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Abstract

The surface of Mercury is highly space weathered, and the products of space weathering are different than on the
Moon. Here we simulate the interaction of solar wind ions with the surface of Mercury by implanting low-iron-
bearing (~3 wt% Fe) olivine slices with 4 keV He™ ions both under ambient conditions and at 450 °C during the
irradiation. The sample irradiated under ambient conditions shows a ~140 nm thick partially amorphous layer on
top of the grain with high concentrations of bubbles and cavities. However, the sample irradiated at 450 °C has a
110-140 nm thick polycrystalline layer with 1-5 nm sized nanoparticles of metallic iron and no bubbles or
cavities. Mg atoms are preferentially sputtered from the ion-damaged layer present on the sample irradiated under
ambient conditions, but no difference in composition is seen between the crystalline olivine and the ion-damaged
layer in the sample irradiated at 450 °C. In addition, a thin amorphous film deposited on a micro-
electromechanical systems—based chip is heated up to 1200 °C in situ inside a transmission electron microscope
for a few milliseconds, and it produced nanoparticles of size 5-30 nm. Our results show that solar wind irradiation
of low-iron-bearing olivine in the equatorial regions of Mercury will produce nanoparticles of iron whose sizes
will be larger than that on the surface of the Moon and that the size will further increase during impacts of dust
particles. Solar-wind-implanted He can diffuse out of regolith grains and can be a source of He observed in the
exosphere of Mercury.

Unified Astronomy Thesaurus concepts: Mercury (planet) (1024); Solar wind (1534); Planetary surfaces (2113)

S RUBION Zentrale Einrichtung fiir Ionenstrahlen und Radionuklide, Universititsstrae 150, Ruhr-Universitit Bochum, D-44801 Bochum, Germany

1. Introduction

Space weathering (SW) is an active process on the surface
of many airless solar system bodies that are not protected by a
magnetic field or an atmosphere to prevent the solar wind,
cosmic rays, and micrometeorites from directly interacting
with their surface (B. Hapke 2001; C. R. Chapman 2004;
C. M. Pieters & S. K. Noble 2016). These interactions of solar
and cosmic rays and micrometeorites cause physical and
chemical alteration of the surface, impact vaporization, ion
sputtering, and implantation, which leads to gardening and
change in the optical properties of the surface materials. For
the case of the Moon, the changes in optical properties of the
surface or regolith include darkening and reddening (increase
in the slope of the spectral continuum with increasing
wavelength) of spectra, decrease in contrast of absorption
bands in reflectance spectra, and brightening and straightening
of spectral slope in the near-UV spectral range (C. M. Pieters
et al. 1993; C. M. Pieters 1998; B. Hapke 2001). These effects
have been well documented for the lunar soil samples, where
the finer <20 pum regolith grains show the strongest effects
(C. M. Pieters et al. 1993, 2000; S. K. Noble et al. 2010). One
of the accepted causes for the SW-induced optical alteration of
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the lunar regolith is the reduction of ferrous and ferric iron to
nanophase metallic iron inclusions (npFe®) within 60-200 nm
thin amorphous films/patinas on the silicate and oxide mineral
grains (L. P. Keller & D. S. McKay 1993, 1997). These films are
produced during micrometeorite impact v: gor and solar wind ion
sputter deposmon and the size of npFe~ within them ranges
from 1 to 12 nm in diameter with a mean of 3 nm (L. P. Keller &
D. S. McKay 1997; L. P. Keller & S. J. Clemett 2001; C. James
et al. 2002, 2003). In addition, the reduction of ferrous and ferric
iron takes place within the micrometeorite impact-generated
melts (e.g., melt spherules and agglutinates within the lunar soil)
owing to thermal reduction (L. P. Keller & D. S. McKay 1997;
M. Yamada et al. 1999), and the size of iron inclusions within
the lunar agglutinates ranges from 10 to 1500 nm (C. James
et al. 2002, 2003). Although different processes have been
proposed to explain the above SW-related features seen within
lunar regolith (L. P. Keller & D. S. McKay 1997;
B. Hapke 2001b), it is still debated which process dominates
over the other. It is also contentious whether this model of lunar-
like SW can be directly extrapolated to other solar system
bodies. For example, recent analyses of the samples from the
Itokawa asteroid have shown that the nature of the coatings on
the Ttokawa surface grains is different from what is seen on lunar
samples, e.g., sizes of npFe” inclusions are smaller than in lunar
soil grains, and the presence of nanophase sulfides (T. Noguchi
et al. 2011, 2014; L. Chaves & M. Thompson 2022). Search for
SW effects in lunar and other regolith breccia meteorites at least
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qualitatively substantiates that a lunar-like SW process may be
active on the surface of different asteroids, although the
weathering products should be different (e.g., the presence of
fewer impact melts and vapor deposits) owing to low impact
velocity and less solar wind flux at asteroidal distances
(S. K. Noble et al. 2005, 2010).

