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Abstract Without the protection of the atmosphere, the soils on lunar surfaces undergo a series of optical,
physical, and chemical changes during micrometeorite bombardment. To simulate the micrometeorite
bombardment process and analyze the impact characteristics, four types of rocks, including terrestrial basalt
and anorthosite supposed to represent lunar rock, an H-type chondrite (the Huaxi ordinary chondrite), and an
iron meteorite (the Gebel Kamil iron meteorite) supposed to represent micrometeorite impactors, are
irradiated by a nanosecond pulse laser in a high vacuum chamber. Based on laser irradiation experiments, the
laser pits are found to be of different shapes and sizes which vary with the rock type. Many melt and vapor
deposits are found on the mineral surfaces of all the samples, and nanophase iron (npFe) or Fe-Ni alloy
particles are typically distributed on the surfaces of ilmenite, kamacite, or other minerals near kamacite. By
analyzing the focused ion beam ultrathin slices of laser pits with a transmission electron microscope, the
results show that the subsurface structures can be divided into three classes and that npFe can be easily
found in Fe-bearing minerals. These differences in impact characteristics will help determine the source
material of npFe and infer the type of micrometeorite impactors. During micrometeorite bombardment, in
the mare regions, the npFe are probably produced simultaneously from lunar basalt and micrometeorites
with iron-rich minerals, while the npFe in the highlands regions mainly come from micrometeorites.

Plain Language Summary Micrometeorite bombardment of the surfaces of planetary bodies
without the protection of atmosphere is a common phenomenon that changes the physical and chemical
properties of soils exposed on the airless lunar surface. To understand the micrometeorite bombardment
process and analyze systematically the impact characteristics, we designed a pulsed laser irradiation
experiment which could simulate the micrometeorite bombardment. The results show that the subsurface
structures of minerals irradiated by a pulsed laser can be divided into three classes and that nanophase iron
inclusions can be easily found in Fe-bearing minerals. Characteristics of subsurface structure and inclusions
are related to rock type and mineral composition. So these differences in impact characteristics will help
determine the source material of nanophase iron and infer the type of micrometeorite impactors. During
micrometeorite bombardment, in the mare regions, nanophase iron are probably produced simultaneously
from lunar basalt and micrometeorites with iron-rich minerals, while the nanophase iron in the highland
regions mainly come from micrometeorites.

1. Introduction

Micrometeorite bombardment is one of the most important processes of space weathering on the Moon
(Hapke, 2001; Pieters & Noble, 2016). Without the protection of the atmosphere, the Moon has suffered
serious micrometeorite bombardment since it was formed 4.5 Gy ago, which has resulted in significant
changes in chemistry, mineralogy, microstructure, and morphology of the surface material (Chapman,
2004; Clark et al., 2002; Dobrica & Ogliore, 2016; Hapke, 2001; Keller & McKay, 1993, 1997). These studies of
the micrometeorite bombardment process and its consequences will improve understanding of the evolu-
tion of the lunar surface and lunar remote sensing data (Fassett & Minton, 2013).

Until recent years, the investigation of space weathering on the Moon was still mostly based on the samples
returned from the Apollo missions and several lunar meteorites (Bernatowicz et al., 1994; Bibring et al., 1972;
Hapke et al., 1975; Keller & McKay, 1993; Noble et al., 2005, 2010; Pieters et al., 2000; Taylor et al., 2001). It is
widely accepted that the majority of space weathering effects in samples are caused by solar wind
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implantation and micrometeorite bombardment (Fassett & Minton, 2013; Hapke, 2001; Pieters & Noble,
2016). For lunar soil grains, both of the processes can alter their chemistry, mineralogy, microstructure,
and morphology, such as the production of nanophase Fe (npFe) and the formation of amorphous rims
in the grain surface layers. The npFe can be produced as inclusions in the amorphous rims or the agglutinate
glass through vapor deposition or melting (Keller & McKay, 1997; Thompson et al., 2016). The amorphous
rims can be formed through crystal structure breakdown as a result of solar wind irradiation (Bradley,
1994; Keller & McKay, 1997; Li et al., 2013). They can also be formed through the recondensation of the
target (lunar rocks) and impactor material (micrometeorites, themselves) on grain surfaces by micrometeor-
ite bombardment. Differences in chemical composition can help to differentiate between solar wind
irradiation and vapor deposited rims (Keller & McKay, 1997; Noguchi et al., 2014; Thompson et al., 2014).
To investigate the effects of simulated micrometeorite bombardment on samples with different composi-
tions, the impact characteristics of related rocks and impactors after micrometeorite bombardment need
to be studied.

