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Introduction: Over the past decade, our under-

standing of lunar indigenous volatiles, to which water 

is arguably the most important one, has been revolu-

tionized through continuing analysis of Apollo sam-

ples, returned to the Earth almost 50 years ago, through 

modern laboratory instrumentation. Estimates of the 

water abundance in the bulk silicate Moon have indeed 

been revised upward by several orders of magnitude, 

from less than 1 ng.g
-1

 equivalent H2O [1] to estimates 

in the region of ca. 1-100 μg.g
-1

 [2]. This paradigm 

shift has necessitated re-evaluation of lunar formation 

models [3], has provided key insights on the crucial 

topic of delivery of water and volatiles to the inner 

Solar System [4], and has reinvigorated the field of 

lunar in situ resource utilization (ISRU) [5].  

In situ analysis of water in Apollo volcanic sam-

ples: The unambiguous detection of indigenous water 

and other volatiles in lunar pyroclastic glasses in 2008 

[6] heralded a new era in lunar research. Using second-

ary ion mass spectrometry (SIMS), Saal et al. [6] 

demonstrated that the Apollo 15 (A-15) low-Ti ‘green’ 

glasses and the A-17 high-Ti ‘orange’ glasses contain 

~0.5-30 μg.g
-1

 H2O [6]. In a follow up study, this group 

also reported that melt inclusions (MI) hosted in oli-

vine in the high-Ti glasses contain ~300-1200 μg.g
-1

 

H2O, which they interpreted as current best estimate for 

the pre-eruptive water content of the melt from which 

these high-Ti pyroclastic glasses formed [7]. In mare 

basalts, in situ analyses have been focused on the vola-

tile-bearing phase apatite [Ca5(PO4)3(F,Cl,OH)]. Apa-

tite can indeed host water sensu largo, structurally 

bound into the crystalline structure as hydroxyl (OH), 

together with halogens such as F and Cl. The first re-

ports of SIMS-derived water abundances for lunar apa-

tite came out in 2010, showing that apatite in A-14 

sample 14053 contains ca. 700-2000 μg.g
-1

 H2O [8-9]. 

Since then, in situ SIMS analyses have been carried out 

in apatite in A-11, 12, 14, 15 and 17 basalts and in 

basaltic meteorites, yielding water abundances from a 

few tens of μg.g
-1

 up to 1.67 wt.% H2O, close to the 

pure hydroxylapatite end-member (see [2] and refer-

ences therein). Recently, SIMS-derived H2O abun-

dances between ~2 to 700 μg.g
-1

 have also been report-

ed for MI in A-11, 12, 15 and 17 basalts [10-11], with 

most values < 100 μg.g
-1

. While bearing certain caveats 

in mind (e.g. partitioning issues of water in apatite, 

magmatic degassing of H-bearing species, diffusion in 

and out of MI, etc.), estimates based on apatite volatile 

abundances and on H2O/Ce ratios measured in MI sug-

gest that mare source regions may contain ca. 1-100 

μg.g
-1

 equivalent H2O [2,10].  

The isotopic composition of lunar indigenous H: 

In Apollo mare basalts, H isotope compositions have 

been measured in situ in apatite in A-11, 12, 14, 15 and 

17 samples, and in MI in A-12 samples. δDSMOW values 

(δDSMOW corresponds to the deviation of D/H ratios 

from the D/H ratio of standard mean ocean water in 

parts per thousands) measured in apatite in low-Ti, 

high-Ti and KREEP-rich basalts range between around 

-200 and +1000 ‰ [12-15], while δDSMOW values ob-

tained on A-12 MI display much less variations, rang-

ing from ca. -200 to +100 ‰ [11]. For comparison, 

δDSMOW values of bulk terrestrial basaltic samples and 

MI they host range from ca. -200 to +50 ‰ [16]. There 

is no consensus yet in terms of relating D/H values 

measured in lunar apatite and MI to the bulk H isotope 

composition of water in mare source regions; some 

have argued that elevated – cometary-like – δDSMOW 

values around +1000 ‰ provide the best estimate for 

the initial H isotope composition of water trapped in 

lunar basaltic lavas [11-12], secondary processes such 

as mixing with D-poor hydrogen and/or diffusion being 

responsible for lowering δDSMOW values [11,17]. In 

contrast, we have argued that lunar indigenous water is 

characterized by ‘carbonaceous chondrite-like’ δDSMOW 

values around -200 to -100 ‰ [4], elevated D/H ratios 

measured in most lunar apatite resulting in incorpora-

tion of residual H after extensive H2 degassing from 

basaltic melts that led to fractionation of original 

δDSMOW values by several hundreds of permil [14-15]. 

