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Introduction: Significant progress has recently 

been made in determining the nature of lunar indige-
nous volatiles. Recent SIMS analyses of lunar apatites 
have revealed that hydroxyl is structurally bound with-
in apatite from a number of different lithologic types 
[1-5]. Furthermore, F, Cl, H2O, and S abundances in 
lunar fire fountain glasses have also been determined 
[6-7], providing us with the most complete picture of 
lunar volatiles to date. Lastly, H- and Cl-isotope anal-
yses have been conducted on lunar materials and the 
results indicate that the Moon is typically enriched in 
the heavy isotopes relative to Earth [4, 8]. Although 
significant progress has been made in understanding 
the abundances of magmatic volatiles in lunar materi-
als, important questions regarding the sources and res-
ervoirs of these volatiles remain. The purpose of the 
present study is to identify some of these volatile res-
ervoirs and determine their defining characteristics. 
Furthermore, we will speculate as to the processes that 
have lead to the formation of these reservoirs and de-
termine how they can be used to understand the ther-
mal and magmatic evolution of the lunar crust and the 
role of volatiles in the formation of the lunar high-
lands. 

Previous Results: The magmatic volatile abun-
dances of apatite from several lunar lithologic types 
have been determined, and there are some striking dif-
ferences in the volatile abundances that correlate to 
lithologic type. Specifically, rocks from the highlands 
magnesian-suite, alkali-suite, and KREEP-rich impact 
melts, all of which are KREEP-rich lithologies, plot 

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 [1-
5]) from several different lithologic types from the Moon. 

together in an OH-poor, relatively Cl-rich portion of 
the F-OH-Cl ternary [5, Figure 1]. Furthermore, apatite  
from various mare basalts plot over a range of OH-rich 
to F-rich compositions that are consistently Cl-poor [5, 
Figure 1]. Furthermore, the relative abundance of 
H2O:F:Cl for the mare basalts match those of the lunar 
picritic glasses [6-7], indicating all mare source re-
gions are relatively poor in Cl and contain significant 
H2O and F [6-7].  

McCubbin et al. [5] proposed that the relative vola-
tile abundances for the mare source regions were a 
signature of the lunar mantle. The process proposed to 
have caused this volatile signature is the storage of F 
and H in nominally anhydrous minerals (pyroxene, 
garnet, and olivine) that formed during lunar magma 
ocean crystallization. Cl would have been largely ex-
cluded from these minerals due to its large ionic radius 
compared to F and OH/H [as shown experimentally by 
9-10]. The highland apatites were interpreted to have 
preserved the relative volatile abundances of urKREEP 
(i.e., the residual liquid of the lunar magma ocean 
(LMO)) because they represent a mixture of crustal 
materials (including urKREEP) and the earliest formed 
LMO cumulates (which would be some of the most 
volatile-depleted of the LMO cumulates). Furthermore, 
the urKREEP volatile signature was taken to represent 
the relative volatile abundance of the residual liquid to 
the lunar magma ocean (i.e., the relative volatile abun-
dances of the bulk Moon subsequent to any degassing). 
Importantly, although there appears to be two distinct 
volatile reservoirs on the Moon, existing partitioning 
data for F, Cl, and H2O between silicate melt and nom-
inally anhydrous minerals requires that the lunar man-
tle has substantially less volatiles per unit volume than 
urKREEP (i.e., urKREEP should be the primary vola-
tile reservoir on the Moon). 

Previous Cl Isotope Results: The most elevated of 
the δ37Cl values measured for lunar materials to date 
are from apatites within KREEP basalt samples (i.e., 
21.8-25‰ in apatite from KREEP basalts [8, this 
study]). Sharp et al. [8] indicated that the elevated 
δ37Cl values require degassing of metal chlorides. This 
requires that a magma either has more Cl than H or H 
and Cl degassing are decoupled. The higher abundance 
of Cl than H2O in KREEP-rich magmas is supported 
by the apatite compositions in KREEP-rich highlands 
rocks [5, Fig. 1]. Mare basalts, which typically have 
more H2O than Cl [5, Fig. 1], also typically have lower 
δ37Cl values. It is unclear whether or not the δ37Cl val-
ues for each sample are ascribed by the source from 
which they were derived or by degassing processes 
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from the rock itself. Determining the answer to this 
question requires additional analyses because thus far, 
we have compared the apatite compositions from high-
lands Mg- and alkali-suite rocks to the δ37Cl values 
from KREEP basalts, which may not be meaningful. 
The relationship between the highlands KREEP-rich 
rocks, KREEP basalts, and urKREEP are presently 
unknown. Consequently, we have analyzed apatites 
from KREEP basalts by EPMA to better understand 
this relationship, although additional data on δ37Cl val-
ues for highlands rocks is still needed. 

