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Abstract
The influence of composition-dependent thermal conductivity and heterogeneous internal heating of primordial dense material on the long-term evolution of primordial reservoirs in the lower mantle of the Earth is investigated utilizing thermochemical mantle convection simulations in a 2-D spherical annulus geometry. Our results show that a reduction in the thermal conductivity of primordial dense material due to iron enrichment does not substantially alter mantle dynamics nor the long-term stability of the reservoirs of this dense material. If the primordial dense material is also enriched in heat-producing elements, the average altitude of these reservoirs slightly increases as the thermal conductivity is reduced, therefore, covering smaller core–mantle boundary areas. Our study indicates that the composition-dependent thermal conductivity of primordial material plays a second order role in the long-term evolution of Earth's mantle.
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Introduction
Seismological observations revealed the presence of two continental sized regions in the lowermost mantle, in which shear-wave velocity decreases by a few percent compared to the average velocity at these depths (e.g., He and Wen 2012; Ni et al. 2002; Ritsema et al. 2011). Interestingly, compressional-wave velocity in these regions is also reduced compared to horizontal average, a bit less (typically ~ 1%) than shear-wave velocity (Houser et al. 2008; Ward et al. 2020). These so-called large low velocity provinces (LLVPs) are located beneath Africa and the Pacific, and they cover around 30% of core–mantle boundary (CMB) (see review by Garnero et al. (2016)). Tomographic models combining forward and inverse waveform modeling suggested that LLVPs may be less uniform than previously expected (French and Romanowicz 2014), forming bundles of thermochemical structures rather than thick and stable piles (Davaille and Romanowicz 2020). Whatever the exact structure of LLVPs, uniform piles or bundles, their nature, purely thermal or thermo-chemical, is still debated. While a purely thermal nature cannot be entirely ruled out on the basis of travel time seismic data only (Davies et al. 2012; Koelemeijer et al. 2017), additional data, including normal mode seismology (Ishii and Tromp 1999; Trampert et al. 2004), density anomalies estimated from solid Earth tide measurements (Lau et al. 2017), and joint inversion of shear wave velocity and attenuation (Deschamps et al. 2019; Konishi et al. 2020), suggest that they are more likely simultaneously hotter and chemically distinct (denser) than the ambient mantle. By contrast, Stoneley mode data (Koelemeijer et al. 2017) points to light LLVPs, supporting a purely thermal origin for these structures. Assuming that LLVPs are chemically distinct and denser than surrounding mantle, interpretations of probabilistic tomography (Mosca et al. 2012; Trampert et al. 2004) indicate that LLVPs would fit the seismic observations well if they are enriched in iron by a few (~ 2–3%) percent. This iron enrichment may serve as a possible nature for LLVPs, since it can explain both the drop in shear velocity and the excess density observed by normal modes and tidal data. This density excess may, in turn, allow the persistence of LLVPs in mantle convection.
The thermal state of the lower mantle and its mineralogical composition may impact the physical properties of mantle rocks, altering mantle dynamics. For instance, viscosity, which depends on temperature, pressure and composition, strongly affects the flow. Thermal conductivity is another key physical property, as it affects heat transport across the mantle, and it is known to depend on temperature and pressure (Klemens et al. 1962). Numerical simulations of mantle convection usually assume a thermal conductivity that is either constant or pressure-dependent (Hansen et al. 1993; Li and McNamara 2018; Nakagawa et al. 2010; Zhong 2006). Some studies also employed a more detailed thermal conductivity varying with temperature and pressure (Schmeling et al. 2003; Tosi et al. 2013), and take into account multiple phase transitions that have been constrained by experimental studies of lower mantle minerals (Tosi et al. 2010). The conductivity of lower mantle further depends on its exact composition. Recent high pressure mineral physics experiments indicated that the thermal conductivities of lower mantle minerals decrease with increasing iron content in bridgmanite (Hsieh et al. 2017) and ferropericlase (Hsieh et al. 2018; Ohta et al. 2017). Therefore, if LLVPs are enriched in iron by several percent compared to the ambient lower mantle, their thermal conductivity may be smaller than that of the ambient mantle (Hsieh et al. 2017). A recent analytical study combining experimental data and probabilistic tomography (Deschamps and Hsieh 2019) suggests that, compared to the surrounding mantle, the thermal conductivity may be reduced by up to 26% in LLVPs. However, the potential dynamic effects induced by lateral variations in thermal conductivity caused by such composition changes have not been addressed so far.
The origin of LLVPs is also not well understood. Although recycled mid-ocean ridge basalt (MORB) has been proposed to be one explanation (Christensen and Hofmann 1994; Brandenburg and Van Keken 2007), other studies pointed out that subducted MORBs in the lower mantle should result in high velocity rather than low velocity (Deschamps et al. 2012; Wang et al. 2020). As a result, LLVPs entirely composed of MORBs should be extremely hot (with excess temperature with respect to average mantle larger than 1000 K) to be able to create negative shear velocity anomalies of 2 to 3%, as observed by seismic tomography. Even so, Jones et al. (2020) shows that LLVP-like features with reasonable velocity contrasts can be produced from subducted MORB. Another possible origin of LLVPs is that they are reservoirs of primordial dense material that have formed at an early evolutionary stage of the Earth, and persisted since then (e.g., Dziewonski et al. 2010; Labrosse et al. 2007; Lee et al. 2010). Besides its heterogeneous composition, the mantle degree of heterogeneity in heat-producing elements (HPEs) remains largely uncertain. Estimates based on low heat-producing bulk silicate earth (BSE) do not require reservoirs enriched in heat-producing elements to explain the heat budget of mantle models (e.g., O'Neill and Palme 2008), while other studies (e.g., Hofmann 1997; Kellogg et al. 1999; White 2015) support the presence of reservoirs of undegassed (primordial) material enriched in heat-producing elements.
In this study, we perform numerical experiments in 2-D spherical annulus geometry to investigate the combined influence of a composition-dependent thermal conductivity and heterogeneous internal heating rate on the long-term evolution of primordial reservoirs in the Earth's lowermost mantle.
Method
In this study, we perform numerical experiments of thermo-chemical convection in an anelastic compressible fluid with infinite Prandtl number using the finite volume/difference code StagYY, which was thoroughly described in Tackley (2008). Our model setup is similar to that used in Li et al. (2014, 2015, 2019), which we briefly summarize below.
All experiments are run in 2-D spherical annulus geometry, which corresponds to the equatorial slice of a sphere (Hernlund and Tackley 2008). Spherical annulus differs from cylindrical geometry (which corresponds to a slice of a cylinder) in that its virtual thickness is not constant but increases with distance from the center. A free-slip boundary condition is employed at both the top and bottom boundaries. The number of radial and lateral grid points are 128 and 1024, respectively, with radial grid refinement at the top and the bottom of the domain, and at the boundary between the upper and lower mantle (660 km depth). The anelastic approximation involves the definition of a reference state, including radial profiles for temperature, density, thermal expansion, and thermal conductivity, which are here calculated using thermodynamic relationships for the Earth’s mantle (Tackley 1998). Additional file 1: Fig. S1 plots this reference state. Note that thermal expansion decreases by a factor of 4 from surface to bottom.
The reference Rayleigh number is fixed at 108 in all experiments, and defined as[image: $${\mathrm{Ra}}_{s}=\frac{{{\alpha }_{s}g\rho }_{s}\Delta {T}_{s}{D}^{3}}{{\eta }_{0}{\kappa }_{s}}$$]