In this scenario, ‘carbonaceous chondrite-like’ δDSMOW 

values such as those measured in early-formed olivine-

hosted MI in A-12 basalts [11] provide a close estimate 

of the original D/H ratios of mare magmas, while late-

crystallizing apatite, in most cases, record D/H ratios of 

extensively degassed basaltic melts. As discussed be-

low, H isotope data obtained on bulk Apollo samples 

45 years ago seem compatible with this scenario. 

Revisiting bulk H isotope analysis of mare bas-

alts: Merlivat et al. [18] analyzed the bulk H isotope 

composition of water extracted from two A-17 mare 

basalts, 70215 and 75035, by heating 0.6-0.9 g aliquots 
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at four temperature (T) steps (175-470, 470-725, 725-

995, and 995-1200 ºC). In the 3 splits studied, 80-90 % 

of the H2O (~40 μg.g
-1

) was released in the 175-470 ºC 

interval, associated with δDSMOW values of -250 to -100 

‰ (Fig. 1). Only ~5-9 μg.g
-1

 H2O were released at T > 

470 ºC, with δDSMOW values of -250 to +50 ‰ (Fig. 1). 

 
Fig. 1: δDSMOW vs. H2O data at different T steps on 

bulk A-17 basalts [18]. Also indicated on the dia-

gram are the range of δDSMOW values for A-12 MI 

[11], and apatite in high-Ti basalts [12-14], in A-17 

undegassed KREEP basalts [15] and norites [19]. 

It seems timely to revisit these bulk data in light of the 

wealth of recent in situ data on lunar indigenous water. 

Based on bulk P2O5 contents of 0.05-0.10 wt.% in 

70215 and 75035 [20], and considering that all P is 

hosted in apatite, yields modal apatite abundances of 

~0.12-0.24 wt.% (this likely overestimates apatite 

abundance as most mare basalts also contain the phos-

phate merrillite). Apatite in high-Ti basalts, which con-

tains ~1000-2000 μg.g
-1

 H2O, could thus contribute 

only ~1-5 μg.g
-1

 to the bulk basalt H2O budget. Moreo-

ver, T > 1500 ºC are necessary to extract H trapped in 

apatite [21]. Therefore, apatite made negligible contri-

bution, if any, to the bulk-water released by these A-17 

basalts in [18]. The situation is similar for MI; assum-

ing that mare basalts comprise 0.5 to 1 % MI contain-

ing 10-100 μg.g
-1

 H2O contributes only 0.05 to 1 μg.g
-1

 

to the bulk H2O budget. The bulk of the water budget 

of these basalts, released between 175 and 470 ºC, may 

have thus been hosted in nominally anhydrous minerals 

such as pyroxene and plagioclase. Samples 70215 and 

75035 contain 70-80 vol.% clinopyroxene and anor-

thite-rich plagioclase [20]; this would require these 

phases to host on average 50-70 μg.g
-1

 H2O if they 

were to host the bulk of the H2O released, which is 

within the range found in some terrestrial volcanic cli-

nopyroxene and anorthite [22]. 

Cosmogenic production of D on the Moon alters 

original D/H ratios – D production rates of ~1-2×10
-12

 

mol(g rock)
-1

 Ma
-1

 [23-24] and a cosmic ray exposure 

age of 100 Ma suggest that δDSMOW values would in-

crease by ~100-200 ‰ for 50 μg.g
-1

 H2O. This may be 

illustrated by release of H2O with higher D/H at T > 

470 ºC in 2 of the 3 splits studied (Fig. 1). For compar-

ison, step-heating data of mare basalts have shown that 

cosmogenic C and N are released at high T [25].  

Bulk H isotope analyses carried out in the 70’s may 

have thus provided us with the D/H ratio of lunar in-

digenous water at that time, yielding δDSMOW values 

from -250 to -100 ‰. However, reaching firm conclu-

sions was hampered by the accepted wisdom that the 

Moon’s interior was anhydrous and the possibility that 

bulk analyses were largely compromised by terrestrial 

contamination. Based on recent in situ investigation we 

have argued that indigenous lunar water in the Moon 

has ‘carbonaceous-chondrite-like’ D/H ratios, which, in 

hindsight, may turn out to be a key message that has 

been with us for nearly half a century. 
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