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Introduction: Although the Moon is a volatile-

depleted planetary body, there is evidence indicating 
that magmatic volatiles have played a role in igneous 
processes on the Moon. Specifically, magmatic vola-
tiles have been implicated as the propellants that drove 
fire-fountain eruptions, which produced the pyroclastic 
glass deposits encountered at the Apollo 15 and 17 
sites [1-4]. Furthermore, vesicular basalts (i.e., 15556), 
analogous to those produced during crystallization of 
volatile-bearing terrestrial lavas, have been found on 
the Moon during several of the Apollo missions.  

Significant progress has recently been made in de-
termining the nature of lunar indigenous volatiles be-
cause recent SIMS analysis of lunar apatite has re-
vealed that hydroxyl is structurally bound within lunar 
apatite from a number of different lithologic types [5-
8]. These studies, along with previous SIMS analyses 
of lunar fire fountain glasses [9], confirm that there is 
at least some water in the lunar interior, with abun-
dance estimates in magmatic source regions ranging 
from 64 ppb to 5 ppm water [5].  

However, the analyses of lunar water have not 
painted a simple picture for understanding the distribu-
tion of volatiles in the lunar interior. In fact, it has 
been recently shown that the water contents of apatite 
vary according to their lithologic type, as the mare 
basalts have apatites that are much more water-rich 
than the apatites analyzed in rocks that have a KREEP-
rich incompatible trace element signature [5-9]. Inte-
restingly, these differences in apatite chemistry be-
tween lithologic types also extend to the chlorine and 
fluorine contents of the apatite (Figure 1) [10]. These 
differences in apatite volatile contents among various 
lunar magmatic lithologies (mare basalts, KREEP ba-
salts, Mg-suite, alkali suite) have been used to argue 
for a heterogeneous distribution of magmatic volatiles 
within the lunar interior [10]. However, several impor-
tant outstanding questions regarding magmatic vola-
tiles in the lunar interior remain. Specifically, is apatite 
a reliable tool for understanding the volatile contents 
of lunar magmas and magmatic source regions? Why 
do the mare basalts appear to have more water than the 
KREEP-rich lunar rocks? What process or processes 
are responsible for the heterogeneous distribution of 
magmatic volatiles in the lunar interior?  

In the present study, we attempt to reconcile the re-
cently published data on volatile abundances in lunar 
materials with the preferred model for the thermal and 
magmatic evolution of the Moon (i.e., the lunar mag-
ma ocean hypothesis). 

 
 

Figure 1. Truncated apatite ternary diagram of apatite vola-
tile contents (F and Cl measured by EPMA, OH calculated 
by difference and has been generally confirmed by SIMS[5-
8]) from several different lithologic types from the Moon. 

Is apatite a reliable tool for probing the interior 
volatile contents of the Moon? The absolute volatile 
abundances of a parental liquid (and hence the mag-
matic source region) is difficult to constrain from apa-
tite volatile data alone due to the possibility of post- 
and pre-crystallization processes having disturbed ei-
ther the parental magmatic volatile abundances or the 
volatile abundances in the apatites themselves [10]. 
For most of the samples investigated (exclusive of 
14053), post-crystallization processes can be largely 
ruled out [5,7-8, 10]; therefore, we focus here on 
processes that include degassing/fluid loss from the 
melt or mixing with other lithologic components.  

Degassing (or fluid loss) of a magma will generally 
drive apatite compositions towards the fluorapatite 
apex of the F-Cl-OH ternary system (Figure 2) because 
F is more compatible in the melt than Cl or H2O [11]. 
Moreover, the coupled Cl-H loss from degassing sili-
cate melts should cause apatite compositions to evolve 
along a path that intersects with a binary F-Cl or bi-
nary F-OH solution before reaching endmember fluo-
rapatite depending on the molar Cl:H ratio of the melt 
and that of the degassing species. Consequently, apa-
tite forming in a melt subsequent to degassing will be 
more fluorine-rich. In contrast, processes such as 
magma-mixing/assimilation can move apatite in any 
direction within the ternary depending on the abun-
dance and volatile budget of the added material (Fig-
ure 2), therefore these types of processes cannot be 
constrained from apatite volatile abundance data alone. 
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In summary, accurate calculations of absolute ab-
undances of volatiles in parental liquids from apatite 
requires knowledge of the extent to which processes 
have altered the volatile abundances. However, rela-
tive volatile abundances are more difficult to perturb, 
and qualitative assessments are possible if assumptions 
are made regarding the processes at work. 