Laser irradiation experiments have been used widely in the community to simulate micrometeorite impact
space weathering processes. Bombarding the samples with high-velocity particles is the most direct and
effective method to simulate the micrometeorite bombardment, while high-velocity impact experiments
at a speed of more than 10 km/s could hardly produce enough number of dust impacts (Yamada et al.,
1999). The use of a pulsed laser to simulate the micrometeorite bombardment was reported in the 1990s.
Moroz et al. (1996) and Wasson et al. (1998) irradiated ordinary chondrites, olivine grains, clinopyroxene
grains, olivine-clinopyroxene mixture, and HED meteorites with microsecond pulse lasers to study their spec-
tral changes. To better simulate the impact timescale, Sasaki et al. (2001, 2002) used a nanosecond pulse laser
to simulate the micrometeorite bombardment processes. In Sasaki’s experiment, olivine grains and pyroxene
grains were irradiated by a pulsed laser beam with a wavelength of 1,064 nm under a vacuum of
(1–2) × 10�5 torr. The pulse duration was 6–8 ns, which reached the timescale of micrometeorite bombard-
ment (Yamada et al., 1999). In the irradiated samples from Sasaki et al. (2001) npFe grains were observed, and
spectral changes were obvious after pulsed laser irradiation. Then, Brunetto et al. (2006) simulated the effects
of micrometeorite bombardment on minor bodies of the solar system using a nanosecond pulse UV excimer
laser at two different wavelengths, 193 and 248 nm. In addition, Loeffler et al. (2008) simulated the microme-
teorite bombardment process using a pulsed laser at ultrahigh vacuum (UHV) and discussed the effect of
redeposition of impact ejecta on the spectral properties. In previous studies, the simulation of micrometeor-
ite bombardment is mainly focused on the discussion of spectral changes (Matsuoka et al., 2015; Noble
et al., 2011).

Coupling spectral analyses and microstructural characterization is a powerful way to understand the effects
of micrometeorite bombardment (Gillis-Davis et al., 2017; Loeffler et al., 2016). But the impact characteristics
of different rocks are not analyzed systematically and related to the micrometeorite bombardment process.
In this study, four types of samples are irradiated by a nanosecond pulse laser in a UHV chamber, and their
impact characteristics are analyzed.

2. Experiment
2.1. Experimental Configuration

The base pressure of the ion-pumped high vacuum chamber for the laser irradiation experiments is greater
than 5 × 10�6 Pa, and the high vacuum chamber is a part of the UHV surface analysis system located in the
Center for Lunar and Planetary Sciences, Institute of Geochemistry, Chinese Academy of Sciences. A 6 ns
pulsed laser at a wavelength of 532 nm from a YAG laser was used to irradiate the target 10 times at a fixed
point with a laser frequency of 1 Hz. Before the laser beam irradiated the targets, it passed through a fused-
silica window, which was measured to have 90% transmittance at 532 nm. The laser beam, with a diameter of
500 μm, struck the target vertically with an energy per pulse of 200 mJ. In this case, the energy density that
strikes the target reaches 103 mJ/mm2, and the power density is above 1010 W/cm2 where there are melting,
evaporation, and ion formation processes (Kissel & Krueger, 1987; Yamada et al., 1999).

After irradiation, the chamber was opened, and the samples were analyzed using a focused ion beam scan-
ning electron microscope (FIB-SEM) and a transmission electron microscope (TEM). The SEM and energy-
dispersive X-ray spectrometer (EDS) mounted in the SEM were used to measure the morphology and
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composition of the samples, respectively. To observe the microstructure of the subsurface layer of samples
with the TEM, the FIB-SEM system was used to prepare slices (Figures 1a and 1b).

2.2. Samples

Basalt and anorthosite are the two main rock types on the Moon. They are distributed in the lunar mare and
lunar highlands, respectively. To determine the impact characteristics of lunar rock, terrestrial basalt and
anorthosite are chosen to be the first two samples in the experiment. In addition, the Huaxi ordinary chon-
drite and the Gebel Kamil iron meteorite are also chosen to represent stony micrometeorite and iron micro-
meteorite, respectively. All the samples were polished with 10,000 mesh diamondmicropowder before being
irradiated with the pulsed laser.

