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Introduction:  Stable and radiogenic isotope ratios 
of moderately volatile elements (MVE, with 50% con-
densation temperatures between 1290 K and  ~ 800 K) 
are keys for understanding the behavior of these ele-
ments during the process of planet formation. Previous 
studies of the isotopic systematics of MVE, including K, 
Zn, and Rb, show that the Moon is enriched in MVE 
heavy isotopes compared to the Earth (e.g., [1-3]). Vari-
ous volatile-loss mechanisms have been proposed to 
explain the heavy isotope enrichment, although the de-
tails remain murky. 

The so-called synestia model successfully explains 
key observables of the Moon, including the overall iso-
topic similarity between Earth and the Moon, MVE de-
pletion in the Moon, and the relatively large mass of the 
Moon [4-5]. Here we simulate the isotopic evolution of 
MVE during Moon formation in the context of the syn-
estia model. We find that partial condensation in the 
synestia yields chemical depletion of MVE, whereas 
exchange between the surface lunar magma ocean 
(LMO) and fractionated rock vapor accounts for the ob-
served excess of  41K relative to 39K in the moon (high 
δ41K relative to the terrestrial value). The latter process 
takes only ~103 years, consistent with timescales for 
solidification of the surface LMO.  

Potassium isotopic fractionation during Moon’s 
accretion: Models of high-energy, high-angular-
momentum giant impacts [4-5] suggest that the proto-
Moon was condensed from a rock-vapor mantle atmos-
phere in a synestia structure with a BSE composition. 
Accordingly, we consider K isotopic fraction during 
Rayleigh condensation at vapor pressures of tens of bar 
and temperatures of 3000 K  and 3500 K [5].  

We use the saturation index 𝑆! = 𝑃!/𝑃!,!" to quantify 
the isotopic fractionation factor during condensation and 
evaporation, in which i denotes the species of interest 
and Pi and Pi,eq are the partial pressure of i and the equi-
librium vapor pressure of i, respectively. Condensation 
dominates where 𝑆! > 1, evaporation dominates where 
𝑆! < 1 , and 𝑆! = 1  denotes vapor-melt equilibrium 
where the rates of evaporation and condensation are 
equal. 

For potassium, when SK > 1, the net condensation 
isotope fractionation factor using K-feldspar as a model 
for the condensed phase can be written as 

 
𝛼!,!"#  !"#$ =   

!!,!"!!,!"#!!
!!,!" !!!! !!!,!"#

                (1) 

 

where the kinetic fractionation factor αi,kin is a convolu-
tion of the evaporation, equilibrium, and transport frac-
tionation factors: 
 

𝛼!,!"# = α!,!"#$𝛼!,!"𝛼!,!"#$%&'"! .           (2) 
 
In Eq. (2)  𝛼!,!" can be calculated by using the model in 
[6] for microcline, α!,!"#$ = 𝑚!"/𝑚!", and the frac-
tionation due to transport in the gas phase 𝛼!,!"#$%&'"! 
= 𝜇!" 𝜇!", where 𝜇! denotes the reduced mass in the 
silicate gas phase. Values for SK > 1 are converted to 
degrees of undercooling using the Van’t Hoff equation 
and the enthalpy for the condensation reaction of K-
feldspar at 3000 K and 3500 K. 

Figure 1 shows the K isotopic composition of the 
bulk condensed phase as a function of fraction of gas 
remaining (F)  and degree of undercooling from 0.0 to 
−1.0K at 3000 K  and 3500 K. When ~20% of total K is 
condensed into the melt at 3500 K, undercooling ranging 
from −0.1 ~ −1.0 K results in  δ41K values of −0.08‰ to 
−0.89‰. At 3000 K, all else equal, the values for the 
melt δ41K would be even more negative. The minimum  
SK for condensation is unity (equilibrium), and equilibri-
um values for the condensed-phase δ41K are slightly 
greater than those in the vapor, but unresolvable with the 
present analytical precision (Fig. 1). Therefore, partial 
condensation to form the Moon in the hot mantle-
atmosphere-disk (MAD) structure fails to explain the 
heavier K isotopic composition of the Moon. 
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Fig. 1. Bulk potassium isotopic fractionation in the con-
densed phase relative to the original vapor composition as a 
function of the fraction of remaining gas. The solid and 
dashed lines represent fractionation during condensation at 
3500K and 3000K, respectively.  
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Potassium isotopic fractionation during evapora-
tion from the lunar magma ocean: Values of 𝑆! < 1 
lead to evaporation of K. Rates of evaporation depend on 
the differences between the equilibrium (saturation) va-
por pressures and the extant vapor pressures surrounding 
the evaporating melt. The net evaporation isotope frac-
tionation factor α!,!"#  !"#$ is 
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!"!!"!"
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   (3) 