 (1)



where [image: $${\alpha }_{s}$$] is the surface thermal expansivity, g the acceleration of gravity, [image: $${\rho }_{s}$$] the surface density, [image: $$\Delta {T}_{s}$$] super-adiabatic temperature difference, D the thickness of the mantle, [image: $${\eta }_{0}$$] the reference viscosity (taken at T = 1600 K and depth z = 0 km), and [image: $${\kappa }_{s}$$] the surface thermal diffusivity. 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[image: $$\eta =\frac{1}{\frac{1}{{\eta }_{b}\left(z,T\right)}+\frac{1}{{\eta }_{Y}}}$$]

 (2)



with[image: $${\eta }_{b}\left(z,T\right)={\eta }_{0}\left[1+29H\left(z-660\right)\right]\mathrm{exp}\left[{E}_{a}\frac{\Delta {T}_{s}}{T+{T}_{\mathrm{off}}}+{V}_{a}\frac{z}{D}\right]$$]

 (3)



and[image: $${\eta }_{Y}=\frac{{\sigma }_{0}+{\sigma }_{i}P}{2\dot{e}}$$]

 (4)



where H is the Heaviside step function, Va and Ea are the non-dimensional activation volume and activation energy, controlling viscosity variations with depth and temperature, respectively, and Toff is the offset temperature, which reduces the viscosity jump through the top thermal boundary layer. In all calculations, the value of Toff is set to 0.88 [image: $$\Delta {T}_{s}$$]. The yield stress helps to emulate plate-like behavior at the top of the domain. Here, we defined the yield stress by imposing its surface value [image: $${\sigma }_{0}$$], and its pressure gradient [image: $${\sigma }_{i}$$]. The yield viscosity [image: $${\eta }_{Y}$$], is defined as the ratio between the yield stress and the second invariant of the strain rate tensor [image: $$\dot{e}$$]. To avoid numerical difficulties, the viscosity is truncated to a minimum of 10–3 and a maximum of 105 times the reference viscosity, η0.
The phase change from bridgmanite to post-perovskite (pPv) is included. All other conditions being the same, the viscosity of post-perovskite is identical to that of bridgmanite, i.e., the viscosity contrast between bridgmanite and post-perovskite is equal to 1. The pPv phase transition is modelled with a reference point defined at a temperature of 2700 K and a depth of 2700 km, and lateral deviations in the transition depth calculated following the phase function approach of Christensen and Yuen (1985). The Clapeyron slope and the density contrast are set to ΓpPv = 13 MPa/K (Tateno et al. 2009) and ΔρpPv = 62 kg/m3 (Murakami et al. 2004), respectively. The stability field of pPv further depends on the temperature at the core–mantle boundary (CMB), TCMB, which we fixed here to 3750 K. The phase change at 660 km is also taken into account with a Clapeyron slope Γ660 = − 2.5 MPa/K, and a density contrast Δρ660 = 400 kg/m3.
The composition field is tracked with the tracer ratio method by (Tackley and King 2003). Two types of tracers are used to calculate the compositional field, whose value varies between 0 for ambient mantle material and 1 for primordial material. Here, we used a total of 4 million tracers, corresponding to about 30 tracers per cell. The primordial material is initially distributed in a basal layer with a thickness of 0.07 (200 km in dimensional unit, Additional file 1: Fig. S2). The primordial material is set to be denser than the ambient mantle material, and the density contrast between primordial and ambient mantle materials is controlled by buoyancy ratio (B), which is defined as[image: $$B=\frac{\Delta {\rho }_{c}}{{\alpha }_{s}{\rho }_{s}\Delta {T}_{S}}$$]

 (5)



where [image: $$\Delta {\rho }_{c}$$] is the density difference between the two types of mantle materials, respectively. In this study, the buoyancy ratio is fixed to 0.30, corresponding to a dimensional chemical density contrast of 120 kg/m3. The evolution of the average altitude of primordial material, defined as[image: $${&lt;h}_{C}&gt;=\frac{1}{V}{\int }_{V}C\left(r-{r}_{CMB},\theta \right)(r-{r}_{CMB})dV$$]

 (6)



provides a good estimate of mixing efficiency. Small values of [image: $$&lt;{h}_{C}&gt;$$], around 0.04 in our case, correspond to stable layering, while large values, around 0.6, indicate efficient mixing.
The initial temperature profile is adiabatic with a potential temperature of 2000 K, and small random perturbations are added to initiate the convection (Additional file 1: Fig. S2). Fractionation of HPEs into primordial dense material is emulated by modifying its internal heating rate, relative to the internal heating rate of the ambient mantle, with an enrichment factor HDprim. This leads to a distribution of internal heating rate, Rh, that varies with the amount of dense material according to the linear relationship:[image: $$Rh\left(C\right)={Rh}_{\mathrm{ref}}\times \left[1+C\left({H}_{Dprim}-1\right)\right]$$]

