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1. INTRODUCTION

The Earth is cradled in an atmosphere that burns up small impactors before they reach the 
surface, and a magnetosphere that largely shields the surface from solar and cosmic particle 
radiation. The Moon and other airless planetary bodies lack such protection, and their surfaces, 
laid bare to the space environment, continually interact with, and are altered by this environment.   



2 Denevi et al.

Large impacts have shaped the terrain of the Moon, leaving a cratered surface covered 
with fragmental debris or regolith. At the smaller scale, each grain of regolith is likely to show 
damage tracks from high-energy cosmic rays, have a surface transformed by exposure to the 
solar wind, and be coated with vapor deposits from micrometeoroid impacts. New regolith 
particles are created when impact melt glass bonds together older regolith grains into particles 
called agglutinates. This collection of processes, through which the space environment alters 
the Moon’s surface, is known as space weathering. 

The chemical and physical changes to the surface that result from space weathering 
processes are known as maturation—a surface is more mature if it has experienced more 
space weathering. These changes also affect the way that light is absorbed and reflected by 
mature surfaces on the Moon and other airless bodies. The effects of space weathering are 
on spectacular display in crater rays, where bright immature regolith, newly exposed on the 
surface, stands in stark contrast to the weathered background (Fig. 1). The idea that high-
reflectance rays belong to only the youngest impact craters, and are therefore ephemeral, has 
been around since before the space age (e.g., Gold 1955). With telescopic and eventually 
spacecraft observations that expanded observations into the near-infrared, it was clear that 
compared with high-reflectance rays, the mature lunar surface is not only darker, but also 
redder (i.e., more steeply increasing reflectance with increasing wavelength) and exhibits 
reduced contrast in absorption bands (e.g., Adams and Jones 1970; Hapke et al. 1970; Fischer 
and Pieters 1994; Hawke et al. 2004) (Fig. 2). New measurements at other wavelengths also 
exhibit measurable differences depending on a surface’s maturity. 

Linking these changes in the remote appearance of mature lunar surfaces to specific 
chemical and physical changes in the regolith, and linking those chemical and physical 
changes to discrete space weathering processes is part of an ongoing, decades-long pursuit. 
For example, it was recognized early on that small particles of iron metal could be responsible 
for the spectral properties of mature lunar regolith, and could be deposited from a vapor phase 
produced by micrometeoroid bombardment or solar wind sputtering (Hapke et al. 1975). 
However, such vapor deposits were not actually observed in lunar samples until technological 
improvements enabled imaging of the nanometer-sized particles in thin (60–200 nm thick) 

Figure 1. An oblique view of the high-reflectance ejecta and rays of a fresh impact crater (1400 m in di-
ameter) on the Moon at 4.079°S, 151.682°E. Space weathering will alter the immature material exposed 
by this impact crater until its reflectance matches that of its lower-reflectance mature surroundings. LROC 
NAC image M1196739735LR.
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coatings on soil particles many years later (Keller and McKay 1993; Keller and Clemett 2001). 
Understanding such relationships between the spectral properties of mature soils and the space 
weathering processes responsible for those properties has enabled remote sensing data to be 
used profitably to provide insight into the degree of space exposure, to estimate surface ages, 
to better understand the composition of the Moon and other Solar System bodies, and to 
understand space weathering synoptically. 

In this chapter we summarize the substantial recent progress in understanding space 
weathering that has occurred through technical innovations in the laboratory and in space, 
including employment of ultra-high-resolution imaging of lunar samples, a wave of new remote 
sensing observations, samples returned from asteroid regolith, and new methods for simulating 
space weathering to gain insight into its mechanisms. The chapter begins with a summary of 
space weathering processes and their observed effects on lunar samples (Section 2). It then 
describes new insights gleaned from remote sensing at a broadened range of wavelengths 
(Section 3.1) and from observations of special lunar environments where space weathering 
inputs vary, such as the intensity of solar wind at lunar swirls or in permanent shadow in 
polar regions (Section 3.2). We then outline how laboratory simulations have informed the 
understanding of space weathering mechanisms and rates (Section 4). Finally, we discuss the 
integrated observations and simulations and the current state of our knowledge (Section 5) and 
make suggestions for future investigations (Section 6).

2. SPACE WEATHERING PROCESSES AND THEIR 
MANIFESTATION IN LUNAR SAMPLES

Over 50 years of accumulated evidence from lunar sample and remote sensing studies 
has shown that the two main categories of processes that drive lunar space weathering are 
radiation effects, coming mostly from solar energetic charged particles, and small-scale 
hypervelocity impacts from micrometeoroids. Whereas contributions from other types of 
space environmental effects may play a role, including those from cosmic radiation sources 
outside the Solar System and/or from larger-scale meteoroid impacts, the significance of these 
other processes is still being investigated and debated (e.g., Hapke 2001).

