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Abstract
Evaporation of silicate materials from Earth or its precursors may be important in shaping their 

primordial compositions represented by undifferentiated meteorites, e.g., enstatite chondrites; however, 
the conditions under which evaporation occurs and the extent of evaporation-induced elemental and 
isotope fractionation remain uncertain. Here, we experimentally determine the volatility and isotope 
fractionation of Si, Mg, Ca, Nb, and Ta during enstatite melt evaporation at 2423–2623 K using a 
high-temperature conical nozzle levitator. Homogenous glasses are recovered after experiments; then 
we use EPMA and LA-ICP-MS to measure the elemental compositions, MC-ICP-MS to measure the 
Si and Mg isotopes, and TIMS to measure the Ca isotopes. Our results show that the evaporation rates 
of Si are larger than Mg, and the mean vapor/melt isotope fractionation factors (α = Rvapor/Rmelt; R = 
isotope ratio) are 0.99585 ± 0.00002 for 29Si/28Si and 0.98942 ± 0.00130 for 25Mg/24Mg. However, 
neither evaporative loss of Ca, Nb, and Ta nor Ca isotope fractionation was observed within analytical 
uncertainty. In conjunction with previous studies, we find that in an evaporation experiment the satura-
tion degree (partial vapor pressure/equilibrium vapor pressure) of Si (SSi) is larger than SMg when Si is 
more volatile than Mg, and vice versa. If the Mg/Ca and Si/Ca ratios and isotopes in the bulk silicate 
Earth are attributed to the evaporation of enstatite chondrite-like precursors, evaporation temperatures 
>5000 K and SSi < SMg are required.
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Introduction
The chemical composition of the bulk silicate Earth (BSE) pro-

vides tight constraints on the nature of Earth’s building blocks, and 
Earth’s formation and evolution processes. The BSE and enstatite 
chondrites (EC) share nearly identical mass-independent stable 
isotopes of various elements such as O, Cr, and Ti, and therefore 
it has been proposed that Earth’s main building blocks are EC-like 
materials (Warren 2011; Dauphas 2017). However, this hypothesis 
has been challenged by the fact that the isotope compositions of 
Si and Mg in the BSE are heavier than those observed in ECs 
(Fitoussi and Bourdon 2012; Hin et al. 2017). Such discrepancies 
in Si and Mg isotopes were attributed to the processes producing 
mass-dependent isotopic fractionation, such as the incorporation of 
Si in Earth’s core to explain the BSE’s heavy Si isotopes because of 
the preferential partitioning of light Si isotopes into metallic phases 
(Shahar et al. 2009). However, this requires Si in Earth’s core 
(~12 wt%) in excess of that permitted by geophysical constraints 
(Badro et al. 2014) or unrealistically low core-mantle equilibra-
tion temperatures (~1500 K) (Fitoussi and Bourdon 2012). The 
required ~12% Si in the core could potentially be reduced if we 

consider the Si isotope heterogeneity in the mantle predicted by 
first-principles calculations, which suggest that the lower mantle 
(and hence the BSE) might have lighter Si isotopes compared to 
the upper mantle (Huang et al. 2014). However, core formation 
cannot explain the BSE’s heavy Mg isotopes due to the lithophile 
nature of Mg (Du et al. 2017).

Evaporation of molten planetesimals resulting from the 
decay of short-lived nuclides or accretionary collision (Tonks 
and Melosh 1993; Young et al. 2019), which will be referred 
to as “post-nebular evaporation” hereafter (O’Neill and Palme 
2008), may cause mass-dependent Si and Mg isotopic fraction-
ation and explain the BSE’s heavy Si and Mg isotopes. Pringle 
et al. (2014) argued that planetesimal evaporation may explain 
the heavy Si isotopes in angrites (volatile-depleted mafic igne-
ous meteorites from an early formed asteroid), and a series of 
melt-vapor equilibration events during collisional accretion may 
explain the BSE’s heavy Mg isotopes (Hin et al. 2017). Young et 
al. (2019) evaluated the near-equilibrium isotopic fractionation 
during planetesimal evaporation and suggested that the BSE’s 
Mg and Si isotopes may result from losing ~12% Mg and ~15% 
Si. However, both the Hin et al. (2017) and Young et al. (2019) 
models using EC-like precursors cannot explain the BSE’s 
Mg/Ca and Si/Ca ratios due to insufficient Si or Mg loss. More-
over, whether the use of the equilibrium isotopic fractionation 
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