Although we now know much better how SW occurs on the
Moon and near-Earth S-type asteroids, there is a lack of
knowledge regarding the process of SW on other solar system
bodies. The products of SW are directly related to various
factors, such as surface composition, exposure time and
resurfacing rates, location in the solar system (e.g., solar wind
flux and micrometeorite flux and velocity), temperature,
and strength of the magnetic field. For example, Mercury is
most likely subjected to an intense SW owing to higher solar
wind flux and faster micrometeoroid impacts (M. J. Cint-
ala 1992). The UV to visible and near-IR (VNIR) spectrum of
Mercury is red sloped and featureless, and the average albedo
of Mercury is lower than that of the lunar nearside and similar
to that of lunar maria except for the evidence for ferrous iron.
Results from MESSENGER X-ray and gamma-ray spectro-
meters estimate the iron abundance on Mercury to be
~1-2wt% (1.3-2.6 wt% FeO) and 14 £ 09wt% of C
(T. J. McCoy et al. 2018). The low iron concentrations on the
surface of Mercury should consequently lead to low abundance
of nanoparticles of iron as a result of SW. This makes it
challenging to explain the cause of the low-albedo, red-sloped,
and featureless spectra of Mercury in the VNIR region, if we
assume that lunar-like SW is active on the surface of Mercury.

The study of lunar samples shows that reddening of the spectra
in the VNIR region is primarily caused by npFe” particles
<10nm and darkening by particles >50 nm (S. K. Noble et al.
2007; P. G. Lucey & S. K. Noble 2008). In addition to that, the
abundance of npFe” particles (<30 nm) is also a crucial factor
that affects the reddening and darkening of the VNIR spectra.
The abundance of npFe particles is given by the maturity index
I,/FeO of a regolith, where I is the ferromagnetic resonance
signal intensity (R. V. Morris 1978). One of the explanations for
the strong reddening and darkening of the VNIR spectra of
Mercury could be the presence of one or more opaque phases on
Mercury that are absent on the Moon and the presence of large
Britt—Pieters (B-P) Fe and opaque particles of >50 nm, along
with nanophase iron (npFe”) and nanophase opaque (npOpq)
particles (<50nm) hosted within agglutinates and as coating
around regolith grains (P. G. Lucey & M. A. Riner 2011;
L. V. Starukhina & Y. G. Shkuratov 2011; D. Trang et al. 2017).
Additionally, Mercury’s surface temperatures can reach up to
approximately 450 °C at the equatorial regions and the hot poles
during the day (K. E. Bauch et al. 2021) but can drop to around
—180°C during the night. Due to the high temperatures, any
nanophase iron inclusions that may be present within the
nanometer-thick films and melt layers around regolith grains
can grow in size owing to the process of Ostwald ripening
(S. K. Noble & C. M. Pieters 2003), but this has not yet been
experimentally proven. There has also been an observed
correlation between latitudinal and longitudinal surface temper-
ature variation on Mercury and the mean surface reflectance and
spectral slope (D. Trang et al. 2017; J. T. Wilson et al. 2019;
A. N. Deutsch et al. 2024). The cause for this correlation is again
attributed to the increase in size of the nanoparticles of iron due to
Ostwald ripening, although it has to be experimentally proved
that nanoparticles of iron can grow to larger sizes through the
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diffusion-related Ostwald ripening process. Another way of
producing larger nanoparticles of iron is through growth during
repeated melting due to micrometeorite impacts. But there is no
observed variation in flux of micrometeorites with latitude and
longitude on the surface of Mercury, and therefore micrometeor-
ite impact cannot be used for explaining the variation in size of
nanoparticles with latitude or longitude. However, all these
observations are proof that temperature is a crucial factor
affecting the products of SW on Mercury.

Different laboratory experiments have successfully simulated
the process of micrometeorite impact heating and solar wind
interactions using a nanosecond pulsed laser and energetic ions,
respectively (G. Wehner et al. 1963; D. Rosenberg &
G. Wehner 1964; B. Hapke 1965, 1966, 1968, 1973, 2001;
C. E. KenKnight et al. 1967; D. B. Nash 1967; L. Yin et al.
1972, 1975; B. Hapke et al. 1975; C. A. Dukes et al. 1999;
M. Yamada et al. 1999; S. Sasaki et al. 2002; R. Brunetto &
G. Strazzulla 2005; M. J. Loeffler et al. 2009; C. Lantz et al.
2017; M. S. Thompson et al. 2019; D. L. Laczniak et al. 2021).
These simulations have helped in understanding the rates and
effects of SW and the changes in different mineral phases during
SW. However, there are few studies that directly simulate the
process of SW on the surface of Mercury (L. V. Moroz et al.
2014; M. S. Thompson et al. 2021; A. N. Stojic et al. 2023;
I. Weber et al. 2023; N. Bott et al. 2024; E. Caminiti et al. 2024),
and laser and ion irradiation of Mercury-analog materials are
needed. Additionally, the high temperature on the surface of
Mercury can lead to changes in amorphous rims formed around
the regolith grain and melts produced owing to the impact of
micrometeorites: crystallization of amorphous rims, and growth
of npFe’, B-P particles, or FeS. There is also a lack of clear
understanding of the chemical and mineralogical changes during
ion-induced sputtering of silicate and oxide minerals at ambient
and high-temperature conditions. This knowledge is crucial to
understand the formation process of nanoparticles of different
species and also the nature of amorphous layers on regolith grains
of different solar system bodies.