 (7)



where C is the concentration of dense tracers (compositional field varying, again between 0 and 1). In all calculations, the reference internal non-dimensional heating rate, Rhref, is set to 14.8, corresponding to 4.0×10–12 W kg−1. The total internal heating rate is equivalent to that calculated with Eq. (7) in which C is replaced by the volume fraction of dense material. Note that compressibility induces additional sources and sinks of heat that are controlled by the dissipation number.
A novelty, compared to previous models, is that the thermal conductivity is assumed to vary with the compositional field, the primordial materials differing by a factor KDprim. This leads to the thermal conductivity varying according to the linear relationship:[image: $$k\left(C\right)={k}_{ref}\left(z\right)\times \left[1+C\left({K}_{Dprim}-1\right)\right]$$]

 (8)



Following Eq. (8), values of KDprim lower than 1 decrease thermal conductivity compared to its horizontal average. Here, we tested two values of KDprim, 0.74 and 0.5, leading to a reduction of conductivity by 26% and 50%, respectively. A reduction in conductivity of 26% accounts for the fact that primordial material may be enriched in iron by ~ 3.0% (Hsieh et al. 2017; Deschamps and Hsieh 2019), as expected in LLVPs (Trampert et al. 2004; Mosca et al. 2012). A reduction of 50% corresponds to a much stronger enrichment in iron (Hsieh et al. 2018), which might be the case for ultra-low velocity zones (ULVZs) if, for instance, these structures are the remnants of a basal magma ocean (Labrosse et al. 2007). The reference thermal conductivity, kref(z), is the same as that used in Li et al. (2015), and is plotted in Additional file 1: Figure S1. It increases linearly from top to bottom by about a factor of 2.5 with jumps at phase boundaries at 410 km, 660 km, and bridgmanite to post-perovskite. All other physical parameters used in this study are listed in Additional file 1: Table S1.
With this setup, simulations start with a long transient phase (around 0.6 Gyr), during which the bottom layer of dense material heats up, and are run up to a dimensional time of 4.5 Gyr. Our simulations are not meant to model the detailed evolution of the Earth’s mantle, which would require the prescription of accurate initial conditions that are not yet known, and including a decaying rate of radioactive heating and dynamically evolving core–mantle boundary temperature in our models.
Results
We perform two series of numerical experiments, one with homogeneous internal heating (i.e., assuming that the primordial dense material contains the same amount of HPEs per unit mass as the ambient mantle), and the other one with heterogeneous internal heating (i.e., assuming that the primordial dense material contains 10 times more HPEs than the ambient mantle material per unit mass). In both series, we run three cases with different composition-dependent thermal conductivity ratios in primordial dense material: (1) a reference case with KDprim = 1, i.e., thermal conductivity of primordial dense material identical to that of the surrounding mantle; (2) a case with KDprim = 0.74, consistent with the conductivity reduction expected for LLVPs hotter than the surrounding mantle and enriched in iron by 3.0%; and (3) a case with KDprim = 0.50, corresponding to material strongly enriched in iron, as might be the case for ULVZs. It should be pointed out that, following the assumption that the reduction in conductivity is related to an enrichment in iron, prescribing a lower conductivity should imply that we also prescribe a slightly higher buoyancy ratio. However, because the buoyancy ratio is the dominant parameter in thermo-chemical convection, the effects induced by changing its value in accordance with the thermal conductivity would mask the individual effects due to thermal conductivity, if any.
Figure 1 shows results for the series with homogeneous internal heating. In each case, the thermochemical structures obtained at the end of an evolution of 4.5 Gyrs (Fig. 1a) are similar to the best observable fitting models obtained by Li et al. (2014) and Li et al. (2019), from which we borrow the parameters setup, and which mainly consist of two large reservoirs (or piles) of primordial material. For the three values of KDprim we tested, these thermochemical piles remain stable. Their structures are broadly similar to each other, but differ slightly in their details. Figure 1b, plotting the evolution of averaged mantle temperature as a function of time, shows that the average temperatures for these three simulations are also very similar to each other. After the onset of convection, the cooling rates are about 75 K/Gyr for all cases. Note that the onset of the convection, which occurs around 0.6 Gyr, is slightly delayed, by up to ~ 0.06 Gyr, as the thermal conductivity of primordial dense material decreases. During this early stage, the system is fully stratified (CMB is fully covered by a layer of dense material) and heat is transferred by conduction. The short delay in the onset of convection may then be a consequence of the lower thermal conductivity, which reduces the CMB heat flux, as illustrated in Figs. 1 and 2, and lowers heat conduction within the basal layer. Decrease in CMB heat flux and heat conduction, in turn, are delaying the heating of the initial basal layer of dense material. Finally, as for the averaged mantle temperature, the evolutions of surface and CMB heat flows as functions of time (Fig. 1c) are broadly similar to each other. This is somewhat counter-intuitive, as one would expect heat flux to decrease with decreasing piles' thermal conductivity. However, because piles are also very hot, the heat flux in this region is already low, such that a reduced conductivity does not significantly alter the global heat flux. A close examination of the evolution of heat fluxes further indicates that the time-averaged heat flux slightly decreases with decreasing thermal conductivity of primordial material. These results suggest that a composition-dependent thermal conductivity does not substantially alter the pattern of convection and the stability of primordial reservoirs, or the thermal evolution of the system.[image: ]
Fig. 1HDprim = 1, a snapshots of non-dimensional superadiabatic temperature (top) and composition (bottom) fields at t = 4.5 Gyrs: from left to right KDprim varies from 1, 0.74, 0.5. b Averaged mantle temperatures as a function of time. c Surface and bottom heat flows as a function of time

