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Introduction: The highly successful Apollo mis-

sions started a series of analytical and experimental 
petrologic investigations that are critical to our under-
standing of the origin and evolution of the Moon. Al-
though the presence of C-bearing magmatic volatiles as 
well as Cl and S in lunar magmas has been long recog-
nized [1-3], the magmatic abundances of these volatiles 
and their effect on the stability of minerals and lunar 
evolution remain largely unknown. Recently, evidence 
for water in the lunar interior has been found by analy-
sis of pyroclastic lunar glasses [4] and apatite grains in 
a variety of lunar lithologies [5-8]. Apatite has the po-
tential to provide invaluable information on instantane-
ous magmatic volatile contents, but how can such in-
formation be used to assess parental magma volatile 
abundances and source region abundances? 

Generally during crystallization, the concentration 
of an incompatible volatile such as water in the melt 
builds up to saturation due to the crystallization of vo-
latile-free minerals. At this stage a fluid exsolves 
(second boiling). In this way, late-stage minerals such 
as apatite, will reflect higher volatile contents than the 
parental melt. Processes such as degassing, however, 
can greatly perturb this simple change in volatile abun-
dance. The possibility of either decompression-induced 
first boiling or crystallization-induced second boiling 
degassing is enhanced at low pressures because of the 
strong pressure dependence of the solubility of many 
magmatic volatiles.  

Little is known about degassing in mixed volatile 
systems for lunar compositions. For this reason, a set of 
reconnaissance degassing experiments were launched 
to evaluate the potential effect of this process on vola-
tile abundances for a synthetic Apollo 14053 mare ba-
salt. Experiments were conducted here to determine the 
absolute and relative changes in abundance of volatiles 
(Cl, F, OH, and S) in the melt during decompression 
induced degassing (first boiling). The process simu-
lated experimentally is open system degassing at low 
fO2 during the ascent of a lunar magma from 100 km 
depth to the surface without crystallizing. 

Experimental design and selection of starting 
materials: The experiments were designed to provide 
data to answer the question “How does low pressure 
degassing affect Cl, F, OH, and S contents of lunar 
basalts?” The composition of high-Al mare basalt 
14053 [9] was synthesized from a mixture of oxides 
and silicates; 0.5 wt% Cl and 0.5 wt% F were added as 
salts and 0.3 wt% S was added as sulfate (Table 1). 
Graphite was present as a source of C-O species. The 
high alumina basalt composition (Al2O3:12.45 wt%) 

was specifically selected since the effect of Al (which 
controls the viscosity and degassing) can also be inves-
tigated by lowering the Al content to values that cha-
racterize many lunar basalts. 2.2 and 2.5 wt% water 
was added to the synthetic 14053 composition. An ad-
ditional composition was prepared with higher alkali 
contents (Na2O and K2O) to assess whether alkali-
halogen complexes were lost to a fluid phase during the 
degassing.   

Experimental details: Volatile-bearing glasses 
prepared at 0.5 GPa in piston-cylinder apparatus were 
placed in Feo-capsules inserted into a long silica tube.  
The tube was evacuated for 20 minutes before sealing. 
Each sealed tube was suspended by a Pt-wire into a 
vertical furnace and heated above the liquidus T for 6 
hours before quenching. Both the starting hydrous 
glasses and the degassed glasses at the end of the 
quench were analyzed optically as well as by electron 
microprobe (at the AMNH) and by micro-FTIR at 
SUNY Stony Brook. 
 

Table 1. Compositions used for experiments. 

 
Target 

composition 
[9] 

Composi-
tions ob-

tained 

High 
Alkali 
glass 

SiO2 45.74 46.68 45.00 

TiO2 2.89 2.75 2.87 

Al2O3 12.45 12.51 12.65 

FeOT 16.84 16.29 16.42 

MnO 0.26 0.25 0.26 

MgO 8.90 8.80 8.95 

CaO 10.99 10.34 10.12 

Na2O 0.44 0.46 1.52 
K2O 0.10 0.12 0.34 
P2O5 0.11 0.16 0.13 

Cl 0.50 0.51 0.48 
F 0.50 0.56 0.63 
S 0.30 0.28 0.30 

Total 100 100 100 

H2O  2.20 2.20 
 

Results:  Both the hydrous glass synthesis and the 
degassing experiments yielded glass with no crystals.  
The silica tube showed some reaction around the Feo-
capsule at one end and rings of light and dark precipi-
tate some distance from the capsule. Preliminary EDS 
analysis of one of the dark reaction ring indicates that 
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the dark residue contains primarily Cl with some S and 
C. Further analysis will be coupled with our tempera-
ture gradient calibrations within the furnace, to get at 
the precipitation temperatures of these horizons. All 
degassed samples showed some vesicularity. 

Significant Fe-loss was noted in the silicate glass. 
This appeared to be the result of reduction of ferrous 
iron. Metallic Fe “blobs” were observed at the interior 
walls of the capsule. Therefore, all glasses were 
normalized to the initial CaO values (as a refractory 
oxide) and Fe was added back in for the mass balance 
purposes.  

Volatile loss was calculated by subtracting this 
corrected composition from the initial starting 
composition for each experiment.    

Based on the initial and final values for Cl, F, H2O, 
and S (wt%), degassed samples with initially 2.2 wt% 
water lost 98.6% water, 89.1% Cl, 59.2% F, and 93.8% 
S after 6 hours. Little change was observed in 
partitioning of volatiles between melt and vapor phase 
within the range of water contents of 2.2-2.5 wt% , 
suggesting excellent reproducibility. For both water 
contents, the compatibility of volatile species in the 
melt at low P decreases in the order of 
FClSH2O. Higher alkalis in the melt resulted in 
greater Cl loss, even in shorter duration degassing 
experiments. 

Figure 1 shows the effect of degassing on the 
relative volatile contents of the melt, indicating the 
strong decrease in water content and the increase in 
F:Cl ratio. Further experiments will be conducted to 
indicate the path from the initial to final degassed state.  

 
Figure 1. Ternary diagram for the volatiles H2O, Cl, and F in 
initial (I) and final degassed (F) melts. Light blue and dark 
blue filled triangles indicate 2.2 wt% and 2.5 wt% water, 
respectively. 

 
The changes in relative volatile contents will be 

reflected in apatites that crystallized from the degassed 

melt or at any stage of partial degassing. Calculated 
hypothetical apatite compositions using published 
partition coefficients [7, 10] are shown in Figure 2. The 
degassed magma differ distinctly from the apatite 
computed for the initial magma, indicating the 
significant changes that degassing could produce in 
apatite composition.  

 

 
Figure 2. Ternary diagram for the volatiles OH, Cl, F in 
hypothetical apatite computed from initial (I) and final de-
gassed (F) melts. Light blue and dark blue filled triangles 
indicate 2.2wt% and 2.5 wt% water in the initial melts, re-
spectively. 
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