In this study, we simulate the interaction of solar wind ions
with low-iron-bearing olivine at 450 °C that is relevant for the
dayside equatorial region and hot poles of Mercury. The
motivations of this study are understanding (a) the effect of
temperature, relevant to the surface of Mercury, on the product
of ion irradiation of silicate minerals with low iron content; (b)
chemical and structural changes within the ion-damaged
surface layers of low-iron-bearing silicate minerals; and (c)
the growth process of iron nanoparticles at high temperatures.

2. Experimental Procedures and Analytical Techniques
2.1. Sample

A pale-green-colored olivine crystal from a locality in
Pakistan obtained from the Mineralogical Museum of the
University of Wiirzburg, Germany, was used for the experi-
ment. The sample was cut into two 2 mm thick slices and
polished. After polishing, the sample was ultrasonically
cleaned using deionized water and isopropanol to remove
any contamination and organics on the surface. Details about
the samples used in this study are provided in Table 1. The
elemental composition of the samples was previously
characterized using an electron microprobe, and the measured
composition is given in Table 2.
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Table 1
List of Samples Used for This Study

Samples Description

Olivine crystal irradiated with 4 keV He" ions under ambient conditions
Olivine crystal irradiated with 4 keV He™ ions under 450 °C

Olivine crystal (U-olivine)
Olivine crystal (H-olivine)

MEMS chips Four MEMS chips deposited with 80 nm thick amorphous film from a San Carlos olivine sample using the PLD technique
MEMS chips Four MEMS chips with amorphous film annealed at 500 °C, 550 °C, 600 °C, and 700 °C for 48, 72, 72, and 438 hr, respectively
Table 2
Representative Composition of the Lamella Prepared from a U- and H-Olivine Sample Measured Using TEM-EDS

U-olivine H-olivine (Sample at 450 °C)
Olivine' Olivine (Crystalline)’ Olivine (Amorphous)’ Olivine (Crystalline)’ Olivine (Amorphous)’
Si 19.8 19.1 20.9 20.6 21.6
Mg 32.6 332 31.2 315 30.3
Fe 3.1 32 2.7 29 2.7
Ni 0.33 n.a. n.a. n.a. n.a.
O 442 44.5 452 45.0 454
Total 100.00 100.0 100.0 100.0 100.0
Number of Cations per Formula Unit (Normalized to Four Oxygen)
Si 1.00 0.97 1.08 1.06 1.12
Mg 1.91 1.95 1.86 1.87 1.81
Fe 0.08 0.08 0.07 0.08 0.07
Ni 0.004 n.a. n.a. n.a. n.a.
Total 2.994 3.00 3.01 3.01 3.00
O/Si 2.2 23 22 22 2.1
Mg/Si 1.7 1.7 1.5 1.5 1.4

Note. Concentration is in wt%, and associated errors (for measurement done with TEM-EDS) are ~10%.

% Composition of the unirradiated olivine measured using an electron microprobe. n.a. = not analyzed.

b Composition of the crystalline region of the lamella/olivine (e.g., Figures 1(a), (b)).

¢ Bulk composition of the amorphous ion-damaged layer above the crystalline region (e.g., Figures 1(a), (b)).

2.2. Ion Implantation

Ion implantation was done at the Ion Beam Center (IBC),
Helmholtz-Zentrum Dresden-Rossendorf, with He™ at 4 keV
using a fluence of 5 x 10'7ionscm 2. The current density
during the experiment was kept at <1 A cm > to prevent
overheating of the sample. Keeping all the parameters the
same, one crystal was irradiated under ambient temperature
(U-olivine), the second sample was kept at 450 °C (H-olivine),
and temperature was controlled during the whole duration of
the ion irradiation.

2.3. Focused lon Beam Scanning Electron Microscopy and
Transmission Electron Microscopy

Samples for transmission electron microscopy (TEM) were
prepared from the two irradiated olivine crystals using a
conventional in situ lift-out technique using a Helios Nanolab
G3 UC focused ion beam scanning electron microscope from
Thermo Fisher Scientific. A total of two lamellac (one each
from the sample irradiated at ambient conditions and from the
sample irradiated at 450 °C) were prepared and studied at the
Electron Microscopy Unit (BEEM), Hamburg University of
Technology, using a Talos F200X TEM operating at 200 kV.
The TEM is equipped with a high-brightness Schottky-FEG
(X-FEG), scanning TEM-high-angle annular dark field
(STEM-HAADF) detector, and four-quadrant silicon drift
detector - energy-dispersive X-ray spectroscopy system (solid
angle of 0.9 sr), which was used for energy-dispersive X-ray

spectroscopy (EDS) analysis. Spectral images were obtained
with a probe current of ~150 pA and a dwell time of 10-20 us
per pixel. Different standards were used for measuring the k-
factors (N. J. Zaluzec 1979) of Mg, Si, and Fe: UWCr-3
chromite (P. R. Heck et al. 2010), North Chile IIAB iron
meteorite (Field Museum ME2595), and a polished piece of
the unirradiated olivine slice used in the present irradiation
experiment. The software Velox (Thermo Fisher Scientific)
was used for data acquisition, EDS quantification, and
visualization.

