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Introduction:  The Earth and Moon form a unique 

planet-satellite pair in our Solar System, where the 

latter is hypothesized to have formed in a Giant Impact 

event. The Giant Impact event is supported by angular 

momentum constraints [1], a genetic relation from ox-

ygen isotope ratios [2, 3] and isotopically heavy zinc in 

the Moon [4 and see below]. Current models suggest 

that the Moon accreted from equilibrated terrestrial and 

impact material [5], suggesting that the bulk composi-

tions of the two planetary bodies should be similar or at 

least complementary for most elements. The Moon, 

however, demonstrates a marked depletion of volatile 

and moderately-volatile elements (from cosmochemical 

definitions [6]), including evidence for mass-dependent 

fractionation [4, 7]. This has been most-recently dem-

onstrated through abundances and isotopic ratios of 

zinc in mare basalts [4], but may extend to other mod-

erately-volatile elements such as copper and potassium 

[7, 8]. Assuming conservation of mass for most ele-

ments, the terrestrial and lunar compositions together 

should reflect those of the impactor and proto-Earth. 

Therefore, the lunar deviations from terrestrial data 

suggest that subsequent to the Giant Impact, the Moon 

and Earth either accreted different amounts and com-

positions of later material, or were subject to unique 

oxidation conditions that affected the retention of vola-

tile elements. 

Summary of Data: The recently published Zn data 

show a significant depletion in lunar samples: concen-

trations in mare basalts range from 0.6-12 p.p.m. while 

terrestrial basalts are much higher, with a range of 70-

100 p.p.m. [4]. The lunar and terrestrial isotopic data 

both plot on a mass-dependent fractionation line with a 

slope of two [4]. The δ66Zn data for lunar mare basalts 

show significant heavy isotopic enrichment (low-Ti: 

+1.31 ± 0.13 ‰; high-Ti: +1.39 ± 0.31 ‰) when com-

pared to terrestrial values (+0.27 ± 0.10 ‰) [4]. HED 

(howardite-eucrite-diogenite) meteorites also plot on a 

mass-dependent fractionation slope of two, and show 

isotopic heavy zinc and low zinc concentrations, simi-

lar to the Moon. The average δ66Zn data for eucrites is 

+1.7 ‰, and Zn abundances range from 0.11 to 8.9 

p.p.m. [9]. Mars is isotopically identical to Earth 

(+0.25 ± 0. 03 ‰), with similar concentrations in mar-

tian rocks (41-170 p.p.m.) to those from Earth [4]. 

Implications for the Moon: There is strong evi-

dence for large-scale evaporation processes  from Zn 

loss in the Moon, rather than localized lava flow ‘out-

gassing’ of mare basalts on the lunar surface, as sug-

gested for Cl [10]. The similarity between low-Ti and 

high-Ti mare basalt Zn abundances and isotopic ratios 

suggests a unique large-scale process that was global 

[4]. Given the present evidence that suggests the Moon 

was subject to large-scale melting and subsequent 

evaporation of zinc, an explanation is required as to 

why the Earth seems to be unaffected by this process. 

The mare basalt data do not demonstrate ideal Ray-

leigh distillation behavior [4], which might be expected 

during evaporation. While the current zinc data can be 

modeled using Rayleigh distillation (Figure 1), the 

fractionation factor deviates from the theoretical value 

and suggests the presence of other processes or condi-

tions. 

 

 
Figure 1: The Zn abundance and isotope composition 

of chondrites, Earth, Mars and the Moon are shown. 

Model curves (red) follow evaporative loss by Rayleigh 

distillation of a volatile-rich CI-chondritic precursor 

under different fractionation factors (α). Lunar zinc is 

explained by α = 0.998, which differs from the theo-

retical value for ZnCl2 (α = 0.993), suggesting the 

presence of other processes or conditions. Mixing 

curves (black-dashed) show mixing between EH-

chondritic composition (0.23‰, 290 p.p.m.)  of late 

accretion material and lunar compositions of (i) 2 

p.p.m and (ii) 20 p.p.m. 

