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Introduction: Soil grains on the surfaces of airless
bodies are continually modified by micrometeorite
impacts and energetic particles from the solar wind, a
process that is collectively known as space weathering
[1]. Such interactions result in changes to the micro-
structural and chemical characteristics of the grains and
thus, their optical properties. Grain properties were
studied in lunar soils returned by the Apollo missions
and in samples recently returned from near-Earth aster-
oid Itokawa by the Hayabusa mission, e.g., [2-5].

To understand the formation of space weathering
features in returned samples, experiments simulating
solar wind irradiation and micrometeorite impacts have
been performed on a variety of target materials, e.g.,
[6-8]. These experiments have provided insight into the
development of space weathering characteristics in
grains on airless body surfaces. However, such in-
vesitgations are static. Data (images, structural, and
chemical information) were collected before and after
the simulated weathering process, not throughout. Here
we present a new methodology for simulating micro-
meteorite impact events, through dynamic heating ex-
periments inside the transmission electron microscope
(TEM). These in situ experiments enable the direct
observation of chemical and structural changes result-
ing from simulated micrometeorite impacts in real-
time.

Samples and Methods: Grains of mature lunar soil
79221 were suspended in methanol and the fine-size
fraction was extracted and drop cast onto carbon-
coated grids and SiN thermal e-chips for analysis in the
TEM. We employed two different methodologies for
simulating micrometeorite impacts.

In the first method, we heated the samples incre-
mentally on carbon-coated grids using a Gatan slow-
heating stage inside the FEI Titan environmental TEM
(ETEM) at Arizona State University. We heated the
grains from room temperature to ~1000 °C over the
course of 15 minutes. We collected bright-field TEM
(BF) images of the material at roughly 150 °C incre-
ments over the course of the experiment. We also per-
formed energy-dispersive x-ray spectroscopy (EDS)
mapping of the samples before and after heating.

In the second method, we thermally-shocked sam-
ples on specialized Hitachi SiN chips to ~1000 °C in
<1 second inside the Hitachi HF3300 TEM at the Uni-
versity of Toronto. The HF3300 is equipped with

bright-field (BF), dark-field (DF), and secondary elec-
tron (SE) detctors, a silicon-drift EDS detector, and a
Gatan GIF Quantum electron energy-loss spectrometer
(EELS). We recorded video of the heating experi-
ments, and collected BF, high-angle annular dark-field
(HAADF), and SE images, as well as EDS maps of the
grains before and after heating. We also acquired
EELS spectra of several Fe nanoparticles that formed
during heating. Spectra were acquired with a dispersion
of 0.25 eV/channel and dwell times between 1.0 to 2.0
s/px to determine the oxidation state of Fe in the nano-
particles. We subjected some of the samples to multi-
ple heating events, repeatedly thermally shocking them
to ~1000 °C in <1 s as many as eight times. We rec-
orded video throughout each heating interval, and im-
aged and collected EDS maps of the grains after the
final thermal event.

Results and Discussion: We monitored individual
grains throughout each experiment. We describe the
results from several experiments below.

Slow-heating Experiments: Figure 1a shows a grain
with a pyroxene composition from lunar soil sample
79221. It measures 1.5 pm in size and contains local-
ized Fe nanoparticles (npFe) <50 nm in size. Between
room temperature and 575 °C, we did not observe any
changes within the grain. At 575 °C, we observed the
formation of new npFe in the grain, and an increase in
the sizes of those that were present prior to heating.
Nanoparticles continued to form and grow larger, up to
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Figure 1: BF STEM images of the grain heated at four dif-
ferent temperatures, a) 250 °C, b) 575 °C, c) 700 °C, and d)
900 °C. The red arrow in panel b) indicates a newly formed
npFe particle.
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70 nm, during heating to ~1000 °C (Fig. 1b,c,d). EDS
mapping shows the nanoparticles are composed of Fe.

Single Thermal-Shock Experiments: During rapid
heating, we observed the formation of high densities of
nanoparticles, both on the grain surfaces and in grain
interiors (Fig. 2). The nanoparticles exhibit both spher-
ical and euhedral shapes and EDS mapping revealed
that they are composed of Fe (Fig. 2), suggesting they
are analogous to npFe particles observed in naturally
space weathered lunar and asteroidal soils. The nano-
particles range in size from ~5 nm to 47 nm in diame-
ter, with the majority of the npFe measuring <20 nm in
size. We also identified elliptical features that devel-
oped in the agglutinitic grains as a result of heating that
have low contrast in HAADF imaging, and high con-
trast in BF imaging. These features are correlated to
surface textural changes in the SE images, consistent
with vesicles that have formed during the heating
event.
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Figure 2: Images of the grain before heating and after heat-
ing, respectively, in, a,b) HAADF, c,d) SE. e,f) Fe and O
EDS maps from the region outlined in the red box in d).

Repeated Thermal-Shock Experiments: After sub-
jecting several grains to multiple thermal shocks, the
average size of the npFe particles increases, ranging
from 12 nm to 56 nm in diameter. However, the total
number of inidivudal nanoparticles decreased between
the first and last thermal events.

EELS spectra were collected for npFe protruding
from the surface of the host grain, enabling measure-
ment of their oxidation state independent from thick-
ness effects or contributions from Fe in the matrix (Fig.
3). EELS measurements indicate that at least a portion
of the nanoparticles are composed of Fe®.

Implications for Space Weathering: These experi-
ments produce features in lunar soil that are consistent
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with those resulting from space-weathering processes
occurring on airless bodies. The npFe formed within
these heating experiments is similar in size, shape, dis-
tribution, and oxidation state to those identified in lu-
nar soils [2]. The vesicles are similar in shape and size
to those identified in samples from Itokawa [9].

There are several hypotheses for the formation of
npFe, which include the reduction of Fe?* in the glassy
matrix by H implanted by solar wind irradiation, via
the following reaction:

1) FeOg) + 2H - Fegs) + HaO@n)
Reaction (1) may be favored at high temperatures
during micrometeorite impacts. Our experiments were
conducted at vacuum, similar to the lunar surface [11]
and suggest that the minimum temperature required for
npFe formation, if this reaction is viable, is 575°C.
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Figure 3: EELS spectra showing the measured nanoparticle
in orange, and the simulated fit in blue, from a linear-least
squares fitting routine [10]. Residuals shown in black dashed
line. This nanoparticle is composed of 100% Fe°.

Reaction path (1) is supported by the development
of vesiculated textures in the grains, features which are
hypothesized to be the product solely of solar-wind
implantation [9]. Vesiculated textures are rare in ma-
ture lunar soils, however, which have experienced sig-
nificant irradiation. As such, our work suggests that
vesicle formation may require a heating event in the
adjacent soil, not only irradiation, to drive the rapid
degassing of implanted solar wind H, He, or water
(produced by the reaction above) to coalesce into vesi-
cles.
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