2.4. Pulsed Laser Deposition

The pulsed laser deposition (PLD) setup at the Ruhr-
University of Bochum was used to deposit thin films directly
on micro-electromechanical systems (MEMS) microheaters/
chips (Table 1). A 193 nm (ArF) excimer laser was used to
irradiate a San Carlos olivine (~9 wt% FeO) at a frequency of
10Hz (pulse duration 30 ns) and a laser fluence of 3Jcm >
under a vacuum of 10~ Pa. The actual energy flux at the target
surface can be controlled by an aperture or focusing lens. The
MEMS microheaters/chips are placed on a ceramic quartz
glass at about 45 mm distance from the target. The geometry is
arranged such that the laser hits the target at about a 25° angle
(with respect to the horizontal plane), and the substrates are
placed directly in the path of the plasma coming out of the
target at right angles to the surface (for details of the PLD
setup, see R. Dohmen et al. 2002). The target itself is rotated
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about an axis such that the laser is scanned over the surface of
the target during ablation. The crucible containing the
substrates sits on a SiC heater, which is capable of heating
the substrates to temperatures up to 1000°C within a few
minutes. The substrate was heated up to 450 °C during the
deposition of the films, to simulate the effect of micrometeorite
impact ejecta deposition on the hot surface of Mercury. We
used San Carlos olivine as opposed to the low-iron-bearing
olivine used in the irradiation study because the former has
higher iron concentrations (9—10 wt% FeO). The high iron
concentration should consequently produce a film with higher
FeO, and the density of nucleating nanoparticles of iron should
also be higher. The growth process of iron particles, if
controlled through the diffusion process, can then be
experimentally simulated in a reasonable amount of time.

2.5. In Situ TEM Annealing

Using the PLD technique, thin (80 nm) films were deposited
on top of MEMS microheaters. The MEMS microheaters/
chips are 8 mm X 3.3 mm in dimension and made of silicon.
Within the silicon substrate, there is a window with a SiN
membrane where the heating element is embedded. The
heating element consists of four contact pads that are
connected to a circular heating element that is heated through
the joule effect when current is passed through the circular
heating element. Within the circular/spiral heating element,
there is a 100 um circular plate with 22 holes of 5 um diameter
each that consists of an amorphous SiN membrane of 15 nm
thickness and is transparent to electrons. There is a 15 nm thin
holey SiN membrane within these 22 holes, and only the thin
film deposited within this window was electron transparent.
The MEMS chips were attached to a NanoEX-i/V single-tilt
holder from Thermo Scientific, and the heating experiments
were done in the Talos TEM with an external Keithley
temperature controller. The amorphous films were then flash-
heated at 1200°C (maximum temperature reached by the
heater) for 0.5 s. After that, the films were annealed at various
temperatures: 96 hr at 500°C, 72 hr at 550°C, 72 hr at 650°C,
and 48 hr at 700°C. Temperatures were ramped with 1°C s~
in steps of 50°C. Once a particular temperature is reached,
5 minutes are given for the temperature to stabilize. Only that
part of the film was studied that was deposited on the 5 pm
diameter holes with a 15 nm thick SiN membrane.

3. Results
3.1. He™ Irradiation of Olivine under Ambient Conditions

Bright-field TEM (BF-TEM) images of lamella prepared from
unheated (U)-olivine irradiated with He™ ions show a
~130-140nm thick amorphous layer with numerous vesicles
on top of the crystalline olivine (Figure 1(a)). The amorphous
layer can be divided into two sublayers: sublayer 1 and sublayer
2. Sublayer 1 is 30-35nm thick, has vesicles of 1-10 nm
diameter, and is present directly above the crystalline olivine
substrate. Sublayer 2 is ~120 nm thick, overlies sublayer 1, and
has high concentrations of vesicles whose size ranges up to
120 nm. Numerous linear and planar dislocations are observed in
the crystalline olivine substrate. High-resolution TEM (HRTEM)
imaging shows that the olivine substrate is crystalline
(Figure 1(c)), but the overlying ion-implanted layer is partially
amorphous with some nanocrystallites of olivine (Figure 1(c)).
Bulk composition of the partially amorphous region taken using
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TEM-EDS has similar composition to the crystalline substrate
(Table 2). However, the TEM-EDS line profile taken from the
crystalline olivine substrate to the top of the amorphous layer
shows some variations in distribution of elements (Figures 2(a),
(b)) within the amorphous layer. The concentration of O does not
show variations in the amorphous layer, but silicon shows an
increase in concentration from 19 wt% in the crystalline part to
23 wt% at the interface with the amorphous ion-damaged layers;
it then drops back to ~19 wt% and finally again increases to
23wt% at the top of the irradiated layer (Figure 2(b)).
Magnesium, on the other hand, shows an opposite behavior to
Si: concentration changes from ~34 wt% in the crystalline
substrate to ~28 wt% at the interface, then gradually increases to
~35 wt%, and finally decreases to 30 wt% (Figure 2(b)). For the
elemental ratios, Mg/Si changes from 1.8 in the crystalline part
to 1.2 at the interface with the overlying amorphous regions,
increases to 1.9, and then decreases back to 1.4 (Figure 2(c)). The
O/Si ratio exhibits similar variation to Mg/Si. The ratio of
O/Mg shows variation from 1.3 in the crystalline part to 1.5 at
the interface, then going to 1.2 and finally to 1.4 in the upper part
of the amorphous layer (Figure 2(c)). For all of the above element
concentrations and ratios the mean values at each pixel in the line
profile are taken. However, no clear variation in concentration of
elements is observed if an analytical error of ~10% is taken into
account.