KREEP Basalt Apatites: Apatites from KREEP 
basalt samples 15386, 15382, and Northwest Africa 
2977 (olivine gabbro lithology of NWA 773) have 
been analyzed by EPMA using the same techniques as 
McCubbin et al. [2, 5]. The apatite data are plotted in 
Figure 2, and they typically lie between the mare basalt 
and KREEP-rich highlands rocks portion of the ter-
nary, where the volatile abundances for the two rock 
suites overlap. On average, the KREEP basalts have 
much less chlorine than the highlands Mg- and alkali-
suite apatites.  

Figure 2. 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 [1-
5]). Fields for mare basalts and urKREEP are labeled shaded 
in blue and pink respectively. The KREEP basalt data points 
are in yellow. 

Implications for chemical signatures of 
urKREEP: The KREEP basalt apatites plot within 
both the mare basalt and urKREEP fields. In addition, 
the apatites from the KREEP basalts plot in the region 
of the apatite ternary that is consistent with mixing of 
urKREEP and mare volatile components. This is not 
entirely surprising given the mare-like bulk rock com-
positions of the KREEP basalts. Consequently, the 
KREEP basalts either formed by partial melting of a 
mare source region that had a small KREEP compo-
nent or by assimilation of a KREEP component during 
ascent and fractional crystallization. 

The volatile abundances of the KREEP basalts al-
low us to test whether or not the elevated δ37Cl values 
are a signature of urKREEP (i.e., from degassing of 
urKREEP during LMO crystallization) vs. secondary 
processes like degassing of the basalt itself. The 
KREEP basalts have both mare and urKREEP volatile 
components, so the high δ37Cl values of the KREEP 
basalts will be low compared to the δ37Cl of highlands 
Mg-suite and alkali-suite apatites if δ37Cl values are a 
signature of urKREEP and higher than Mg-suite and 
alkali-suite apatites if from low-pressure degassing. 
The later is supported by the plutonic nature of Mg- 
and alkali-suite rocks (i.e., they formed at higher pres-
sure than most lunar basalts and therefore were less 
likely to experience extensive degassing). Although 
chlorine solubility in silicate liquids has not been re-
ported to be pressure dependent, Ustunisik et al. [11] 
experimentally demonstrated Cl degassing from lunar 
compositions into a vacuum of higher pressure than the 
lunar surface, so Cl-degassing of basalts at the lunar 
surface should be expected. Furthermore, Ustunisik et 
al. [11] demonstrated the decoupling of Cl and H de-
gassing at these conditions, which is required for the 
increase in δ37Cl during degassing [8], which could 
explain some of the slightly elevated values in mare 
basalts and mare basalt apatites relative to terrestrial 
values [8]. 

Implications for H Isotopes: Highlands KREEP-
rich samples typically have the lowest δD values 
measured for lunar materials (i.e., 200-300‰  [4]). If 
these values are representative of urKREEP than the 
δD values for the KREEP basalts should be intermedi-
ate between the highlands apatite (i.e., 200-300‰ [4]) 
and typical mare basalt apatite (i.e., 400-1100‰  [4]). 
To date, no δD values have been determined for 
KREEP basalt apatites. 

Implications for Other Airless Bodies: If the 
highly fractionated δ37Cl values are indeed a chemical 
signature of urKREEP that resulted from degassing of 
the late stage magma ocean liquid, other airless bodies 
of Mercury size or smaller could have experienced a 
similar process during a magma ocean. In fact, the 
existence of a global reservoir with highly fractionated 
δ37Cl values may be a fingerprint for a magma ocean 
on an airless body, and it may be a good test for 
whether or not a magma ocean ever existed on bodies 
like Mercury, Ceres, 4 Vesta, 2 Pallas, and Hygiea. 
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