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Introduction: Lunar pyroclastic beads are our best 

samples to study volcanic gases on the Moon as they 
experienced the least crystal fractionation from their 
mantle sources, quenched rapidly, retain trace amounts 
of volatiles in their interiors, and contain vapor-mobile 
elements deposited on their surfaces (e.g., [1-5]). Ma 
and Liu [6] identified a zinc chlorohydroxosulfate min-
eral on 74220 orange beads, with an empirical formula, 
Na1.02Zn3.98[(SO4)0.84(OH)0.30](OH)6[Cl0.50(OH)0.50]·nH2

O. These zinc salt grains occur in clusters of thin hex-
agonal flakes on the surface. No other Zn-rich, S-rich 
or Cl-rich mineral phases (e.g., ZnS, ZnCl2, FeCl2) 
were observed among 37 orange beads randomly 
picked and studied. Zinc, Na, S, and Cl condensed 
from volcanic vapor and were subsequently oxidized 
and hydrated by terrestrial air, possibly starting when 
they were stored in the Lunar Module on the Moon. 
The molar ratios between Zn, Na, S, and Cl suggest 
that the vapor condensates contain native Zn, native Na 
in addition to ZnS, ZnCl2, and NaCl [6]. Subsequently, 
these solid species differ from those predicted (ZnS 
and other sulfides) from the thermochemical modeling 
of Renggli et al. [7] using volatile contents from [4-5]. 
The differences between the observation and the model 
imply that there is likely less dissolved S (early loss of 
S) or loss of S in other forms and high gas pressure in 
the eruption formed orange beads [6].  

Here, we performed a similar examination of pris-
tine green beads from Apollo 15 clod 15366, to assess 
volcanic gas involved in pyroclastic eruption formed 
green beads. Additional samples from 74220 were ana-
lyzed to assess alteration with time. More importantly, 
74220 samples prepared in the 1970s were studied to 
investigate the absence of reported zinc salts in previ-
ous studies. New results reveal contrasting composi-
tions and phases of vapor condensates that have inter-
esting implications for the volcanic gases involved in 
these eruptions.   

Samples: 15366 green beads. The sample is from a 
green glass clod Apollo 15366, which is one of the 
rake samples (15310-15399) collected about 30 m 
away from the larger glass clods 15425-15427 at Sta-
tion 7 in the Spur crater. The parent sample 15366,12 
had been stored in nitrogen in the Curation Lab and 
Pristine Vault. Our subsample (15366, 14, 50 mg) was 
split in a nitrogen cabinet, placed into an aluminum 
container with a Teflon lid, and was subsequently 
sealed in two Teflon bags with positive nitrogen pres-
sure. The subsample maintained positive N2 pressure 
until our sample preparation.   

74220 orange beads. Eight beads were picked from 
the same 74220 subsample (,119) used in Ma and Liu 
[6]. This subsample was stored in N2 until 2017 and 
has been opened and exposed to air since 2017. 

74220 orange beads prepared in the 1970s 
(74220RH). Zinc chlorohydroxosulfate had not been 
reported in SEM studies of 74220 orange beads before 
our report [6]. To investigate the discrepancy, we lo-
cated SEM mounts of 74220 orange beads prepared 
and analyzed in the 1970s.  

Sample Preparation: Pristine 15366 green beads. 
We took caution to minimize terrestrial alteration in 
sample preparation. After opening the bags, beads were 
placed on a piece of weighing paper. Eight beads and 
three mineral fragments were picked with stainless 
steel tweezers and placed on carbon tape on the SEM 
stub (Stub 1). Preparing the SEM mounts was complet-
ed within 50 minutes after opening the sealed bag. The 
SEM stub was immediately placed under the vacuum in 
a field emission scanning electron microscope (FE-
SEM), Zeiss 1550-VP. After initial observation, the 
mount with carbon tape was taken out and coated with 
~10 nm thick amorphous carbon under ~2x10-4 torr 
vacuum to enable better imaging and chemical anal-
yses. One week later, eight additional beads were 
picked from the opened container, placed on carbon 
tape on a second SEM stub (Stub 2) and then coated 
with carbon for FE-SEM observations.   