3.2. He" Irradiation at 450 °C

The lamella prepared from olivine heated to 450 °C and
irradiated with He®™ (H-olivine) shows the presence of a
polycrystalline layer that is 110-140 nm (Figures 1(b), (d)) on
top of the crystalline olivine and has a discontinuous interface
between the crystalline olivine and the overlying polycrystalline
region (Figure 1(d)). The discontinuous interface and the
difference in thickness of the ion-damaged region are clearly
illustrated in Figure 1(b). Numerous nanoparticles of Fe,
identified using TEM-EDS, are concentrated in the top
50-60 nm of the polycrystalline layer (Figures 2(d), (f)). The
size of Fe nanoparticles ranges between 1 and 5nm. The
diffraction pattern taken from the ion-damaged layer shows
broadened diffraction maxima and the presence of various olivine
crystallite islands that are preferentially arranged to exhibit a
single crystal diffraction pattern the same as the underlying
olivine crystal (Figure 1(d)). TEM-EDS line profiles acquired
from the crystalline substrate to the polycrystalline ion-damaged
layer show that the compositions of both regions are similar
(Figure 2(e)). Only the top 10 nm region in the polycrystalline
layer has depletion of the Si and Fe and enrichment of Mg, if
their mean concentration values at each point/pixel are taken. But
due to the high errors (10%) associated with the measurements,
we cannot definitively say that there are actual variations in
concentration of these elements.

3.3. Annealing of Amorphous Film Prepared Using PLD

The oxide thin film deposited on the MEMS-chip at 450 °C
shows the presence of numerous nanoparticles of metallic Fe
that are <1 nm in size (Figure 3). A high-resolution image of
the sample could not be acquired, due to its rapid damage
under the electron beam. For the same reason, the composition
of the film could not be reliably measured. After flash
annealing all four thin films at 1200°C for a few milliseconds,
they transformed into an amorphous film with many
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Figure 1. (a) BF-TEM image of the lamella prepared from U-olivine crystal. The layer with numerous vesicles on top of the crystalline olivine (Olv) is marked with
dashed lines. Various dislocations in the olivine crystal are indicated with arrows. C = combination of sputter deposited carbon and carbon deposited from a
precursor gas using a gas-injection system (GIS) attached to the focused ion beam instrument. (b) STEM-HAADF image of the lamella from H-olivine (irradiated at
450 °C). The ion-damaged region is marked with dashed lines and is characterized by the presence of numerous bright nanoparticles. (c) HRTEM image of a region
from panel (a), showing the interface (dashed line) between crystalline olivine and the overlying ion-damaged region. Crystal lattice fringes are seen in the crystalline
olivine, and the inset is the fast Fourier transform (FFT) of the crystalline and the overlying partially amorphous region. (d) HRTEM image of a region from panel (b)
illustrating the polycrystalline ion-damaged layer and the underlying crystalline olivine. The interface between crystalline olivine and the ion-damaged layer is
marked with a dashed line. The inset shows the FFT of the crystalline olivine and the ion-damaged region. The circled regions within the polycrystalline layer point

to islands of olivine crystallites.

nanoparticles of Fe of size between 5 and 30 nm (Figure 3(b)).
All four of these MEMS chips with 5-30 nm sized nanopar-
ticles showed no further change in the size of the nanoparticles
after annealing at 500 °C, 550 °C, 600 °C, and 700 °C for 438,
72,72, and 48 hr, respectively. No changes were seen either in
the amorphous matrix of the flash-annealed thin films after
annealing, except for some small regions that crystallized after
annealing for 48 hr at 700 °C.

4. Discussions

This study focuses on understanding the nature and
abundance of nanoparticles around solar-wind-irradiated
silicate mineral grains on the surface of Mercury. The high

dayside temperatures and the variation of surface temperature
with latitude and longitude on Mercury can play an important
role in the nature and formation of nanoparticles during solar
wind irradiation and micrometeorite impact, and this study
investigates the former process, along with the effects of rapid
heating events (e.g., micrometeorite impacts) on the products
of ion irradiation. We first discuss the changes in surface
properties of olivine grains, with low iron contents, due to ion
irradiation under ambient and high temperatures and then the
effects of micrometeorite-impact-related flash heating on the
ion-damaged surface regions. The findings are compared with
previous experimental ion irradiation studies, and we finally
discuss their implications for understanding SW on Mercury.
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Figure 2. (a) STEM-HAADF image of a region of the lamella prepared from U-olivine. Line profiles extracted from TEM-EDS spectrum image (SI) obtained from
the region in panel (a) show the variation in (b) element distribution and (c) element ratios from the interior of the irradiated grain to the surface as marked by the
arrow in panel (a). (d) STEM-HAADF image of a region of the lamella prepared from H-olivine. (e) The line profile extracted from TEM-EDS SI of the region in
panel (d) shows the variation in element distribution from the interior of the irradiated grain to the surface as marked by the arrow in panel (d). The dashed line in
panels (b) and (e) marks the position of the interface between the crystalline part of the grain and the ion-damaged region. (f) TEM-EDS SI for element Fe (FeK«)
from the region in panel (d) showing the distribution of Fe-rich nanoparticles (marked with arrows) on the top surface of the lamella.

