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Abstract

Our knowledge about mineralogy and physical 
conditions on airless planetary bodies in the So-
lar system is based mainly on remotely captured 
reflectance spectra. However, reflectance spectra 
are influenced by many effects, a major one is 
the space weathering.

The term space weathering refers to a set of 
processes, also called space weathering agents, 
mainly the solar wind irradiation and micromete-
oroid impacts, which on long timescales darken 
the surfaces and alter reflectance spectra of airless 
bodies. Here, I focused on finding the difference 
between the effect of the two, above-mentioned, 
space weathering agents on reflectance spectra 
of silicate-rich airless planetary bodies.

Firstly, I studied areas of magnetic anomalies 
on the Moon, so-called lunar swirls. The swirls’ 
spectra are influenced mostly by micrometeor-
oid impacts. I compared these spectra to spec-
tra of surrounding areas, influenced by both the 
space weathering agents. The results suggested 
that there is a difference in the effect of micro-
meteoroid impacts and the combination of the 
two space weathering agents. There are also ad-
ditional effects that contribute to the evolution of 
spectra on the Moon, such as the position with 
respect to the near and far side, which relates to 
the shape of Earth’s magnetotail and an increased 
shielding of the solar wind ions.

During the laboratory experiments, I, with 
the help of colleagues, irradiated pellets made 
of silicates typically found on airless planetary 
bodies, i.e. olivine and pyroxene. To simulate 
the effect of solar wind, I used ions of H, He, 

and Ar. To simulate micrometeoroid bombard-
ment, I used individual femtosecond laser puls-
es. The main conclusions were that the differ-
ence between the two space weathering agents 
can be seen mainly in the longer near-infrared 
(NIR) wavelengths (around 2 µm). Micromete-
oroid impacts cause greater changes there, result-
ing in smaller spectral slope changes. Otherwise, 
the original mineralogy seemed to influence the 
way the weathering proceeds more significant-
ly, which agrees with previous studies and also 
with observations of A-type asteroids or aster-
oids (4) Vesta and (433) Eros.

The differences in irradiated samples were 
then analysed on micro-scale using electron 
microscopy. Ion irradiation caused only mild 
blistering on the surface while laser irradiation 
caused extended melting with associated melt 
splashes. The subsurface changes were also dif-
ferent. Ion irradiations induced vesiculation in 
partially amorphised topmost layers of the sam-
ples. Laser irradiation induced creation of the 
nanophase iron (npFe0) particles in the olivine 
sample, but not in the pyroxene sample. Chang-
es in ion-irradiated samples caused alterations in 
the visible spectral slope, while npFe0 particles 
in laser-irradiated olivine also altered the NIR 
spectral slope. The pyroxene sample irradiated 
by laser showed only a significant amorphous 
layer full of large vesicles. The spectral slope did 
not change as a result, the sample only showed 
alteration of the absorption bands. This analysis 
highlighted the significance of wavelength-sized 
structures on the resulting reflectance spectra.
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Based on these results, I gained an insight into 
the evolution of the spectra and subsurface struc-
tures. Nevertheless, more simulations on differ-
ent minerals are needed to gain a complete un-
derstanding of the space weathering mechanism.

Abstrakt (Abstract in Czech)

Naše znalosti o  mineralogii a podmínkách na 
malých tělesech ve Sluneční soustavě pocháze-
jí především z naměřených reflektančních spe-
kter, která jsou ale ovlivněna mnoha efekty. 
Jeden z hlavních je kosmické zvětrávání.

Kosmické zvětrávání ovlivňuje povrchy, 
a tedy i spektra malých těles na dlouhých 
časových škálách. Způsobují ho dva hlavní 
procesy: ozařování slunečním větrem a dopady 
mikrometeoritů. V této práci jsem se soustředila 
na porovnání vlivu těchto dvou procesů na spe-
ktra asteroidů bohatých na silikáty.

Nejprve jsem zkoumala spektra měsíčních 
swirlů, kde ve zvětrávání dominují mikroimpak-
ty. Porovnávala jsem spektra ze swirlů s okolními 
oblastmi, které ovlivňují oba zvětrávací procesy.  
Ukázalo se, že mikroimpakty ovlivňují spektra 
jinak než sluneční vítr. Kromě toho jsem ob-
jevila, že swirly na přivrácené a odvrácené straně 
Měsíce vykazují odlišné trendy z důvodu stínění 
přivrácené strany Měsíce asymetrickým mag-
netickým polem Země.

Během laboratorních experimentů jsem, ve 
spolupráci s kolegy, ozařovala peletky vyrobené 
ze silikátů, které se běžně vyskytují ve Sluneční 
soustavě, tj. olivínu a pyroxenu. Vliv slunečního 
větru jsem simulovala ozařováním ionty H, He 
a Ar. Vliv mikroimpaktů byl realizován pulzy 
femtosekundového laseru. Z pořízených spe-
kter bylo jasné, že v oblasti okolo 2 μm se ty-
to dva procesy odlišují. Reflektance se u laser-
em ozářeného materiálu zmenšila v dané oblasti 
mnohem více než u toho ozářeného ionty, což 

způsobilo menší změnu spektrálního sklonu. 
Kromě popsané změny se ale zdá, že mnohem 
více závisí na ozařovaném materiálu, než na 
způsobu ozáření. Moje výsledky souhlasí např. 
s pozorováními asteroidů typu A nebo asteroidů 
(4) Vesta a (433) Eros.

Rozdíly mezi vzorky jsem poté zkouma-
la za využití elektronového mikroskopu. Za-
tímco povrchy peletek ozářených ionty vyka-
zovaly přítomnost puchýřů, laserem ozářené 
vzorky obsahovaly velké množství nataveného 
a rozstříknutého materiálu. Také podpovrchové 
změny byly pro dva zkoumané způsoby ozáření 
jiné. Ve vzorcích ozářených ionty byly identi-
fikovány podpovrchové puchýře a částečná 
amorfizace vrchních vrstev. V důsledku toho 
došlo ke změnám spektrálního sklonu ve vi-
ditelné oblasti. Laserem ozářený olivín obsa-
hoval částice nanoželeza (npFe0), které způsobily 
změnu sklonu spektra také v blízké infračervené 
oblasti. V laserem ozářeném pyroxenu byla 
patrná tlustá vrstva plně amorfního materiálu 
s velkými puchýři. V důsledku těchto struk-
tur se nezměnil sklon spektra, pouze hloubka 
absorpčních pásů. Je tedy vidět, jaký význam 
mají struktury o velikosti srovnatelné s vlnovou 
délkou pozorování na výsledná spektra.

Získané výsledky nás posunuly v chápání 
vývoje reflektančních spekter a podpovrcho-
vých struktur v důsledku kosmického zvětrávání. 
Nicméně k úplnému pochopení problematiky je 
zapotřebí provést další experimenty s využitím 
jiných minerálů.
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1 Motivation and objectives

During my Master’s studies, I focused on the 
Yarkovsky and YORP effects. These are the non-
gravitational effects that significantly alter the 
semimajor axis and rotation state of small air-
less planetary bodies by uneven thermal radiation 
from their surface (see, for example, Rubincam, 
2000; Vokrouhlický et al., 2015). The uneven 
radiation may originate in several ways such as 
irregularity in shape, or variations of albedo on 
the surface, which influences the thermal emis-
sion. To model these effects correctly, I had to 
know what the distribution of albedo features 
usually is. I gained the knowledge that such al-
bedo variations appear especially in the areas of 
fresh impact craters and steep slopes of asteroids, 
see Fig. 1. The reason for such changes is main-
ly the space weathering. I thus decided to study 
more deeply what this process means and how it 
affects the planetary bodies in the Solar system. 

Space weathering is a complex process, as 
will become obvious in the following sections of 
this thesis. I thus decided to start with one of the 
most common groups of airless planetary bod-
ies – bright silicate-rich bodies. The way space 
weathering affects them has long been known: 

darkening, reddening, and loss of spectral con-
trast in the visible (VIS) and near-infrared (NIR) 
part of the spectral curves. Nevertheless, what 
is still unknown is what changes the individual 
space weathering agents cause.

Many previous studies focused on how one 
agent influences a given mineral or meteorite, see 
Sect. 2.3, but this problem also requires a more 
complex approach. Recently, work by Zhang et 
al. (2022) focused on a wide range of materials 
to compare the space weathering changes, which 
is a step forwards, but they still used only one 
space weathering agent.

An outstanding work in this respect is the one 
by Loeffler et al. (2009), who compared olivine 
spectral changes induced by He+ ion irradiation 
to those caused by laser impact. They conclud-
ed that spectral changes can be similar even if 
the weathering mechanisms are different. They 
found a difference in the timescale that is need-
ed for the two weathering agents to saturate the 
spectral change, which differs by two orders of 
magnitude.

Another example is the study by Gillis-Davis 
et al. (2018), who compared laser- and electron-
irradiated samples made of the Murchison me-
teorite. They found that combination of space 
weathering agents may lead to greater space 
weathering changes than using just one of them. 

The main aim of this work thus was to evalu-
ate what the differences and similarities in the ef-
fect of the two most significant space weathering 
agents (solar wind and micrometeoroid impacts) 
are onto spectra of silicate-rich airless planetary 
bodies. For that, I firstly compared spectra from 
the areas of lunar swirls to those in the surround-
ing areas to see if I could distinguish the effect of 
micrometeoroids. Then I simulated the two space 
weathering agents during laboratory experiments 
on very common rock-forming minerals, oliv-
ine and pyroxene. And lastly, I focused on lab-
oratory experiments using electron microscopy 

Fig. 1. An example of landslide uncovering regolith of 
higher albedo on asteroid (433) Eros. Courtesy NASA/
JPL/JHUAPL.
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to see if there is a difference in the subsurface 
structure of the minerals dependent on the space 
weathering agent. My work revealed that there 
is a difference in the effect of the two agents, as 
you may see in Sect. 4.