74220 samples. Additional 74220 beads were 
placed on carbon tape on an SEM stub and carbon-
coated for FE-SEM observations. In the 1970s, the 
74220RH beads were cleaned in ethanol and fixed onto 
an SEM mount using isopropanol-based graphite paint. 

Methods: In all SEM sessions, back-scatter elec-
tron imaging (BSE) was conducted in the high vacuum 
mode and the composition was obtained by an Oxford 
X-Max SDD X-ray Energy Dispersive Spectrometer 
(EDS) system. These EDS data were processed using 
the XPP correction procedure with Oxford factory in-
ternal standards. 

Results:  
Preliminary results of 15366 green beads. Samples 

prepared at different periods after opening the sealed 
bags display no differences on the surface. We did not 
observe zinc chlorohydroxosulfate among ~20 green 
beads examined to date. Instead, surfaces of all green 
beads are covered by a thin soft layer that is thin and 
easily removed during sample handling (e.g., scrapable 
by tweezers). The soft layer consists of euhedral grains 
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of <50 nm (Fig. 1). As a result, EDS analyses of the 
soft layer were always contaminated by the underlying 
glass. Compared to the fresh surface, the soft layer is 
enriched in Zn and S but contains no detectable Cl and 
no clear Na enrichment. A local pileup of the soft layer 
caused by tweezers contains ~2 wt% Zn and ~1 wt% S 
but no detectable Cl. The molar ratio of Zn/S is ~1 but 
a Zn-sulfide is not clearly identified (Fig. 1). This sug-
gests that Zn and S likely condensed in amorphous 
states. Green beads of 15366 examined to date did not 
display rods or the hexagonal feature as on a green 
bead from soil 15401 [8].  

74220 orange beads. We observed similar features 
as in [6]. Together with results in [6], nearly all recent-
ly acquired orange beads (n = 45) contain zinc chloro-
hydroxosulfate, albeit with different abundances (a 
high abundance in Fig. 2).  

74220RH beads. Different from samples prepared 
without alcohols, surfaces of these samples show po-
rous residues, containing Zn, Na, and S but no Cl, sug-
gesting partial dissolution by alcohols (Fig. 3).  

Discussion and Implications:  
Effect of sample preparation. Lack of zinc chloro-

hydroxosulfate on orange beads in studies pre-2019 is 
likely caused by additional alteration that occurred 
during the sample preparation – rinsing orange beads 
with ethanol. Ma and Liu [6] estimated that zinc chlo-
rohydroxosulfate contains abundant H2O, which could 
react with rinsing ethanol or isopropanol in graphite 
paint. Such a reaction removed Cl and H2O from the 
zinc salt but left behind the heavier elements (Zn, Na, 
S). Thus, zinc chlorohydroxosulfate on orange beads 
represents vapor condensates of gas involved in the 
pyroclastic eruption. 

Contrasting vapor condensates between green and 
orange beads. The molar Zn/S ratio (~1) of vapor con-
densates on green beads appears to be consistent with 
the prediction by Renggli et al. [7], which indicates that 
volatile compositions of the magma and physical con-
ditions (P, T, fO2) of the green-beads eruption are con-
sistent with the assumptions in the model. 

In contrast, the higher gas pressure and the large 
molar Zn/S ratio (~4) of volcanic gas in orange beads 
[6] suggest volatiles in the mantle source of orange 
beads are more enriched in heavier, moderately volatile 
elements and depleted in S and Cl. As such, it would 
indicate that the Moon may have experienced signifi-
cant loss of more volatile S and Cl species during its 
mantle formation.   
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Fig. 1 A green bead from 15366. The intermediate gray 
phase is the soft layer with vapor condensates.  

 
Fig. 2 An orange bead from 74220, showing numerous zinc 
chlorohydroxosulfate grains (white flakes, arrows point to 
some grains), which are absent on the fresh surface. 

 
Fig. 3 An orange bead from 74220RH showing porous resi-
dues (circled by the dotted yellow line) that are rich in Zn, 
Na, and S. 
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