3. Results and Analysis
3.1. Laser Pits

After irradiation by the pulsed laser, the laser pits in these rocks show different shapes and sizes (Figure 2).
With the 500 μm spot size of the laser beam irradiation, the laser pits sizes range from 0.5 mm to more than
1 mm. Relative to the round shape of the laser pits in anorthosite and the Gebel Kamil iron meteorite
(Figures 2b and 2d), those in basalt and Huaxi ordinary chondrite are irregular (Figures 2a and 2c).
Anorthosite and the Gebel Kamil iron meteorite show round-shaped pits for their single mineral composition.
However, the depths and surface roughness of laser pits are considerably different between these two rocks.
Basalt and Huaxi ordinary chondrite, which have complex mineral compositions, both show irregular pit
shapes. For basalt and Huaxi ordinary chondrite, plagioclase, pyroxene, and olivine have rough surface
morphologies (Figures 3a–3c). In Figure 3b, the ilmenite in basalt surface is still flat and contains cracks
and small holes. However, the kamacite in Huaxi ordinary chondrite displays ripples on a flat surface, which
is similar to the surface morphology of the pit in the Gebel Kamil iron meteorite (Figures 3c and 3d).

3.2. Melt and Vapor Deposits

The melt and vapor deposits are produced in the irradiation process by the melting and vaporization of the
surface of the irradiation targets. A large quantity of melt and vapor deposits is found on the mineral surface
in each sample. Most of the melt and vapor deposits are spherical with diameters ranging from several nan-
ometers to hundreds of nanometers (Figure 4). However, there are certain differences in their chemical com-
positions. For basalt, EDS analyses indicate that the melt and vapor deposits on the surfaces of olivine,
pyroxene, and plagioclase are mainly silicates and aluminosilicates (Figure 4a). The melt and vapor deposits
are mainly npFe particles on the surface of ilmenite (Figure 4b). For anorthosite, the melt and vapor deposits
are relatively simple, and their chemical composition is primarily aluminosilicate. Silicate and aluminosilicate
spherical particles are mainly distributed on the surfaces of olivine, pyroxene, and plagioclase in Huaxi ordin-
ary chondrites, which are the same as in basalt. On the surface of kamacite, the melt and vapor deposits are
mainly npFe or Fe-Ni alloys, which are similar to those in the Gebel Kamil iron meteorite. Near the kamacite,
there are also some npFe or Fe-Ni alloy particles on the surfaces of olivine and pyroxene. These nanophase

Figure 1. (a) Secondary electron (SE) image of the location of the FIB slice in the basalt bombarded by pulsed laser. (b)
Backscattered electron (BSE) image of FIB ultrathin slice.
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Figure 2. SE images of the laser pits of different rocks, produced by pulsed laser bombardment. (a) Basalt. (b) Anorthosite.
(c) Huaxi ordinary chondrite. (d) Gebel Kamil iron meteorite.

Figure 3. SE images of surfacemorphologies of different minerals after being bombarded by a pulsed laser. (a, b) Images of
the pit of basalt. (c, d) Images of the pits of Huaxi ordinary chondrite and the Gebel Kamil iron meteorite, respectively. In the
images, ol is olivine, pl is plagioclase, ilm is ilmenite, and pyx is pyroxene.
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Figure 4. (a) SE image of silicate and aluminosilicate particles on the silicate mineral surface in basalt. (b) BSE image of npFe on the ilmenite surface in basalt. (c) BSE
image of nanophase metal particles on the surface of pyroxene near to kamacite (white region on the left) in Huaxi ordinary chondrite. (d) BSE image of uniform
distribution of nanophasemetal particles in Figure 4c. (e) BSE image of nanophasemetal particles on the surface of olivine near kamacite (white region on the top) in
Huaxi ordinary chondrite. (f) BSE image of nanophase metal particles concentrated at the edges of ripple-shaped ridges in Figure 4d. (g) SE image of ripple-shaped
ridges and nanophase metal particles on kamacite surface in Gebel Kamil iron meteorite. (h) SE image of nanophase metal particles distributed at the edges of ripple-
shaped ridges in Figure 4g.
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metal particles are distributed uniformly on the surface of pyroxene, and their particle sizes tend to decrease
from the nearside kamacite to the farside (Figures 4c and 4d). On the contrary, the nanophase metal particles
are distributed nonuniformly on the surface of the olivine. They are concentrated at the edges of ripple-
shaped ridges (Figures 4e and 4f) which is consistent with Loeffler et al. (2016) studies. For the Gebel Kamil
iron meteorite, the characteristics of melt and vapor deposits are similar to those of kamacite in Huaxi ordin-
ary chondrite (Figures 4g and 4h).

