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“The Scotsman”





Water content in the lunar mantle  ~1-100 ppm H2O 

Hydrogen abundance in the Moon

Average δD of the bulk Moon: broadly chondritic: 
-200 to +200 ‰ (Anand et al., 2014)

Hydrogen isotopic composition of the Moon

10058 (larger piece 5 cm)
WR, glasses, melt inclusions, apatite, NAMs



Why melt inclusions?
Apatites

Melt inclusions
Expected to “keep” the pre-eruptive volatile 
signatures of the lunar magma

è H and Cl abundance of lunar mantle
è H and Cl isotopes of lunar samples and track 
their evolution through crystallisation

Formed late  ~ >95% crystallisation
Prone to magmatic degassing



40 µm

pyroxene

olivine

olivine

14072 High-Al basalt 
15016 Low-Ti basalt

10020  High-Ti basalt
10058  High-Ti basalt
12002 Low-Ti basalt
12004  Low-Ti basalt 
12008 Low-Ti basalt 
12020 Low-Ti basalt
12040  Low-Ti basalt

Sample selection



H diffusion and 
SW mixing

Apollo 11 (10020 + 10058)



Chlorine isotopic composition of the Moon

Barnes et al., 2016, EPSL

Earth δ37Cl ~ 0 ± 1.5‰
Moon δ37Cl ~ -4 to +40‰
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− 1 ×1000

One of the few isotopic system
that shows a difference between
Earth and Moon.



Hypotheses to explain Cl isotope  fractionation

- Magmatic degassing (Sharp et al., 2010) 
- Incremental degassing of the LMO 

(Boyce et al, 2015)
- Degassing of the KREEP-rich layer during 

crust-breaching impact (Barnes et al, 
2016)

- Apollo 14: Vapour induced 
metasomatism (Potts et al, 2018)

Exceptions : High-Ti basalts, Kal 009 
(Barnes et al., 2019) 

Barnes et al., 2016, EPSL



δ 37Cl 
12 ± 2 ‰

Stephant et al., 2019, EPSL (accepted)

Melt Inclusions in Apollo Mare Basalts



Comparison with apatites

All MIs from 5 samples from 4 different locations have a similar δ 37Cl = +12 ± 2 ‰
è Heavy δ 37Cl not entirely a function of urKREEP (additional processes)



§ Lunar mantle H2O concentration lower limit at ~25 ppm

§ H2O-δD systematics of lunar MI show large fractionation, induced by a variety of 
processes (solar wind mixing, H diffusion)

§ The initial lunar juvenile δD = -200 ‰ and 200 ‰, 

§ The average δ37Cl of MI from olivines and pyroxenes is similar to the average in apatites 
from most basaltic samples

§ Suggest chlorine isotope signature of mare magmas weren’t modified during eruption 
and crystallisation (i.e. original signature < 12 ‰)

§ Appreciable H in the lunar interior with an elevated Cl isotope signature (view from 
Apollo) – samples from other areas of the Moon required for a complete picture!

Conclusions 
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