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Abstract. The eruption of the orange glass magma
to form the deposits sampled at the Apollo 17 site is
considered to have been a gas-rich, fire-fountain
eruption.  The deposit consists entirely of small 1-2
mm spherical beads of the orange glass created during
fragmentation of the magma. The data on the gas phase
components in the pre-eruption A17 orange glass
magma are constrained by C-O-S system phase
equilibria and the compositions of glass and phenorysts
in the erupted samples. Glass-rich melt inclusions
trapped in 74002 olivine exposed in orange glass thin
sections have been analyzed for major elements as well
as sulfur and other volatiles, correcting for the
crystallization of olivine and ilmenite around the
margins of the inclusions to obtain the pre-eruption
composition. The sulfur present in the melt inclusions
indicates there has been a loss of 560 ppm of S from
the pre-eruption melt.  The sulfur fugacity would not
initiate the nucleation of a gas in this magma; it had to
be created by the oxidation of reduced C in the magma.
The depth of equilibrium C-O gas generation by
graphite oxidation is at 20 MPa or 4 km, and the S
would partition into the CO-rich gas. The modeling
calculations constrain the amount of C necessary to
achieve fragmentation of the orange glass melt prior to
its reaching the surface.

Introduction. Primitive picritic lunar glasses such
as the Apollo 17 orange glass, appear to be the product
of lunar fire-fountaining (1,2). The pre-eruption
conditions in the A17 Orange glass magma, and the
mechanism by which this magma erupted in a fire
fountain event remain interesting, and to some extent,
unanswered questions of lunar volcanism. The problem
is particularly interesting because the eruption was
clearly driven by the development of a significant gas
phase, and clues to the composition and abundance of
this gas phase should result from an accurate model of
the eruption (3).

To review, the A17 orange glass was collected on
the surface near Shorty crater (74220) and in the 68 cm
core (74001/2) taken at the same site, and samples
have been extensively studied (4,5).  The upper 5 cm
of the core and the 74220 surface material were
affected by surface reworking, but the rest of the core
represents essentially pure volcanic ejecta of orange
glass composition. The base of the core is composed
primarily (93%) of black beads rich in skeletal olivine
and ilmenite; these beads represent melt fragments that
cooled slowly enough for crystallization to take place
(4). The top of the core consists of orange glass beads
that cooled fast enough to preclude crystallization. The
presence of olivine phenocrysts enclosed in orange
glass beads of samples 74220 and 74002/1 reveals that

olivine was present on the liquidus of the melt from
which the volcanic eruption was derived.  From their
size, shape, and unzoned character, it is inferred that
these olivines crystallized prior to the eruption (5). The
olivines trapped samples of the melt (melt inclusions)
as the phenocrysts grew at depth. Some of these
inclusions may have leaked through cracks in the host
crystal during magma ascent and eruption, but others
probably represent undegassed samples of pre-eruption
melt, possibly modified by added crystallization of host
olivine. The presence of Fe-Ni metal blebs within the
olivine phenocrysts and in the orange glass, indicate
that these metals were also present as the orange glass
melt began to crystallize. These metal blebs have been
used to infer the oxidation- state of the melt prior to
eruption (5,6).

The composition, abundance, and origin of the
volcanic gas phase that was present during the orange
glass fire-fountaining has yet to be definitively
determined.  Butler and Meyer (7) studied the surface
coatings on orange and black beads and determined
that sulfur was present in significant quantities as well
as Cl and F.  The coatings are assumed to represent the
condensable portion of the gas that drove the fire-
fountaining.

Studying the orange glass and the oxidative
behavior of the glass upon heating, (8) inferred that a
self-reduction took place within the melt during ascent.
Graphite was present in the source region of the orange
glass (carbon in the form of graphite would be stable at
depth in the moon if the oxygen fugacity in this region
is close to the I-W buffer as is generally assumed).
The C-O gas formed may have been the propellant for
lunar pyroclastic eruptions.  Fogel and Rutherford (9)
studied magmatic volatiles in relation to Apollo 15
green and yellow glasses, looking for traces of carbon
exsolution that would cause the lunar fire fountaining.
They concluded that exsolution of C-O gas from the
melt didn't cause the fire fountaining, but oxidation of
graphite was sufficient. Weitz et al., (5) studied
volatiles in the orange glass by examining the metal
spherules found in the olivine phenocrysts and orange
glass beads.  The size, shape, location and composition
of the blebs led them to conclude that the metal was
formed by the oxidation of graphite and the
corresponding reduction of iron, nickel and cobalt
oxides from the melt. The oxidation-state indicated by
the metal-melt equilibrium is IW - 1.3 log units. At the
orange glass liquidus (1320oC) and this oxygen
fugacity, the carbon oxidation process would occur at
200 bars or about 4 km depth in the lunar crust.  The
implication is that production of the lunar volcanic gas
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began with the production of this CO-rich gas phase,
but the abundance of Co and other species is unknown.