[image: ]
Fig. 2HDprim = 10, a snapshots of non-dimensional superadiabatic temperature (top) and composition (bottom) fields at t = 4.5 Gyrs: from left to right KDprim varies from 1, 0.74, 0.5. b Averaged mantle temperatures as a function of time. c Surface and bottom heat flows as a function of time


We then performed a second series of experiments in which the internal heating rate of primordial material is increased by a factor of 10 compared to the ambient mantle material. Figure 2a shows the thermochemical structures at the end (t = 4.5 Gyrs) of each simulation. Overall, the primordial reservoirs for cases with regular and reduced thermal conductivities are again similar to each other, and the pattern still consists of two stable thermochemical piles. However, the detailed structures slightly differ. As their thermal conductivity is reduced, the edges of the thermochemical piles become much steeper, and their altitude larger. Figure 2b, showing the evolution of averaged mantle temperature as a function of time, indicates that the secular cooling of the mantle is, again, similar in all cases. However, compared to the simulations with homogeneous internal heating, the delay of the onset of the convection is reduced. Figure 2c shows the time evolution of surface and CMB heat flows. The CMB heat flows are close to each other and are comparable, but slightly smaller than in the simulations with homogeneous heating, around 10 TW. Furthermore, the surface heat flows are slightly larger, around 40 TW (compared to 38 ~ 39 TW for HDprim = 1), due to stronger plumes that form at the top of the hotter primordial reservoirs. As a result, the averaged mantle temperatures drop slightly faster, by about 5 K/Gyr, than those in the simulations with HDprim = 1.
Figure 3a shows horizontally averaged profiles of the fraction of primordial material, <C>, for all six simulations at 4.5 Gyrs. The sharp transition between high average fraction (typically 20–30%, in the case of our simulations) and fraction around 1% or less denotes the top of the reservoirs of primordial material. For the experiments with homogeneous internal heating (HDprim = 1), the heights of these reservoirs are close to each other independently of the thermal conductivity of primordial material. The shape of these profiles is typical of piles with flat tops, in good agreement with the structures observed in Fig. 1a, and indicate that these piles extend up to about 600 km above the CMB. For experiments with heterogeneous internal heating (HDprim = 10), the transition between high and low <C> is more progressive, indicating that piles have more topography, as can be seen in Fig. 2a. In addition, primordial reservoirs extend higher as the thermal conductivity of primordial material decreases. The heights of these reservoirs increase by 50 to 200 km compared to those with HDprim = 1, and the fraction of the CMB area covered by primordial reservoirs decreases by up to 20% (compared to 5% for the homogeneous heating cases) for decreasing KDprim. Increasing the internal heating rate of primordial material, therefore, enhances the role played by heterogeneous thermal conductivity, with lower conductivity leading to warmer, less stable piles. Figure 3b shows the averaged mantle temperature with depth, and indicates that the temperature differences are rather small among all these cases. Figure S3 shows radial profiles of horizontally averaged viscosity are also similar to each other.[image: ]
Fig. 3a 1-D profiles of distributions of primordial material with depth at t = 4.5 Gyrs; b 1-D profile of averaged mantle temperature with depth at t = 4.5 Gyrs