2 Theoretical background

In this section, I will describe the basics of reflec-
tance spectroscopy and how to model reflectance 
spectra. Then I will focus on the space weather-
ing phenomenon and its special cases. The last 
part of the introduction will comment on labo-
ratory experiments focused on space weather-
ing simulations.

2.1 Reflectance spectrum

Reflectance spectroscopy is a method of exam-
ination of the material by sending photons of 
various wavelengths and recording photons that 
were reflected back to the sensor.

As a photon reaches a boundary of two ma-
terials with different refractive indices, it may ei-
ther reflect from the boundary or refract into the 
second material. If a photon encounters an ion, 
it interacts with its valence electrons. If the en-
ergy of this photon corresponds to the difference 
in the energy levels of the ion’s electron states, 
it may cause the electron to get into an excited 
state. As the excited state is not the stable one, 
the electron eventually falls back into the stable 
configuration and re-radiates a photon, which 
is slightly different to the incoming one. Like 
this the signal into the sensor is decreased and 
we see an absorption at the wavelength (energy) 
specific to the material.

The light absorption in the medium is de-
scribed by Beer’s law:

where I is the intensity of the observed light, I0 
is the original intensity, γ is the absorption coef-
ficient, Γ is the extinction coefficient (imaginary 
part of the complex refractive index), z stands 
for the distance that the light travels through the 
material, and λ is the wavelength of the light 
(both equations are valid only for one specific 
wavelength). Reflection of the light, on the other 
hand, follows the Fresnel equation, which con-
nects the reflectance R to the real part of the re-
fractive index and to the extinction coefficient. 
For more information see Bishop et al. (2019) 
and references therein. A reflectance spectrum 
then consists of two parts, the continuum and the 
sudden drops in reflectance (absorption bands). 

In planetary spectroscopy, we do not study 
individual ions, but ions embedded in a crystal-
line structure. These are usually the transition 
metal ions, mainly Fe2+, but also an abundance 
of other ions such as Mg2+. Transition metal ions 
are characteristic by having their 3d orbital filled 
with six electrons. The presence of other ions in 
the crystalline structure causes distractions to the 
original energetic states in transition ions, which 
are then characteristic to the reflectance spectrum 
and cause absorption bands.

This dissertation focuses on two of the most 
common rock-forming minerals in the Solar sys-
tem, i.e. olivine and pyroxene. The crystalline 
structure of both of them is based on silica-ox-
ygen tetrahedrons. Between them, we may most 
frequently find the above-mentioned ions of Fe 
and Mg. The ions may consist solely of Fe or 
solely of Mg ions, but may have various com-
binations of these ions as well. We then say that 
the mineral occurs in solid-solution series. For 
olivine, the iron-rich endmember is called fay-
alite (Fa), the magnesium-rich endmember is 
called forsterite (Fo). Pyroxene’s endmembers 
are ferrosilite (Fs, iron-rich) and enstatite (En, 
magnesium-rich).

I = I 0 exp(−γ z) , γ =
4πΓ
λ ,
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2.1.1 Olivine spectra

In olivine, (Mg, Fe)2SiO4, the metal ions occur in 
two different crystallographic sites, also known 
as M(1) and M(2). Visible and NIR spectra of 
olivine are characteristic by three overlapping 
absorptions at around 1 µm. The central absorp-
tion band originates in the M(2) site, while the 
two weaker absorptions at both sides of the cen-
tral band are caused by M(1) site (Burns, 1970). 
For an example of olivine spectrum, see Fig. 2. 

2.1.2 Pyroxene spectra

Spectra of pyroxenes, (Ca, Mg, Fe)2(Si, Al)2O6, 
are characteristic by two major absorption bands 
at 1 µm and 2 µm, see Fig. 2. These two bands 
originate in the pyroxene M(2) site (Burns, 
1989). Except for M(2), we can also find an 
M(1) site in pyroxene, but this is more regular 
and thus produces weaker bands at around 0.97 
and 1.2 µm

2.1.3 Changes to the spectral features

Several effects alter the reflectance spectra. For 
example, the bands shift to longer wavelengths 
with increasing amounts of Fe in the mineral. 
These shifts are more pronounced for olivines 
than for pyroxenes (Clark, 1999). In pyroxenes, 
we can also see how the crystalline structure 
influences shapes and positions of the absorp-
tion bands, as clinopyroxenes, crystallizing in the 
monoclinic crystal system, have bands at longer 
wavelengths than orthopyroxenes, crystallizing 
in orthorhombic crystal system, see, for example, 
Fig. 6 in Burns (1989).

The temperature conditions on airless plan-
etary bodies significantly influence the recorded 
spectrum. As the temperature increases, bands 
get wider, shift the positions of their minima, and 

as a consequence, even the band area ratios differ, 
see, for example, Burns (1989, Fig. 9). The dif-
ferences do not necessarily occur only between 
bodies at different distances from the Sun, but 
also within one body. For example, temperature 
variations on the dayside and nightside of an as-
teroid in the Main belt can be 150 K (Bishop et 
al., 2019). These changes can be accounted for 
using correction equations to the spectral param-
eters. The equations are specific for individual 
minerals, see, for example, Reddy et al. (2015). 

Another factor influencing the spectral shape 
is the size of the regolith particles. The larger the 
particles in the sample are, the smaller the albedo 
is, the bluer the spectral slope is, and the deeper 
the absorption bands are (Reddy et al., 2015). The 
reason is the bigger surface-to-volume ratio of 
small grains that causes surface reflections to be 
more important than internal photon path lengths 
causing absorptions (Clark, 1999).

The phase angle is another factor influencing 
spectra. It is defined as an angle between the Sun, 
the body, and the probe or instrument measuring 
the spectrum. This viewing geometry influences 
the spectral slope, albedo, and the position and 
depth of the absorption bands. All these chang-
es are due to the dependence of the reflectance 
curves on the observation geometry (Gradie et 
al., 1980). Sanchez et al. (2012) found that for 

Fig. 2. An example of a spectrum of olivine, Fo90, and 
pyroxene, En67. Reflectance is denoted by R, wavelength 
by λ.
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the near-Earth asteroids, the spectral slope and 
depth of absorption bands increase with increas-
ing phase angle. Deepening of the 1-µm band 
and reddening of spectra with increasing phase 
angle was also verified on data from the Sloan 
Digital Sky Survey by Carvano et al. (2014). 
Yang et al. (2017) found that dark minerals red-
den with increasing phase angle and bright ones 
tend to have bluer spectra; the key factor being 
the multiple scattering effect. Some correction 
equations have been derived for different types 
of bodies (Reddy et al., 2015).

2.1.4 Mid-infrared spectra

Part of this dissertation touches on spectral fea-
tures in the mid-infrared region (MIR), i.e. ap-
proximately 3 to 13 µm in this case, other studies 
go even to longer wavelengths. In this region, 
the spectroscopy does not proceed in the same 
regime as in VIS and NIR. The spectral features 
result from vibrations in the crystalline structure, 
which are caused by stretching, bending, or ro-
tation of the chemical bonds in the molecules 
(Bishop et al., 2019; Salisbury et al., 1991). The 
probed volume is much smaller at longer wave-
lengths than in the case of the VIS and NIR 
wavelengths due to rapid increase of the refrac-
tive index resulting in strong surface scattering 
(Brunetto et al., 2020; Lantz et al., 2017).

The main features in the region I probed 
are the Christiansen feature, associated with 
the strongest molecular vibration band around 
8 µm – 9 µm, and the Reststrahlen bands, orig-
inating from Si-O vibrations. For pyroxene, the 
main Reststrahlen bands may be found between 
8.5 µm and 9.5 µm, and in olivine we observe 
mainly a reflectance plateau between 10.5 µm 
and 11.5 µm and two minor peaks near 9.5 µm 
and 10.2 µm. Even MIR spectra depend on ma-
ny parameters, such as grain size and surround-
ing conditions, see, for example, Salisbury et 

al. (1991).

2.1.5 Planetary spectroscopy

Planetary spectroscopy is a very useful technique 
in Solar system studies. The main advantage is 
that we can study the surfaces remotely. We do 
not need to posses and prepare any samples, and 
this method is non-destructive. Spectroscopy can 
be used for both crystalline and amorphous ma-
terials and as seen above is sensitive to small 
changes in chemistry and/or mineral structure, 
which helps to reveal detailed information about 
the mineralogy of the studied bodies (Adams, 
1974; Clark, 1999; McCord et al., 1970; Mc-
Cord et al., 1981). We usually use VIS and NIR 
spectral regions, which means wavelengths from 
400 nm to 700 nm and from 700 nm to 3000 nm, 
respectively.

However, remotely measured spectra usu-
ally suffer from loss of spectral details due to 
several factors, chief among them being lower 
resolution of spectrometers on board of inter-
planetary spacecrafts. Further, in case we mea-
sure the spectra from the Earth, the atmosphere 
debases part of the information because of the 
absorptions caused mainly by water and hydrox-
yl (around 3000 nm), but also by atmospheric 
ozone (350 nm), oxygen (760 nm), and carbon 
dioxide (2000 nm and 2060 nm). For more de-
tails, see for example, Clark (1999).

