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Supplementary Discussion 1: Size of core exsolution crystallite 27 
 28 
Exsolution occur when concentrations of light elements in the core reach the supersaturation limit during 29 
the cooling process. The core exsolution crystallite size can be determined based on two key considerations. 30 
First, thermodynamic constraints dictate that the size of an exsolution must exceed the critical nucleus size 31 
to ensure its stable existence. Second, the buoyancy of the exsolution must overcome convective stirring in 32 
order for it to rise and ascend into the mantle. 33 
 34 
For both homogeneous and heterogeneous nucleation, the critical nucleus size is 35 
 𝑑'() =

2𝜎
∆𝐺
,	 (S1) 

where 𝜎 is the interfacial energy between the oxides and core fluid; ∆𝐺 the Gibbs free energy difference 36 
between the liquid and solid phases of the exsolution per volume. The interfacial energies at the conditions 37 
of the outer core are not well-known. At 1 bar, interfacial energies are approximately 1.8 Jm−2 for solid 38 
MgO/molten steel1 and 1.6 Jm−2  for solid SiO2/liquid iron2,3, respectively. ∆𝐺 can be estimated using the 39 
thermodynamic database4. The resulting critical nucleus sizes are approximately 3 nm and 0.5 nm for MgO 40 
and SiO2 crystals, respectively.  41 
 42 
The outer core vigorously convects. Although MgO and SiO2 are buoyant in the outer core, the strong 43 
convective motion may entrain exsolved core materials if convective entrainment outweighs gravitational 44 
force. Here we estimate the critical size of exsolution above which crystals would sediment towards the 45 
CMB by5 46 
 

𝑑*+, = -
𝜂)𝛼𝑔𝐹
𝐶-

3
./$ 1

∆𝜌)𝑔𝑆ℎ
,	 (S2) 

where α, 𝜂), 𝐶-  are the thermal expansion coefficient (2 ×10–5 K–1) 6, viscosity (0.01 Pa s)7, and isobaric 47 
heat capacity (800 J kg–1 K–1)6 of the outer core fluid, respectively; F (164 mW m–2) the heat flux across 48 
the CMB 8; g (10 m s–2) the gravitational acceleration; ∆𝜌 (~5 g/cm3) is the density difference between the 49 
core fluid and precipitation9,10. Sh is the non-dimensional Shields number, defined as the ratio of the 50 
tangential stress from convective flow over the buoyancy stress relative to the density difference between 51 
the crystals and the melt. When Sh is below 0.1-0.2, sedimentation occurs5. The critical radius separating 52 
sedimentation and entrainment is around 2 nm. In other words, MgO will sediment immediately after 53 
exsolution, and SiO2 will grow to around 2 nm until sedimentation.  54 

In summary, the critical nucleus sizes (𝑑'()) are of the same order of magnitude as the critical sizes that 55 
separate entrainment and sedimentation (𝑑*+,). Therefore, the MgO and SiO2 exsolution, upon nucleation 56 
to form nanoparticles, will rapidly sediment and ascend into the overlying magma ocean. 57 

  58 
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 59 

Supplementary Discussion 2: Dissolution rate 60 

Crystal dissolution in silicate melts is a critical igneous process that has been well studied both 61 
experimentally and theoretically. Note that dissolution is driven by the chemical gradient of solute and can 62 
be efficient even at temperatures below the melting point of crystal11. Here, we focus on the case of 63 
convective dissolution where a single spherical oxide exsolution crystal of diameter d rise in an infinite 64 
reservoir of melt driven by buoyancy11. The crystal dissolution rate is,  65 
 66 
 𝑢 =

𝛽𝐷
𝛿
	,	 (S3) 

 67 
where D (~10–9 m2 s–1) is the diffusivity of components of interest in the melt12; 𝛽 a dimensionless parameter 68 
defined as 69 
 70 
 

𝛽 =
𝜌0(𝐶& − 𝐶1)
𝜌23(𝐶23 − 𝐶&)

	,	 (S5) 

 71 
and 𝛿 the effective boundary layer thickness by 72 
 73 
 

𝛿 =
𝑑

2 + 0. 6(𝑔𝑑
%∆𝜌0
𝜂0𝐷

)./4
	,		 (S4) 

