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   Introduction: Irradiation is a fundamentally 
important yet poorly understood space weathering 
process.  Amorphous rims are observed on the outer 
surfaces of IDPs [1, 2].  The rims result from 104-105 
year exposure of the grains to the solar wind. The 
surfaces of lunar soil grains recently exposed to the 
solar wind are also amorphized to a depth of a few 
hundred Angstroms [3, 4]. In addition to 
amorphization, irradiation produces compositional 
changes in minerals [1, 5, 6].  The most pronounced 
effects are changes in the relative abundances of 
cations and in-situ reduction of Fe2+ to metallic Fe [6, 
7].  The loss of cations can manifest itself as super-
stoichiometry of oxygen relative to the remaining 
cations, even though O/Si remains relatively constant 
(Fig. 1).  However, it is clear from the literature that 
irradiation-induced change in mineral composition 
depends on multiple variables like the species of the 
incident ion (e.g. H+ or He+), their energy, fluence, 
and the nature of the target mineral. 
 
 

  
Figure 1:  X-ray energy-dispersive spectra 
comparing the composition of an enstatite crystal in 
a thin-section of IDP U222B42 (black trace) with 
that of an amorphous irradiated rim on its surface 
(red trace). O/Si ratio remains relatively constant, 
Mg/Si (and Ca/Si) become depleted, and Al/Si 
enriched.  (C is from epoxy and carbon substrate). 
 
We are examining the surfaces of irradiated grains in 
IDPs and we are conducting new irradiation 
experiments. Our goals are to (a) measure the 
response of the Mg, Al, Ca and Ti to irradiation.  (b) 
compare the effects of H and He irradiation on 
composition, (d) determine how the compositions of 
different minerals respond to irradiation, and (e) gain 
new insight about the origin and mechanism of 
formation of GEMS. 

   Results: We measured the cation compositions of 
the irradiated amorphous rims and compared them 
with those of the unirradiated mineral substrates for 
olivine, pyroxene and anorthite in IDPs, lunar soil 
grains and 1 keV H+ and 4 keV He+ irradiated 
standards [7]. In pyroxenes, Mg/Si and Ca/Si 
decrease and Al/Si and Ti/Si increase in the irradiated 
rims (see also Fig. 1).  In olivine, the major effect is 
also a decrease in Mg/Si. By contrast, in feldspar 
(anorthite), Al/Si and Ca/Si increase in the irradiated 
rims. (In quartz, there is no change in the relative 
abundances of Si and O between rims and substrate). 
   We compared our results with those of Keller & 
MacKay [6] who collected a much larger data set of 
analyses from rims on lunar pyroxene and anorthite 
grains (see Fig. 2). Their compositional are generally 
similar to ours. Mg/Si and Ca/Si decrease while Al/Si 
and Ti/Si increase in the rims on lunar pyroxenes. In 
lunar anorthite, Al and Ca decrease. (In lunar 
cristobalite, sputtering appears to be isochemical in 
that there is no change in O/Si.) In contrast to 
crystalline minerals, lunar silicate glasses appear to 
exhibit pseudo-isochemical sputtering behavior 
regardless of their compositions [6].  
   We have recently completed a suite of new 
irradiations on polished sections of diopside, Ca-
pyroxene, olivine and anorthite using 5 keV H2

+ and 
He+ ions. The fluences were ~1.1019 H+/cm2 and 
7.5.1018 He+/cm2. Electron transparent cross sections 
of the irradiated surfaces will be prepared using the 
standard (FIB) lift-out technique. The <100 nm thick 
sections will be examined using 200 keV analytical 
transmission electron microscopes. The analytical 
results will be compared with the results in Figures 1 
and 2. 
   Discussion:  The similarities in cation enrichments 
and depletions in the rims on IDPs, lunar soil grains 
and H+/He+ irradiated minerals confirm that 
irradiation is an important amorphizing process 
acting on finely-divided particulate extraterrestrial 
materials.  However, the process is complex. Recoil 
mixing of elements sputter deposited from other 
grains and other phenomena like impact vapor 
deposition may also contribute to changes in the 
compositions of rims. Rims on lunar soil grains, IDPs 
and some of the laboratory irradiated minerals 
typically contain at least some minor amounts of 
elements that are not indigenous to their host 
substrate. Mixing can be a significant complication 
particularly with respect to quantification of minor 
and trace element abundances. 
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   One of the goals of this research is to clarify the 
mechanism(s) of formation of GEMS.  Bradley [8] 
proposed that GEMS formed by irradiation. 
Rietmeijer [9] proposed that they formed by flash 
heating, and Keller and Messenger [10] proposed that 
they formed by non-equilibrium vapor phase 
condensation or shock melting. Element abundances 
in GEMS may hold the key to identifying the most 
likely mechanism(s) of formation.  In most GEMS 
Mg, Al, Ca and Ti are carried in the amorphous 
silicate matrices, as they are in the amorphous rims 
on irradiated olivine and pyroxene grains.  This study 
shows that irradiation segregates Al and Ti from Mg 
and Ca, i.e. Mg and Ca become depleted while Al 
and Ti become enriched in olivine or pyroxenes 
(Figs. 1 & 2).  Our observations of occasional relict 
forsterite and enstatite support the hypothesis that 
these minerals are viable precursors of the amorphous 
silicate matrices of GEMS. The pronounced 
segregation of Mg, Al, Ca and Ti by irradiation is 
surprising and we do not expect them to segregate to 
the same extent during flash heating/shock melting or 
non-equilibrium condensation. In GEMS, Mg and Ca 
are depleted, Al may or may not be enriched, and Ti 
has not yet been quantitatively measured. Statistics in 
the existing data bases on GEMS are insufficient to 
draw firm conclusions about the abundances of Al 
and Ti.  Measuring Ti in GEMS is particularly 
challenging because of its low abundance (<0.5 wt. 
%) and overlap of Ti-Kα and Feesc peaks. Our current 
focus is to obtain better statistics on Al and Ti 
abundances in individual GEMS by acquiring high 
energy-resolution x-ray spectra (ideally 130 eV or 
better on Mn-Kα) with >1000X higher signal-to-
noise by exploiting recent advances in energy-
dispersive x-ray designs for TEMS. 
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Figure 2:  Fractionation factors for Al, Mg, Ca, Ti 
and O in rims and substrates for anorthite, pyroxene 
and olivine in IDPs, lunar soil grains and H+/He+ 
irradiated standards (exp.). Literature data from [6]. 
Fractionation factor is defined as (X/Si)irradiated 

rim/(X/Si)unirradiated substrate with X the content of Al, Mg, 
Ca, Ti and O.  
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