2.1.6 Spectral fits – Modified Gaussian 
Model

This thesis is based on comparison of different 
spectra and also on comparison of spectral pa-
rameters. To obtain the spectral parameters, a 
model of the spectrum needs to be introduced. 
One of the most acknowledged tools, of the last 
two decades (Clénet et al., 2011), for fitting re-
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mote mineral reflectance spectra is the Modi-
fied Gaussian Model (MGM) by Sunshine et al. 
(1999). First introduced in year 1990 (Sunshine 
et al., 1990), MGM significantly improved esti-
mates of the basic spectral characteristics such 
as the spectral slope, depth of mineral absorption 
bands, their position, etc. The spectrum is fitted 
in the space of natural logarithm of reflectance 
ln(R) and energy x. This combination allows for 
a simple mathematical summation of the spec-
tral continuum C and absorption bands, based 
on the equation:

where a, b are the slope and intercept of the 
continuum, index k = 1, ... , n, n is the number 
of individual wavelengths of measured spectra, 
and i = 1, ... , l, l being the number of modified 
Gaussian distributions/mineral absorption bands 
in the spectrum. The modified Gaussian distri-
bution m has the following form:

where s stands for the strength or amplitude of 
the distribution, µ is its centre (mean), and σ its 
standard deviation. The difference between the 
Gaussian (also called normal) and the modified 
Gaussian distributions is in the exponent −1 in the 
−(xk

-1 − µi
-1)2 parenthesis. The general Gaussian 

(normal) distribution has this equation:

(1)

The modification coefficient for the modified 
Gaussian curve was derived empirically, using 
a single-crystal orthopyroxene spectrum, and al-
lows for the asymmetry of the slopes of distri-
bution wings (for more details see Sunshine et 
al., 1990). An example of olivine spectrum fitted 

using MGM is shown in Fig. 3.

2.2 Space weathering

As emphasized in previous sections, several ef-
fects (such as the temperature of the surface, 
viewing geometry, and grain size) significant-
ly change the overall appearance of the spec-
tra. Errors in mineralogy interpretation do not 
occur only due to these effects though. Space 
weathering is another important factor influenc-
ing the physical and chemical properties of air-
less planetary surfaces (Hapke, 2001; Pieters et 
al., 2016). Space weathering does not refer to 
only one process but encompasses several pro-
cesses, the prime of which are the irradiation by 
solar wind ions and impacts of micrometeor-
oids. Several other processes also influence the 
space weathering state of airless planetary bod-
ies, such as galactic radiation or contamination 
by the material of impactors, but these do not 
have as significant impact for the bodies I refer 
to in this thesis. As a result of space weathering, 
the chemical and physical state of topmost sur-
face layers, approx. hundreds of nm, is altered 

m(x
k
)
i
= s

i
exp(−(xk

−1−μi
−1)2

2σi
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Fig. 3. An example of fit of olivine spectrum using MGM. 
The green line represents the measured spectrum. The 
red dashed line is the continuum curve, the blue lines 
are individual modified Gaussian curves that summed 
together with the continuum result in the black line 
representing an overall fit. The purple line marks the 
error of the fit, R is the reflectance, R0 reflectance of the 
fresh spectrum at 750 nm, and λ is the wavelength. Note 
that the y axis is in natural logarithm.

ln R(xk) = ∑
i=1

l

m(xk)i+C

= ∑
i=1

l

m(x
k
)
i
+ax

k
+b ,



17

(Hapke, 1965; Hapke, 2001; Pieters et al., 2000; 
Pieters et al., 2016; Wehner et al., 1963).

In this thesis, I deal with the silicate-rich bod-
ies. It was found that as a result of space weath-
ering, VIS-NIR spectra of these bodies darken 
(albedo decreases), darkening is more intense 
towards the shorter wavelengths (resulting in 
spectral slope reddening), and the characteris-
tic mineral absorption bands fade away, see, for 
example, Hapke (2001).

2.2.1 Lunar space weathering

The studies of space weathering originate in work 
of Gold (1955), who noticed that the craters on 
the Moon degrade with time. The main boom 
of interest in space weathering started after the 
Apollo missions, which brought lunar soils and 
boulders back to the Earth. At that point, it start-
ed to be evident that the spectrum of the space 
weathered soil does not match the spectrum of 
the preserved interior of the boulder crushed to 
the same particle size, see, for example, Hapke 
et al. (1970).

Originally the spectral changes have been 
incorrectly prescribed to the presence of impact 
glasses, but Cassidy et al. (1975) showed, that 
space weathering is caused by the creation of 
small particles of metallic iron, so-called nano-
phase iron particles (npFe0). The npFe0 particles 
have (on the Moon) typical sizes of several nm 
(≈ 3 nm) and are found in thin surface layers 
(≈ 100 nm layer of the 60 µm grain) of the top-
most regolith grains (Pieters et al., 2000; Piet-
ers et al., 2016). The main changes these par-
ticles produce in the spectra are reddening with 
a small contribution of darkening (Keller et al., 
1998; Noble et al., 2007).

Nanophase iron may grow to larger sizes. 
Upon impacts, individual particles merge into 
larger structures held together by impact glasses, 
also known as agglutinates, which consequent-

ly cause darkening of the spectra (Keller et al., 
1998; Noble et al., 2007).

Both types of these particles are opaque and 
thus disable the repeated reflections in the mate-
rial, which is the main reason for the darkening 
(Chapman, 2004). The main reasons for their cre-
ation are melting caused by microimpacts and so-
lar wind sputtering. The melting creates vapours 
of the impacted and target material, during which 
light gasses, such as oxygen or magnesium, es-
cape the surface, which is then depleted in them. 
The unbound metallic iron condensates and set-
tles back on the surface of the grain (Cassidy et 
al., 1975; Hapke, 2001). During the sputtering 
event, iron is unbound from the silicate and set-
tles on the surrounding grains. Small npFe0 par-
ticles are created mainly by sputtering, whereas 
large ones are created by melting (Blewett et al., 
2011; Noble et al., 2007).

Lunar swirls

A natural laboratory for evaluation of space 
weathering may be one of the lunar swirls. A 
lunar swirl is a curvilinear bright patch on the 
lunar surface, whose shape is not connected to 
the local topography. Lunar swirls may be found 
all over the lunar surface (Hood et al., 1989). 
When localized in a lunar mare, the swirl is usu-
ally more complex in shape and the albedo con-
trast to the background material is stronger than 
in highlands, where the swirls tend to be simpler 
and less visible (Blewett et al., 2011). All lunar 
swirls are associated with increased magnetic 
field, so-called magnetic anomaly. On the oth-
er hand, it is not true that all magnetic anoma-
lies would be associated with lunar swirls. Hood 
et al. (1989) showed that an average magnetic 
field in the Apollo landing site is approximately 
327 nT, and in lunar swirl areas, it can be greater 
than 1000 nT. 

A typical example of lunar swirl is the Rein-
er Gamma in Oceanus Procellarum or the Mare 
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Ingenii swirl (see Fig. 4). Both show large spec-
tral contrast and a complex shape. An example 
of the highland swirl is, e.g., the Gerasimovich 
anomaly, which is also the area of the strongest 
magnetic field on the Moon.

Due to the higher albedo, the lunar swirls 
were thought to be fresh, or at least similar to 
the fresh material (Blewett et al., 2011), but sev-
eral recent studies showed that the swirl mate-
rial may be distinct from the fresh material we 
find in craters (Pieters et al., 2016). Except for 
the higher albedo, the lunar swirls have slightly 
lower FeO abundance than the rest of the lunar 
surface (Blewett et al., 2011).

Another unresolved question is the origin 
of the lunar swirls. Soon after their discovery, 
Schultz et al. (1980) suggested that the swirls 
originated in the cometary impact event. Oth-
er theories commented on meteorite impacts 
causing high enough temperatures for creation 
of magnetic fields. Nevertheless, this theory 
is inconsistent with the fact that Glotch et al. 
(2015) did not observe any changes of the cm-
scale roughness or temperature of the swirl ar-
eas that would support such events in the Lunar 
Reconnaissance Orbiter Diviner Lunar Radiom-
eter data. On the other hand, a newer study of 
Bhatt et al. (2021) comments on the differences in 
the regolith microstructure in the Reiner Gamma 

swirl compared to the surroundings. Some of the 
swirls are placed in antipodes to the big impact 
basins on the Moon (Hood et al., 1989). This 
led to a theory that the material ejected during 
the basin’s creation circulated around the Moon 
and collided in the antipode, creating the swirl. 
Not all swirls are found in the antipodes though.

The main factor influencing the state of lu-
nar surface in the area of lunar swirl is the pres-
ence of the magnetic field. This field protects the 
surface from the majority of incoming charged 
particles (such as the solar wind ions). The ions 
are deflected and move along the magnetic field 
lines, by which they are concentrated into nar-
row areas of so-called dark lanes (Kramer et al., 
2011). The theory of surface preservation from 
incoming ions is called the Magnetic field stand-
off theory (Hood et al., 1980; Hood et al., 1989).

The magnetic field stand-off does not in-
fluence the micrometeoroids, as they are not 
charged. The lunar swirls are believed to be 
≈ 3.9 Gyr old (Blewett et al., 2011). Microme-
teoroids would thus have a sufficiently long time 
to weather their surface. Another mechanism 
causing the bright nature of the swirls has thus 
been proposed. Neugebauer et al. (1972) was the 
first one who associated the magnetic field on 
the Moon with the creation of electric fields. An 
electric field is created by separation of electrons 

Fig. 4. Mare Ingenii swirl. Exported from Lunar QuickMap, https://quickmap.lroc.asu.edu/.
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and protons in the presence of a magnetic field. 
This is how the electric potential is generated. 
Fine dust is then lifted by the terminator cross-
ing and transported great distances. According to 
Stubbs et al. (2006), 0.1 to 1 µm particles can be 
transported up to several kilometres on the sur-
face of the Moon and bright highland material 
may get transported into the swirls.