 74 
where 𝜌0/𝜌23 is the density of melt/exsolution in the magma ocean. 𝐶23 is the concentration of component 75 
of interest in the exsolution. We set 𝐶23 = 0.9 as precipitation is relatively pure SiO2 seifertite and (Mg,Fe)O 76 
ferropericlase10,13.  𝐶&  corresponds to the equilibrium-determining component at the interface and is 77 
assumed to be 0.74,14. 𝐶1 represents the concentration of component far away from the exsolution and 78 
evolves moderately with solidification (Fig. 2). For simplicity, we set 𝐶1 to 0.5 in our analysis. ∆𝜌0 is the 79 
density difference between the silicate melts and exsolved core material (Supplementary Fig. 1). 𝜂0 (0.1 80 
Pa s) is the viscosity of silicate melts12.  The resulting dissolution rate is shown in Extended Data Fig. 1.  81 
 82 
  83 
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Supplementary Discussion 3: Initial composition and thickness of the basal magma ocean  84 
 85 
The basal magma ocean (BMO) emerges as an inevitable consequence of the magma ocean solidification 86 
regardless of the depths of onset of solidification, mainly owing to the strong partitioning of Fe into the 87 
silicate melts at high pressures15. A BMO forms when the deep magma ocean is separated from the 88 
overlying mantle by a rheologically solid layer. The initial thickness of the BMO is thus sensitive to the 89 
location of this layer, which in turn is governed by many factors such as the melt-solid density crossover, 90 
grain size, and critical melt fraction for rheological transition. However, these factors are generally poorly 91 
constrained. As such, the initial BMO thickness remains an open question and a wide range of thickness 92 
has been considered in the literature, such as 1000 km 8, 750 km16, 400 km17, and 150 km18.  93 
 94 
Here, we consider the initial thickness and composition of the BMO based on a scenario where the 95 
downward percolation of residual melt from a rheologically solid (mushy) layer creates a layer above the 96 
CMB. We set the initial CMB temperature in our model to 4900 K. This CMB temperature, assuming an 97 
adiabatic temperature profile in a magma ocean, would yield a solid-melt density crossover pressure of  80-98 
115 GPa from the model of ref.17, suggesting that residual melt below 80-115 GPa would be transported 99 
toward the CMB. Considering that the initial core was about 200 km thicker than it is today, the initial 100 
thickness of the BMO was 150-800 km. It is, however, noted that not all residual melts would end up in the 101 
BMO, as some may solidify within the mushy layer due to its rapid cooling, which would further reduce 102 
the initial thickness of the BMO.  103 
  104 