Figure 4 shows the evolution of averaged altitude of primordial material as a function of time (< hC >, refer to Eq. (6) in the Method section). The slight, regular increase in < hC> indicates that these piles are being slowly eroded over time due to entrainment of primordial material by thermal plumes (i.e., they remain overall stable during the entire evolution, but are progressively eroded by thermal plumes that are generated at their tops). In simulations with homogeneous internal heating, the evolution of <hC> is similar for the three values of KDprim we tested, with <hC> increasing only slightly with time due to entrainment of primordial material by plumes. In the simulations with HDprim = 10, <hC> are larger and increase slightly faster with time, due to both a larger rate of entrainment by plumes and to the fact that piles get more buoyant. Furthermore, clear differences appear depending on the thermal conductivity of primordial material with lower conductivities promoting entrainment, which leads to slightly larger values of <hC>.[image: ]
Fig. 4Average altitudes of primordial material as a function of time for all cases


Overall, our experiments indicate that reducing the thermal conductivity of piles of primordial, dense material compared to that of the surrounding mantle plays a minor role in the long-term stability of these piles. However, this influence slightly increases when the primordial materials are enriched in heat-producing elements.
Discussion
The numerical experiments performed in this study allowed a better understanding of the influence of the compositional dependence of thermal conductivity on mantle dynamics. We find that the reduction of thermal conductivity in primordial material does not strongly alter the stability and structure of these primordial reservoirs. As in previous studies (Deschamps and Tackley 2009; Li et al. 2014; McNamara and Zhong 2004), the buoyancy ratio (measuring the density contrast between primordial and ambient mantle materials) and thermal viscosity contrast remain the main controlling parameters on the long-term stability of the lower mantle reservoirs of dense primordial material, while composition-dependent thermal conductivity plays a second-order role and does not substantially alter the pattern of mantle convection. In addition, because primordial reservoirs are hot and cover a small fraction of the CMB, and all other parameters are the same, changes in CMB heat flow are also very limited compared to the total CMB heat flow (Figs. 1c and 2c).
Although the composition-dependent thermal conductivity plays a second-order role on the long-term stability of primordial reservoirs, our study indicates some interesting side effects. As can be clearly seen from our numerical experiments, if the large primordial reservoirs are not enriched in heat-producing elements, their long-term structure and stability are not substantially altered by the composition-dependent thermal conductivity even with a reduction up to 50%. Undegassed components observed in oceanic island basalts (OIBs) are unlikely to be enriched in radiogenic elements, because they would, in the long term, produce large amounts of 4He and result in low values of the isotopic helium ratio 3He/4He in OIB, in contradiction with observations (e.g., Hofmann 1997). By contrast, iron-rich residuals of the magma ocean crystallization from which piles of dense material may originate (e.g., Labrosse et al.2007) may be enriched in long-lived radiogenic isotopes (Trønnes et al. 2019). Enrichment of reservoirs of primordial material in heat-producing elements may, in turn, have some influence on the long-term evolution of the Earth. Citron et al. (2020), for instance, suggests that it could influence the morphology of the primordial reservoirs, and even destabilize them. Our results further indicate that if their thermal conductivity is reduced compared to that of the ambient mantle, their morphology would be further affected, mainly resulting in a more pronounced topography. As the thermal conductivity of primordial material is reduced, heat transfer by conduction within piles is slower, while the heat influx (from the CMB) and outflux (to the regular mantle) are slightly reduced. Consequently, the secular cooling of these reservoirs slows down, and, in some cases, reservoirs may even slowly heat up. The enrichment in heat-producing elements would then enhance this heating effect, effectively cause primordial reservoirs to gain extra thermal buoyancy (compared to the ambient mantle), and therefore destabilize them gradually, as can be observed in snapshots of composition fields at the end of the simulations (Figs. 2 and 3) and from the time evolution of average altitudes of primordial material (Fig. 4). Since the chemical density contrast is large enough to overcome the thermal buoyancy by the effects mentioned above, these primordial reservoirs remain stable and persistent in mantle convection over a long period of time compared to Earth's history. However, as a result of stronger thermal buoyancy caused by enrichment in heat-producing elements, they have a larger vertical extent and cover a smaller fraction of the CMB than in simulations without enrichment in heat-producing elements. To further investigate this point, we calculated the rms (root mean square) of temperature differences in the bottom 200 km (ΔTbot) at 4.5 Gyrs for all the cases we run (Table 1). These calculations indicate that in cases with homogeneous internal heating, positive thermal anomalies have a smaller rms than negative thermal anomalies when KDprim is smaller than 1. By contrast, in cases with heterogeneous internal heating, we observe that, in all cases, positive thermal anomalies have a larger rms than negative thermal anomalies, indicating that reservoirs of primordial material are hotter if enriched in heat-producing elements. Interestingly this effect is slightly more pronounced as thermal conductivity of primordial material is reduced, which may be, again, related to the fact that heat transfer within the pile is slower.Table 1Root mean square (rms) of temperature differences in the bottom 200 km (ΔTbot) of the models


