4) and while 
the long term trend differs from that of the surface heat flux, there are similarities in the details. For example, 
the processing rate is the same for all simulations for the first 700 Myr of model time (Figure 4). Addition-
ally,  the  peaks in surface heat flux at 850 Myr and during the last 1 Gyr of model time are replicated in the 
processing rates.

Figure 2. Visualizations of the composition field at present day with a segment removed for cases (a) B0.00, (b) B0.22, (c) B0.33, (d) B0.44, (e) B0.55, (f) B0.66, (g) 
B0.77, (h) B0.88, (i) noU, (j) noCont, (k) U2C, (l) UH. Contoured volume shows C > 0.9 material (i.e., basalt rich) excluding the uppermost 120 km.
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For all buoyancy numbers, histograms of the melting age (time since last melted) of particles near the CMB 
(Figure 5) show a peak at 0.5–0.6 Gyr after 1 Gyr of model time. This is the modal time it takes for OC material 
generated at the surface to descend through the mantle to the CMB. Subsequently there are strong similarities 
through time for simulations where the piles of subducted OC have been re-incorporated into the mantle by pres-
ent day (B0.0 to B0.55). In these cases there is a strong skew to younger melting ages throughout the modeled 
time. At higher buoyancy numbers, a greater fraction of material near the CMB retains high melting ages up to 
the present day. The result is a bimodal distribution of present day CMB melting ages for cases with buoyancy 
numbers of 0.66–0.88.

Spectral heterogeneity maps of the composition field for all buoyancy numbers have power concentrated 
generally in 2 areas of the mantle; near the surface and the lowermost mantle (Figure 6). As buoyancy number 
increases from 0.0 (B0.00) to 0.55 (B0.55), there is a slight tendency for long wavelength structures (low spher-
ical harmonic degree) to become increasingly dominant in the lower mantle and begin to extend further up 
into the mantle. At the same time the relatively high power signal (compared to the surrounding mantle) in the 
mantle transition zone tends to get weaker with increasing buoyancy number. Between cases B0.55 and B0.66 
there is a marked change in spectral heterogeneity maps of the composition field, with significantly more power 
concentrated in the lower mantle large wavelength structures reaching further up into the mantle from the CMB 
(Figures 6e and 6f).

Figure 3. (a) Time varying surface heat flux, (b) radially averaged normalized radiogenic heat production, (c) radially 
averaged melting age (time since last melted), (d) radially averaged bulk composition, (e) time varying CMB heat flux for 
cases B0.00, B0.22, B0.33, B0.44, B0.55, B0.66, B0.77, B0.88. Plots b–d represent the present day state of the mantle. Legend 
for line color in all panels given in panel (d).
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3.2. Effects of Different Heating Conditions

Four simulations are presented in which the treatment of HPEs are modified while the buoyancy number remains 
fixed at the same value as case B0.55. Of these simulations, case noU shows the most similarity to case B0.55, 
almost mirroring the history of CMB coverage (Figure 1), heat flux (Figures 7a and 7e), and present day radial 
profiles (Figures 7b–7d). The lack of a continental reservoir in case noCont results in an ∼30% increase in the 
amount of radiogenic heat production in the mantle compared to B0.55 (Figure 7b). Consequently the surface 
heat flux is significantly higher than any other case with the same buoyancy number and CMB heat flux is lower 
due to higher mantle temperatures. The high mantle temperatures also cause more rapid remelting of material, so 
the melting ages throughout the mantle are younger than other cases (Figure 7c). With the exception of case noU, 
all of the cases with altered geochemical treatment result in higher peak fraction of CMB coverage and higher 
present day CMB coverage (Figure 1).

Case UH, in which radiogenic heating is uniformly distributed throughout the mantle rather than concentrated 
in areas enriched in HPEs, has a lower surface heat flux than case B0.55 for the entirety of the modeled time 
(Figure 7a). However, the CMB heat flux is comparable for the first 2.1 Gyr of modeled time before decreasing in 
case UH relative to B0.55 for the remaining 1.5 Gyr (Figure 7e). Case U2C has a slightly higher surface heat flux 
than B0.55 for much of the simulation and a lower CMB heat flux for the last 2.6 Gyr, which may be understood 
by the greater concentration of HPEs that the mantle is initialized with.