3.3. TEM Analysis of the Irradiated Samples

To analyze the subsurface structures of the laser pits, we extracted thin sections with the FIB for analysis in the
TEM. The results show that the subsurface structures can be divided into three classes. The first is a three-layer
structure: a completely amorphous layer embedded with a few npFe particles in which there is a diffraction
characteristic of complete amorphization, a partially amorphous layer embedded with many npFe particles in
which there is a diffraction characteristic of polycrystalline ring pattern, and the irradiated target. The second
class is a four-layer structure, in which there is an extra vapor-deposited layer on the outermost surface com-
pared to the first class. The last is a two-layer structure in which only an amorphous layer covers the
irradiated target.

All the subsurface structures of the four main minerals in basalt are three-layer structures (Figure 5). The
amorphous layers are 100–200 nm in total thickness. For comparison of these different amorphous layers
of the four minerals, the characteristics of inclusions are shown to distinguish the differences. In olivine, many
inclusions are found in each of the two amorphous layers (Figure 5a), and their sizes range from several nan-
ometers to 10 nm. With high-resolution transmission electron microscopy (HRTEM), the interplanar spacing
of the inclusions is measured in the high-resolution image as 0.204 nm (Figures 5b and 5c). This value is con-
sistent with the interplanar spacing of (101) in α-Fe of 0.203 nm (Thompson et al., 2015).

In pyroxene (Figure 5d), the inclusions are identified with high-resolution images according to their interpla-
nar spacing (Figures 5e and 5f). The results show that the inclusions are mainly npFe. The content of npFe is
relatively lower than that in olivine, which is compatible with Yamada et al. (1999) studies, and the diameters
of npFe are usually less than 10 nm. These npFe aremainly concentrated in the partially amorphous layer, and
a small amount of them are distributed in the completely amorphous layer.

Although the three-layer structure is also formed in plagioclase, there is no npFe in the amorphous layers for
there is not an iron element in plagioclase (Figure 5g). In ilmenite (Figure 5h), npFe are also identified by their
interplanar spacing (Figure 5i), and they are distributed almost exclusively in the partially amorphous layer,
whose maximum size can reach 200 nm (Figure 5h). Some of them are sufficiently large to break through
the completely amorphous layer and expose on the outer surface.

The subsurface structures of minerals in Huaxi ordinary chondrite can be classified into four-layer and two-
layer structures. The subsurface structure of kamacite exhibits a two-layer structure in which an amorphous
layer overlays the substrate (Figure 6a). Although many inclusions are also found in the amorphous layer,
their distribution is different from that in basalt. Those of silicate minerals which are dozens of microns away
from kamacite usually have a four-layer structure (Figures 6b and 6c), in which many npFe, identified by the
interplanar spacing, are observed in the outer three layers (Figures 6d and 6e). However, silicate minerals near
kamacite show a two-layer structure in which a vapor-deposited layer covers the substrate (Figure 6f) which is
consistent with Loeffler et al. (2016) studies. In this layer, npFe of several nanometers to hundreds of
nanometers are also identified by their interplanar spacing (Figures 6g and 6h). The amorphous layer in
the four-layer structure of silicate minerals has the same characteristics as those in basalt. The total thickness
of the amorphous layer is 150 nm, and many npFe several nanometers in size are embedded in the amor-
phous layer. The formation mechanism of these layers is similar to that in basalt.