 

Rayleigh fractionation occurs within a "closed" sys-

tem, assuming a homogenous reservoir where the reac-

tant and product (i.e. melt and vapor) are immediately 

separated [7]. This may not be the case if, for example, 

the proposed planet-scale melting event occurred at the 

2749.pdf44th Lunar and Planetary Science Conference (2013)



time of the Giant Impact and formed a persistent vapor 

cloud [5], leading to potential equilibration in the pro-

to-lunar disk.  

Equilibrium fractionation is most effective at low 

temperatures and equilibrium processes become domi-

nant at higher temperatures limiting fractionation in 

these conditions, except in the case of rapid and com-

plete isolation of vapor from melt [11]. With regard to 

large-scale melting, conditions of equilibrium may not 

be achieved during an episode of melting if the pro-

posed vapor cloud is short-lived.  Conversely, equili-

bration with a surrounding vapor cloud does not pre-

clude the possibility of kinetic fractionation on a 

smaller scale within rapidly isolated reservoirs. 

  Discussion: Here we consider potential mecha-

nisms that could explain the Zn isotopic differences 

observed between the Earth and Moon. 

Late Accretion: The difference in Zn abundance 

and isotope ratios between the Earth and Moon may be 

explained by different amounts of post core-formation 

accretion. More specifically, the lunar Zn signature 

may reflect an episode of melting and evaporation dur-

ing the Giant Impact that was later overprinted on 

Earth by more extensive late accretion. Assuming esti-

mated lunar (δ66Zn = +1.3‰; 2 ppm Zn) and terrestrial 

(δ66Zn = +0.27‰; 37 ppm Zn) bulk Zn compositions 

[4], the amount of post core-formation accretion re-

quired to account for terrestrial Zn abundances is ~ 

12%, which is much greater than ≥ 0.5–0.8% estimated 

from highly siderophile elements [12] .  

This may be explained through planetary accretion 

processes. It has been shown that more extensive late 

accretion to the Earth could occur through stochastic 

accretion of massive impactors [13]. This discrepancy 

may be further accentuated by partial vaporization dur-

ing collision of massive impactors. Under these condi-

tions most of the highly siderophile elements (HSE) 

segregate with FeNi metal into Earth’s core, but a por-

tion of the HSE would be volatilized into a globally 

encircling vapor cloud along with the volatile and 

moderately-volatile elements, all of which would then 

be later incorporated into the mantle [14, 15]. In this 

way, it would be possible to generate a post-core for-

mation signature of volatiles and moderately volatiles 

to HSE as much as 10:1 [15].  

Oxidation Conditions: In the context of other plan-

etary bodies, the differences in terrestrial and lunar 

zinc data are not unique and suggest sets of common 

processes.  Mars and Earth have chondritic abundances 

of Zn and identical isotopic ratios (within the error) [4] 

while the Moon and the HED parent body show similar 

depletions in zinc and heavy isotopic enrichment [4, 9].  

Considering the late accretion argument presented 

above, this would suggest that Mars, like Earth, was 

subject to addition via massive impactors, while the 

Moon and the HED parent body were largely unaf-

fected by this process.     

Another possible explanation for the differences be-

tween these pairs of parent bodies is the oxidation 

state.  The greater oxidation states of Earth (∆IW  = 

+3) and Mars (∆IW = ~0) contrast with the more re-

duced Moon (∆IW  = ~ -1) and the HED parent body 

(∆IW < -1) [16].  Lunar zinc also shows a similar pat-

tern (elemental depletion and enrichment in heavier 

isotopes) to that observed in the highly reduced EL6 

chondrites [17], further supporting the argument for 

redox conditions affecting the retention of zinc. 

On Earth, which is a highly oxidizing environment, 

zinc is expected to occur largely in silicates and oxides, 

as it is more lithophile than chalcophile under these 

conditions [18]. It has been suggested that the deple-

tion of zinc under reducing conditions may therefore be 

linked to the decomposition of ZnO, while increasing 

fO2 increases the stability of solid ZnO [18]. Provided 

that oxygen fugacity is important in the development of 

metal-silicate equilibration within a magma ocean [19], 

it is possible that initial redox conditions prior to the 

differentiation of planetary bodies determine their pre-

sent bulk compositions. Understanding the reasons for 

differences in lunar zinc data from terrestrial values 

may highlight late accretion mechanisms or oxidation 

conditions that affected the two bodies differently, ul-

timately leading to the enrichment of volatile and mod-

erately-volatile elements on Earth.    
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