 
where γ! is the evaporation coefficient for K, s is the 
radius of evaporating body, D! is the gas-phase diffusion 
coefficient for K isotopes, and ξ = tD!/s! is the dimen-
sionless elapsed time for evaporation. 𝛼!,!"#  !"#$  de-
pends on the size of the body and the far-field vapor 
pressure (P∞) which in turn control the surface vapor 
pressure. For example, for a Moon-sized body with a 
surface LMO temperature of  2500 K,  𝛼!,!"#  !"#$for 
41K/39K ascends rapidly with vapor pressure from the 
value for free evaporation (0.9735) at P∞ < 10-13 bar to 
approximate equilibrium values of ~0.9999 where P∞ 
≥10-9 bar. P∞ depends on the rock-vapor atmosphere cre-
ated by evaporation of the LMO.  

We  consider a Na-dominated atmosphere with trace 
K above the surface LMO. The atmosphere will have 
had three distinct layers, including a well-mixed convec-
tive layer, a radiative isothermal layer, and a collision-
less exosphere [7]. The pressure at altitude z can be cal-
culated as P z = P!e!!/!, where 𝑃! is the surface pres-
sure and H is the mean scale height. The entire atmos-
phere achieves a steady state within several days where 
the surface-integrated evaporation flux from the surface 
LMO is equal to the surface-integrated Jeans’ flux at the 
exobase. In the steady-state atmosphere, the surface 
pressure above the melt is sufficiently high, >10-9 bar, 
that evaporation would have occurred very near to iso-
topic equilibrium. Therefore, evaporation from the 
magma ocean is precluded as a mechanism for enriching 
MVEs in heavy isotopes. An alternative mechanism is 
required.  

Isotopic exchange between rock vapor and melt: 
The presence of a steady-state rock vapor atmosphere 
provides an efficient mechanism for modifying the iso-
tope ratios of the LMO and thus the Moon. Atmospheres 
with either homogeneous or heterogeneous isotopic 
compositions are possible. For the former case, when the 
mixing timescale of K atoms is  shorter than the average 
atmospheric residence time, the entire atmosphere is well 
mixed with the isotopic composition controlled mainly 
by Jeans’ escape at the exobase. The isotopic fractiona-
tion due to Jeans’ escape is determined by mass-

dependent differences in the escape parameters of the 
isotopes. For the well-mixed case, the rock-vapor atmos-
phere will be enriched in the heavy isotope, with δ41Kexo-

melt = +74.2‰ relative to the initial melt, implying that to 
shift the K isotopic composition of the Moon by +0.4‰  
requires only 0.54% of the total K to be fractionated by 
Jeans’ escape if the magma ocean is well mixed. 

In the atmosphere with heterogeneous isotopic com-
position, the K isotopic composition is only well mixed 
in the troposphere. At the tropopause, the vapor atoms 
diffuse upward, favoring escape of the light isotopes, and 
resulting in a troposphere with δ41K = +9.2‰. The time-
scale for raising the 41K/39K of the Moon by exchange 
between the LMO and the troposphere alone is short; at 
2500 K, it only takes ~99 years to acquire the presently 
observed δ41K for the bulk Moon by exchange.  

Figure 2 shows that the rate of heavy isotope enrich-
ment of a melt due to exchange with a vapor affected  by 
fractionation is more efficient compared to net evapora-
tion from the melt alone. Thus, we propose that the con-
centrations and isotope ratios of MVEs for the Moon 
resulted from two separate mechanisms: incomplete 
condensation in a synestia structure would have led to 
MVE depletion, and isotopic exchange between frac-
tionated vapor and melt would have led to heavy isotope 
enrichment for MVEs in the bulk lunar melt without 
apparent mass losses.  
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Fig. 2. Potassium isotopic fractionation in the melt relative 
to the initial isotopic composition due to vapor-melt ex-
change (solid lines) and evaporation at various pressures, 
temperatures, and evaporation coefficients (dashed lines). 
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