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abstraCt

We present the first discovery of a Zn-rich mineral on the pristine surface of orange pyroclastic 
beads from Apollo sample 74220. This Zn-rich mineral is wide occurring, trigonal or hexagonal in 
shape, with a normalized composition of ~59 wt% Zn, ~26 wt% O (calculated), ~6 wt% S, ~5 wt% 
Na, and ~4 wt% Cl. The crystal morphology, homogeneity, and chemistry of individual grains are 
most consistent with gordaite, a zinc chlorohydroxosulfate mineral, showing an empirical formula of 
Na1.02Zn3.98[(SO4)0.84(OH)0.30](OH)6[Cl0.50(OH)0.50]·nH2O, albeit the exact amounts of OH and H2O are 
uncertain. The pristine 74220 sample used in this study was only directly exposed to air for a cumula-
tive period of 18 days before our study. The same Zn-rich crystals, examined 12 to 15 months apart, 
show no visible physical and chemical changes. Thus, this zinc-rich mineral likely formed through 
rapid alteration (oxidation and hydration) by terrestrial air of the original vapor-deposited Zn, Cl, S, 
and Na-bearing solids. The composition of the zinc-rich mineral indicates that the vapor condensates 
consist of metallic Zn and metallic Na with either ZnS or native S, and either ZnCl2 or NaCl. This is 
the first direct evidence that metallic Zn and Na are key components in the vapor condensates of lunar 
volcanic gas, which implies lunar volcanic gas may be under higher pressure than previously thought, 
and the gas composition may be different than previously inferred. Our study is also relevant to the 
collection, handling, curation, and sample preparation of returned samples from other planetary bodies.
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introduCtion

Lunar pyroclastic beads were produced in fire-fountain erup-
tions powered by gas exsolved from partial melts of the deep 
lunar mantle (>250 km, e.g., Delano 1986; Meyer et al. 1975). 
These primitive basaltic beads were reported to contain H and 
C residues after significant degassing (Saal et al. 2008, 2013; 
Wetzel et al. 2015) and a surface coat rich in volatile elements 
condensed from the gas (e.g., S, Zn, Cl), among which S and Zn 
are the most abundant (e.g., Meyer et al. 1975). One of the key 
unanswered questions is how volatiles and volatile elements are 
lost from lunar melts. The condensable species of Zn, S, and Cl 
depend on the chemical compositions and physical conditions of 
the volcanic gas, which major components are H, C, and S species 
(Renggli et al. 2017). As such, condensed S and Zn species on 
the surface of the beads would provide constraints on chemical 
and physical conditions of the volcanic gas, and hence offer us 
the best opportunity to study volatiles in the deep lunar interior. 
However, a host phase of condensable volatile elements has 
never been revealed, despite of considerable surface analyses 
of pyroclastic beads in 1973–1993 (McKay et al. 1973; Heiken 
and McKay 1974; Heiken et al. 1974; Chou et al. 1975; Meyer et 
al. 1975; Butler and Meyer 1976; Goldberg et al. 1976; Wasson 
et al. 1976; Tera and Wasserburg 1976; Butler 1978; Clanton et 
al. 1978; Cirlin et al. 1978; Cirlin and Housley 1979; Housley 
et al. 1979; McKay and Wentworth 1992). Here we report the 
first observation of a host mineral for Zn, S, Cl, and Na on the 

surface of orange beads from Apollo 17 soil 74220, using ad-
vanced analytical field-emission scanning electron microscopy.

historY of the saMpLe

A small portion (~0.058 g) of pristine Apollo 17 soil 
74220 was allocated for this work. Unlike other lunar soils 
with light to dark gray color, soil 74220 is orange as it is 
almost completely made of pure orange glass (90 vol% 
of the soil is made of glass, Lunar Sample Compendium, 
https://curator.jsc.nasa.gov/lunar/lsc/74220.pdf). A detailed 
process history of the allocated sample was kindly provided by 
the Apollo Sample Curation Office at JSC (R. Zeigler, L. Watt, 
Pers. Comm., 2018). Soil 74220 was collected in a Documented 
Bag (DB) 12E and placed into Sample Collection Bag (SCB) 
8 carried by the astronauts on the lunar surface. SCB 8 was put 
into a containment bag to protect the command module. The 
containment bag was a Beta cloth duffle bag with a drawstring 
mouth. The samples inside these bags were exposed to air in-
side the lunar and command modules (pure O2 with moisture 
from respiration) from five to seven days with two to four 
depressurization-repressurization cycles on the Moon. On the 
recovery ship in an isolated work area with filtered air, all of 
the SCBs were removed from the containment bags, and all the 
returned containers (including DB 12E containing 74220) were 
individually bagged in two polytetrafluoroethylene bags and one 
polyethylene bag, all heat sealed (December 1972). During this 
step, samples were exposed to filtered air for 9 to 13 hours on 
the recovery ship, and then were sealed in filtered air for about 
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