Figure 2. Moon Mineralogy Mapper (M3) data of a traverse across a fresh crater in Mare Crisium. Travel-
ing across a fresh impact crater demonstrates the systematic effect of space weathering: the background 
soil is lower in reflectance and redder (steeper spectral slope) with reduced absorption bands compared to 
the fresh material exposed by the impact (modified from Noble and Pieters 2016).
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As the characterization of space weathering products in lunar samples, particularly regolith, 
has progressed, it has become apparent that it is the interactive effects from small-scale impacts 
combined with solar ion radiation that are likely to be responsible for some of the most complex, 
and as yet not fully understood, space weathering products in the lunar regolith. One of the most 
referred-to examples of these synergistic products are the sub-micron or “nanophase” particles 
of metallic/reduced iron in the regolith that are now known to play a major role in determining 
the optical reflectance properties of the lunar surface (Hapke 2001). Iron particles are produced 
through high-temperature melting and vaporization that result from micrometeoroid impacts, 
and have been hypothesized to form through sputtering effects via solar wind irradiation. In 
addition, implanted solar wind H ions may accelerate the formation of Fe particles through 
impact-generated reduction processes. The challenges to date in validating this model by sample 
analysis, modeling, and/or experiment have been substantial, however, and reflect many of the 
difficulties in understanding space weathering at the process level. Such Fe particles are referred 
to in the literature by several names including: nanophase Fe (npFe or npFe0), submicroscopic 
Fe (SMFe), Britt-Pieters (B-P) particles, optically active opaque particles (OAOpq) and others. 
Many of these terms carry size (submicroscopic > 40 nm <1 µm) or compositional (npFe0 are 
metallic Fe particles) implications. In this chapter, we use nanophase Fe (npFe) as a catch-all 
term for Fe-bearing particles formed through space weathering processes. 

In this section we review the status of the current understanding of how solar energetic 
charged-particles and small-scale hypervelocity impacts act both individually and in 
combination to drive space weathering on the Moon. A key conceptual approach taken here 
is one of inputs and outputs; the inputs being supplied by the Moon’s space environment and 
surface conditions (e.g., lack of an atmosphere or planet-wide magnetic field) and the outputs 
being the physical, chemical, and solid-state mineralogic products that are produced by this 
environment and its effects. 

2.1 Energetic charged-particle radiation

2.1.1 The lunar radiation environment. The Sun is the main source of the energetic charged 
particles (hereafter referred to interchangeably as ions but some may be neutrals) that reach the 
lunar surface. Superimposed on this flux of solar-sourced particles are highly energetic galactic 
and extra-galactic cosmic rays (GCR/EGCR), that come from distant stellar sources such as 
supernova explosions (Simpson 1983). No current global lunar magnetosphere or atmosphere 
exists to prevent any of these particles from reaching the lunar surface, but spatial and temporal 
variations do occur, depending on particle energy, from factors such as topography, crustal 
magnetic anomalies, and interactions with the Earth’s magnetotail (see Section 3.2). 

The flux-versus-energy spectrum of particles coming from the Sun is dominated by 
the solar wind at low energies (generally 1–100 keV/nucleon) with a transition to particles 
coming from coronal mass ejections (CME), solar flares, and other higher-energy solar events 
occurring above this energy range (Johnson 1990; Hundhausen 1972; Kennel et al. 1979). The 
flux-versus-energy spectrum of the latter higher-energy particles is a complex function of solar 
source, time, and solar cycle that is still being actively researched; it is centered on the 10–100 
MeV/nucleon range with tails extending to overlap with the solar wind at the low end, and 
up to 10 GeV/nucleon at the high end (Smart and Shea 1985; Gosling 1993; Reames 1999). 
The flux versus energy spectrum of the solar wind has likewise been extensively studied, most 
recently using observations from the Genesis and Acceleration, Reconnection, Turbulence and 
Electrodynamics of the Moon’s Interaction with the Sun (ARTEMIS) missions, and shows 
only second-order variations around a value of approximately 2 × 108 ions cm–2 s–1 integrated 
across all relevant energies and ion compositions (Poppe et al. 2018, Reisenfeld et al. 2018). 
It is notable that this value significantly exceeds the time averaged/energy integrated flux of 
particles in the higher-energy solar regime by a factor of approximately 104 (Johnson 1990). 
The relative abundances of ion species in the solar wind as well as in the higher-energy 
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solar particles both broadly reflect that of the Sun, with H and He dominating over heavier 
elements by several orders of magnitude (Johnson 1990). But complexities and unknowns 
abound in these relations, mostly for the higher energy particle events. For the solar wind, the 
typically reported relative ion abundances, which were also recently studied by the Genesis 
and ARTEMIS missions, are H (~96%), He (~3%) with higher-atomic number species making 
up the remaining fraction (Poppe et al. 2018; Reisenfeld et al. 2018; Johnson 1990).  

The contribution of energetic charged particles to the lunar surface made by the GCR/
EGCR flux overlaps somewhat at its lowest range of energies with the solar-sourced spectrum, 
but is otherwise notable for containing particles that extend to extreme energies from 1 to over 
1000 GeV/nucleon. Relative ion compositions are again dominated by H (~87%), He (~12%) 
and ~1% heavier nuclei (Simpson 1983). The GCR/EGCR flux-versus-energy spectrum is 
modulated by a strong anti-correlated influence from solar activity, but the time-averaged, 
energy-integrated H flux is on the order of 4 H ions cm–2 s–1 (Prettyman 2014).

2.1.2 Overview of effects produced. Current understanding of the role played by solar 
system energetic charged particles in space weathering comes from observations made on 
lunar samples, laboratory experiments, and computer modeling of ion–solid interactions. 
Three broad categories of ion–solid interactions play a role in lunar space weathering. The 
first is ion implantation, in which energetic ions enter a solid to be retained once their kinetic 
energy is completely transferred to the target material and they come to a stop. The second 
category is the displacement of atoms internally within the target material due to energetic/
collisional interactions with the implanting ion. The third category is ion sputtering, in which 
collisional interactions (or in some cases electronic excitations) cause near-surface atoms to 
be ejected from the host solid. 