2.2.2 Asteroidal space weathering

Asteroids may be divided for example based 
on their position in the Solar system (into near 
Earth asteroids, NEAs, and Main belt asteroids, 
MBAs), based on their size, or based on their 
mineralogy. As this thesis focuses on the spec-
tral features that are strongly connected to the 
mineralogy, let us focus on this aspect. Gener-
ally, there are two types of asteroids: bright and 
dark ones. Based on the classification of De-
Meo et al. (2009), the bright asteroids are those 
of Q-, S-, A-, R-, and V-type and these are the 
aim of my work1.

One of the prime motivations to study asteroi-
dal space weathering is to understand the evolu-
tion of asteroidal families. The dynamical age of 
a family correlates with reddening of the spectra 
of its members, because we expect that the parent 
body of the family was fresh in its volume, and 
during the catastrophic collision, its inner parts 
became the surfaces of individual members of 
the family. The space weathering evolution state 
may thus be useful for identification of members 
of one family among other families, estimates of 
their evolution, etc.

Asteroidal space weathering studies origi-

1 In recent years, space weathering studies also focused 
on dark asteroids (such as C-types) to support ongoing 
planetary missions to asteroids (101955) Bennu and 
(162173) Ryugu. These materials weather in a different 
way. For example, they experience spectral blueing 
instead of reddening, see, e.g., Brunetto et al. (2018) 
and Brunetto et al. (2020).

nate in the disagreement between spectra of or-
dinary chondrite (OC) meteorites and their ex-
pected parent bodies, S-type asteroids (Brunetto 
et al., 2015). It was soon found out that if we ap-
ply changes consistent with space weathering to 
the OC spectra, we obtain remarkable similarity 
with S-type asteroidal spectra. It was also found 
that the Q-type asteroids are fresher analogues 
of S-type asteroids, see for example, Binzel et 
al. (2004) and Chapman (2004).

Several missions have studied bright aster-
oids in greater detail. The prime among them in 
the extent of the mission is the Hayabusa sample-
return mission organized by the Japan Aerospace 
Exploration Agency to asteroid (25143) Itokawa. 
This mission delivered material from the asteroid 
back to the Earth for a more detailed examina-
tion. Based on it, we know that even at aster-
oids, the spectral changes may originate from the 
nanoparticles, in the case of Itokawa mainly of 
FeS and MgS, immersed in amorphous rims cre-
ated by vapour deposition. Based on Brunetto et 
al. (2015), the observed particles do not contain 
agglutinates, as was seen on the Moon, which 
points to the lack of high-velocity impacts on the 
body. Also, based on the pictures of the surface, 
we can see that interplanetary dust particles may 
cause albedo variations at larger boulders. Gen-
erally, Itokawa shows considerable variations of 
brightness and colour corresponding to the pres-
ence of steep slopes and elevated areas (Hiroi et 
al., 2006). All of this is consistent with expec-
tations about the space weathering behaviour.

Other missions visited, for example, aster-
oids (4) Vesta or (433) Eros and based on the 
images obtained we may also evaluate their 
space weathering trends. For example, Eros 
shows great variations of albedo, especially in 
the steep slopes, but small variations of spectral 
slope (Chapman, 2004). Vesta shows only low 
levels of space weathering and its changes may, 
according to Pieters et al. (2016), be associated 
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mainly to the mixing with impactor material. 
The space weathering does not proceed in the 
lunar style there.

2.2.3 Typical space weathering timescales

The speed at which planetary surfaces weather 
is dependent on the environment they inhabit 
and also on their properties (Hapke, 2001; Piet-
ers et al., 2000; Pieters et al., 2016). Firstly, the 
position of the body with reference to the Sun is 
important, as the flux of the solar wind particles 
changes with the square of the distance from the 
Sun. The conditions are thus different for Near-
Earth asteroids and for asteroids in the Main belt. 
Also the speed of micrometeoroids relative to the 
body is position-variable. It is expected that on 
Mercury, the amount of impact-induced melt is 
an order of magnitude larger than on the Moon 
(Bishop et al., 2019). Dependent on the position 
in the Solar system, other processes interconnect-
ed to space weathering become important, such 
as thermal cycling, which cracks the boulders, or 
sublimation on bodies rich in ices. For an over-
view of space-weathering processes, see Fig. 5.

Additionally, there is a strong correlation 
with surface mineralogy, as the higher abundance 
of silicate minerals implies higher iron content 
and thus more material for creation of npFe0 

particles. Another factor is the surface texture, 
as it was shown that space weathering is domi-
nant mainly in porous materials (Hapke, 2001), 
and spectral properties are influenced mainly by 
< 45 µm particles on the Moon. 

Moreover, the time the surface is subject to 
the space environment is crucial for its weath-
ering stage. Solar wind saturates the weathering 
state after ≈ 105 yr at 1 au, but weathering by 
micrometeorites is ≈ 1000-times slower (Hapke, 
1977; Noguchi et al., 2011; Yamada et al., 1999). 
Laboratory experiments showed that olivines are 
more easily weathered than pyroxenes (Yamada 

et al., 1999), which was later supported also by 
atomic-scale computational study of Quadery et 
al. (2015). On the other hand, space weathered 
surfaces are rejuvenated by several effects, see 
Section 2.2.4.

2.2.4 Rejuvenation processes

Even though asteroids are older than the typi-
cal weathering timescales, they do not generally 
look completely weathered. A group of processes 
rejuvenate their surfaces so they appear fresh.

The collisional lifetime of a 1-km body is 
> 10 Myr, which is few orders of magnitude larg-
er time than the typical space-weathering tim-
escale, disruption thus is not a source of rejuve-
nation of the surface. Smaller, non-catastroph-
ic, impacts on the other hand, may overturn the 
topmost regolith layers of asteroids and uncover 
the fresh, underlying layers. Other rejuvenation 
processes are, for example, planetary encoun-
ters, spin-up by the YORP effect, or in the case 
of NEAs the thermal fatigue fragmentation (Bru-
netto et al., 2015).

2.3 Space weathering laboratory 
experiments

Because of the sparsity of real space samples, 
laboratory irradiation experiments on terrestrial 
samples or meteorites are the most widespread 
mean of analyses aiming for a better understand-
ing of the effects of space weathering. The two 
main space weathering agents are usually sim-
ulated by different types of experiments. Solar 
wind ions are represented by accelerated ions 
of light elements (see, for example, Lantz et al., 
2017; Loeffler et al., 2009; Vernazza et al., 2013), 
while micrometeoroid impacts are simulated 
mostly by laser irradiation (see, for example, 
Sasaki et al., 2002; Yamada et al., 1999; Fazio 
et al., 2018). The experiments have one aspect 
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in common. All are done under vacuum condi-
tions. Even though the previous studies did not 
simulate the space environment perfectly, there 
are increasing efforts to improve the conditions 
of the experiments, mainly in terms of surface 
textures, pressures, temperatures, and used ma-
terials, to get nearer to the reality (Brunetto et 
al., 2015).

2.3.1 Solar wind component

Ion irradiation experiments differ by the type 
of the ion used. Most of the studies up to date 
focused on the most common solar wind ions, 
i.e. hydrogen, H, and helium, He, that make up 
to 99 % of the total flux (see, for example, Bru-
netto et al., 2005; Brucato et al., 2004). Some 
works also used heavier ions, to simulate other 
components of the solar wind (see, for exam-
ple, Kaňuchová et al., 2010; Fulvio et al., 2012). 

Another aspect that differs is the energy of 
ions. Generally higher energies than what are 
the typical energies of the regular solar wind are 
used. Typically, the most common H+ ion has an 
energy of about 1 keV, and He+ ion energy of 
approximately 4 keV. Nevertheless, many works 
used even more than 10 times greater energies, 
see, for example, Lantz et al. (2017). These stud-
ies thus simulated particles from the solar flares, 
which are not as common as the regular, calm, 

solar wind but may also have a significant im-
pact (Brunetto et al., 2015).

Most previous work on silicate-rich materi-
als verified the general space weathering trends, 
i.e. spectral darkening, reddening, and decrease 
of spectral contrast (see, for example, very early 
work by Hapke et al. (1970) on lunar samples 
irradiation). Many studies focused on individual 
bodies, such as Brunetto et al. (2005) who man-
aged to estimate the surface exposure age of as-
teroid (832) Karin based on their irradiations of 
olivine and pyroxene samples. By correlating 
observations of irradiated eucrite meteorites with 
the observed slopes of V-type asteroids, Fulvio 
et al. (2012) managed to better explain connec-
tion between asteroid Vesta, V-type asteroids and 
HED meteorites.

2.3.2 Micrometeoroid impacts component

The effect of micrometeoroid impacts would 
be convenient to study through irradiations by 
micrometer-sized dust particles. At the mo-
ment there are not many facilities that would 
be capable of producing high enough fluences of 
such particles to significantly weather the sam-
ple. Nevertheless one such rare experiment has 
been conducted by Fiege et al. (2019). More of-
ten the way to simulate the impacts is through 
irradiation by laser pulses.