4.1. Effects of lon Irradiation on the Surface of Silicate Grains

Chemical changes in ion-damaged regions of a sample are
primarily due to elastic sputtering of elements, leading to
formation of defects and vacancies. During the sputtering
process, there is selective ejection of atoms, recoil mixing, and
diffusion. Selective/preferential sputtering is dependent on the
energy of impacting ions and in the bonding state of the
elements and is predominant in the energy range of 1-10 keV.
For a certain material lighter atoms are preferentially sputtered
and also reimplanted into deeper regions owing to impact with
the incoming ions (P. Sigmund 1979). Finally, after a long
duration of irradiation/high ion fluence, the whole ion-
damaged layer shows chemical zonation, due to the interplay
of preferential sputtering, reimplantation, and recoil mixing of
elements. More dedicated experiments are needed to under-
stand the effect of preferential sputtering and reimplantation
within ion-damaged layers in silicate minerals. In the present
study the element composition acquired from the ion-damaged
region of the olivine slices has high uncertainties, but we can
still use it for qualitative understanding of the effect of
interaction of He ions with olivine under ambient and high-
temperature conditions. In the olivine sample irradiated under
ambient conditions (U-olivine), there is a clear decrease in
concentration of Mg and an increase in concentration of Si at
the interface between the crystalline undamaged olivine

substrate and the ion-damaged amorphous layer
(Figure 2(b)). Such a depletion of Mg and enrichment of Si
were also seen within studied samples from asteroid Itokawa,
in interplanetary dust particles, and in artificially irradiated
olivine (J. P. Bradley 1994; J. Bradley & T. Ireland 1996;
P. Carrez et al. 2002; J. Bradley & H. Ishii 2008; T. Noguchi
et al. 2011, 2014; C. Jiger et al. 2016; M. S. Thompson et al.
2014, 2022). This zonation of elements is attributed, by
previous studies, to a combined effect of preferential
sputtering, sputter redeposition, recoil mixing, and enhanced
diffusion of elements due to formation of radiation-induced
defects. However, temperatures of the surfaces of asteroids are
<200 °C, and at such low temperatures diffusion of elements
is too slow. The absence of such distinct zonation of elements
within the ion-damaged layer in the H-olivine of our study
(Figure 2(e)) shows that diffusion is indeed an important
process at high temperatures. However, the presence of
dislocations and defects can aid the diffusion of ions at low
temperatures, and this needs to be further studied using careful
experiments and irradiation at different temperature steps.
The total implantation depth of 4keV He' ions in olivine
from the Stopping and Range of Ions in Matter (SRIM)
computer code (see J. F. Ziegler & J. P. Biersack code http://
www.srim.org/) calculations is ~140 nm, and the maximum
ion implantation occurs at ~70nm. According to this, we
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Figure 3. (a) STEM-HAADF image of the film deposited using the PLD technique on a MEMS-based chip for an in situ TEM annealing experiment. The film was
deposited at 450 °C, and the bright regions are <1 nm sized Fe-rich inclusions present in a dark amorphous matrix. (b) BF-TEM image of the film shown in panel (a)
after being heated for a few milliseconds up to 1200 °C. The spherical inclusions with dark contrast are Fe-metal particles.

should see the highest depletion of preferentially sputtered Mg
atoms at ~70 nm, but our data reveal that it is at 130-140 nm.
This shows that the sputtered Mg atoms from 70 nm were
reimplanted in the layer above it, leading to recoil mixing and
homogenization. The highest depletion of Mg at 130-140 nm
was established owing to sputtering by the deepest implanted
He ions, and there was no recoil implantation of Mg atoms
from deeper layers that could help in equilibration of the Mg
concentration. Since Mg—O has weaker bond strength than Si—
O, we see the highest depletion of Mg in the amorphous layer
and a corresponding enrichment of Si (Figure 2(b)). Another
observation that supports the preferential sputtering of Mg is
the enrichment of Mg and depletion of Si in the top 10 nm of
the ion-damaged layer (Figure 2(e)). This is most likely a
product of redeposition of sputtered material where the
concentration of Mg should be higher than that of Si. Similar
observations were also seen in previous studies of naturally
and artificially irradiated minerals (T. Noguchi et al. 2014;
M. S. Thompson et al. 2014; D. L. Laczniak et al. 2021).
However, surfaces of ion-irradiated samples are highly
reactive and can oxidize rapidly or be affected by various
other surface chemical effects related to different adsorbed
atmospheric species (e.g., OH).

4.2. Effect of Temperature on Space-weathered Rims

From our experimental observations it is apparent that
nanoparticles of iron can readily form in the 100-200 nm ion-
damaged surface layer of olivine crystal slices after being
irradiated at 450 °C (H-olivine; Figure 1(b)) with He™ ions but
not in olivine irradiated under ambient conditions (Figure 1(a)).
These nanoparticles can further increase in size owing to any
additional rapid heating events (e.g., micrometeorite impacts;
Figure 3). Additionally, no bubbles are seen within the ion-
damaged layer of H-olivine. The thickness of the ion-damaged
layer is variable in the H-olivine, and similar variability is seen
in artificially and naturally irradiated materials (T. Noguchi
et al. 2014; M. S. Thompson et al. 2014; D. L. Laczniak et al.
2021). However, the causes of variation in thickness of ion-
damaged layers are not very clear.