Essentially all ions across the entire flux-versus-energy spectrum of solar and extra-solar 
particle radiation have sufficient kinetic energy to penetrate into grains on the lunar surface to 
become implanted. Although some incoming ions may undergo back-scattering and not become 
implanted, the fraction of these particles is relatively minor (Johnson 1990). The intrinsic depths 
of implantation of solar ions varies from 10–200 nm for the solar wind, a few mm up to several 
cm for higher energy regime solar particles, and cm and above for GCR/EGCR ions (Johnson 
1990). Elemental concentrations and isotopic ratios of implanted solar ion species in individual 
lunar regolith grains are known from only a few studies, which concentrated on minerals such 
ilmenite that were considered to be more “retentive” of implanted species compared to silicates 
(e.g., Nichols et al. 1994). In addition to implanted concentrations measured on individual grains, 
the concentration of implanted solar wind species, specifically H, have also been measured on 
bulk lunar regolith samples (Gibson and Bustin 1988; Bustin et al. 1984, 1986). The results show 
H concentrations in the range of 10–80 μg/g that appear to be well-correlated with soil maturity. 
The bulk soil data are notable for providing a potential means to understand how implanted solar 
species are re-processed, re-distributed or removed from the bulk soil by dynamic mixing and 
heating linked to micrometeoroid impact and other thermal events.

As an ion becomes implanted in a solid, it can drive space weathering by virtue of its 
ability to collisionally displace atoms in the target crystal, thereby driving a range of processes 
that alter the crystal’s structure and composition (Johnson 1990; Wang and Ewing 1992). 
These displacements can occur by various combinations of nuclear-elastic collisions, also 
called nuclear stopping, and transfer of energy to excitations of the solids’ electrons, or 
electronic stopping (Johnson 1990; Wang and Ewing 1992).  For ions with total energies in the 
range of the solar wind, nuclear-elastic interactions dominate such that the collisional damage 
efficiencies for solar wind H and He reach a maximum near the 1 keV/nucleon average solar 
wind energy, falling off towards higher energies (Johnson 1990).  For ions in the higher-energy 
solar and extra-solar regime, the diffuse transfer of energy mostly to a solid’s electron cloud is 
only able to accomplish significant atomic displacements for ions with atomic numbers equal 
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to or greater than the transition elements, and only in a window of energies centered at ~1 
MeV/nucleon (Fleischer et al. 1975). The damage that each ion creates in this case is highly 
efficient, but also localized on the nanoscale, leading to the formation of linear damage tracks 
in crystalline solids measuring only a few nanometers wide (Fleischer et al. 1975) (Fig. 3a, b). 

The first observations of ion damage effects in lunar regolith grains from solar wind ion 
exposure were made by early post-Apollo transmission electron microscope (TEM) studies 
(Dran et al. 1970; Bibring et al. 1974; Borg et al. 1971, 1980). These reported circumferential 
amorphous rims 10–150 nm thick, most typically on small (< 40 µm) grains of lunar plagioclase, 
but also on other minerals. The width of the rims was consistent with the expected penetration 
range of solar wind ions, demonstrating for the first time that under sufficiently long solar wind 
exposure, a grain’s outer margins could accumulate enough ion damage to undergo ion-induced 
amorphization (the loss of periodic crystalline structure; Bibring et al. 1974). As TEM studies 
progressed from this early work, new discoveries uncovered several levels of complexity in 
the microstructure and origin of the rims. Using TEM micro-chemical analytical capabilities, 
Keller and McKay (1993, 1997) showed that many rims were composite in nature, containing 
outer layers that were very different in major element composition and microstructure from 
underlying amorphous ion-damaged layers. The distinct composition indicated the layers were 
depositional, and they were found to contain high modal concentrations of spherules of metallic 
Fe 1–10 nm in diameter with commensurate compositional enrichments in Fe as well as volatile 
elements such as S and Na (Keller and McKay 1993, 1997).

The Keller and McKay (1993, 1997) TEM imaging studies amounted to a confirmation of 
early suggestions from Apollo-era surface analytical and other studies that optically-dark, Fe-
rich coatings were present on many lunar regolith grains. Although these earlier studies lacked 
full details on the nature of the coatings, several possible origins were nevertheless proposed and 
investigated experimentally (Hapke 2001). In most cases the postulated origins were discussed 
in the context of “vapor deposition” with the vapors being derived from solar wind ion sputtering 
or impact vaporization of neighboring regolith grains.  Keller and McKay (1993, 1997) favored 
an impact vapor deposition origin based on the deposits’ compositional enrichment of volatile 
elements, such as S and Na. Other arguments in favor of solar wind sputter deposition were 
presented (Hapke et al. 1994), with the result that some uncertainty has remained in the space 
weathering research community about how the deposits are produced (see Section 5.2.2). 

Figure 3. Darkfield transmission electron microscope (TEM) images of lunar soil grains. a) ~100-nm solar 
wind amorphized layer on an anorthite grain from sample 62231. The bright linear features in the core of 
the grain are solar flare particle tracks. b) Solar-wind damaged rim on an olivine grain from sample 71501. 
In contrast to the anorthite grain, the rim is not amorphous but nanocrystalline and contains nanophase iron 
(white specks) that formed in situ (Keller and Berger 2014). Abundant solar flare tracks are also visible. 
c) Vapor-deposited rim on an anorthite grain from 79221. The bright spots are nanophase iron particles.