Fig. 5. An overview of space-weathering related processes. (left) Situation on the Moon, i.e. at 1 au. (right) Situation 
elsewhere in the Solar system. Depending on the position, contribution of the mentioned processes differ. Overtaken 
from Pieters et al., Journal of Geophysical Research: Planets, published online 21 October 2016, page 1866, see 
Pieters et al. (2016).
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The most widely used laser is yttrium-alu-
minium garnet doped by neodymium, with the 
typical wavelength of 1064 nm (see, for exam-
ple, Corley et al., 2017; Sasaki et al., 2002). Usu-
al pulse duration is between 6 ns and 8 ns, as 
this timescale is comparable to the duration of 
1 µm–10 µm dust impacts (Yamada et al., 1999; 
Sasaki et al., 2002). Also as shown by Fulvio 
et al. (2021) the created impact craters resem-
ble the naturally occurring craters. Fazio et al. 
(2018) were the first who conducted a new type 
of experiments using femtosecond laser pulses. 
Based on their work, femtosecond pulses rep-
resent the reality of the micrometeoroid impact 
better as for high enough irradiance the creat-
ed shock wave propagating through the sample 
resembles the actual impact, while nanosecond 
pulses just heat and melt the surface. Even in the 
case of femtosecond pulses, the morphology of 
created craters resembles observations from the 
lunar samples (see, e.g. Noble et al., 2015) and 
particles from asteroid Itokawa (see, for exam-
ple, Harries et al., 2016).

Also laser irradiation experiments aim to ex-
plain observations from the Solar system. Based 
on their laser irradiations of olivine, Brunetto et 
al. (2007) estimated that the age of surface of A-
type asteroid (1951) Lick is very high, ≈ 107 yr. 
Sasaki et al. (2002) noted that crystal samples of 
olivine do not show traces of structural chang-
es, while in powder pellets, nanophase iron par-
ticles are abundant. From that they concluded 
that small asteroids, which do not possess rego-
lith layers, will be very hardly weathered. This 
correlates with observations of Q-type asteroids, 
which are mostly small and look fresher than 
larger S-type asteroids of similar composition 
(Binzel et al., 2004).

2.3.3 Subsurface changes

Very early after the community began to work on 

irradiation experiments, researchers wondered 
what the origin of spectral changes is, i.e. what 
is the subsurface cause of the spectral altera-
tion. Sasaki et al. (2001) studied olivine irradiated 
by laser and found that it contains amorphous 
rims rich in nanophase iron particles, similar to 
those observed in the lunar samples by Keller 
et al. (1993).

Many studies on terrestrial samples focused 
on the dimensions of either the amorphous rims 
or nanoparticles, see, for example, Fazio et al., 
2018; Sasaki et al., 2002; Weber et al., 2020. 
Many worked with the samples from airless 
bodies, such as the Moon (Kling et al., 2021) 
or asteroid Itokawa (Noguchi et al., 2014b; No-
guchi et al., 2014a). Based on these studies, we 
may conclude that weathering-induced nanopar-
ticles on the Moon and asteroids do not have 
the same characteristics, e.g. we see larger par-
ticles on the Moon than on Itokawa. Except for 
the observed npFe0 particles, space weathered 
rims show abundant vesicles (see, for instance 
Dobrică et al., 2016; Matsumoto et al., 2015).

Subsurface changes thus proceed differently 
for different airless planetary bodies. To see the 
reason for this, Weber et al. (2020) studied laser-
weathered olivine and pyroxene samples. They 
found that the subsurface structure of these two 
materials differs both in the thickness and in the 
nanostratigraphy but the reflectance spectra are 
not dependent on the source of changes.

Our knowledge of space weathering chang-
es still improves, for instance in a new study by 
Cymes et al. (2022), electron microscopy im-
ages revealed that some of the soils from the 
Apollo 17 mission contain npFe0 particles that 
contain vesicles. These vesicles are expected to 
be created by solar wind, as in some cases the 
vesicles are larger at the near-surface side of the 
particle and are filled with He.
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3 Methods

Here, I describe what were the main methods I 
used when working on this dissertation. I will 
start by describing the experimental setups for 
laboratory simulations of space weathering. Then 
I will focus on how I obtained the reflectance 
spectra for the various analyses. The next part 
will describe observations using electron micros-
copy. Then I will briefly introduce one of the most 
useful methods I used for finding the spectral 
trends in the data, i.e. the principal component 
analysis (PCA). The last part will briefly com-
ment on some of the statistical methods used. 
For a more detailed description of the appara-
tuses and the data sets, please see the attached 
Papers I, II, and III.

3.1 Laboratory simulations of space 
weathering

For all the irradiations, I used the same mate-
rial. This gives additional value to the results, 
as I was then able to compare the effect of the 
two space weathering agents without the need 
of further discussions about possible influence of 
varying mineralogy, which is the great contribu-
tion of this work to the field, as other studies did 
not focus on such comparison earlier.

Irradiations have been conducted using two 
materials: olivine and pyroxene, which are com-
monly found on silicate-rich airless planetary 
bodies, see Chrbolková et al. (2021), i.e. Paper II. 
The materials were ground and dry-sieved to ob-
tain only grains smaller than 106 µm, which I 
consequently pressed into pellets with KBr base, 
as was done previously e.g. in work of Lantz et 
al. (2017). All the irradiation experiments were 
conducted in vacuum conditions to match the 
real situation.

3.1.1 Effect of solar wind

I simulated the effect of solar wind by irradia-
tions with three different types of ions: the most 
common solar wind ion H+, the second most 
common He+, and an ion representing heavier 
elements Ar+. I used low energies (5 keV H+, 
20 keV He+, and 40 keV Ar+) to get close to the 
real standard solar wind situation.

Different fluences (ranging from 1014 ions/
cm2 to 1018 ions/cm2) simulated different levels 
of space weathering. Simulations covered times-
cales from fractions of a year to several hundreds 
of years for lighter ions and several hundreds of 
thousands of years for Ar+.

The irradiations using H+ ions were done at 
the University of Helsinki Accelerator laboratory 
and led by Dr. Kenichiro Mizohata. The whole 
set of pellets was placed into a vacuum cham-
ber onto a rotating carousel, see Fig. 6 (a). Each 
pellet simulated one space weathering state and 
one pellet was left un-irradiated as a compari-
son sample. The samples were stabilized before 
extracting from the vacuum chamber as in Ko-
hout et al. (2014).

The irradiations by He+ and Ar+ ions proceed-
ed at L’Institut d’Astrophysique Spatiale (IAS-
CSNSM), Orsay, with the help of Dr. Cateline 
Lantz and Dr. Rosario Brunetto. The pellets were 
placed onto a sample holder, see Fig. 6 (b), and 
after irradiation immediately measured for spec-
tral changes. After the spectral measurement, the 
irradiations with greater doses proceeded onto 
the same pellet.

3.1.2 Effect of micrometeoroid impacts

Based on work by Fazio et al. (2018), I decided 
to simulate the effect of micrometeoroid impacts 
using individual femtosecond laser pulses. This is 
a rather novel approach as most previously pub-
lished experiments used nanosecond pulses. We 
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built, with Prof. Petr Malý and Dr. František Tro-
jánek, a new experimental setup at the Depart-
ment of Chemical Physics and Optics, Charles 
University.

The laser in my experiment shot pulses into 
a square grid in which the spatial distance be-
tween individual laser-induced craters differed, 
see Fig. 7 for an example. The denser the craters 
were, the higher weathering stage the material 
experienced. In this way, I simulated timescales 
ranging from several hundreds to several thou-
sands of years. In the experiment, the laser never 
shot into the exactly same place twice, as is seen 
in some other works (e.g. Brunetto et al., 2005), 
but in the denser configurations, the craters could 
overlap. The experiment was designed so that 
each sample contained four different squares, 
three containing an increasing weathering stage 
and one left un-irradiated as a reference. Each 
sample had its own sample holder made from 
Teflon, see Fig. 6 (c). Before extracting from 
the vacuum chamber, the samples were surface 
passivated, as in H+ irradiation case, and taken 

out of the sample holders.

3.2 Reflectance spectroscopy

In this work, I focused on two main wavelength 
ranges: VIS and NIR. Paper I uses spectra of the 
lunar surface measured in the VIS-NIR wave-
lengths. My laboratory experiments (Paper II) 
then describe changes in the VIS, NIR, and also 
briefly in the MIR part of the spectra. In Paper III, 
I connected the observed changes found with 
electron microscopy to the VIS-NIR changes.

3.2.1 Lunar study

Reflectance spectra of the Moon come from 
the Moon Mineralogy Mapper (M3) instrument, 
which was part of the Chandrayaan-1 probe or-
biting the Moon from November 2008 to De-
cember 2009 (Green et al., 2011). When map-
ping the lunar surface, M3 used two modes: tar-
get (with maximum possible spectral and spatial 

Fig. 6. Photographs of the experimental setup. (a) Carousel holder for multiple pellets irradiated by H+ ions at the 
Accelerator laboratory of the University of Helsinki. (b) Sample holder for multiple pellets and the Spectralon standard 
(the left-most position) for He+ and Ar+ irradiations at IAS. (c) Sample holder for one pellet for laser irradiation at 
the Department of Chemical Physics and Optics, Charles University. (d) Spectrometer at the University of Helsinki. 
Integrating sphere is attached from the bottom of the spectrometer. (e) Part of the path of spectral signal at the IAS. 
Samples are in the vacuum chamber to the right, spectrometers are to the left. (f) Variable angle reflection accessory 
for spectral measurements at Charles University.
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resolution, i.e. 260 spectral channels and 70 m 
per pixel spatial sampling) and global (with re-
duced spectral and spatial resolution). The global 
mode measurements covered more than 95 % of 
the lunar surface in 1386 downlinked files, while 
the target mode covered only a small portion of 
the surface (156 downlinked files). I thus used 
the global mode as with the target mode I would 
not be able to cover all the desired areas.

The spectral measurements of Level 2 re-
flectance data that I used span from 541 nm to 
2976 nm covered in 83 channels. These spectra 
were thermally and photometrically corrected 
(Besse et al., 2013; Clark et al., 2011). All of 
them were uploaded to the Planetary Data Sys-
tem’s Geosciences Node, from where I down-
loaded them.