 5 

Supplementary Discussion 4: Comparison with alternative thermodynamic models 105 
 106 
The density profile of the solidified BECMO mantle is sensitive to the choice of the thermodynamic 107 
model4,14,19-21. For example, the model by ref. 14 exhibits a significantly smaller bridgmanite stability field 108 
within the ternary phase diagram.  In our phase diagram (Extended Data Fig. 2), the SiO2 ratio along the 109 
cotectic line of bridgmanite + ferropericlase is lower compared to ref. 14, especially in the FeO-enriched 110 
domain. This discrepancy arises from differences in the Fe partitioning between melt and ferropericlase. 111 
Our model incorporates updated experimental constraints from refs. 22-24, which report an order of 112 
magnitude smaller mineral-melt partition coefficients of iron than those in ref. 14. The difference in the 113 
phase diagram leads to distinct model predictions. At the initial stage, both models predict the exsolution 114 
of bridgmanite. However, due to the differences in cotectic composition, our model predicts a longer 115 
residence time in the bridgmanite-stability field (brg-field). In the case of a no-exsolution BMO, our model 116 
predicts that the melt composition reaches the cotectic line at a much more Fe-rich and Si-poor composition 117 
compared to ref. 14. As crystallization proceeds along the MgO-MgSiO3 cotectic valley, this model 118 
procudecs a larger amont of ferropericlase than ref. 14. For the scenario of BECMO, as the melt composition 119 
approaches the cotectic line, it begins to evolve nearly parallel to this line. This trajectory is the combined 120 
effects of (1) the exsolution of MgO and SiO2 (shown by the green vector) and (2) the removal of 121 
bridgmanite ((Mg1−x,Fex)SiO3, where x is small; shown by the orange vector). The first effect becomes 122 
increasingly significant as the BMO thins and becomes enriched in iron, which in turn slows the rate of 123 
solidification. The added vector points in a direction that delays the approach to the cotectic line, keeping 124 
the BECMO composition within the brg-field, until it eventually converges with the cotectic line of 125 
MgSiO3-SiO2, crystallization of bridgmanite and seifertite is predicted at this stage, but we note that the 126 
model is not well calibrated for SiO2-rich compositions due to the lack of experimental datas, and 127 
constraining the actual seifertite content will require further investigation. Nevertheless, the cyrstalization 128 
of seifertite is likely, which would delay the cyrstalizallization of ferropericlase at the lowermost mantle. 129 
Additionally, the adopted model predicts larger changes in liquidus temperature within the brg-field, 130 
resulting in a larger amount of exsolution during a given thickness of BMO solidification. By contrast, ref. 131 
14 will yield the cyrstlization of bridgmanite and ferropericlase at an earlier stage due to the smaller area of 132 
bridgmanite stability field, and a shallower liquidus temperature gradient. In addition, the slope of the 133 
liquidus bridgmanite liquidus controls the amount of bridgmanite crystalized per degree of cooling, and 134 
therefore also determine the amount of exsolution needed to replenish the SiO2 consumed. We note that the 135 
thermodynamic model used in this study exhibits a steeper liquidus slope than that in ref. 14, which likely 136 
results in a more silica-enriched mantle composition for BECMO. 137 
 138 
Nevertheless, no thermodynamic model fully reconciles all existing high-pressure experimental constraints, 139 
including melting temperature, density, and partitioning coefficients, which have been extensively studied 140 
over the last decade. For example, MgO-MgSiO3 eutectic compositions predicted by ref. 14, although in 141 
reasonable agreement with the experiments by ref. 21, contradicts the high-pressure experiments by ref. 20.  142 
Regardless of the model used, the issue of a large fraction of dense, FeO-rich cumulates in the lowermost 143 
solidified BMO likely persists, as noted in ref. 25.  We do not intend to present our results as a definitive 144 
answer; rather, we aim to demonstrate a proof of concept for the BECMO hypothesis. Furthermore, the 145 
results are sensitive to the initial BMO thickness and the exsolution rate. For example, in our study, a lower 146 
exsolution rate would result in the BECMO composition intersecting the cotectic line at a shallower depth 147 
than shown in (Extended Data Fig. 9). These uncertainties suggest multiple possibilities for the 148 
mineralogical structure of the post-solidification mantle during the Hadean. More extensive studies are 149 
warranted to further address and elucidate these uncertainties. 150 
 151 
  152 
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 153 
Supplementary Discussion 5: Exsolution rate of MgO and SiO2 154 

The exsolution rate is given by		𝑑𝑐 𝑑𝑇⁄ , where c is the oxide (i.e., MgO, SiO2) component content in the 155 
core and T is temperature. Exsolution rate and exsolution species depend on the initial composition of the 156 
core10,26, which is subjected to large uncertainties. For a reasonable range of initial core compositions, the 157 
exsolution rate of SiO2 may vary between  4.1×10–5  and 14×10–5  K–1 27, and that of MgO between 1×10–6 158 
K–1 and 1×10–5  K–1 26,28,29. We test the geodynamic consequences of exsolution rates. Generally, a large 159 
exsolution rate leads to FeO-diluted BECMO, weak enrichment of FeO in the lowermost mantle, and thus 160 
thin, dense piles structures. In contrast, a small rate favors strong enrichment of FeO in the lowermost 161 
mantle, resulting in thick, persistent layers. The effects of exsolution rate are offset by the initial thickness 162 
of the BMO.  163 

Here we adopt a constant SiO2 exsolution rate of  7.3×10–5  K–1 27and a temperature-dependent MgO 164 
exsolution rate following ref. 30, while acknowledging that a systematic analysis on the trade-off between 165 
exsolution rate and the initial BMO thickness is warranted. These exsolution rates correspond to 8 wt% 166 
SiO2 exsolution and 0.4 wt% MgO assuming a CMB temperature drop of around 1000 K, as considered 167 
here. In other words, we assume that the core at least contains 3.4 wt% Si, 4.2 w% O, and 0.51 wt% Mg 168 
initially, which align with previous estimates31,32.  169 

 170 
 171 
  172 
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Supplementary Discussion 6: Effects of initial thickness of BMO and exsolution rate 173 