Space Weathering At The Moon 7

Following their confirmed discovery by TEM, the deposited outer layers of npFe on 
regolith grains garnered considerable interest because of their implications for remotely-
sensed optical reflectance properties (Section 3). At the same time, interest waned somewhat 
in the non-deposited portion of grains rims formed due to solar wind ion effects. Ongoing TEM 
studies did nevertheless reveal that not all lunar minerals respond to solar wind ion irradiation 
the same way, with minerals such as olivine and ilmenite showing ion-damaged rims with 
complex, highly-defective microstructures that were not fully amorphous (Christoffersen et 
al. 1996; Keller et al. 2021). Incremental studies have attempted to better understand these 
differences with an eye to using variations in ion damage effects as a way to estimate the 
regolith surface exposure history of individual grains (Keller et al. 2021). 

2.2 Micrometeoroid impacts

2.2.1 The lunar micrometeoroid environment and small-impact flux. Micrometeoroids, 
particles in the size range of ~tens of nanometers to hundreds of micrometers (size distribution 
peaks near 220 µm), are thought to be one of the key agents of space weathering. The Moon 
is bathed in a rain of micrometeoroids that strike the lunar surface at rates that average to 
approximately one per square meter per day (Love and Brownlee 1993; Vanzani et al. 1997; 
Grün et al. 2011). In contrast to the Earth, where micrometeoroids burn up in the atmosphere, 
micrometeoroids reach the surface of the Moon constituting hypervelocity impacts with the 
lunar regolith. Thus, the composition, mass distribution, relative velocity, and spatial distribution 
of the micrometeoroids are important factors for space weathering. The “Dust, Atmospheres, 
and Plasma” chapter (Farrell et al. 20XX, this volume) provides more information about the 
meteoroid environment around the Moon, including observations by the dust detector onboard 
the Lunar Atmosphere and Dust Environment Explorer (LADEE) (e.g., Horanyi et al. 2015).

The micrometeoroid environment consists of a background of “sporadic” meteoroids 
superposed by “meteor streams,” which are short, more intense enhancements that occur at 
the same time each year. These micrometeoroids originate from multiple sources. Jupiter-
family comets are estimated to be the source of >85% of micrometeoroids, with <10% coming 
from asteroids and <10% from long-period comets (Nesvorný et al. 2010). The orbits of dust 
sourced from Jupiter-family comets are circularized by Poynting–Robertson drag by the time 
the dust grains reach the Moon, resulting in mean impact velocities that are only modestly 
higher than dust sourced from asteroids (~14.5 km/s vs. 12.5 km/s; Nesvorný et al., 2010). 
However, the full distribution of micrometeoroid impact velocities encompasses substantially 
higher values (e.g., Campbell-Brown 2008; Nesvorný et al. 2011; Pokorný et al. 2014). 

The spatial distribution of the incident micrometeoroid flux is not isotropic owing to the 
orbital characteristics of the source populations. The peak micrometeoroid flux occurs in the 
apex direction, or the direction of the Earth–Moon system’s orbit around the Sun (Jones and 
Brown 1993). However, there are also lesser clusters of incident flux associated with the helion 
and toroidal populations (e.g., Jones and Brown 1993; Campbell-Brown 2008; Pokorný et al. 
2014). While the apex/anti-apex and helion/anti-helion populations are concentrated at low 
latitudes, the toroidal populations are concentrated at high latitude.

2.2.2 Overview of effects produced. Micrometeoroid impacts at the velocities experienced 
on the Moon result in substantial melting and vaporization of target soil particles (e.g., Cintala 
1992). Because a portion of the vapor and melt created by micrometeoroid (and larger) impacts 
is not just retained within the crater, but deposited onto the surfaces of nearby soil grains, this 
process also results in the creation of thin, amorphous rims coating regolith particles. Vapor 
and melt deposited rims created from micrometeoroid impacts can be distinguished from the 
amorphous solar wind damaged rims described above when there is a compositional contrast 
between the underlying grain and the rim (though of course coatings of similar composition 
can occur). As described above, such rims typically contain npFe particles (Fig. 3c), which 
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are thought to form by solid-state condensation from the high-temperature vapor. In the vapor 
cloud the Fe–O bonds are weak and the sticking coefficient of O on adjacent surfaces is low, 
resulting in the condensation of reduced, Fe-rich deposits. Similarly, npFe particles can form 
from melt through silicate–metal liquid immiscibility (Housley et al. 1973). 

Substantial effort has been undertaken to confirm that the spectroscopically important 
npFe is produced via micrometeoroid impacts. Because such high velocity impacts are 
difficult to reproduce in the laboratory, pulsed laser irradiation is often used to simulate the 
short-duration high-temperature characteristics of such events (Section 4.1).  However, recent 
work has provided direct views of microcraters, with diameters as small as 8 µm, that formed 
in lunar rocks on the Moon and were subsequently returned to Earth by Apollo astronauts. 
Focused Ion Beam (FIB) techniques have been used to produce cross sections of three such 
microcraters, yielding new views of the effects of micrometeoroid bombardment (Fig. 4; Noble 
et al. 2016). In these microcraters, an impact melt lining ranging from glassy to polycrystalline 
with the same composition as the host grain was found to overlie a shocked and fractured zone. 
Whereas no nanophase inclusions were identified in a crater formed in plagioclase, npFe was 
found within the melt of a crater formed in olivine, and a thin npFe-rich layer superimposed 
on the melt lining, interpreted to be a vapor deposited layer, was found in the craters that 
formed in both olivine and pyroxene (Fig. 5). The npFe in both samples was consistent in size, 
~3–7 nm diameter (Fig. 5), similar to the size ranges found in soil rims (Noble et al. 2016). 