Spectral heterogeneity maps show similar compositional structures between noU and B0.55, with little evidence 
of high power in low degree structures above the CMB (Figures 8a and 8b). The spectral heterogeneity maps of the 

Figure 4. Melting processing rates for simulations (a) B0.00, (b) B0.22, (c) B0.33, (d) B0.44, (e) B0.55, (f) B0.66, (g) B0.77, 
(h) B0.88, in kg/yr. The processing rate refers to the mass of mantle that has been in a melting zone and had melt extracted.
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Figure 5. Histograms of the melting age (time since last melted) of enriched particles (C > 0.25) in the layer above the CMB 
at model times of 1, 2, 3, and 3.6 Gyr (columns left to right) for cases B0.00, B0.22, B0.33, B0.44, B0.55, B0.66, B0.77, 
B0.88, noU, noCont, U2C, UH (rows top to bottom). Note that particles which have not previously melted are not included.
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Figure 6. Spectral heterogeneity maps as a function of model depth up to spherical harmonic degree 50 of the present day bulk composition field for simulations with 
various buoyancy numbers.
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composition field for cases noCont, U2C and UH show broadly similar patterns to one another(Figures 8c–8e). 
More power is concentrated in degree 3–8 structures in the lower mantle compared to case B0.55. Much like in 
case B0.66, these structures may reach up ∼600 km from the CMB. There is a bimodal distribution of melting 
ages in the lowermost mantle in case UH, similar to B0.66 (Figure 5). For noCont, U2C, and UH, the distribution 
is more skewed toward younger melting ages, indicating that accumulations in these cases are composed of a 
higher fraction of more recently subducted material.

3.3. Seismic Signature

While we cannot make direct comparisons on spatial variability of seismic tomography models due to the lack 
of Earth-like plate geometries, we can compare against radial trends and seismic properties of piles, assuming 
that these correspond to LLSVPs. For case B0.66 we present depth slices of the temperature, composition, and 
δlnVs field at the CMB and 2,709 km depth (Figure 9). Areas where basaltic accumulations are well consolidated 
correspond to the pile structures observed in Figure 2f and are the hottest regions within a given layer. These 
regions are predicted to have a δlnVs of ∼−1% at the CMB (Figure 9f), increasing to ∼−3% further away from 
the CMB (Figure 9c). The perimeters of the piles tend to be cooler and have less negative shear wave velocity 
anomalies. In regions where downwellings bring cooler material into the lowermost mantle (Figure 9a), faster 
δlnVs are expected (Figure 9c) irrespective of the bulk composition of this material.

Figure 7. (a) Time varying surface heat flux, (b) radially averaged normalized radiogenic heat production, (c) radially 
averaged melting age (time since last melted), (d) radially averaged bulk composition, (e) time varying CMB heat flux for 
cases B0.55, noU, noCont, U2C, UH. Plots b–d represent the present day state of the mantle. Legend for line type in all panels 
given in panel (d).
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Figure 8. Spectral heterogeneity maps as a function of model depth up to spherical harmonic degree 50 of the present day 
bulk composition field for simulations B0.55, noU, noCont, U2C, UH.

Figure 9. (a and d) Temperature, (b and e) bulk composition, and (c and f) δlnVs field depth slices at a depth of 2,707 km (a–c) above the CMB (e and f) for case B0.66.
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4. Discussion
Early in our simulations we see high melt productivity due to high internal heating rates from the decay of HPEs 
and consequently large volumes of OC material are subducted early on. The similarity of the surface heat flux 
(Figure 3a) and processing rate (Figure 4) for the first 700 Myr of the simulation indicates that the initial mantle 
thermal and velocity field is strongly influencing the early upper mantle dynamics. In all cases large volumes of 
subducted OC begin to accumulate at the CMB after around 500 Myr of model time, but depending on the buoy-
ancy number of subducted OC in the lower mantle, we observe a range of different behaviors. For low buoyancy 
numbers (B ≤ 0.22), piles do not form as subducted OC is readily mixed into the mantle.