I selected the spectra from the regions of in-
terest, i.e. the areas of the fresh craters, contain-
ing pristine material, areas of lunar swirls, con-
taining material weathered presumably mainly 
by micrometeoroid impacts, and mature areas 
influenced by all the space weathering agents, 
using the ENVI software. These spectra were 
then subject to spectral fitting using the Modified 
Gaussian Model, and comparison using the histo-
gram plots and the principal component analysis.

3.2.2 Asteroidal study

To compare my results with measurements of re-
al asteroidal spectra, I used data from DeMeo et 
al. (2009), which they used to construct the new 
asteroid taxonomy. The original dataset contains 
371 asteroidal spectra. The part from 400 nm to 
900 nm comes from the Small Main Belt Aster-
oid Spectroscopic Survey, the part from 800 nm 
to 2500 nm was obtained using the low- to me-
dium-resolution NIR spectrograph and imager 
SpeX at Mauna Kea, Hawaii. For the purposes 
of my work, only spectra of silicate-rich aster-
oids were extracted, i.e. S-, Q-, V-, and A-type 
asteroids. The spectra were then subject to PCA.

3.2.3 Laboratory study

Paper II is based on spectral analysis of the ir-
radiated pellets, see Sect. 3.1. As is mentioned 
in the paper, reflectance spectroscopy has been 
conducted in three different laboratories, mainly 
because of the complexity of the task. The ma-
jor point is that all the measurements covered a 
very similar wavelength range (from 540 nm to 
2500 nm) and thanks to the observational con-
ditions, and the fact that I mainly searched for 
relative trends, were comparable.

H+-irradiated pellets

I measured the spectra resulting from the H+ ir-
radiation using the Gooch and Housego OL-750 
automated spectroradiometric measurement sys-
tem located at the Department of Physics, Uni-
versity of Helsinki. The spectra were captured 
relative to golden and PTFE standards, with in-
cidence angle of the spectral beam 10° relative 
to the normal to the surface. The measurements 
were conducted under ambient pressure and 
room temperature, see Fig. 6 (d).

Fig. 7. An example of an olivine pellet surface after laser 
irradiation. The right part shows part of a square with 
craters approx. 300 µm apart, in the bottom, the craters 
are approx. 250 µm apart.



26

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A107

He+- and Ar+-irradiated pellets

Spectra of pellets irradiated by He+ and Ar+ were 
measured by Maya2000 Pro, OceanOptics, and 
Tensor 37, Bruker, using the Spectralon standard 
at IAS. Compared to the H+ irradiations, these 
spectra were measured in situ in the same vac-
uum chamber where the irradiations proceeded, 
see Fig. 6 (e). Incidence and collection angles 
varied for the VIS and NIR sections of the spec-
tra, the phase angles were therefore 20° and 15° 
for the VIS and NIR range respectively.

Laser-irradiated pellets

After extracting the laser-irradiated pellets from 
the vacuum chamber, I measured their spectra us-
ing Vertex 80v, Bruker, with A513/Q variable an-
gle reflection accessory and using the Spectralon 
standard, see Fig. 6 (f). The spectrometer worked 
in mild vacuum conditions. The incidence angle 
was 0° and the collection angle was 30°.

In all cases, the spot from which the spectrum 
has been captured was significantly larger than 
the inhomogeneities of the sample and reflect-
ed the typical sizes of alteration in the sample.

3.3 Electron microscopy

Samples irradiated by ions and laser were then 
subject to electron microscopy done mainly by 
Dr. Patricie Halodová at the Science Centre Řež, 
the Czech Republic. The aim of the electron mi-
croscopy was to obtain information on the surfi-
cial and subsurface changes in the samples, their 
dependency on the space weathering agent/ir-
radiation type, and their connection to the spec-
tral changes.

Scanning electron microscopy aimed mainly 
at the changes in the surface structure and chemi-
cal conditions on the surface. I based the research 
mainly on images using the backscattered sec-

ondary electrons and on energy-dispersive X-
ray analysis (EDS) of the elemental abundances. 
Transmission electron microscopy, on the other 
hand, aimed at the changes in the top-most 1 µm 
of the samples. My conclusions on subsurface 
alterations were then based mainly on bright-
field transmission images and also on the EDS.

3.4 Principal component analysis

PCA is, at least in my work, used as a dimen-
sionality reduction technique, which enables sep-
arating valuable information from noise through 
linear transformations in multidimensional space 
(Connolly et al., 2014).

In general, the input into PCA is an n-dimen-
sional cloud of points, where n represents number 
of measured parameters, in this work the num-
ber of wavelengths at which the spectrum has 
been captured, and individual cloud points rep-
resent different measurements. These values are 
written in the form of m×n matrix (m being the 
number of points), which is then, using the Sin-
gular value decomposition algorithm, converted 
into a set of three matrices containing eigenvec-
tors and eigenvalues of the covariance matrix of 
the data. Using these, we can then calculate the 
transformation into the new coordinate system. 
In this new system, the first coordinate (principal 
component, PC) corresponds to the direction, in 
which the original data had the greatest variance. 
Orthogonal to this direction, in the direction of 
the greatest variance that was left in the data after 
the first PC was subtracted, lies the second PC, 
etc. until we reach the n-th direction.

Obviously the first few components explain 
a majority of the variance in the data and the rest 
of them represent the random noise. We can then 
select only the relevant PCs and search for the 
trends in an easier-readable data.

There are a few major points one should have 
in mind when using PCA:
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• PCA is a mathematical apparatus that does 
not necessarily transform the dataset into 
physically realistic variables. The interpre-
tation of the results may thus be abstract. 
Even though in some cases, it may be pos-
sible to do so, see an example in Fig. 8.

• PCA is very sensitive to pre-processing of 
the dataset, for example to whether we nor-
malized the variance in the data or whether 
we subtracted the mean.

In my thesis, PCA was mainly used on sets 
of spectral curves. For example, in Paper I, I 
used m = 1324 spectra of the Reiner Gamma 
swirl with n = 83 measured values of reflectance 
in each spectrum. The PCA then showed that 
only the first few PCs explain the shape of the 
spectra, while the rest is noise. Using plots of, 
mainly, the first two PCs, I could then see that 
the spectra from the fresh craters have a slightly 
different shape than the spectra from the Reiner 
Gamma swirl and are different from the spectra 
of the mature soil in the vicinity of the swirl.

Similarly, I then used PCA in Paper II. Based 
on the PC space calculated on my spectral mea-
surements, I evaluated the space weathering 
trend in the Q- and S-type asteroid population 

and did further conclusions.

3.5 Statistical methods

Statistical methods are widely used in astrono-
my and planetary science. By using huge statis-
tical sets of low or average quality data, we are 
generally able to make conclusions on the same 
level of reliability as those made from a smaller 
amount of high-quality data.

3.5.1 Histograms

A histogram shows a frequency distribution of 
a statistical dataset (de Smith, 2018). Based on 
how rough we want the histogram to be, we 
use a variable number of bins, into which we 
group the values. The selection of the number 
of bins may influence the interpretation of the 
results and is thus very important. For my work, 
I used the Sturges’ binning algorithm (Sturges, 
1926). This algorithm assumes that the data are 
normally distributed and requires big datasets, 
with more than 30 samples. The algorithm us-
es log2(N) + 1 bins, where N is the number of 
measurements of the given variable. In case the 
number is not an integer, it rounds the result up.

To enable comparison of different histo-

Fig. 8. An illustration of the basic principle of PCA. (left) A weight on a spring moves in up-down direction with a slight 
left-right movement. We measure the coordinates of the weight in given time intervals. The coordinate system is set 
as in the figure. (center) The resulting measured positions. (right) PCA finds the first coordinate, which corresponds 
to the direction of the greatest variance in the data, i.e. the direction of the up-down movement of the weight. The 
second component is perpendicular to it and refers to the right-left movement of the weight.
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grams, their normalisation is needed. Therefore, 
this work used the Probability density function 
normalisation. This normalisation causes the to-
tal sum of all bins’ areas to be less than or equal 
to 1.

Histogram plots were used mainly in Paper I, 
where I compared distributions of various spec-
tral parameters with respect to the position inside 
or outside the swirl.

3.5.2 Two-sample t-test

Hypothesis testing is an inevitable part of sta-
tistical analysis. In this thesis (Paper I), I tested 
whether two sets of spectral parameters have the 
same means or not. As a result, I could say if 
there is a difference in the parameters of the in-
dividual swirls and their surrounding material.

For testing, I used the Two-sample t-test (de 
Smith, 2018). This test assumes that the two data-
sets come from a normal distribution, as in Eq. 1, 
with the same variance. The null hypothesis is 
that also the means of the datasets are the same. 
The zero hypothesis is then rejected or not based 
on comparison of a probability value P, result-
ing from the test, with the given threshold value, 
which is usually set to 5 %. If the null hypoth-
esis is rejected, then the two datasets are differ-
ent, and I could say that the two sets of spectral 
parameters show a trend.

4 Overview of research output

In this section, I am going to point out the most 
significant results of this thesis, which were pub-
lished and are attached at the end of this text. In 
Paper I, I focused on evaluating spectral evolu-
tion in the areas of lunar swirls. Paper II relates 
to experimental work, based on which I com-
pared the two major space weathering agents and 
their influence on the silicate-rich bodies’ spectra. 

And in Paper III, I evaluated what the subsurface 
structure of the irradiated material is and what 
consequences it has for the spectral evolution.