Figure 4. TEM images of cross sections through micro-scale impacts into a) plagioclase (crater diameter 
10 µm), b) olivine (crater diameter 18 µm), and c) pyroxene (crater diameter 8 µm). Corresponding sketch 
maps of each micro-scale impact are also shown.
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Micrometeoroid impacts have several other key effects distinct from those of the solar 
wind. One such effect is the creation of agglutinates, regolith particles that are produced when 
glasses created by micrometeoroid impacts weld other mineral and regolith fragments together 
(Fig. 6). In mature regolith, and thus across most of the Moon’s surface, 40–60% of the regolith 
is comprised of agglutinates (McKay and Basu 1983). Agglutinates have distinct physical 
properties—they are highly irregularly shaped and vesicular (Fig. 7), and dark in the visible 
wavelengths. Agglutinates also contain a high abundance of npFe particles that are distributed in 
the glass throughout the volume of the agglutinate rather than restricted to the uppermost surface 
(Fig. 7b). These iron particles span a much wider range of sizes (up to hundreds of nanometers 
in diameter; James et al. 2002; Basu 2005) compared to the iron particles within the rims on 
individual regolith grains (~1–10 nm in diameter; Keller and Clemett 2001). The details of the 
formation mechanism(s) of these iron particles are still being investigated (Section 5.2.1).

The abundance of iron particles within agglutinates means that they have relatively high 
magnetic susceptibility and can be, to some degree, magnetically separated from other regolith 
components (e.g., Adams and McCord 1973; Morris 1977; Denevi et al. 2020). The relative 
abundance of npFe particles in lunar regolith can be measured using ferromagnetic resonance 
(FMR) techniques, which detect single-domain, metallic particles <30 nm in size (Housley et al. 
1974; Morris 1976, 1978, 1980). Measured as IS, this parameter is typically normalized by the 
FeO content of the regolith, creating a maturity parameter, IS/FeO that is largely independent 
of composition. IS/FeO has been widely used to classify regolith as immature (IS/FeO < 30), 
submature (IS/FeO > 30 to < 60), or mature (IS/FeO > 60) (Morris 1976), and this sample-
based maturity parameter correlates to those based on spectral reflectance (Section 3.1). 

Figure 5. TEM images of npFe in olivine, and pyroxene craters. NpFe (black specks) is abundant through-
out the olivine glass on the left, but only at the uppermost surface in the pyroxene sample on the right.

Figure 6. Schematic illustration of a small-scale impact event generated by a mm- to sub-mm size impactor 
into fine-grained lunar regolith. a) Mid-impact stage processes and products include shock wave generation, 
formation of shock melt and vapor. b) Post-impact products are impact melt mixed with grains to form aggluti-
nates and comminuted/shocked solid grains. Crater diameter shown would typically be in the range of 1–4 cm.
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Although the maturity index, IS/FeO, and space weathering studies of lunar regolith are 
focused on the abundance of reduced, metallic iron (i.e., Fe0, or  npFe0), it should be noted that 
the nanophase iron particles within agglutinates have been shown to have a mixture of oxidation 
states (Keller and Clemett 2001; Thompson et al. 2016; Burgess and Stroud 2017). Recent high-
resolution electron energy-loss spectroscopy (EELS) measurements revealed the presence of 
nanoparticles in lunar regolith with variable oxidation states (Fe0, Fe2+, and Fe3+), and showed 
that increasing oxidation state correlates with maturity, suggesting nanophase iron was initially 
deposited as Fe0 and subsequently oxidized (Thompson et al. 2016; Burgess and Stroud 2017). 
Several mechanisms for oxidation of these nanoparticles have been proposed, including via 
the Kirkendall effect, whereby oxygen from the surrounding silicate matrix diffuses towards 
the highly reactive surface of the nanoparticle, and/or via water molecules in the lunar regolith 
(Thompson et al. 2016; Burgess and Stroud 2017). Less than 15% of all nanoparticles measured 
across all regolith samples in Thompson et al. (2016) had Fe3+ in proportions >25%. At these 
abundances, radiative transfer modeling indicates that oxidized iron does not substantially 
affect the spectral properties of lunar regolith (Thompson et al. 2016). 

Finally, we note here that small impact events, together with secondary impactors created 
from the ejecta of larger impact events, also continually mix the upper layers of the lunar regolith, 
exposing and burying material so that a well-mixed upper layer of mature regolith forms because 
nearly all grains spend time at the surface (e.g., Speyerer et al. 2016; Costello et al. 2018). The 
critical importance of regolith gardening to space weathering is discussed further in Section 5.1.

3. REMOTE SENSING OBSERVATIONS OF THE 
EFFECTS OF SPACE WEATHERING

The preceding section described the space weathering processes that act at the Moon’s 
surface, and the resulting physical and chemical changes inflicted at the very local level—
namely, on individual regolith grains. Here we explore how remote observations provide 
further insight into space weathering by allowing comparisons across geologic features of 
varying ages, compositions, and environments. 