As discussed above, previous estimates of the
volatile content of the pre-eruption orange glass
magma are based on theoretical calculations, the metal
spherule constraints, and inferences from the chemistry
of surface coatings. One possible way to directly
analyze the melt composition, including volatile
species, of the pre-eruption orange glass magma would
be to find and analyze melt inclusions inside olivine
phenocrysts. Most melt inclusions trapped by olivine
phenocrysts in the orange glass are partially or
completely crystallized, but detailed searches of the
74001/2 drill core thin sections have revealed some
melt inclusions suitable for analysis. The other
approach to obtaining new insights into the eruption
process is to use the petrological constraints from
olivine, metal, and melt compositions in a model
eruption dynamics model such as that devised by (10).
Experimental and Analytical Methods.  New

electron microprobe analyses are presented for glass-
rich melt inclusions found trapped inside unzoned
(Fo82) olivine phenocrysts in sample 74002, the
orange glass-rich part of the A17 fire-fountain deposit.
These analyses were performed using either the
Camebax or the SX-100 electron microprobes. The
trapped melt composition was corrected for post-
entrapment crystallization of olivines with a
composition ranging from Fo82 to Fo77 and minor
ilmenite as required by a mass balance calculation. For
each melt inclusion, the percentage of the inclusion
still in the form of melt and the percentage of the
inclusion that was crystallized were calculated. The
sum of the chemistry of the crystallized olivine and
ilmenite and that of the remaining melt equaled the
chemistry of the matrix glass. Sulfur and Chlorine were
determined using well-established standards. Replicate
analyses on an NBS S-bearing glass standard were ±80
ppm S.
   Additionally, we are running a modified “conduit4”

model to determine the gas content, and magma flow
parameters of the orange glass magma for different
initial C (graphite) contents.

Results: Study of the olivine phenocrysts in the top
part of samples 74002 have shown that there are melt
inclusions present that have large fractions of glass
remaining.  Electron microprobe analyses of the
glasses remaining in these melt inclusions show that
they typically contain 5-6 wt % MgO and 12 wt %
CaO, compared to 14. 9 wt % and 7.5 wt % in the
matrix glass outside the olivine. The S content of these
glasses range from 600 to 800 ppm, but Cl is
essentially at the detection limit of 50 ppm.  A mass
balance calculation shows that the melt inclusion glass
could be produced by crystallization of 30 % of the
melt inclusion as olivine (98 wt %) and ilmenite (2 wt
%). The amount of S in the melt initially trapped by the

growing olivine phenocryst can be determined by using
the batch melting equation, where the fraction of melt
remaining after crystallization of olivine and ilmenite
is 0.7.  The melt is enriched 1.4 times with sulfur due
to crystallization along the margins, therefore the
initial amount of sulfur present, prior to crystallization,
can be calculated to be between 430 and 570 ppm.
This S abundance is consistent with two other
observations.  First, there does not appear to be any
immiscible sulfide trapped in the olivine phenocrysts,
nor is there any S dissolved in the metal spherules that
were trapped by the growing olivines. Second,
crystallization in the melt inclusions does not produce
an immiscible sulfide in any inclusions intersected
(~100) by the 74001/2 polished thin sections. These
observations indicate that pre-eruption orange glass
melt was not sulfide saturated, and was not close to
sulfide saturation. This is also the conclusion reached
by Danckwerth et al.,(8) based on a study of S
solubility in melts of A17 basalt composition. They
determined that S-saturation in a 74220 melt
composition glass is ~3000 ppm.

Conclusions: From this study it can be concluded
that during the time of olivine phenocryst growth in the
orange glass magma to the time the glass spherules
were quenched in the lunar fire-fountain, there has
been a loss of 560 ppm of S from the melt.  This is
based on the difference between the melt inclusion
concentration and the average of 220 ppm S found in
orange glass spherules (9) outside the phenocrysts.
The loss of S had to take place between the time the
orange glass magma was at 4 km depth in the lunar
crust and the time of the surface quench.  Loss of Cl
over this ascent was less than ~50 ppm; the Cl
concentration at the C-oxidation depth was already at
the 50 ppm detection limit. As previously determined
(7), the fugacity of S in the orange glass magma would
not have initiated the nucleation of a sulfur-rich gas in
this magma.  We are left with the conclusion that the
volcanic gas phase must have been generated by the
oxidation of carbon to form a CO-rich gas.
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