 

 
Figure 2. Qualitative model of compositional changes in 
apatite during magmatic degassing or magma mixing. 1:1 
H:Cl line computed from DH2O,Cl

basalt/apatite [summarized in 5]. 
KREEP-Mare dichotomy regarding water? In a 

lunar magma ocean crystallization scenario, water 
along with the other magmatic volatiles (F, Cl, S, C) 
would increasee incompatibly during lunar magma 
ocean crystallization and become concentrated in the 
last dregs of magma ocean liquid that are typically 
referred to as “urKREEP”.  

However, the analyses of lunar apatite in rocks that 
have KREEP-rich incompatible trace element signa-
tures are depleted in water in comparison to the apatite 
that are present within typical mare basalts. Complicat-
ing the issue further, chlorine, another incompatible 
magmatic volatile element in apatite, follows the pre-
dicted trend with apatite from KREEP-rich rocks con-
taining significant chlorine concentrations in compari-
son to apatite from mare basalts (Figure 1, [10]).  

Before these results are used to understand the re-
spective magmatic source regions of each lithologic 
type, it is important to keep in mind that apatite only 
gives an indication of the magmatic volatile contents at 
the time of apatite crystallization. Given the depleted 
phosphorus contents of mare basalt magmas (200-900 
ppm P2O5 in the Pristine A15 Green Glass [12]) in 
comparison to ones that have an elevated KREEP 
component (3500-7000 ppm P2O5 in some KREEP-
basalts [13]), apatite becomes stable much later in the 
crystallization sequence of mare basalts, therefore the 
elevated water contents of the mare basalt apatite do 

not necessarily indicate that the magmatic source re-
gion of the mare basalts had more water than “ur-
KREEP”. In fact, if the degree of crystallization before 
apatite saturation is attained in the melt is treated as a 
variable in the magmatic source region water content 
computation from [5], the resulting water contents in 
the mare source and the KREEP-component overlap 
significantly (i.e., within the uncertainty of the calcula-
tion it cannot be determined which source has more 
water).  

Is there a heterogeneous distribution of mag-
matic volatiles in the lunar interior and why? The 
difference between the Cl contents of the mare residual 
melts versus the KREEP-rich residual melts at the time 
of apatite crystallization [10] indicates that there are 
significant compositional differences at the time of 
apatite crystallization in mare basalts versus KREEP-
rich rocks. Moreover, this difference cannot be ex-
plained by magmatic degassing alone because the 
more H2O-rich magmas are also the most depleted in 
Cl [5-10], and Cl and H2O typically degas together as 
HCl or as hydrosaline fluid [14]. 

Based on the relative volatile abundances in mare 
basalt apatite, Cl is depleted with respect to F and H2O 
in the mare source region. One process that may ex-
clude Cl at the expense of F and H2O during LMO 
crystallization is the incorporation of H2O and F into 
the nominally anhydrous phase pyroxene, as Cl is like-
ly much more incompatible than fluorine and water in 
the pyroxene lattice based on the larger ionic radius of 
Cl- (approximately double that of F- and OH-). This 
process would create a mare source region that is vola-
tile depleted with respect to “urKREEP” but enriched 
in F and H2O relative to Cl. 

If this is the process by which the lunar interior in-
herited its heterogeneous distribution of magmatic 
volatiles, it would indicate that the rocks with an ele-
vated KREEP-signature are more representative of the 
volatile contents of the bulk Moon. Therefore, the 
Moon likely has more Cl than F and more F than H2O, 
based on the relative volatile abundance of the mag-
matic liquid that would have produced the apatite in 
the KREEP-rich rocks [10]. 
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