Interpreting remote sensing measurements of the Moon benefits from the decades of 
investigations of laboratory reflectance spectra collected of returned lunar regolith samples and 
analogs. The result is that the differences in the visible and near-infrared spectral properties of 

Figure 7. SEM image of an agglutinate from sample 15041. a) Morphology of agglutinate, where smoother 
patches are glass that welds together other soil fragments. The area shown in panel b is indicated with a white 
box. b) Microphase iron particles (white) extend to larger sizes than those found within grain coatings.
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immature and mature regoliths are well known: mature regolith has lower reflectance, reduced 
contrast in crystal field absorption bands, and steeper (redder) spectral slope (e.g., Adams and 
Jones 1970; Hapke et al. 1970; Fischer and Pieters 1994; Hawke et al. 2004; Fig. 2). We can 
also attribute these spectral properties to the space weathering products described in Section 2. 
The conversion of crystalline material to glass—whether the amorphous rims on regolith 
grains or that within agglutinates—does have spectral effects: compared to mafic silicates, the 
crystal field absorption bands in glass are broader and shallower and result in a moderately 
lower overall reflectance (Wells and Hapke 1977; Denevi et al. 2008). However, the largest 
spectral changes are attributed to npFe particles (e.g., Pieters et al. 1993; Hapke 2001; Noble 
et al. 2001). The presence of these small, opaque iron particles concentrated within a more 
transparent silicate matrix means that a photon is much more likely to interact with an iron 
particle and be absorbed before interacting with a grain boundary and scattered back (e.g., 
Hapke 2001). Thus, the spectra of mature regolith takes on the spectral features of iron metal, 
while the absorption bands related to the silicates are harder to discern. 

Iron particles are present in both the space weathered rims on regolith grains and within 
agglutinates (Section 2). Both the size and abundance of npFe affect reflectance spectra. Keller 
et al. (1998) suggested that larger opaque particles cause spectral darkening and that very 
small particles cause reddening. Noble et al. (2007) systematically explored the effects of size 
and concentration of nanophase iron by impregnating a series of silica gels with different pore 
sizes with nano- and microphase Fe particles (Fig. 8). The results agreed with and quantified 
the earlier observations and demonstrated that small npFe (≲ 40 nm) cause substantial 
reddening in the visible and darkening across the visible–near-infrared, and larger npFe 
particles (≳ 40 nm) cause darkening, but not reddening, throughout the wavelength range. 
Updates to spectral models have proven successful for modeling the spectral effects of these 
different npFe grain sizes (see Section 3.1.1).

Figure 8. TEM bright field images of silica gels impregnated with nano- and microphase iron particles. The 
varying pore sizes of the gels results in iron particles with different sizes: a) 2.3 nm, b) 6 nm, c) 25 nm, and 
d) 50 nm. From Noble et al. (2007).
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3.1 New observations of lunar surface maturity

For some time, remote space weathering studies were largely restricted to examining the 
optical variations in maturity, “optical” having been generously broadened to include visible 
to near-infrared wavelengths. The last decade has yielded new information about the effects 
of space weathering from the far-ultraviolet (UV) to thermal infrared (TIR). This expansion 
in our available means for observing the Moon’s surface has extended our knowledge of how 
the processes of space weathering manifest themselves in remote observations. Many of the 
newest insights from these data are related to what we term “special” lunar environments—
regions at high latitudes, specific longitudes, permanent shadow, and sites of crustal magnetic 
anomalies. Section 3.2 is devoted to these areas; the following section focuses on the results of 
more general maturity-related studies that have recently provided new understandings of how 
lunar space weathering operates.

3.1.1 Visible–near-infrared. Much of our fundamental knowledge of surface maturity 
has come from observations at visible and near-infrared wavelengths, and this portion of the 
spectrum continues to provide new information on how space weathering proceeds on the Moon. 

Following the Clementine mission, an empirical parameter designed to quantify optical 
maturity (OMAT) was developed from values of reflectance at 750 nm and a ratio of 750 to 
950 nm reflectance (Lucey et al. 2000). When applied globally, this parameter highlighted 
variations in maturity and largely muted compositional differences, providing a simple method 
for comparing relative maturity. Since that time, variations on the original OMAT parameter 
have sought refinements using newer datasets (e.g., Kumar and Kumar 2014; Lemelin et al. 
2016a; Sun et al. 2016).

One obstacle to implementation of OMAT as a tool for global quantitative comparison is 
that it is not completely independent of composition (e.g., Staid and Pieters 2000; Sun et al. 
2016). For example, regional and global maps of three maturity-related parameters derived 
from Moon Mineralogy Mapper (M3) data (reflectance at 1.6 μm, integrated depth of the 
mafic-mineral absorption band near 1 μm, and a reflectance ratio connected to continuum 
slope) demonstrated highland–mare and intra-mare differences in maturity (Nettles et al. 
2011). That work advocated using such parameters for regional studies only. Other studies 
have compared OMAT with complementary datasets like Mini-RF circular polarization ratio 
observations (e.g., Cahill et al. 2014). Such presumably composition-independent parameters, 
which are related to roughness and larger-scale physical breakdown of materials, could also 
provide a means to further minimize compositional influence on OMAT.

Despite these complications, OMAT has proven useful for a wide variety of lunar geologic 
studies (e.g., Blewett et al. 2005, 2011; Ghent et al. 2005; Hawke et al. 2005; Giguere et al. 
2006; Fa and Jin 2007; Kramer et al. 2011a; Braden et al. 2014), including efforts to understand 
the relative and possibly even absolute ages of individual craters (e.g., Mahanti et al. 2016) and 
the Copernican period as a whole (Hawke et al. 2004), and for comparisons with other bodies 
(e.g., Braden and Robinson 2013).