For intermediate buoyancy numbers (B0.33–B0.66), we see subducted OC accumulate at the CMB at different 
rates, with more OC accumulating at the CMB at higher buoyancy numbers (Figure 1). The ubiquitous tendency 
toward more enriched compositions in the lowermost mantle (Figure 3d) shows that no matter the buoyancy 
number, the strength of downwellings will concentrate at least some OC material at the CMB, though its resi-
dence time will depend on the intrinsic density contrast. Only case B0.66 retains distinct piles at the CMB to 
present day (Figure  2). Previous studies have also found that piles form given a sufficiently high buoyancy 
number (Brandenburg et al., 2008; Jones et al., 2020; Mulyukova et al., 2015), though it has been shown that 
the thickness of subducted OC also affects the rate of OC segregation (M. Li & McNamara, 2022). In the cases 
with the highest buoyancy numbers (B0.77 and B0.88), the trend of more subducted OC accumulating for higher 
buoyancy numbers continues, but it resists being swept into distinct piles and instead forms an undulating blan-
ket across most of the CMB (Figure 2). Similar behavior of subducted OC has previously been documented in 
2D (Brandenburg et al., 2008; Mulyukova et al., 2015) and 3D (Nakagawa & Tackley, 2010) mantle convection 
simulations for similar buoyancy numbers (B > 0.8).

The longevity of subducted OC accumulations depends on the buoyancy number, which is simply explained by 
the greater negative chemical buoyancy imparted on the piles with increasing buoyancy number. Subducted OC 
is initially cool, however it heats up due to conduction from surrounding hot mantle material, from the core and 
from internal heating due to the decay of HPEs. This heating makes it easier to be buoyantly removed from the 
D” layer or entrained into upwellings. For higher buoyancy numbers, a greater thermal buoyancy is required in 
order to overcome the intrinsic chemical density of subducted OC and therefore it takes longer for accumulations 
to be entrained into the mantle (Figures 1 and 3e). As in Mulyukova et al. (2015) we see dense accumulations 
have an insulating effect, reducing the heat flux across the CMB (Figure 3e) and ultimately lowering the mean 
temperature of the mantle system.

In cases B0.33, B0.44 and B0.55 we also see periods of increased melting before the present day, peaking at 
2.6, 3.1, and 3.5 Gyr of model time respectively (Figures 4c–4e), which correspond to peaks in the surface 
heat flux (Figure  3a). Coupled with visualizations (Supplementary videos V3–V5, https://doi.org/10.5281/
zenodo.7544389), the increased melting rate and surface heat flux captures a behavior in which large volumes 
of pile material become positively buoyant over a relatively short space of time, resulting in them moving 
away from the D” layer and being sampled by melting. These large volumes correspond to ancient heteroge-
neity, generated due to high early melting rates. The increased melting due to this destabilization of subducted 
OC accumulations is more intense with increasing buoyancy number (Figure 4) because more subducted OC 
segregates to the CMB at higher buoyancy numbers (Figure 1). There is little evidence in Earth's geological 
record for a process that causes such a recent and global increase in the mantle processing rate as is seen in 
cases B0.44 and B0.55 especially. Large igneous provinces (LIPs) are known records of sudden, localized 
increases in melt production, however evidence of these is distributed throughout at least the last 2.5 Gyr of 
Earth's history (Ernst, 2014). While it is true that LIP eruption events are concentrated in Earth's more recent 
history, this may be due to the preservation bias associated with the recycling rates of oceanic lithosphere 
(Ernst et al., 2005). For case B0.66 the piles are still largely stable at present day and so there has not yet 
been a distinct increase in melting (Figure 4). It is reasonable to assume though that if this simulation were 
allowed to continue evolving, the piles in this case also would fully destabilize, causing a large pulse in melt-
ing. This brings up the question of the length of our model time relative to the Earth. As in some previous 
studies (Christensen & Hofmann, 1994; Xie & Tackley, 2004), our simulations are run for 3.6 Gyr, almost 1 
Gyr shorter than the age of the Earth. We do this to avoid having to simulate early Earth conditions, when 
mantle temperatures may have been significantly higher, leading to much lower mantle viscosities. As our 
simulations begin producing and recycling OC material almost immediately, we implicitly assume some recy-

https://doi.org/10.5281/zenodo.7544389
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cling mechanism from 3.6 Ga. It is unlikely that modern style plate tectonics existed so early in Earth's history 
(Hawkesworth et al., 2020), however geodynamic models support the existence of alternative early recycling 
regimes, such as a plutonic-squishy lid (Lourenço et al., 2020) or plume related lithospheric dripping (Gerya 
et al., 2015).

