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Invited review on lunar volatiles in and on the Moon that assesses the
current state of magmatic volatile at the lunar surface and within the
interior from early Apollo to present day
Manuscript currently in revision and scheduled to appear in 2015 in the
special issue of The second conference on the lunar highlands crust and
new directions
Integrates sample work and remote sensing data for the full picture of
lunar volatiles

Magmatic Volatiles on Earth
• Fluvial Processes
• Eruption Processes
• Ore Metal Transport
• Magma Generation
• Phase equilibria
• Organic chemistry & bio

Lunar sample return

Apollo 15 launch

Luna sample return
module

ANtarctic Search for
METeorites (ANSMET)

6 successful manned missions led by NASA landed on the Moon between
1969 and 1972
3 successful unmanned sample return missions from the Soviet Union
between 1970 and 1976
166 lunar meteorites have been found to date, although many are paired

Post Apollo view of lunar volatiles
No hydrous minerals
No evidence of aqueous
alteration textures

Metal grains were all
pristine, and ferric iron was
nearly absent

http://www.nasa.gov/mission_pages/LRO/multimedia/lroimages/apollosites.html

Water was not
detected with the best
analytical techniques
of the day

Resulting conclusion: The Moon is “Bone Dry” (< 1 ppb H2O)

Volatiles in the lunar regolith measured in
Apollo samples

Lunar soils and breccia had up to 150 ppm H believed to be from solar
wind and at max 4 ppm H2O
Soils had up to 280 ppm C, 209 ppm N, 520 ppm F, 600 ppm S, and 270
ppm Cl
Origin of volatiles difficult to determine, but largely thought to be
exogenous

Magmatic volatiles have played a
role in lunar geologic processes

Apatite

Evidence of volatile-assisted
pyroclastic “fire-fountain” eruptions
Presence of highly vesiculated basalts
Presence of volatile bearing mineral
phases like apatite [Ca5(PO4)3(F,Cl,OH)]

Magmatic volatiles are present in
lunar magmas

Apatite

Volatiles (typically C-species) were implicated to have propelled the
ancient pyroclastic eruptions on the Moon.
The igneous mineral apatite was presumed to contain only fluorine and
chlorine in its crystal structure.
OH and H was not detected with the best analytical techniques of the day

Magmatic volatiles are present in
lunar magmas

Apatite

Saal et al. 2007 LPSC first reported SIMS
analysis of OH in volcanic glass beads

McCubbin et al. 2007 LPSC pointed out
significant F-Cl deficiency in existing
apatite data from lunar rocks

The best analytical techniques of the day are now capable of detecting
small amounts of H with high spatial resolution.
These works sparked many groups to reassess the previous “Bone Dry”
conclusions about the Moon

Lunar Volcanic Glasses
Saal et al., 2008, Nature

Volatile contents of Glass beads
decreased from core to rim
Interpreted as a degassing profile
Extrapolated 14 ppm H2O
measurement to a 700 ppm H2O predegassing value

Lunar Volcanic Glasses
Hauri et al. (2011), Science

Some glass beads have olivine
crystals with melt inclusions
Melt inclusion glasses contain
detectable F, Cl, S, and H2O
Up to 1200 ppm H2O exceeding predegassing value of 700 ppm H2O

Lunar parent melts consistently have 100’s1000 ppm H2O

Volatiles in lunar apatite quantified
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The presence of magmatic H2O (OH-) in
lunar minerals was confirmed by SIMS
How could the apatite water abundances
be related to magmatic water
abundances?

Lunar Apatite
Greenwood et al. (2011), Nature Geoscience

Found up to 6000 ppm H2O in lunar
apatite
Showed that H isotopes in lunar samples
range more than in terrestrial samples
from -200 to +1000 per mil

Water in and on the Moon
Pieters et al., (2009), Science
Sunshine et al., (2009), Science
Clark, (2009), Science

In 2009, the M3 instrument on the
Chandrayaan-1 spacecraft and the
HRI-IR spectrometer on the Deep
Impact spacecraft detected OH
molecular vibrations on the surface
of the Moon
Sunlit portions of the Moon contain
approximately a quart of water per
ton of material

Modern look at Lunar Crust
Liu et al. (2012), Nature Geoscience

Used micro-FTIR and SIMS to measure
OH in lunar agglutinates
Glasses in agglutinates contain up to
~500 ppm H2O
D/H values indicate at least some H is
from the solar wind

Solar wind implantation may be important for
regolith formation on other airless bodies

Shearer et al. (2012) GCA

Modern
look at
Lunar
Crust
Sulfide replacement textures in lunar
crustal lithologies are the record of fluidalteration in the crust under reducing
conditions
Sulfide replacement textures occur in lunar
rocks, including some crustal rocks like
troctolite Mg-suite 76535
Enrichment in light isotopes of S in the
sulfides that display replacement textures is
in support of vapor/fluid deposition

Modern look at Lunar Crust
Shearer et al. (2014) GCA

Cl isotopes, textural, and structural
analysis suggests lawrencite (FeCl2) and
akaganeite (FeO(OH,Cl)) are lunar in origin

D/H values indicate at least some H is
from the solar wind

Ferroan Anorthosites
Hui et al. (2013), Nature Geoscience

Some glass beads have olivine
crystals with melt inclusions

Hui et al. (2013) used micro-FTIR to show that anorthite from the ferroan
anorthosites contain 6ppm H2O
FAN’s are though to have formed directly from the lunar magma ocean
Water content implies up to 320 ppm H2O in the LMO

Bullialdus Crater
Klima et al. (2013), Nature Geoscience

Used M3 data to show OH
enhancement in the central peaks of
Bullialdus crater
Report that this OH is correlated with
enhancements in other incompatible
elements like Th
Represents the first remote detection
of interior water on the Moon

Evolution of volatiles on the Moon
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Experimental studies indicate the green and orange picritic glasses
melted in the lunar mantle at pressures from 2.4 to 3.1 GPa
Lunar soil and remote sensing reveal surface water reservoirs
Apatites present in mare basalts, crustal rocks, and impact melts

Volatile contents of lunar Bulk silicate
Lunar Magma Ocean
3-13 ppm H2O
7 ppm F
11-14 ppm Cl
<500 ppb C

urKREEP
300-1250 ppm H2O
660 ppm F
1100-1350 ppm Cl
?C

Mare source
1-400 ppm H2O*
5-30 ppm F
150-850 ppb Cl
50-500 ppb C

*This value is still highly debated and additional work is required