Radiative transfer modeling (e.g., Hapke 2011) provides another method to derive 
information about the maturity of lunar regolith from spectroscopy. When the inherent optical 
properties (i.e., optical constants) of component materials (minerals, glasses, iron) are known, 
such modeling can be used to derive their abundances from remotely obtained spectra. Previous 
work using the model of Hapke (2001) showed that npFe abundances derived from reflectance 
spectra of Apollo regolith samples were correlated to the ferromagnetic resonance (IS/FeO) 
of these samples (Denevi et al. 2008). However, this model was shown to be appropriate only 
for npFe < 50 nm, not the larger “microphase” iron particles (> 50 nm) (Lucey and Noble 
2008); an update made use of Mie theory to more accurately represent the spectral effects of 
large npFe particles (Lucey and Riner 2011). Further improvements necessary for accurate 
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modeling of maturity came from new optical constants for metallic iron, obtained via vapor 
deposition of an iron film onto a fused-silica prism, with optical measurements made through 
the prism to minimize any influence of oxidation (Cahill et al. 2012). These developments in 
radiative transfer modeling have been applied to Kaguya Multiband Imager data to separately 
model nanophase and “microphase” iron abundance across the Moon (Trang and Lucey 2017). 

The landing of the Chang’E-3 spacecraft and rover (Yutu) provided a novel opportunity 
to study surface maturity. Visible and near-infrared spectra were collected by the rover at 
various distances from the lander, within and on the edge of the area disturbed by the lander’s 
rocket exhaust (Wang et al. 2017; Wu and Hapke 2018). The disturbed area has higher 
reflectance than the surroundings, as seen in pre- and post-landing images from the Lunar 
Reconnaissance Orbiter Camera (LROC) Narrow Angle Camera (NAC) (Clegg-Watkins et 
al. 2016). Comparison of the spectra with model spectra indicated that the regolith at the 
minimally disturbed location contains substantially higher abundance of nanophase iron than 
the regolith most affected by lander exhaust, suggesting removal of highly mature regolith and 
exposure of less mature material from deeper in the regolith.

3.1.2 Space weathering at ultraviolet wavelengths. The ultraviolet portion of the spectrum 
provides a relatively new tool for studying space weathering, largely because of the paucity of 
data previously available. Some telescopic spectra extended to wavelengths as short as 300 nm 
(e.g., Pieters 1977), and crater rays were noted in the UV–NIR difference images of Whitaker 
(1972), but only recently with instruments on the Lunar Reconnaissance Orbiter (LRO), the 
Lyman-Alpha Mapping Project (LAMP; 57–196 nm) and LROC Wide Angle Camera (WAC; 
321–689 nm), did global UV datasets become available.

Spectra of Apollo samples provided a framework for the interpretation of LRO UV data. 
Comparisons of UV spectra of powdered lunar rocks (no space weathering) and mature regolith 
demonstrated that the UV spectral slope of mature regolith is shallower (increases more slowly 
with increasing wavelengths), or “bluer” (Hendrix and Vilas 2006); spectra of regolith samples 
across a wide range of maturity confirm this trend (Denevi et al. 2014) (Fig. 9a,b). LAMP and 
LROC WAC observations of young impact craters, such as Giordano Bruno, display a steeper 
(less blue) UV spectral slope than typical mature regolith (Fig. 9c), consistent with laboratory 
spectra (Hendrix et al. 2012, 2016, Denevi et al. 2014).

However, some Copernican craters identified in visible–near-infrared reflectance data 
show only minimal differences in their UV slope. This may be explained by the shallower 
penetration depth of light at shorter wavelengths, which results in the UV spectrum being more 
strongly affected by npFe-rich particle coatings rather than the underlying grain (Hendrix and 
Vilas 2006). Spectra of Apollo samples also display this trend, with the UV slope decreasing 
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Figure 9. a) Spectra of immature materials (powdered rocks) and mature soils from the Apollo 14, 16, and 
17 landing sites (data from Wagner et al. 1987). b) Each immature spectrum divided by the corresponding 
mature spectrum from the same landing site. c) LAMP and LROC WAC spectra of Giordano Bruno crater 
and its ejecta, normalized to the spectrum of mature highlands at 27.12°N, 169.81°E.
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with increasing maturity up to IS/FeO values of ~40 (submature), compared to VNIR spectral 
variations up to IS/FeO values of ~60 (Denevi et al. 2014). Ultraviolet spectra of irradiated 
samples also showed differences earlier (after less irradiation) than visible–near-infrared 
spectra (Kanuchova et al. 2015). This interpretation also explains why UV images from 
the Hubble telescope showed little variation due to maturity (Robinson et al. 2007); nearly 
everything seen in those images is mature. Taken together these observations suggest that the 
UV portion of the spectrum may aid in pinpointing the freshest materials on the lunar surface, 
and in discriminating among ages of young Copernican craters.

3.1.3 Space weathering in the thermal infrared. Early experimental work suggested 
that thermal infrared observations would not be sensitive to, or affected by, the products of 
space weathering: no shift in the wavelength positions of spectral features was observed for 
crystalline vs. amorphous phases (Nash et al. 1993) and spectra of lunar samples of similar 
composition did not have a dependence on measured Is/FeO (Salisbury et al. 1997). Therefore, 
it was somewhat surprising when LRO Diviner Lunar Radiometer (Paige et al. 2010b) thermal 
emission observations appeared to correlate with visible–near-infrared optical maturity 
(Greenhagen et al. 2010). 

Diviner makes use of three narrow-band channels centered near 8 μm to characterize 
the silicate Christiansen Feature (CF), the position of which indicates the level of silica 
polymerization, and therefore, composition (Logan et al. 1973, Salisbury and Walter 1989). 
Mature lunar surfaces exhibit CF positions shifted toward longer wavelengths compared to 
immature surfaces of the same composition (Greenhagen et al. 2010; Lucey et al. 2017), an 
observation that has been confirmed by laboratory measurements (Shirley 2018; Fig. 10) and 
extends to swirls (Section 2.2.1) and their surroundings (Glotch et al. 2015). 