	HDprim
	KDprim
	 	rms ΔTbot (K)
	 
	 	 	Global
	Positive
	Negative

	1
	1
	507.3
	526.1
	485.4

	1
	0.74
	498.7
	469.0
	524.9

	1
	0.50
	491.0
	485.9
	491.9

	10
	1
	600.3
	673.6
	530.0

	10
	0.74
	591.2
	706.4
	491.7

	10
	0.50
	623.7
	742.7
	517.3




While our simulations are not designed to reconstruct the mantle thermal history, they suggest that the primordial reservoirs in the lower mantle of the Earth may be cooling down more slowly than previously thought, due to slower heat diffusion within the piles. However, because it does not cause a large difference in global CMB heat flow, this effect may have a limited impact on mantle cooling. By contrast, a local minimum in heat flux within primordial reservoirs may impact core dynamics more substantially, favoring the formation of core upwellings beneath these reservoirs. Mechanical or thermal coupling between core and mantle dynamics may then further influence CMB heat flow (Yoshida and Hamano 2016; Yoshida et al. 2017).
Our results may have further implications for the evolution of seismic ultra-low velocity zones (ULVZs) observed above the CMB. If ULVZs are residues of a basal magma ocean and are enriched in heat-producing elements (Labrosse et al. 2007), their thermal conductivity may be substantially lower than that of the ambient mantle (Hsieh et al. 2018). Although our simulations do not specifically model ULVZs and their evolution, which would require a third type of tracer for the chemical field, they suggest that these regions may have cooled down more slowly than expected, due to a large reduction in their thermal conductivity. They may still be very hot compared to the ambient mantle, and possibly partially molten. Note that, because they would be much enriched in iron, these regions may also be significantly denser LLVP and regular mantle materials. Modelling ULVZs would require a third tracer species and the prescription of additional buoyancy ratio and thermal conductivity. This should be fully investigated in future work. It should further be pointed out that because thermal conductivities of mantle minerals decrease with increasing temperature (Klemens et al. 1962), there should be positive feedback between the effects of iron enrichment and high temperature, further reducing the thermal conductivity of primordial materials. This effect is not included in our calculations. Finally, our modelled thermal conductivity profile does not consider potential iron saturation effects, where the thermal conductivity of primordial materials may saturate as the iron content is larger than a threshold value, and which has been experimentally observed in [image: $$\delta -\left(Al,Fe\right)OOH$$] at the lowermost mantle pressure (Hsieh et al. 2020). A full investigation on the combined effects of temperature, pressure, and iron saturation on the thermal conductivity should, therefore, be conducted in combination with the major physical parameters controlling mantle dynamics.
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