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Introduction: Nanomineralogy is the study of Earth 

and planetary materials at nanoscales, focused on char-
acterizing nanofeatures (such as inclusions, exsolution, 
zonation, coatings, pores) in minerals and rocks, and re-
vealing nanominerals and nanoparticles [1]. With ad-
vanced high-resolution analytical scanning electron mi-
croscopy, we are now capable to characterize geo-
materials down to nanoscales easier and faster. 
Nanofeatures, new minerals and new occurrences of 
minerals with important geological significance are be-
ing discovered at nanoscales [2,3]. 

During our ongoing nanomineralogy investigation 
of lunar pyroclastic beads (green, orange and yellow) in 
Apollo regolith samples, we have identified new phases 
derived from volcanic condensates, including a zinc 
chlorohydroxosulfate mineral and a Na-K-sulfate on or-
ange beads in Apollo 74220 [4,5] and possible Zn-S de-
posits on green beads in Apollo 15366 [6]. Here, we pre-
sent the discovery of nano-sized zinc sulfide (ZnS) con-
densate on the pristine surface of a yellow bead frag-
ment from Apollo sample 15426 (Figs. 1-4) and discuss 
its origin and significance for lunar science research. 
We characterized its composition, structure and texture 
using field-emission scanning electron microscope 
(SEM) with low-voltage X-ray energy-dispersive spec-
troscopy (EDS) and electron back-scatter diffraction 
(EBSD). 

Occurrence, chemistry, and crystallography: We 
observed that a thin layer of zinc sulfide (ZnS) nano-
crystals fully covers the surface of a yellow bead frag-
ment, over both the darker and brighter regions (Figs. 1-
4). Native iron is scattered on the surface at nanoscales, 
underneath the ZnS layer. Dendritic pyroxene, chro-
mite, and olivine, which are common on the orange 
beads [4], are not found on this yellow bead. The zinc 
chlorohydroxosulfate mineral and Na-K-sulfate are also 
absent on this yellow bead fragment. 

The ZnS phase occurs as more-or-less spherical 
crystals, ~ 30 to 50 nm in diameter (Fig. 4). Its compo-
sition by SEM-EDS at low-voltages gives rise to a for-
mula of ~ZnS.  

We have attempted EBSD but were unable to ac-
quire structural information on the ZnS due to its small 
size. This ZnS phase with a spherical shape does not 
show any hexagonal feature so it is most likely sphaler-
ite with a cubic structure. ZnS with a hexagonal struc-
ture is wurtzite. 

Fig. 1. Backscatter electron (BSE) image showing 
the surface of a yellow bead fragment from Apollo 
15426. Rectangle outlines region shown in Fig. 2. 

Fig. 2. Enlarged BSE image showing a layer of ZnS 
nanocrystals on the bead surface. Rectangle outlines 
region shown in Fig. 3 

Fig. 3. Further enlarged BSE image showing a layer
of ZnS nanocrystals on the bead surface. 
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The interior of this yellow bead contains 4.8 wt.% 
TiO2, in contrast to <0.5 wt.% TiO2 in Apollo 15 green 
glass beads from the same Apollo sample. Apollo 15 
yellow beads fall in the low-Ti basalt classification of 
lunar mare basalts. In comparison with vapor conden-
sates on other beads, our measurements of yellow beads 
are still in progress. In addition to this yellow bead frag-
ment, we have studied one more yellow bead, which 
does not contain ZnS nanocrystals. Additional studies 
are planned to determine the frequency of its occur-
rence. 

The spherical ZnS nanocrystal on the yellow bead 
fragment is absent on Apollo 15 green beads (Fig. 5). 
Rather the Zn-S deposit, with a molar Zn/S ≈ 1, on 
Apollo 15366 green beads [6] is more angular. [6] esti-
mated the grain sizes are also <50 nm but cannot con-
firm the presence of Zn-sulfide crystals. A previous 
study of a green bead from Apollo 15 soil 15401 also 
reported Zn-S materials of similar size but irregular 
shape [7]. 

Such ZnS nanocrystals have not been observed on 
the surface of lunar Apollo 74220 orange beads [4-5]. 
Rather, on the orange beads, Zn was deposited as metal-
lic Zn with small amounts of metallic Na or Na2S or 
NaCl, and ZnS or ZnCl2 [4]. Where it is present, we ob-
served that (Na,K)2S was deposited before the Zn metal 
[5]. 

Origin and significance: This ZnS phase is direct 
evidence of condensation from vapors during the vol-
canic eruption that formed the yellow and green beads 
on the Moon. Such a finding is consistent with the ther-
mochemical modeling in [8], suggesting the volcanic 
gases in these eruptions may have similar properties as 
those used in [8]. However, the vapor deposits on or-
ange beads differ from the model in [8] or those formed 
in experiments in [9]. Based on the superposition rela-
tionship of the condensates, we proposed that S in vol-
canic gas of the orange bead eruption was depleted by 
the formation of (Na,K)2S [5]. Additionally, current 
model [8] and starting gas compositions in [9] did not 
include Na and K and overestimated Cl(g). 

The different vapor condensates between green, yel-
low, and orange beads could reflect some fundamental 
differences in their gas properties. Although Na-K con-
densates are yet to be located on green beads, in-gassing 
of Na, K, Cu and Zn is present for both green and orange 
beads [10-11]. Potential causes could be gas pressure 
and gas chemistry between different eruptions. Further 
studies will help to distinguish different causes. Our on-
going nanomineralogy investigation of lunar samples 
has revealed exciting discoveries. These studies to-
gether with recent discoveries of in-gassing of moder-
ately volatile elements (Na, K, Zn, Cu) [10,11] are re-
shaping our understanding of the lunar volcanic gas. We 
are going to examine more Apollo samples. 
 

References: [1] Ma C. (2008) Eos Trans. AGU 89th, 
Abstract MR12A-01. [2] Ma C. (2015) Microscopy and 
Microanalysis, 21(S3), 2353-2354. [3] Ma C. (2018) 
American Mineralogist, 103, 1521-1522. [4] Ma C. and 
Liu Y. (2019) American Mineralogist, 104, 447-452. [5] 
Liu Y. and Ma C. (2022) Icarus, 382, 115044. [6] Liu 
Y. et al. (2020) 51st Lunar and Planetary Science Con-
ference, Abstract 1166. [7] Ross D. K. et al. (2011) 42nd 
Lunar and Planetary Science Conference, Abstract 
2203. [8] Renggli C. J. et al. (2017) Geochimica et Cos-
mochimica Acta, 206, 296-311. [9] Renggli C. J. and 
Klemme S. (2021) Journal of Geophysical Research: 
Planets, 126, e2020JE006609. [10] Su X. et al. (2022) 
AGU Fall Meeting, Abstract P45A-07. [11] Su X. et al. 
(2023) Earth and Planetary Science Letters, 602, 
117924. 
 
 

 

Fig. 4. High-magnification BSE image showing ZnS
nanocrystals on the surface of the yellow bead. 

Fig. 5.  BSE image showing the surface of a green bead 
from the same Apollo sample 15426. ZnS nanocrystals 
are not observed here. 
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