The absence of U recycling from the continental reservoir in case noU causes a decrease in the radiogenic heat-
ing rate throughout the mantle relative to case B0.55, which has the same buoyancy ratio (Figure 7b), however 
temporal and present day radial trends show little difference (Figures 7a and 7c–7e). It is evident that the amount 
of U recycled in B0.55, which is equivalent to approximately 14% of the present day U budget, does not produce 
enough heat to affect the thermal evolution of the mantle in any meaningful way. This is significant as it was 
shown in Panton et al. (2022) that such a U recycling rate, coupled with preferential removal of Pb from OC, is 
sufficient to reconcile the observed Pb isotope distribution in oceanic basalts.

The presence of piles at the present day for case UH (Figures 2k and 8e) illustrates the importance for models 
to include radiogenic heating that is controlled by the local concentration of HPEs. Present day CMB coverage 
is increased from 47% in B0.55%–63% in UH (Figure 1) and the piles are composed of both young and ancient 
material (Figure 5). This indicates how lower internal heating rates within the piles inhibits their erosion. The 
heating rate within piles is calculated to be 1.75–2.5 times greater than in the surrounding mantle in case B0.66 
(Figure S1 in Supporting Information S1). The sensitivity of pile stability to heterogenous internal heating rate 
suggests that some previous work in which internal heating is either not included (Mulyukova et al., 2015) or is 
uniformly distributed throughout the mantle (Brandenburg et al., 2008; Jones et al., 2020) may overestimate the 
stability of basaltic piles at the CMB. This result is similar to work in a previous studies which show primor-
dial piles to destabilize more readily when they experience a relatively high rate of internal heating (Citron 
et al., 2020) and that basaltic piles are unstable under early Earth conditions where mantle temperature and inter-
nal heating rates are high (Fujita & Ogawa, 2009; Ogawa, 2014).

The differences in the lower mantle structures observed between cases B0.55, B0.66 and B0.77 suggests that 
there is only a narrow range of buoyancy numbers which facilitate pile retention until present day. A potentially 
surprising result is that more vigorous mantle convection offered by increased internal heating due to different 
continental crust extraction models (cases noCont and U2C) causes an increase in the present day CMB cover-
age relative to B0.55 where the buoyancy number is the same. For these cases the present day CMB coverage is 
most similar to B0.66 (Figure 1) and the present day basaltic accumulations are also similar (Figures 2j and 8d). 
In both noCont and U2C a larger proportion of the basaltic material at the CMB is young compared to B0.66 
(Figure 5), which comprises both ancient and more contemporary recycled OC. This shows that given sufficient 
rates of OC production and subduction, piles may be destroyed and replenished at similar rates, allowing them to 
exist in a quasi-steady state. Subduction flux history is therefore an important consideration for piles composed 
of recycled OC. The different behaviors exhibited between simulations B0.55, noU, noCont, and U2C highlights 
a difficulty in accurately modeling the evolution of thermo-chemical piles composed of recycled OC when radio-
genic heating is considered. Poorly constrained factors, such as the onset time of plate tectonics and the history of 
continental crust extraction (Hawkesworth et al., 2020) affect the concentration of HPEs in the mantle over time. 
Consequently, this affects the longevity of piles, making it difficult to uniquely constrain parameters pertaining to 
their creation. Drawing on multiple lines of evidence may assist in eliminating certain scenarios.