4.1 Paper I – Effect of 
micrometeoroids in lunar swirls

In the beginning of my work, I searched for some 
natural laboratory, where the two most signifi-
cant space weathering agents would be separat-
ed. An ideal candidate were the areas of lunar 
swirls. Based on the solar wind stand-off theory, 
the surface of the Moon in the area of swirl is 
shielded by the magnetic field from the major-
ity of incoming solar wind ions. As a result, the 
area is influenced mainly by the micrometeoroid 
impacts, see Sect. 2.2.1 for more details. I could 
thus see what the natural spectra influenced by 
micrometeoroids look like and compare them to 
the spectra of the areas influenced by both the 
space weathering agents and to the areas of the 
pristine soil found in the larger impact craters.

Selecting seven different swirls from distinct 
locations around the Moon, I found two main 
dichotomies in the spectral evolution:

1. The mare/highland dichotomy in the albedo 
and 1 µm band depth behaviour. This dichot-
omy may potentially be prescribed to the dif-
ferent FeO content of the two types of ter-
rain, which is the first hint to the observa-
tions in Paper II.

2. The near-/far-side dichotomy in the spec-
tral slope behaviour, which probably results 
from the fact that the Moon is in synchro-
nous rotation with the Earth and the Earth’s 
magnetotail is elongated with respect to the 
radial direction from the Sun. As a result, 
all the near-side swirls are subject to a de-
creased flux of solar wind ions compared to 
the far-side swirls.
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Based on these two dichotomies, I posed con-
straints on the probability of the creation of lunar 
swirls by cometary impacts. I also indicated that 
the origin of the magnetic field in the area of lu-
nar swirl is irrelevant to the rest of its evolution.

Based mainly on the observations of the prin-
cipal component space, it was obvious that the 
micrometeoroid impacts do not induce the same 
complex of spectral changes as the solar wind 
ions, but I could not make a more exact descrip-
tion of the differences between the two space 
weathering agents at that point. That is why I de-
cided to proceed with the laboratory experiments.

4.2 Paper II – Irradiations of silicates

In Paper II, I describe the ion- and laser-irradia-
tion experiments of olivine and pyroxene pellets. 
This set of experiments was designed to better 
understand the difference in the effect of the two 
space weathering agents on the spectra of the 
most common silicate-rich materials.

The irradiations using the H+ ions were done 
with the help of Dr. Kenichiro Mizohata at the 
University of Helsinki Accelerator Laboratory. 
He+ and Ar+ irradiations were conducted in the 
already well-established laboratory for that kind 
of experiments at IAS with the help of Dr. Cate-
line Lantz and Dr. Rosario Brunetto, see Sect. 3.1 
for more details. The experimental set-up for the 
laser irradiations has been designed mainly by 
Prof. Petr Malý and me based on the experiments 
of Fazio et al. (2018).

This paper shows three major results:

1. There is a difference between the effect of 
the ion and laser irradiation on the longer 
NIR wavelengths. Laser irradiation caused 
greater changes at around 2 µm than ion ir-
radiation. This was prescribed to the differ-
ent penetration depths of the laser and ions. 
As laser penetrated deeper into the material, 

the spectral change is more significant. In the 
VIS part of the spectra, this difference is not 
evident probably because of the dependence 
of the extinction coefficients of the darken-
ing agents on the wavelength. I thus expect 
that this means that the solar wind irradiation 
can be distinguished from the micrometeor-
oid impacts at NIR wavelengths.

2. The above-mentioned difference was the on-
ly one I identified in the data. Otherwise, 
it seemed that the original mineralogy of 
the irradiated material had a greater signifi-
cance for the spectral evolution than the space 
weathering agent. This was demonstrated on 
the time-evolution plots in which the change 
in any spectral parameter is similar for the 
given material and varying space weather-
ing agent, but different for the two materials.

3. Based on the findings, I could make several 
conclusions on the evolution of individual 
observed asteroids in the Solar system. For 
example, (433) Eros shows albedo changes, 
but no significant variations of the spectral 
slope. This is consistent with my finding that 
the spectral slope in olivine changes on short 
timescales, while in pyroxene, the change is 
mild. As Eros’ surface is rather old, the oliv-
ine changes already saturated and we observe 
only pyroxene-related spectral changes, i.e. 
the slope is stable and albedo is still vary-
ing. Similarly, this work also explained the 
high observed spectral slopes in the A-type 
(olivine-rich) asteroids.

4.3 Paper III – Subsurface changes 
and their connection to the spectra

The samples I obtained during the irradiations for 
Paper II were the source material for the next ex-
amination. In Paper III, I examined what the sub-
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surface structure of the pellets was and how it cor-
relates with the observed spectral changes. The 
scanning and transmission electron microscopy 
analyses were conducted by Dr. Patricie Hal-
odová at the Science Center Řež, see Sect. 3.3.

The main conclusion of this paper is that the 
main factor influencing the spectral changes is 
the presence of amorphous structures in the shal-
low subsurface layers that have sizes similar to 
the wavelength of incident light. I observed such 
structures in both H+-irradiated samples and also 
in the laser-irradiated olivine. In laser-irradiated 
olivine, I also observed the nanophase iron par-
ticles that also have a major impact on the spec-
tra, even in the NIR region.

The only sample that did not contain such 
small structures was the pyroxene irradiated by 
laser. This sample also showed a very distinct 
evolution of the spectra, as it did not exhibit 
changes in the spectral slope, only changes in 
the depths of the absorption bands and constant 
darkening.

Based on these observations, I could con-
struct the subsurface evolution scenario. In the 
beginning of the evolution, the material will suf-
fer from the creation of small vesicles in partially 
amorphous layers induced by solar wind ions. 
The subsurface changes will cause rapid changes 
to the VIS slope. Later the nanophase iron par-
ticles will appear which will contribute to the al-
teration of the NIR spectral slope as well. Only 
in the later stages will the spectral slope changes 
cease as the wavelength-sized structures will be 
overcome by the growing vesicles and thickened 
amorphous layer caused by an increased contri-
bution of the micrometeoroid impacts.

5 General discussion

In this section, I will discuss how results from 
individual papers connect to each other and will 

make some more comments on the experiments 
than what can be found in the papers. In the 
end, I will connect the findings of this thesis to 
a broader perspective of the planetary science.

5.1 Lunar swirls and npFe0 

In Paper I, I discussed the differences in the trends 
inside and outside the swirls. I cited a paper by 
Trang et al. (2019), who noticed depletion of 
npFe0 inside lunar swirls. I hypothesised that the 
smaller amount of npFe0 particles is due to a dif-
ferent operation of micrometeoroid impacts in 
the shielded areas of lunar swirls.

Now, when I have knowledge about the 
subsurface changes from my experiments (Pa-
per III), it seems that it also may be explained 
differently. In samples irradiated by H+ ions, I 
observed only vesicles and amorphous layers. 
Based on the experiments, I would thus not have 
concluded that solar wind induces creation of 
npFe0 at the timescales I simulated, i.e. the pro-
tected lunar swirl area should not contain al-
most any npFe0 induced by exceptional solar 
wind ions.

The olivine sample irradiated by laser showed 
npFe0 particles, but I have not identified them in 
the pyroxene sample irradiated by laser. It may 
thus mean that the creation of the npFe0 particles 
is dependent not only on the weathering agent, 
but also on the material in the lunar swirl area. 
And also, that the present and by Trang et al. 
(2019) identified microphase iron particles may 
have been created by larger impacts than those 
I modelled in the experiments.

5.2 Surface amorphisation and 
penetration depths

In Appendix D of Paper II, I hypothesised that the 
spectral changes in olivine significantly increased 
starting with the fluence of 2×1017 H+ ions/cm2 
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because the sample had undergone a collapse of 
crystalline structure, i.e. amorphisation. Based 
on the findings from Paper III, I now know that 
this hypothesis was most probably correct, as I 
saw a significant partially amorphous layer in 
this sample. My experiments thus agree with the 
findings of Brucato et al. (2004).

At this point I also may comment on a state-
ment of Demyk et al. (2004), who claimed that 
the maximum damage in the sample happens 
at the penetration depth of the impacting ions. 
For Paper II, I conducted the SRIM and TRIM 
simulations (The stopping and range of ions in 
matter and Transport of ions in matter, Ziegler 
et al., 1985). These simulations are based on a 
Monte Carlo code, which calculates interactions 
of the ions of given energy with a material con-
sisting of layers of given thickness. One of the 
outputs of SRIM is the penetration depth of the 
ions in the material.

For my simulations, the average penetration 
depths of 5 keV H+ ions were approximately 
60 nm. Nevertheless, the images from the trans-
mission electron microscopy (Paper III) revealed 
that the thickness of the amorphous layers in 
H+-irradiated samples is approximately 200 nm. 
There is thus a mismatch of the values. It is ob-
vious that the value of penetration depths from 
SRIM comes from a statistical distribution re-
sulting from the simulation. Each ion may thus 
create the damage at slightly different locations. 
Additionally, the SRIM/TRIM simulations are 
done under several assumptions. The one which 
may explain the mismatch between the observed 
damage and the simulated penetration depth is 
the assumption that each of the simulating ions 
enters the un-altered material (the zero dose as-
sumption). But in reality the later the ion hits 
the material the more different its behaviour in 
it will be, as the material will already be altered 
and the interactions will proceed in a different 
manner. Demyk et al. (2004) thus may be cor-

rect, but we cannot base our estimates of the 
thicknesses of the amorphous layers solely on 
the SRIM simulations.

5.3 Comments on the experimental 
approach

In Papers II and III, I focused on two minerals, 
olivine and pyroxene. These are very common in 
the silicate-rich airless planetary bodies in the So-
lar system (see, e.g. Binzel et al., 2004; de León 
et al., 2006; Isaacson et al., 2010). Nevertheless, 
as mentioned at the beginning of this thesis, these 
minerals occur in solid solution series. Having 
different abundance of Fe in my samples, the 
results could have differed, as seen by different 
results of my pyroxene experiments to experi-
ments by Vernazza et al. (2006). Also, there are 
many other minerals that are very abundant in 
the Solar system, such as anorthositic plagioclase 
in lunar highlands (Bishop et al., 2019), which 
I did not focus on, but deserve to be studied in 
future research.

