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Letter

Differential degassing of H2O, Cl, F, and S: Potential effects on lunar apatite
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abstract

Recent SIMS analysis of water, F, and Cl in lunar apatite suggests significantly higher volatile 
abundances in lunar magmas than previously considered. However, apatite is commonly a late-
crystallizing mineral and its volatile content may reflect late-stage open-system processes that have 
perturbed the magmatic volatile content and obscured direct information regarding the volatile con-
tents of the parental magmas and magmatic source region. Degassing during magma ascent has the 
potential to perturb not only the absolute but also the relative magmatic volatile abundances. A set of 
evacuated silica tube degassing experiments were conducted that simulate ascent of high-Al basalt 
14053 with 0.5 wt% Cl, 0.5 wt% F, 0.3 wt% S, and 2.2 wt% (and 2.5 wt%) water (in addition to dis-
solved C-O-H species) from 100 km to within ~20 m of the surface followed by degassing (at an fO2 of 
~QIF). Extensive degassing occurred within 6 h during which 99–100% of the initial water, 89–84% 
of the initial Cl, 60–61% of the initial F, and 94–92% of the initial S was lost. During degassing, the 
relative volatile contents showed a strong decrease in water content and an increase in F:Cl ratio. In 
reflection of the changes in melt volatile contents, apatites crystallizing from the degassed melt would 
have much lower OH contents and higher F:Cl ratio than apatites crystallized from the non-degassed 
melt. These results confirm the possibility of significant underestimation of primary magma volatile 
contents, especially water and Cl, through use of apatite volatile contents and the assumption of simple 
increases in volatile abundance during magma differentiation.
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introdUction

Analysis of mission samples from the Apollo and Luna pro-
grams has led to the prevailing belief that the Moon is depleted 
in volatiles, particularly in water (e.g., Epstein and Taylor 1973). 
The absence of hydrous phases from lunar rocks (other than those 
attributed to terrestrial contamination) (e.g., Smith and Steele 
1976; Treiman 2008) was fundamental to this idea and consistent 
with a high-temperature, Moon-forming giant impact event (e.g., 
Canup 2004; Albarede 2009). However, recent re-determinations 
of volatile abundances in fire fountain glasses (Saal et al. 2008), 
melt inclusion glasses (Hauri et al. 2011), and the analysis of 
apatite grains from various lunar lithologies (McCubbin et al. 
2010; Boyce et al. 2010; Greenwood et al. 2011) indicate much 
higher magmatic volatile abundances, particularly water, than 
previously considered. These results have opened the door for 
a new paradigm of lunar evolution. Of fundamental importance 
to a new paradigm is re-assessment of the volatile contents of 
lunar magmatic source regions. However, using volatile contents 
of magmatic minerals to infer source region volatile contents is 
critically dependent upon identification of processes that could 
have perturbed magmatic volatile contents.

Terrestrial studies have shown that open-system degassing 
during magma ascent and/or isobaric crystallization can induce 
major changes in both absolute and relative volatile magmatic 
contents (e.g., Burnham 1994; Webster and De Vivo 2002; Ai-
uppa et al. 2009). For the Moon, degassing has been called upon 
to explain the presence of sublimates on pyroclastic glass beads 

(e.g., Meyer et al. 1975), and more recently, diffusion profiles 
of F, Cl, and water in these beads (Saal et al. 2008). Although 
apatite is not as likely as melt to show direct evidence for degas-
sing, it is most commonly a late-crystallizing mineral in lunar 
lithologies, and, therefore, has a high probability of reflecting 
the volatile contents of degassed melts. Therefore, before apatite 
volatile contents can be reliably used to constrain source region 
volatile contents, the effects of degassing must be understood. 
Little is known, however, about how degassing in mixed volatile 
systems affects absolute and relative volatile contents of lunar 
magmas close to the lunar surface. For this reason, a set of re-
connaissance degassing experiments were conducted to evaluate 
the potential effect of this process on volatile abundances in a 
high-Al mare basalt with added H2O, Cl, F, and S, and to provide 
a first-order assessment of how shallow degassing could affect 
apatite compositions.

experimentaL procedUres

Experimental design
The experiments were designed to determine both the extent of volatile loss 

and the compositional nature of the vapor as magma ascended rapidly from 100 
km to close to the lunar surface and underwent degassing at low pressure at oxy-
gen fugacities close to the QIF buffer (Taylor et al. 2004). This was simulated by 
preparing volatile-bearing glass at 0.5 GPa and then heating it above its liquidus 
temperature at a pressure slightly less than 1 bar. The high-Al basalt 14053 (Willis 
et al. 1972) was selected because it is a KREEP-bearing sample (and as such may 
have had higher volatile contents than average lunar basalt), it is among the most 
well-studied samples in the lunar collection (Neal et al. 1989; Taylor et al. 2004), 
its bulk composition is likely reflective of a liquid composition, and, by being 
closer in composition than many lunar basalts to terrestrial tholeiites, its degassing * E-mail: gokce.ustunisik@stonybrook.edu