Outside the interface, there is a region without any inclusion, and npFe or Fe-Ni are concentrated in the top-
most layer, which is different from the irradiated target in chemical composition by EDS analyses and shows
detectable vapor characteristics. The subsurface structures of olivine far from and near kamacite in Huaxi
ordinary chondrite are shown in Figures 6c and 6f, respectively. Each of them has a clear interface between
the vapor-deposited layer and the underlying layers. Relative to the olivine far from kamacite, the subsurface
structures of those near kamacite in Huaxi ordinary chondrite exhibit a two-layer structure rather than amor-
phous layers (Figure 6f).
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For the interplanar spacing of (101) in α-(Fe, Ni) is also 0.203 nm, it is difficult to distinguish between α-Fe
and α-(Fe, Ni) only through their interplanar spacing. To verify the source of those inclusions in Huaxi ordin-
ary chondrite, their chemical composition is mapped by EDS embedded in the TEM (Figure 7). Due to the
spatial resolution limitation of EDS, only two larger inclusions in the slice cut from pyroxene near kamacite
are analyzed. The large inclusions have relative high Ni content in addition to Fe (Figures 7b and 7c). The Ni
contents of inclusions A and B are 3.3 at. % and 1.7 at. %, respectively. This finding indicates that the inclu-
sions come from kamacite because the pyroxene contains little Ni and the kamacite contains a large amount
of Ni.

4. Discussion

Compared with the pyroxene and olivine in Huaxi ordinary chondrites, there are few npFe particles on the
surfaces of pyroxene and olivine in basalt. In addition, those npFe particles distributed on the surfaces of pyr-
oxene and olivine that originate from kamacite by vaporization. This mechanism is confirmed by the high
content of Ni in these nanophase metal particles and extremely low content of Ni in the substrate.
Furthermore, the presence of few npFe particles on the surfaces of pyroxene and olivine in basalt and

Figure 5. TEM and HRTEM images of minerals in basalt by pulsed laser bombardment. (a) Three-layer structure of olivine; black and gray round spots in amorphous
layers are npFe. (b) npFe in a completely amorphous layer of Figure 5a. (c) npFe in a partially amorphous layer of Figure 5a. (d) Three-layer structure of pyroxene.
(e) npFe in a completely amorphous layer of Figure 5d. (f) npFe in a partially amorphous layer of Figure 5d. (g) HRTEM images of plagioclase in basalt bombarded by
pulsed laser. It also shows a three-layer structure, but there is no inclusion in the amorphous layers. (h) Three-layer structure of ilmenite. Some of the npFe are
large enough to break through the completely amorphous layer and be exposed on the outer surface. There is no inclusion in the completely amorphous layer.
(i) npFe in the completely amorphous layer. The high-resolution TEM images show that the interplanar spacing of the inclusions is 0.203–0.206 nm, which is
consistent with the interplanar spacing of (101) in α-Fe of 0.203 nm.
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Figure 6. TEM and HRTEM images of minerals in Huaxi ordinary chondrites by pulsed laser bombardment. (a) Two-layer structure of kamacite. (b, c) Four-layer
structure of pyroxene and olivine far from kamacite, respectively. (d, e) npFe in the amorphous layer and vapor-deposited layer in Figure 6c, respectively. The top
left high-resolution image in Figure 6d and bottom right high-resolution image in Figure 6e show that the interplanar spacing of the inclusion is 0.203 nm and
0.204 nm, respectively. (f) Two-layer structure of olivine near to kamacite. (g, h) npFe in the amorphous layer and vapor-deposited layer in Figure 6f, respectively. The
top right high-resolution image in Figure 6g and top left high-resolution image in Figure 6h show that both of the interplanar spacing of the two inclusions are
0.204 nm. This is consistent with the interplanar spacing of (101) in α-Fe, which is 0.203 nm. Black and gray round spots in Figures 6a–6h are npFe or Fe-Ni.
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many in Huaxi ordinary chondrite also indicates that ilmenite is more difficult to vaporize than kamacite. The
reason may be that the metal bond in kamacite is weaker than the ionic bond in ilmenite.

In our work, the obvious difference with previous studies such as Christoffersen et al. (2016) is that the amor-
phous layer is divided into partially amorphous layer and completely amorphous layer which is similar to
Loeffler et al. (2016) studies. And the vapor-deposited layer only can be easily observed in some places, such as
the olivine and pyroxene near kamacite, and this layer, when present, is enriched in npFe or Fe-Ni (Figure 8a),
which is similar to Noble et al. (2011, 2016) studies (Figure 8b).

The three-layer structure is formed mainly from melting, subsequent quenching, and deposition of vapor.
Due to the remarkable difference in the propagation speed in the interface between the mineral surface
and the vacuum, most of the laser energy is converted to heat energy, which heats the mineral surface first.
The surface materials of a mineral are melted when the temperature is higher than their melting point.
Then, the subsurface materials are heated by heat conduction. Due to the loss of heat energy in

Figure 8. (a) TEM image of the subsurface structure in olivine far from kamacite by pulsed laser bombardment, which
shows that npFe or Fe-Ni is produced in the melt and vapor layer. (b) TEM image of the subsurface structure in olivine
by natural micrometeoroid impacts (Noble et al., 2016).