Observations from study of H-olivine show that temperature
is one of the critical factors in (a) formation of nanoparticles,
(b) diffusion-related homogenization of elements within ion-
damaged regions of space-weathered samples, and (c)
formation of bubbles.

The size of the observed nanoparticles is larger compared to
that in the space-weathered rims of lunar soil grains, which show
a mean size of ~3nm (L. P. Keller & S. J. Clemett 2001). The
formation of nanoparticles of Fe in the H-olivine sample and the
similarity in composition of the ion-damaged layer and
the undamaged H-olivine substrate are directly related to the
defects (e.g., vacancies, divacancies, and interstitials) produced
owing to the impacting He™ ions and the enhanced diffusion of
Fe and He at high temperatures. During ion irradiation at room
temperature, numerous defects and vacancies are produced, but
the concentration is less when the temperature of the substrate is
high during irradiation (V. Raineri et al. 2000). This shows that at
high temperatures the defects either are annealed or combine with
other interstitial defects (P. F. P. Fichtner et al. 2000; V. Raineri
et al. 2000; M. David et al. 2003). Therefore, during irradiation of
the H-olivine sample, vacancies caused by sputtered Mg, Si, and
O atoms are subsequently replaced by diffusing Fe atoms, and
gradual growth of the nanoparticles happens, as also seen in Fe-Si
alloys (e.g., Y. Shimada et al. 2022). Since nanoparticles of Fe
are observed in the sample, this shows that Fe is less
preferentially sputtered and diffuses faster compared to Si and
Mg at 450 °C. Finally, the enhanced diffusion of elements at
450 °C also leads to homogenization of the concentration of
elements within the ion-damaged region.

During irradiation at high temperatures, He outgassing from
the sample and migration of vacancies and defects to the
surface of the sample can also happen (G. Cerofolini et al.
2000; K. Ono et al. 2019). Helium has very low solubility in
crystalline silicon, and due to its inert nature, it does not
interact with neighboring atoms. In addition, at high temper-
ature the permeability of He in silicon is increased. The
threshold fluence for formation of bubbles in silicon has been
found to be 1 x 10'%ions cm 2 (P. F. P. Fichtner et al. 2000;
V. Raineri et al. 2000; G. Cerofolino et al. 2000; M. David
et al. 2003; K. Ono et al. 2019). The formation and growth of
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bubbles are related to the formation of defects (vacancies and
divacancies) during ion irradiation and its interaction with
interstitial He. Helium primarily stays in the interstitial
positions in the lattice and bonds with single vacancies or
divacancies to gradually grow to He clusters and to finally
form bubbles above the threshold dose. Density of bubbles is
related to the concentration of vacancies, and therefore with an
increase in depth of implantation the concentrations of
vacancies and bubbles both decrease. But irradiation at high
temperatures (>200 °C) leads to gradual annealing of defects,
to decreases in density of He-filled bubbles, and also
to diffusive loss. Silicon irradiated with a fluence of 5 x
10'®ionscm ™2 and 9 x 10'® ions cm™ 2 shows an absence of
He-filled bubbles at >800 °C and >400 °C, respectively
(K. Ono et al. 2019). However, in our study we see an absence
of He-filled bubbles at 450 °C, but the irradiation fluence is
higher (e.g., 5 x 10" ions cm™?). More future experiments at
different temperatures need to be done to understand the
formation and diffusion process of He in ion-damaged
amorphous regions. Finally, our observations show that He
effectively diffused out of the H-olivine sample during ion
irradiation, due to its increased permeability compared to
ambient conditions.

4.3. Space Weathering on Mercury

Various evidences show that the surface of Mercury is highly
space weathered. The featureless and red-sloped spectra of the
surface of Mercury in the VNIR range point to a high degree of
SW, which is different than what is observed on the Moon and
asteroids, especially due to the low iron content within the
regolith grains of Mercury. The optical effects of SW in the
VNIR region are significantly affected by the size and abundance
of nanoparticles around and within regolith grains and aggluti-
nates, and this should also be the case for Mercury. The surface
temperature on Mercury is also a critical factor that enhances the
effects of SW. Evidence for this has been found through variation
in spectral slope and albedo with latitude and longitude. Although
this is attributed to a possible increase in size of nanoparticles of
iron due to Ostwald ripening, there have been no experimental
results to support it. The observations from our experiment show
that ion irradiation at 450 °C can produce up to 5nm sized
nanoparticles of iron on the surface of regolith grains on Mercury
and can be a factor that is responsible for the observed variation
in spectral properties with latitude and longitude on the surface of
Mercury. Although the weak magnetic field of Mercury shields
the surface from solar wind ions, the magnetosphere is open to
solar wind ions around the cusps, which leads to direct interaction
of solar wind ions with the surface of Mercury at latitudes
between 40° and 60° (E. Kallio & P. Janhunen 2003; P. Wurz
et al. 2019). The temperatures at these latitudes can go up to
400 °C (K. E. Bauch et al. 2021). Additionally, the fast solar wind
and, during coronal mass ejection events, the solar wind ions can
directly interact with the whole surface of Mercury.