Within the bounds of the parameters examined in this study, the range of buoyancy numbers which permit piles 
to persist to the present day is B = 0.55 to B = 0.66. For our incompressible simulations in which the coeffi-
cient of thermal expansion (α) is fixed at 2.5 × 10 −5 K −1 for all depths, this corresponds to an intrinsic density 
difference of +3.75%-+4.5% between OC and ambient mantle material. In the compressible terrestrial mantle, 
thermal expansivity is expected to decrease with depth. Such conditions would yield a reduced density differ-
ence between OC and ambient mantle material for the same buoyancy number. Thermodynamic estimates of 
the coefficient of thermal expansion for key mantle mineral assemblages in the D” layer suggest a value of 
∼1.2 × 10 −5 K −1 (Chopelas & Boehler, 1992; Stixrude & Lithgow-Bertelloni, 2011). For this value, the range 
of  buoyancy numbers at which piles may remain stable (B = 0.55–0.66) corresponds to an intrinsic density differ-
ence of +1.8%-+2.1%. This lies within the range of well accepted predictions of lower mantle density differences 
between OC and ambient mantle compositions (Hirose et al., 2005). More recent mineral physics calculations 
suggest a lower mantle density difference of no more than ∼2% (Tsuchiya, 2011; W. Wang et al., 2020), which 
still leaves subducted OC as a contender for the chemical component of thermo-chemical LLSVPs.
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LLSVPs are typically thought of as degree 2 and 3 structures (Dziewonski et al., 1977; Koelemeijer et al., 2016; 
Ritsema et al., 2011), however the spherical harmonic power spectrum for case B0.66 (Figure 6f) shows high 
power in the lowermost mantle for degree 2–8 structures. This may be a result of the lack of Earth-like plate 
tectonics in the simulations presented here. Three dimensional mantle circulation models which are driven by 
reconstructions of past plate motion have previously been shown to generate subduction zones which sweep 
compositionally distinct material into piles resembling LLSVPs (Bower et al., 2013; D. R. Davies et al., 2012; 
McNamara & Zhong,  2004; Zhang et  al.,  2010). However, Earth-like plate tectonics may not necessarily be 
required to form degree two structures. Y. Li et al. (2014) showed that given sufficiently large thermally induced 
viscosity contrasts, a compositionally distinct layer may be swept into degree two structures, similar to those 
observed in seismic tomography (Lekic et  al.,  2012). Our models differ from theirs in that we dynamically 
generate compositionally distinct material via melting at the surface, which is then brought to the lower mantle 
in downwellings. It is plausible that the lack of such thermal viscosity contrasts may still contribute to the lack 
of strong degree 2 structures in our simulations, but the lack of an Earth-like subduction history is likely the 
main driver of this. An additional source of mismatch between the structures in our models and the observed 
morphology of LLSVPs is that we have not applied a seismic resolution filter to our results, as our models are not 
geographically related to Earth. Typically, this would reduce the amplitude of shorter wavelength features relative 
to the longer wavelength features (Ritsema et al., 2007).

Besides their morphology, LLSVPs are also constrained by their characteristic seismic velocities. For case B0.66, 
the internal δlnVs of piles is predicted to be −2% (Figure 9c), which is in good agreement with observations 
as well as other recent numerical models (Jones et al., 2020). We find δlnVs to be less negative at the base of 
piles than in their center (Figures 9c and 9f) while seismic observations show a gradual reduction in δlnVs with 
depth through piles (Yuan & Li, 2022). This result is partially influenced by a lower than expected mean Vs 
at the base of the mantle in B0.66 of 7.17 km s −1 compared to 7.26 km s −1 in the Preliminary Earth Reference 
Model (PREM, Dziewonski & Anderson, 1981). The large lateral extent of the (hot) accumulations (Figure 9e) 
also likely contributes to the low average Vs. The composition of the piles themselves also plays a role in less 
negative δlnVs at their base. In our simulations, the base of piles are almost purely composed of recycled OC 
(Figure 9e), while at shallower depths the piles are composed of a mixture of recycled OC and more depleted 
material (Figure 9b). Previous studies have also highlighted similar pile stratigraphy (Ballmer et al., 2016; Jones 
et al., 2020; Mulyukova et al., 2015) and seismological constraints favor piles which are enriched toward their 
base (Richards et al., 2023). Purely basaltic material is likely to only yield δlnVs comparable to LLSVPs at very 
high temperature contrasts (Deschamps et  al.,  2012), while a mixture of basaltic material and more depleted 
compositions may more than half this requirement (Jones et al., 2020). Positive δlnVs anomalies are observed 
in cooler, recently subducted OC (Figure 9e). This is expected due to the strong temperature dependence of Vs, 
however it emphasizes that if LLSVPs are composed of recycled OC, the constituent material must be old enough 
to have heated up sufficiently to exhibit low Vs. As discussed above, piles cases noCont and U2C are composed of 
a greater proportion of young material compared to B0.66. We find that the predicted seismic velocities of piles in 
U2C does not differ from those in B0.66 (Figure S2 in Supporting Information S1), so despite increased rates of 
replenishment, the high mantle temperatures and internal heating rates are enough to heat up subducted material 
to the point that it does not impart a positive δlnVs signature on the piles when it becomes part of them. Predicted 
seismic velocities of piles in noCont are, however, slightly lower than those in B0.66 (Figure S3 in Supporting 
Information S1), owed to even more frequent replenishment than in U2C (Figure 7c). Anti-correlation between 
temperature and Vs is consistently strong (R 2 = −0.9) throughout the lowermost mantle in all cases, whereas the 
anti-correlation between bulk composition and Vs is weaker and much more variable between simulations (e.g., 
R 2 = −0.58 in B0.66, 0.16 in B0.00 at 2,709 km depth). This highlights that if thermochemical LLSVPs are 
composed of subducted OC, a significant role that the chemical heterogeneity plays in generating an observable 
signature is in heating piles more rapidly than ambient mantle.