Figure 7. EDS mapping images of pyroxene near kamacite in Huaxi ordinary chondrite by pulsed laser bombardment. The large inclusions have relative high Ni
content.
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conduction, the temperature decreases from the mineral surface to
the interior. Therefore, it could be observed in the three-layer
structure that the outermost layer is melted completely and
quenched to glass and that the layer near the substrate is only par-
tially melted. The completely amorphous layers in pyroxene and
ilmenite are much thicker when compared to the layers observed
in olivine and plagioclase. This may be a result of higher melting
points for olivine and plagioclase than those for pyroxene and ilme-
nite (Table 1). This order results in deeper complete melting of the
subsurface material and the formation of a relatively thicker comple-
tely amorphous layer.

Comparing the content of npFe, the higher content in the partially amorphous layer indicates that npFe is
crystallized from the partial melt, which has a small temperature gradient. With a small temperature gradient,
npFe has enough time to nucleate and form nanoparticles from the partial melt, which is covered by the out-
ermost complete melt and cools down more slowly. In contrast, the outermost complete melt is directly
exposed to the vacuum and cools down too fast.

In addition to the temperature gradient, crystallization of npFe is also affected by the Fe content of the melt.
The higher the Fe content, the more npFe is crystallized. In the basalt, the olivine melt has the higher Fe con-
tent, and the Fe content is low in the plagioclase melt. Thus, there are more npFe in olivine and fewer of them
in plagioclase. However, it is not well understood why the ilmenite has relatively fewer npFe even though it
has the highest Fe content. The reason might be that the melting point of ilmenite is lower, which leads to a
longer crystallization time and the development of some npFe by combining many nearby small inclusions in
this period. Therefore, some large npFe are found in the amorphous layer, and it just appears that there are
fewer npFe in the partially amorphous layer. If npFe grains are large enough, they protrude above the outer
surface, which is consistent with Christoffersen et al. (1994, 1996) studies.

With the action of the shock wave, the melt with npFe is pushed outward, forming the ripple shape on the
surface of kamacite. In this process, the heavier npFe are left beneath the ridge of the ripple, and some of
them develop larger by combining many nearby small npFe.

For olivine near the kamacite, their surface is covered instantaneously with melt and vapor deposits from
kamacite; the heat effect of the pulsed laser occurs on these melt and vapor deposits, and there is little ther-
mal modification on the olivine surface that is near the kamacite. The heavier npFe condense lasts on the oli-
vine surface. For olivine far from kamacite, only the small particles can travel such a long distance. Therefore,
smaller and more concentrated npFe are observed in Figure 6c. In contrast, inclusions in the subsurface of
olivine near kamacite are distributed in a thicker layer, and some of them develop larger by gathering small
inclusions nearby (Figure 6f).

In the lunar mare regions, the concentration of npFe can reach 1.0 eq wt % (Morris, 1980), and basalt is the
major rock, which consists of olivine, pyroxene, plagioclase, and ilmenite. Based on the pulsed laser bombard-
ment experiment, large amounts of npFe can be produced in basalt. In olivine and pyroxene, npFe are distrib-
uted in the amorphous layers, and their sizes range from several nanometers to 10 nm. For ilmenite, the
maximum size of npFe can reach 200 nm, and some of them develop sufficiently large to expose on the sur-
face and are easily observed by SEM. Only in plagioclase is npFe not found. The findings presented here are
consistent with previous experiments and show Fe-bearing minerals in basalt that are important source
materials from which npFe is produced during the micrometeorite bombardment processes.

In natural micrometeoroid impacts, as impactors, most micrometeorites, including stony meteorite, iron
meteorites, and stony-iron meteorites, which contain iron-rich minerals, such as olivine, pyroxene, troilite,
and kamacite, are also some of themost important sourcematerials to produce npFe. Particularly in kamacite,
there are plenty of npFe melt and vapor deposits and npFe, whose sizes range from several nanometers to
hundreds of nanometers, and themore prominent difference is that they contain small amounts of Ni relative
to silicate minerals (Grant et al., 1973). Both lunar mare soils and micrometeorites can be the source of npFe.
Therefore, in the mare regions, the npFe is produced simultaneously from lunar basalt and micrometeorites
with iron-rich minerals during micrometeorite bombardment (Figures 8a and 8b).