In addition to the solar wind ion implantation, the other
products of SW on Mercury are melt particles due to the
impact of dust particles. Spectral modeling shows that high
concentrations of npFe” and npOpq (C) of 1-100 nm size and
B-P particles (Fe and C) of >100nm size are needed to
successfully model the VNIR spectra of Mercury (P. G. Lucey
& M. A. Riner 2011; L. V. Starukhina & Y. G. Shkuratov
2011; D. Trang et al. 2017). The primary hosts for these nano-
and microparticles are most likely the melt produced owing to
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impact of dust particles on the surface of Mercury. In addition
to that, our study shows that solar wind irradiation of Fe-poor
silicate minerals will also be an important source for large
nanoparticles (i.e., npFe” and npOpq). These nanoparticles can
increase to the range of B-P particles during repeated impact of
dust particles on the solar-wind-irradiated grains or during
heating of adjacent grains present at the point of impact of dust
particles. This is demonstrated by our results from flash
heating of thin amorphous films, after which 1-2 nm sized
nanoparticles of Fe grew to larger sizes (Figure 3). In addition
to the impacting dust particles, the high temperature on
Mercury could lead to Ostwald ripening and coarsening of
npFe” and npOpq particles. However, experimental data on the
behavior of npFe’ and npOpq within a Si-rich glassy matrix
are lacking. S. K. Noble & C. M. Pieters (2003) theoretically
showed that Ostwald ripening can lead to an increase in the
size of the npFe® inclusions, but their calculations had large
uncertainties owing to poorly constrained parameters. The size
of nanophase iron inclusions significantly affects the visible
and near-infrared spectra (S. K. Noble et al. 2007; L. V. Star-
ukhina & Y. G. Shkuratov 2011), with the small (<20 nm)
npFe’ inclusions causing darkening, reddening, and suppres-
sion of the absorption bands in the UV-visible spectral range.
Future experiments need to be done to experimentally measure
the diffusion coefficient and surface energy of npFe’ and
npOpq, both of which are temperature dependent. Finally, a
combined effect of solar wind irradiation at elevated
temperatures, micrometeorite impact melting and heating,
and possible Ostwald ripening can lead to a change in size and
an abundance of nanoparticles on the surface of Mercury, and
this in turns leads to the observed variation in optical
properties of the surface of Mercury with latitude and
longitude.

Very few laser and ion irradiation experiments to simulate
SW on Mercury-analog materials have been carried out until
now (e.g., L. V. Moroz et al. 2014; M. S. Thompson et al.
2021; A. N. Stojic et al. 2023; 1. Weber et al. 2023; N. Bott
et al. 2024; E. Caminiti et al. 2024). In addition, none of the
ion and laser experiments were carried out at temperatures
matching the highest temperature reached on the surface of
Mercury. Previous laser irradiation of Fe-poor plagioclase and
quartz (L. V. Moroz et al. 2014; M. J. Loeffler et al. 2016)
shows minor reddening of the spectra, primarily due to the
very low abundance of npFe". The products of laser irradiation
may not be strongly dependent on the temperature of the
sample/substrate, as the temperature during laser irradiation is
high, causing incipient melting of the sample. However, our
study shows that products of ion irradiation are strongly
affected by the temperature of the irradiated surface. The
olivine used in this study contains low iron concentration
(Table 2), but not <1wt% as predicted for the surface of
Mercury. Future ion irradiation studies on olivine with
~1wt% Fe need to be carried out to further understand the
lower limit for production of npFe’. Since there is also a
latitudinal variation of temperature on the surface of Mercury,
our experiment done at 450 °C is relevant only for equatorial
regions. Again, further experiments need to be carried out to
look at the threshold temperature for formation of npFe’
during ion irradiation. Any He and possibly H that are
implanted into the surface materials of Mercury by solar wind
should diffuse out of the grains and could be transferred to the
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exosphere through a different desorption process. This can be
another source of He seen in the exosphere of Mercury.

5. Conclusions

Olivine crystals with low iron (Fe =3 wt%) content were
irradiated with He™ ions under ambient conditions and at 450 °C.
The TEM study of the ion-damaged layer showed (a) the
presence of a ~140 nm partially amorphous layer with numerous
bubbles within the sample irradiated under ambient conditions
and the (b) presence of a 150-160 nm thick polycrystalline layer
with no bubbles and 1-5 nm sized nanoparticles of iron within the
sample irradiated at 450 °C. Ton irradiation of olivine grains with
~3 wt% Fe present in the equatorial regions of Mercury should
have nanoparticles of iron up to 5nm in size around them, and
their concentration and size can change with latitude and
longitude, due to the variation of temperature. In addition, flash
heating of the ion-irradiated olivine grains due to impacting dust
particles can further increase the size of nanoparticles of Fe.
Ostwald ripening of iron nanoparticles must also be active on the
surface of Mercury, but to understand the process, experimental
measurements of the diffusion coefficient of Fe within an
amorphous silicate matrix are needed. All the above factors will
finally lead to the variation in size and abundance of nanoparticles
of iron with latitude and longitude. The solar-wind-implanted He
within the surface materials of Mercury will diffuse out of the
regolith grains in the equatorial regions owing to high
temperatures during the daytime and can escape to the exosphere
through desorption.
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