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Introduction: The prevailing model of Moon for-

mation—the giant impact hypothesis [1]—is con-
strained in part by the depletion of volatile elements. 
Recent observations of elevated H [2-5] in lunar mate-
rials have implications for the formative conditions of 
the Earth and Moon [6].  

Apatite—Ca5(PO4)3(F,Cl,OH)—may provide the 
most global record of lunar volatiles, one that inte-
grates over the widest range of sample ages, localities, 
and petrogenetic environments. This increased cover-
age comes at the expense of increased ambiguity: 
abundances of volatiles in apatite are difficult to inter-
pret. Nevertheless, the contrast between lunar apatites 
and their host rocks is indisputable: apatites in mare 
basalts are commonly very rich in H—to the point that 
they cannot be distinguished from apatites in terrestrial 
mafic rocks [4]. However, the host rocks of these H-
rich lunar apatites are indisputably volatile depleted. 
These two observations make up what we informally 
term the “Lunar Apatite Paradox”. 

Henrian Partitioning: The explanation initially 
offered for high hydrogen abundances in lunar apatite 
was that crystallization of nominally anhydrous miner-
als (NAMs) from basaltic magmas had concentrated H 
into the residual melt [2-4]. This model treats H as a 
trace element that is incompatible in olivine, pyroxene, 
and plagioclase, so the abundance of H in the residual 
melt should increase during crystallization. Apatite is 
thought to only saturate after >90% crystallization of 
primitive lunar melts [3, 7], and conventional wisdom 
would thus suggest that apatite would capture this later 
stage of magma evolution when the melt would have 
higher H abundances. Experiments [8-11] combined 
with measurements of H2Oap suggest equilibration with 
very H-rich magmas [≤ 3.4 wt % H2O; 12].  

Fluorine and Cl are approximately equally incom-
patible as H in nominally anhydrous minerals [13-17], 
so crystallization of NAMs should enrich both basalts 
and their apatites in H, F, and Cl. Simultaneous en-
richment of H, F, and Cl in apatite is of course impos-
sible as these elements are constrained by stoichiome-
try to add up to ~unity in molar occupancy [18]. 

Non-Henrian Modeling: It is more appropriate to 
treat H, F, and Cl in apatite as major elements, compa-
rable to the way one treats partitioning of Mg and Fe 
between olivine and melt. In the equilibrium exchange 

model:  , we can write an 
equation for the equilibrium reaction: 

 
 
 

The difference between Hap derived from Henrian 
and equilibrium exchange models is significant, with 
the two agreeing only for a single value of Fmelt. Note 
that the hydrogen content of an apatite is a function of 
Clmelt in addition to Fmelt. Increasing Clmelt by a factor 
of 10 decreases Hapatite by as much as nearly an order of 
magnitude, especially at low Fmelt (Figure 1). 

In this model, the ratios of H, F, and Cl in the melt 
(not the absolute values) control the H, F, and Cl con-
tent of an apatite (Figure 1). These ratios only change 
by ~1-20% during 90% fractional crystallization of 
NAMs, depending on the choice of D and assemblage. 
Thus, the increase in abundance of H in the evolving 
melt is invisible to apatite, the composition of which is 
controlled by the ratios of H/(H+F+Cl). Under these 
conditions, apatite is quite insensitive to the increasing 
water content around it, a troubling conclusion for 
those who wish to use apatite as a monitor of the 
abundance of magmatic volatiles. 

apatiteH + meltF ⇔ apatiteF + meltH

ap/m
FHK =

Fap( ) Hm( )
Fm( ) Hap( )

 
Figure 1. Apatite H2O and Cl as a function of melt Fmelt 
and Clmelt for Hmelt = 100 ppm H2O as predicted by Hen-
rian and non-Henrian models of H and Cl partitioning. 
A) Models using KFH = 50, KFCl=4, and KClH = 50/4 (dark 
blue and green) compared to Henry’s law models (light 
blue and green) which do not vary as a function of Fmelt. 
B) Difference between Henrian and non-Henrian models: 
Note that range of Fmelt where both models yield the same 
Hap is small and also a function of Clmelt. 
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When we add apatite to the crystallizing assem-
blage in our model, we now have a mineral into which 
significant—and variable—quantities of H, F, and Cl 
will enter. Given that F is significantly more compati-
ble than H or Cl in apatite, adding apatite to the frac-
tionating assemblage initially has a more dramatic ef-
fect on the abundance of F than of H or Cl, and as such 
can cause dramatic changes to the H/(H+F+Cl) and 
Cl/(H+F+Cl) ratios (Figure 2). With initial F≤20 ppm, 
apatite that grows at ≥94% fractional crystallization 
evolves to 1.79 wt.% H2O (100% OH- occupancy), an 
increase of a factor of ~1000 over the initial abun-
dance. Pure OHapatite can be produced during late 
stage crystallization even in cases where H2Omelt is 
very low, provided that apatite is still saturated in the 

melt after consuming all the F and Cl.  
Previous workers have observed systematic co-

variations of Ce, La, SiO2, Fe, and S within single 
crystals [2]. Co-variations in both volatile (H, Cl) and 
non-volatile (REEs) elements suggests that a common 
process such as fractional crystallization is operating 
during the period when the apatite is growing. Very 
significantly, F is often decreasing relative to H and Cl 
from core to rim, which is only consistent with a frac-
tionating assemblage that includes apatite.  

Conclusions: A wide range of magmatic H/F/Cl 
ratios is not required to explain the entire range of lu-
nar apatite compositions seen in Figure 3: If we vary 
the degree of crystallization and Cl content of the 
magma, we can easily reproduce all the features seen 
in this diverse suite of natural lunar apatites, even for 
constant Hmelt and Fmelt. Variably water-rich and Cl-
poor apatite such as those from LAP-paired samples 
can be generated in this model, provided that Cl con-
tents are less than 0.5 ppm (relative to F=10 ppm and 
H2O = 1 ppm). The shorter, Cl-rich trend of 76535 is 

reproduced—for the same degree of crystallization—in 
models with ≥ 5 ppm Cl, and the same F and H2O.  

 As it is not required that late-stage H2Omelt con-
tents be elevated in order to explain elevated H2Oap, 
hydrogen-rich apatite cannot be cited as evidence for 
elevated H2Omelt a priori. This permits reconciliation of 
H-rich apatites with the high temperatures and associ-
ated volatile depletion required by the giant impact 
hypothesis [1], as well as the 37Cl-enrichment in lunar 
materials first noted by [19]. Olivine-hosted melt in-
clusions in the A17 orange glasses [5] must now stand 
alone as the only geochemical evidence for any por-
tions of the interior of the Moon being more than 
damp.  
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Figure 3. Model curves in truncated H-F-Cl dpace com-
pared to data from literature. Only Cl content and de-
gree of crystallization need be varied to explain the wide 
range of lunar apatite compositions observed. 

 
Figure 2. Mole fraction H, F, and Cl occupancy in apa-
tite derived from equilibrium exchange models of vola-
tile evolution in melt during fractional crystallization of 
an assemblage containing apatite. 
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