Our study has shown that the effects of radiogenic heating is an important consideration when modeling the 
formation of piles of subducted OC. Piles formed from such a process have the potential to exhibit LLSVP-like 
seismic velocities. As estimates of lower mantle mineral densities improve, the narrow range of densities within 
which such piles may remain stable to the present day may assist in narrowing in on the compositional nature of 
LLSVPs. The lack of Earth-like plate tectonics in our simulations has limited our comparison of the generated 
piles to LLSVPs. A difficulty that future studies may face is in running with Earth-like plate motion histories for a 
comparable length of time as these simulations. Piles may comprise material as old as 2–3 Gyr (B0.66, Figure 5), 
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while the longest plate motion history models extend back to just 1 Ga (Merdith et al., 2021). The use of yield 
stress rheology (van Heck & Tackley, 2008) to self consistently generate subduction-zone like areas may be of use 
in bridging this time gap. While we have not included the effects of a dense, primordial layer in our simulations, 
we do not refute the potential for such compositions to exist in the mantle and play a role in LLSVP formation. 
Studies which combine both primordial and recycled OC material (Ballmer et al., 2016; Gülcher et al., 2021; 
Jones et al., 2021) will also benefit from including the effects of radiogenic heating in each of the compositions 
(Citron et al., 2020).

It is known that if a simulation is too spatially coarse, it may not properly resolve the dynamics of pile formation 
and entrainment (Tackley, 2011). To this end, we conducted resolution tests for the same parameters as B0.66 at a 
lower resolution (average radial grid spacing of 90.4 km) and at a higher resolution (average radial grid spacing of 
22.6 km). Spectral heterogeneity plots of the bulk composition field for these tests show that the lower resolution 
case (Figure S4b in Supporting Information S1) fails to build up the same long wavelength structures observed 
in B0.66. In the higher resolution case (Figure S4c in Supporting Information S1) spherical harmonic degree 
2–8 compositional structures exist within the lowermost 500 km of the mantle, similar to B0.66. This gives us 
confidence that the resolution of the simulations presented in this study is sufficient to resolve the dynamics of 
pile formation and destruction. It has also been shown that the thickness of OC influences the ability for OC to 
segregate and form piles in the lower mantle (M. Li & McNamara, 2022), with more segregation occurring for 
thicker OC. From the bulk composition on tracer particles, we calculate the average present day thickness of OC 
at the surface to be ∼17 and ∼14 km in our simulations with radial resolutions of 45 and 22.5 km respectively. 
As this is thicker than estimates for the average OC thickness on Earth, which is ∼10 km when considering 
oceanic plateaus and seamounts (Tonegawa et al., 2019; White et al., 1992), the buoyancy numbers which would 
allow piles of recycled OC to persist to present day on Earth may differ to those in our simulations. We note that 
in previous studies, OC thicknesses vary from ∼6 to ∼30 km (M. Li & McNamara, 2013; Ogawa, 2003, 2010; 
Tackley, 2011).