Table 1
Melting Points and Densities of Main Minerals

Main mineral Melting point (°C) Density (g/cm3)

Olivine 1,250–1,890 3.27–4.37
Pyroxene 900–1,000 3.22–3.56
Plagioclase 1,215–1,550 2.61–2.76
Ilmenite 1,050 4.30–4.60
Kamacite 800–900 7.90

Note. The data in Table 1 are freely available at https://www.americanelements.
com/.

Journal of Geophysical Research: Planets 10.1002/2016JE005220

WU ET AL. SIMULATION OF MICROMETEORITE BOMBARDMENT 1965

https://www.americanelements.com/
https://www.americanelements.com/


In the lunar highlands regions, the concentration of npFe can reach 0.7 eq wt % (Morris, 1980), and the major
rock is anorthosite, which consists of plagioclase or anorthite. The experiment suggests that the presence of
npFe in the highlands regions could be a consequence of the micrometeorites themselves or minor phases
with iron minerals in soils. In the lunar sample, many npFe had been found in the anorthite surface rim of
10,084, although the amorphous rim without npFe had been found in 78,221 (Keller & McKay, 1997; Noble
et al., 2005). Thus, it can be inferred that the formation of npFe in the rim in 10084 is related to a microme-
teorite bombardment process with an impactor enriched iron-rich minerals, such as iron meteorite, H ordin-
ary chondrite, and E chondrite. The source of the npFe is the vaporization of kamacite in the impactor. This
inference is consistent with previous studies that showed that such npFe rims form largely through the con-
densation of impact-generated vapors deposition since their compositions are distinct from those of the host
grains and are a depositional feature of lunar grains (Keller & McKay, 1997; Noble et al., 2005). In addition, the
amorphous rim without npFe of anorthosite implies possibly a micrometeorite impactor with iron-poor
minerals. As described in the analysis in section 3, a large amount of npFeNi is formed in the vapor-deposited
layer of minerals near kamacite. Therefore, the amorphous rim without npFe in 78221 may be still formed by
iron-poor micrometeorite bombardment, although the rims show chemical evidence for preferential sputter-
ing of constituent cations and are an erosional feature of solar swind implantation (Keller & McKay, 1997;
Noble et al., 2005).

5. Conclusions

Micrometeorite bombardment of the surfaces of planetary bodies without the protection of atmosphere is a
common phenomenon that changes the physical and chemical properties of soils exposed on the airless
lunar surface. The differences of mineral compositions of the rocks determine the shapes and sizes of their
laser pits. On the surfaces of olivine, pyroxene, and plagioclase, there are many silicate and aluminosilicate
melt and vapor deposits. Furthermore, npFe or Fe-Ni alloy particles, with sizes ranging from several nan-
ometers to hundreds of nanometers, are distributed on the surfaces of ilmenite, kamacite, and other minerals
near kamacite.

The mineral subsurfaces of laser pits in basalt form a three-layer structure, including a completely amorphous
layer, a partially amorphous layer, and a substrate. Because the melting points of pyroxene and ilmenite are
lower than those of olivine and plagioclase, their partially amorphous layers are thinner than the completely
amorphous layers in pyroxene and ilmenite and in olivine and plagioclase; the two amorphous layers have
the same thickness. Due to the presence of a smaller temperature gradient and enough crystallization time
in the partially amorphous layer, the npFe are mainly concentrated in this layer. Due to their higher contents
of Fe, there are more npFe in olivine and pyroxene and fewer of them in plagioclase. In ilmenite, large iron
inclusions are formed in the amorphous layer because there is a longer crystallization time caused by the
lower melting point of ilmenite. The subsurface structure of kamacite in Huaxi ordinary chondrite includes
a substrate and an amorphous layer with a large amount of npFe or Fe-Ni alloy inclusions. Silicate minerals
of laser pits in Huaxi ordinary chondrite have outermost vapor-deposited layers containing many npFe that
come from kamacite.

These differences in impact characteristics are expected to help determine the source material of npFe and
infer the type of micrometeorite impactors bombarding the lunar soils. During micrometeorite bombard-
ment, the npFe in the mare regions is likely produced simultaneously from lunar basalt and micrometeorites
with iron-rich minerals, while the npFe in the highlands regions mainly come from micrometeorites.
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