Hapke (2001) commented on the fact that 
only a loose porous surface weathers as it gives 
the opportunity of sputtering. When preparing 
the materials for the experiments, I bore this in 
mind. Finally, I decided to use pressed powder 
pellets instead of completely loose powder. The 
main reason was the need to transport the sam-
ples. Having only a pile of loose grains would 
make the transport uneasy. Nevertheless, even 
in my setup, the topmost grains created a rough 
surface which was loose to the extent that the 
top grains could have been blown away. But the 
compactness of the pellet assured that I did not 
mix the top and underlying layers when carrying 
the samples around the laboratory. Lantz et al. 
(2017) commented on the differences in spec-
tral behaviour of loose powder and pressed pel-
lets. In my experiments, I mainly compared the 
relative trends rather than absolute values, and 
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that is why I do not see the use of pressed pel-
lets as problematic.

Also, when extracting the samples for 
transmission electron microscopy (Paper III), 
Dr. Patricie Halodová focused mainly on the 
areas of larger grains, as the focused-ion-beam 
thin section would break if it was done out of 
completely loose material. For that I see another 
benefit (to those commented on in Paper II) in 
using particles with sizes up to 106 µm for cre-
ation of pellets.

If conducting these experiments again, I 
should definitely focus on ion energies that would 
be more representative to the standard solar wind 
situation, i.e. 1 keV per each nucleon. Also, as 
noted in Paper II, my olivine samples suffered 
from contamination, which most probably did 
not influence the final results, but in the follow-
ing research it may be beneficial to irradiate an-
other olivine to cross-check my results.

5.4 Implications for planetary 
science

5.4.1 Origin of lunar swirls

My work on lunar swirls (Paper I) states that 
based on the dichotomies I found, it is unlike-
ly that the cometary impact hypothesis of lunar 
swirl formation is correct. Looking at the issue 
with some time distance, I would slightly refor-
mulate the result. The dichotomies may rather 
relate to the evolution of the swirls after their 
formation and be independent of the way the 
swirls formed. Additionally, as I already com-
mented in Sect. 2.2.1, new evidence has been 
found that the swirl surface texture may be, on 
small scales, different to the surrounding mate-
rial. This may support either the cometary impact 
hypothesis or the fine dust transport hypothesis.

5.4.2 Surface exposure age estimates

I have observed a difference in the effect of the 
two space weathering agents on longer NIR 
wavelengths, especially in the area of around 
2 µm (Paper II). It seems that micrometeoroid 
impacts (simulated by laser shots) will have a 
greater impact on the spectra in that wavelength 
range than any of the ions I used.

As a consequence, the spectral slope will 
probably evolve fast soon after exposure of the 
material to a space environment, when the so-
lar wind contribution is dominant. Later, as the 
NIR wavelengths will also be affected by increas-
ing contribution of micrometeoroid impacts, the 
spectral slope changes will not be as pronounced 
because of the smaller relative difference at long 
and short wavelengths. Based on the changes in 
the NIR wavelengths, it thus may be possible 
to give rough estimates on the surface exposure 
ages of various areas on airless planetary bodies.

5.4.3 Material dependence

My experiments showed that spectral evolution 
due to space weathering (Paper II) is very de-
pendent on the material on the surface of an air-
less planetary body. While olivine showed major 
changes of the spectral slope, pyroxene irradi-
ated under the same or similar conditions ex-
perienced only a mild alteration of the spectral 
slope. Also the subsurface changes differed with 
respect to the mineral (Paper III). Laser irradia-
tion developed presence of nanophase iron par-
ticles in olivine, but not in pyroxene. Similarly, 
H+-irradiation caused vesicles that appeared in 
partially amorphous layers to be of different sizes 
and shapes in olivine and in pyroxene.

Such observations are consistent with previ-
ous works, see e.g. Weber et al. (2020) or Quad-
ery et al. (2015), and have great consequences for 
studies of the Solar system. In general, it seems 
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that it is not possible to describe the effect of 
space weathering on the whole set of minerals 
that are usually found in the Solar system bod-
ies. Furthermore, the same rules will not be valid 
even within one group of materials, such as sili-
cates. On the other hand, very specific groups, 
such as the A-type asteroids, made mostly of one 
mineral, can be described by one overall trend. 
As A-type asteroids are composed mainly of ol-
ivine, I expect that their evolution will resemble 
the evolution of my olivine samples. And indeed, 
A-type asteroids are known to have high spectral 
slopes (Cruikshank et al., 1984; DeMeo et al., 
2009), which matches my observations that ol-
ivine’s spectral slope is significantly and quickly 
altered even by H+ irradiation.

As a result of the dependency of space-weath-
ering induced evolution of reflectance spectra on 
the surface mineralogy, I could explain the ob-
served behaviour of asteroid (4) Vesta, which 
shows deep absorption bands and nearly no con-
tinuum changes (Pieters et al., 2012), which is 
consistent with my pyroxene simulations.

My laboratory simulations also help to ex-
plain observations of other asteroids. For exam-
ple, asteroid (433) Eros is an S-type asteroid, 
which means that it is probably composed of a 
mixture of minerals, including olivine and py-
roxene. Eros shows high albedo variations, but 
nearly no spectral slope changes (Clark et al., 
2001). This may be explained by the fact that 
Eros’ surface is rather old, so the spectral slope 
changes are already saturated, while the absorp-
tion bands and the albedo of pyroxene mineral 
are still changing as they take longer to develop. 
The surface of asteroid (25143) Itokawa, on the 
other hand, is considered young, which match-
es the fact that variations in spectral slope are 
observed on it (Hiroi et al., 2006), as the spec-
tral slope changes have not been saturated yet.

5.4.4 Evolution due to space weathering

Based on this work, I could make a prediction 
of how a freshly exposed silicate-rich material 
and its spectrum will evolve in time. In the be-
ginning, when solar wind irradiation is believed 
to be dominant, the material will suffer mainly 
of partial amorphisation of the topmost layers 
and creation of small vesicles, ten(s) of nm in 
diameter. This will cause changes mainly in the 
VIS spectral slope. Later in the evolution (ap-
proximately after 108 yr, Blewett et al., 2011), the 
contribution of the micrometeoroid impacts will 
increase, which should, based on my observa-
tions, have different results based on the material 
in question. Olivine-rich material will experience 
creation of nanophase iron particles, which will 
induce changes also to the NIR spectral slope, 
as previously mentioned also by Pieters et al. 
(2016). Spectra of pyroxene-rich material will, 
on the other hand, cease to be altered in the spec-
tral slope, as the vesicles and the amorphous lay-
er will grow. The changes will then be mainly 
in the depths of absorption bands and in overall 
darkening probably due to increased contribution 
of volume absorptions over surface scattering.

6 Final conclusions

The main conclusions of my thesis are:

• Spectral changes due to space weathering 
are more dependent on the original miner-
alogy of surface than on the space weather-
ing agent. (Observations of ion- and laser-
irradiated pellets.)

• Micrometeoroid impacts do not cause the 
same extent of changes as the solar wind ir-
radiation or the two effects combined. (Ob-
servations of lunar spectra.)
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• The two space weathering agents are discern-
ible based on evolution of spectra in the re-
gion around 2 µm. In this region, microme-
teoroid bombardment causes greater changes 
than solar wind irradiation. (Observations of 
ion- and laser-irradiated pellets.)

• The VIS spectral slope changes more signif-
icantly upon ion irradiation than microme-
teoroid impacts. (Observations of ion- and 
laser-irradiated pellets.)

• H+ irradiation influences surface morphology 
differently to the micrometeoroid impacts. 
(Observations of scanning electron micros-
copy images.)

• Spectral changes are dependent on dimen-
sions and level of amorphisation of subsur-
face layers and on the presence of nano-
phase iron particles. (Comparison of spec-
tral changes and transmission electron mi-
croscopy images.)

• Evolution of a silicate-rich spectrum will start 
in the VIS spectral slope changes. Later, also 
the NIR spectral slope will change in case 
nanophase iron particles develop in the ma-
terial. Finally, the spectral slope will stop de-
veloping and only the absorption bands will 
evolve. (Evaluation of time dependence of 
spectral changes.)

Nevertheless, there are still many unknowns 
in the space weathering process and evolution 
of the reflectance spectra. It would thus be very 
beneficial to conduct additional irradiation ex-
periments using more various minerals and also 
samples from meteorites and material brought 
to the Earth by space missions. This is partially 
happening as Lakshika Palamakumbure (from 
the University of Helsinki) conducts the same 

H+ irradiation experiments as I did, using sam-
ples of the Avanhandava, Bjurböle, and Luotolax 
meteorites. Additionally, using more varied types 
of ions with more accurate energies or mixing 
the contribution of the space weathering agents 
on one sample could also give us new insights 
into the problem.

Proper understanding of the whole space 
weathering process is a complex task which re-
quires gathering expertise from many different 
fields of science. I consider it very valuable that 
I managed to start cooperation with Dr. Patricie 
Halodová, who helped to enrich these analyses 
by the electron microscopy images. Continuing 
in establishing such types of cooperation have 
great potential for future research. Furthermore, 
based on my research, we now may be able to de-
scribe time evolution of surface albedo features 
on an A-type asteroid, which then may serve as 
an input to the calculations of the Yarkovsky 
and YORP effects.
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