In the simulations presented we have considered a single radially varying mantle viscosity profile. However, 
mantle viscosity, especially in the lower mantle, is poorly constrained (Kaufmann & Lambeck, 2000; Mitrovica 
& Forte, 2004). Simulations run with the same parameters as B0.66 but with two different viscosity profiles for 
the lower mantle (visc2 and visc3, Figure S5 in Supporting Information S1) retain piles to present day as shown in 
spectral heterogeneity maps of the composition field (Figure S6 in Supporting Information S1). The distribution 
of melting ages within the piles is similar to that in case B0.66, indicating similar long term rates of segregation 
and entrainment. Our depth dependent viscosity law does not capture the lateral variations in viscosity which are 
present in the mantle due to viscosity's dependence on temperature. This may mean that piles in our simulations 
are more viscous and therefore more stable than they might be in a more Earth-like setting (Y. Li et al., 2014). 
Temperature dependent viscosity has also been shown to enhance the rate of basalt segregation, resulting in 
larger accumulations of OC (M. Li & McNamara, 2013; Nakagawa & Tackley, 2011), so it is not clear exactly 
what effect it will have on the longevity of piles. A test simulation with the same parameters as B0.66 was 
conducted with a weakly temperature dependent viscosity which varies by up to an order of magnitude (Figure 
S5 in Supporting Information S1). The spectral heterogeneity maps of the composition field for this simulation 
shows long wavelength compositional structures exist to present day (Figure S6g in Supporting Information S1). 
Unlike case B0.66 the present day distribution of melting ages within piles is strongly skewed toward young, 
recently subducted material, with just a small proportion of piles being composed of ancient material. This indi-
cates that replenishment may become a more important process for sustaining piles when temperature dependent 
viscosity is considered. Compositional dependent viscosity is an additional complexity which we do not consider, 
but work by (Y. Li et al., 2019) suggests that its relative importance will depend on the excess density of OC. 
While we have approximated the viscosity reduction in the lowermost mantle due to the post-bridgmanite phase 
transition in our radial viscosity profiles, considering the compressibility of the mantle would allow for a more 
self consistent representation of such phase changes and a more accurate comparison against seismic constraints.

5. Conclusions
We have presented 3D mantle convection simulations which are heated both from the core and internally from 
the decay of radioactive isotopes. Coupled with a melting regime to produce OC, this creates heterogenous 
heating rates throughout the mantle. In line with previous studies we have found that piles form at the CMB 
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from subducted OC given a sufficiently high buoyancy number. Our simulations indicate that there may only be 
a narrow range of buoyancy numbers which would allow piles of subducted OC to form and remain stable until 
present day, without being so dense that they become immobile and blanket most of the CMB. While the actual 
buoyancy number might be adjusted with future work because of current model limitations, for the simulations 
presented that range is B = 0.55–0.66. Piles generated in our models are generally shorter wavelength features 
than LLSVPs, probably due to a lack of Earth-like subduction geometries, and are enriched in OC at their base. 
The δlnVs anomaly of piles compares most favorably to LLSVPs in areas that are both hot and composed of a 
mixture of OC and more depleted material. This requires piles to be composed of OC which is sufficiently old 
so that it has been heated by radiogenic heating and conduction from the core to be hotter than the surrounding 
mantle.

We find that it is important for geodynamic models to include radiogenic heating which is controlled by the 
concentration of HPEs. Failure to do so results in an overestimation of the stability of piles. In our simulations 
with a buoyancy number of B = 0.55, heterogenous heating rates reduce the longevity of piles, decreasing present 
day CMB coverage from 63% to 47%. The geochemical model used in such simulations can also influence pile 
formation and preservation as higher HPE concentrations will result in faster mantle processing rates. In cases 
with higher internal heating rates piles may be sustained at lower buoyancy numbers due to partial replenishment, 
indicating that subduction flux may be an important consideration in modeling LLSVP formation from recycled 
OC. However, recycling a small amount of continental U into the mantle, as is required to reproduce the measured 
range of Pb isotope ratios in MORBs, has negligible effect on the dynamical evolution of our simulations.

Data Availability Statement
Model output used in the analysis presented in this work are available at http://doi.org/10.17035/d.2022.0217543433. 
The TERRA code used in this study is not freely available as the code predates open-source licensing. As a result, 
we do not have the rights to release all parts of the code, however the code pieces which have been implemented 
for this study are available on request from the corresponding author (JP).
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