The dissolution of iron-poor exsolution products from the core into the BMO dilutes the FeO concentration 174 
of the BMO, thereby suppressing the formation of a thick FeO-rich layer. The effectiveness of such dilution 175 
hinges on two factors: the exsolution rate, and the BMO volume (or equivalently, its initial thickness). 176 
Thermodynamic modeling across various exsolution rates and initial BMO thicknesses reveals a clear trade-177 
off between these parameters (Extended Data Fig. 9).  A thick initial BMO and a low exsolution rate would 178 
lead to small degree of dilution, whereas a thin BMO and a large exsolution rate promote strong dilution. 179 
This trade-off remains valid despite pressure-induced shifts in the ternary phase diagram, as Mg-rich 180 
bridgmanite consistently serves as the liquidus phase across a wide compositional range in the deep mantle. 181 
Given a SiO2 exsolution rate of 8 ×10−5 K−1, doubling the initial BMO thickness increases the bottom 182 
density of the solidified BECMO by approximately 400-700 kg m−3. Similarly, for a given initial BMO 183 
thickness of 350 km, a lower SiO2 exsolution rate leads to less SiO2 addition, resulting in a higher bottom 184 
density and concurrently a thinner solidified BECMO mantle. If a density profile with a bottom density 185 
exceeding 6020 kg m−3 cannot generate the present-day mantle structures and the BECMO model fails, then 186 
the maximum allowable BMO thickness are approximately 350 km and 250 km for SiO2 exsolution rates 187 
of 8 ×10−5 and 2 ×10−5, respectively. We define a new parameter, the normalized exsolution rate, as the 188 
product of the exsolution rate and the core mass, divided by the initial BMO mass. As expected, increasing 189 
the normalized exsolution rate reduces the bottom density. 190 

  191 
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Supplementary Discussion 7: Si isotope composition of the core exsolution 192 

We consider two steps of Si isotope fractionation: the first is the silicate-metal fractionation during the core 193 
formation at temperature Tcore_formation, and the second is the SiO2-metal fractionation during the exsolution 194 
at temperature Texsolution. In both cases, the light Si isotope preferentially fractionates into the metallic phase, 195 
although the degree of fractionation is still controversial33-36.  196 

The metal-silicate fractionation factor is denoted as ∆ Si%&  with ∆ Si = δ%& Si*"5")67+ −%& δ Si0+765%&  and 197 

δ Si = [
8 9!" :/ 9#$ :;%&'()*
8 9!" :/ 9#$ :;+*,*+*-.*

%& − 1] × 1000 . We assume that the experimentally determined metal-silicate 198 

fractionation factors apply to both steps, and consider two endmember cases of ∆ Si = k/𝑇$%&  , where T is 199 
temperate and k is the fractionation constant, i.e., 7.6×106 35 or 4.4×106 34. Both k values are considered in 200 
this study. It should be noted that in our assumptions, Si isotope fractionation is solely temperature sensitive 201 
and independent of pressure31. Assuming that the core fluids equilibrate with the bulk silicate Earth (BSE) 202 
(δ Si<!=%& = –0.29±0.07‰)37,38, the final Si isotope composition of the SiO2 exsolution can be expressed as: 203 

 δ Si!"#$ = δ Si<!= − k(
1

𝑇>?@2_B?@CDE:?F$
−

1
𝑇23G?HIE:?F$

)%&%&  (S5) 

Here we adopt a single stage core formation temperature of 3350 K31 and set Texsolution as the CMB 204 
temperature, which decreases from 5000 K to 3600 K over the past 4.5 billion years. The results are shown 205 
in Supplementary Fig. 4. We note that a lower core formation temperature would cause a stronger negative 206 
Si isotope anomaly in exsolved SiO2. 207 

  208 
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 209 
Supplementary Discussion 8: Mixing model 210 

We model the mixing of core exsolution products with the overlying mantle materials. Based on  previous 211 
studies39,40, we assume that the isotopic signatures of W and He remain unaffected by the solid-solid phase 212 
transition and partial melting and ignore the potential pressure-dependent isotope fractionation during the 213 
upwelling of deep mantle materials. Various mantle components may exist. Here we consider four mantle 214 
components in the framework of our BECMO model, including the ambient mantle, dense piles, and two 215 
core exsolution products with different W metal-oxide partition coefficients (DW). The ambient mantle 216 
material is assumed to have a 3He/4He ratio of 8 RA where RA = 1.384´10–6 41

 and µ182W of 0. The element 217 
partitioning depends on the system and physical conditions, and likely varies with temperature and the 218 
chemistry of exsolution. Nevertheless, following ref. 9, we set the metal-oxide partition coefficient of 219 
helium  DHe  =0.06 for simplicity. Unfortunately, there are no data on W partitioning between core fluid and 220 
the exsolution (DW) at the CMB conditions. We consider both  DW =1 (Exsolution 1), based on the 221 
preliminary experimental results 42  and DW =10 (Exsolution 2) based on the metal-silicate partitioning 222 
experiments43. We assume that exsolution inherits the isotopic composition of the core fluid with 3He/4He 223 
ratio of 120 RA 44, and µ182W of –220. The W and He concentrations in the core are 470 ppb 45 and 3.36 ppb 224 
46, respectively. The elemental and isotopic composition of the mantle after solidification BECMO is 225 
calculated self-consistently and the results are presented in Fig. 2 for the addition of Exsolution 1 only. 226 
Geodynamic simulations shows that the entrainment of dense piles becomes increasingly difficult with the 227 
depth. Essentially, only those dense pile materials that are formed above 2810 km can be effectively 228 
entrained (Supplementary Fig. 2). As W and He compositions of the solidified BECMO mantle at these 229 
depths only vary slightly, we take their averages as the inputs for the dense pile. The detailed model inputs 230 
of all four mantle components are summarized at Supplementary Table. 1.  231 

The distinct isotopic signature of OIBs is the anticorrelation of the 3He/4He ratio and µ182W. In the 232 
framework of our BECMO model, only two components yield such a feature – the core exsolution products 233 
and solidified BECMO mantle. Therefore, either of these materials or both must be included in order to 234 
reproduce the observations. We consider two different mixing scenarios: the mixing between Exsolution 1, 235 
Exsolution 2, and the ambient mantle (Extended Data Fig. 10a), and between the dense pile, Exsolution 2, 236 
and ambient mantle (Extended Data Fig. 10b).  237 

Here we adopt the μ¹⁸²W and W concentration of the ambient mantle from ref. 47. These values, as well as 238 
those of other mantle reservoirs, are subject to refinement. Notably, recent studies have proposed slightly 239 
revised μ¹⁸²W and W concentrations48,49. While the specific proportions of components required in the 240 
mixing model may shift accordingly, the ability of our mixing models to reproduce the observed μ¹⁸²W–241 
³He/⁴He anti-correlation remains unchanged. 242 
 243 
  244 
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 245 
 246 

 247 
Supplementary Fig. 1 | Density difference (∆𝜌) between exsolution and the PREM. ∆𝜌 is defined as 248 
∆𝜌 = 𝜌23G?HIE:?F − 𝜌JKLM  . The results for SiO2 is taken from ref.50. Densities of MgO periclase and 249 
(Mg0.9Fe0.1)O are calculated using the thermodynamic parameters in ref.51 along the mantle geotherm52. 250 
∆𝜌 = 0 is also shown as a reference (black dashed line). 251 
  252 
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 253 
Supplementary Fig. 2| Density profile of the eight layers in the lowermost BECMO mantle. The 254 
solidified BECMO mantle (thick blue line) are subdivided into seven layers with the 8th layer added when 255 
convection reaches a quasi-steady state (see Method section for a detailed discussion) .  Dashed lines 256 
represent the boundaries of these layers. Fractions of dense pile materials entrained from layers #1-8 are 257 
61.02%, 63.69%, 1.36%, 0.28%, 0.04%, 0, 0.01%, 0, respectively. The density profile of the unfractionated 258 
mantle (black line) is also shown for comparison. The vertical blue dashed lines are the simplified discrete 259 
density for each layer adopted for geodynamic simulations. 260 
  261 
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 262 
Supplementary Fig. 3 | Viscosity profile of the reference BECMO mantle after 4.5 Gyr. 263 
  264 
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 266 

 267 
 268 

Supplementary Fig. 4 | Si isotopic composition of SiO2 exsolution 𝛅 𝐒𝐢𝑺𝒊𝑶𝟐𝟑𝟎 . The solid and dashed lines 269 
represent two different Si isotopic fractionation constants34,35.  270 
  271 
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Supplementary Table 1. Mixing model inputs. The metal-oxide partitioning partition coefficient of W is 272 
assumed to be 1 and that of He 0.06  following ref. 9. Values of dense piles are the average of composition 273 
of the solidified BECMO mantle at the depth range of 2770 km to 2810 km. 274 

Component Ambient 
mantle Dense piles 

Exsolution 1 
DW = 1 

DHe = 0.06 

Exsolution 2 
DW = 10 

DHe = 0.06 
4He [cm3 STP/g] 4.50E–06 1.87E–4 2.92E–04 2.92E–04 
3He [cm3 STP/g] 5.00E–11 2.94E–8 4.71E–08 4.71E–08 
3He/4He [R/RA] 8 117 120 120 

µ182W 0 –119 –220 –220 
W [ppb] 8 306 438 43.8 

 275 

 276 
 277 
 278 
 279 
  280 
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