A detailed comparison of lunar CF positions measured by Diviner with OMAT derived 
from Clementine multispectral data (Lucey et al. 2000) demonstrated that lunar surface features 
with low optical maturity (e.g., Copernican rayed craters and lunar swirls) show consistent CF 
anomalies (Lucey et al. 2017). Based on an analysis of the fresh, compositionally homogenous 
lower central peak of Jackson crater, a correction to mitigate the effects of space weathering 
on the silicate CF position was developed. The cause of the thermal infrared response to space 
weathering is thought to be the lower visible albedo of mature materials and resultant change 
in the thermal gradient in the upper hundreds of micrometers on lunar regolith (Lucey et al. 
2017). This hypothesis is supported by emission spectra of olivine collected in a simulated 

Figure 10. Thermal emission spectra of anorthite powders in a simulated lunar environment. Powders were 
sequentially darkened with nanophase carbon lamp black. Progressively darkened samples exhibit shifts 
in the CF to longer wavelengths and reduced spectral contrast. Values in the legend are sample albedos 
measured at 750 nm. Adapted from Shirley (2018).
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lunar environment (Shirley et al. 2017). When olivine powders were darkened with carbon, 
they showed a roughly linear correlation between CF position and albedo measured at 750 nm, 
demonstrating that visible albedo and related temperature gradients, in general, alter CF position.

3.1.4 Integrating information across wavelengths. The wider range of wavelengths that 
have now been systematically used to observe the Moon has, as described above, shown how 
space weathering affects the ultraviolet, visible and near-infrared, and thermal infrared (Fig. 11). 
These differing spectral regimes have differing sensitivities to space weathering products that 
reflect varying degrees of transmission and absorption as a function of wavelength. 

In the UV, the sensing depth is shallow (see Table 1) and the spectral effects are consistent 
with the signature of npFe present in the weathered rims of the top-most surfaces of lunar 
grains. Ultraviolet observations may not be as strongly affected by large npFe as other spectral 
regions, because larger npFe particles are typically found within the volume of agglutinates 

Figure 11. New views of fresh crater Giordano Bruno highlight the effects of space weathering across the 
spectrum. 10 × 10 degree maps of a) LAMP Ly-a, b) LROC WAC 321/415 nm ratio where low values cor-
respond to shocked materials, d) Clementine OMAT, e) MI OMAT, g) Diviner CF value, and h) Diviner 
rock abundance. 2 × 2 degree detail maps are provided of c) LROC WAC 321/415 nm ratio, f) MI OMAT, 
and i) Diviner rock abundance. Note immature areas extends well beyond the areas with the highest abun-
dances of rock and shocked materials; vertical banding in panel a is an artifact.
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rather than on the surfaces of grains. This differential sensitivity is consistent with regolith 
reaching “full maturity” when observed in the UV at somewhat lower values of Is/FeO.

At visible and near-infrared wavelengths, sensing depths are on the order of tens of 
nanometers to ~200 micrometers, so typically several to tens of grain depths into the regolith. 
In this region, the effects of npFe are apparent and can be separated from composition. 
Comparisons of spectra of sieved and bulk Apollo regolith samples, however, show that 
particles < 25 µm in size, the so-called “finest fraction”, show spectral properties most similar 
to the bulk regolith, and that nanophase iron is still the dominant effect in this spectral region 
(Pieters et al. 1993; Taylor et al. 2001, 2010). This is because the surface area-to-volume 
ratio is substantially higher for these small grains, and they thus have a comparatively larger 
weathered surface; in addition, the finest grains typically cling to and coat larger grains.

In the thermal infrared, at wavelengths well beyond the electronic absorptions of iron-
bearing minerals that dominate the visible and near-infrared, spectral variations are driven by a 
combination of compositional and thermophysical processes. Here albedo differences in the top 
hundreds of micrometers (tens of grains) of the surface dominate and cause the thermal gradient 
in the top millimeter to be steeper or shallower, which alters the wavelength position of the 
Christiansen Feature. The overall lowering of reflectance that occurs due to space weathering is 
thus the driver of changes to CF position, suggesting the low-reflectance microphase iron within 
agglutinates may be particularly important for space weathering in the thermal infrared. Unlike 
the visible and near-infrared, however, the albedo-driven space weathering effect observed 
in the thermal infrared is not currently separable from the regolith composition (Lucey et al. 
2017). Even so, the differences in CF shift observed for highland and mare surfaces suggest an 
additional, composition-independent maturity constraint may be possible. 

With an understanding of the physical ways in which photons in each spectral regime 
interact with the lunar surface and are differently affected by the changes that occur in that 
surface as space weathering proceeds, we now have an opportunity to refine our knowledge of 
the details of these complicated processes that lead to maturity.  

3.2 Special lunar environments

Lunar environments with conditions that differ from those of the typical lunar space 
weathering environment can provide new insights into how space weathering processes 
operate overall. As the last decade has shown, defining what is “typical” for space weathering 
is becoming more difficult, as differences in maturity are found not only in distinct areas 
like magnetic anomalies or permanently shadowed polar regions, but may also vary both 
latitudinally and longitudinally.

Table 1. Estimated sensing depths (L = λ / 4πk, where λ is 
wavelength and k is average lunar absorption coefficient) for 

different spectral regimes.

Instrument Wavelength, λ Approx. k Approx. L

LAMP 160 nm 2.7 5 nm

LAMP 190 nm 0.5 30 nm

LROC WAC 321 nm 0.4 60 nm

LROC, M3 700 nm 6 × 10–4 90 µm

M3 3 µm 1 × 10–3 200 µm

Diviner 8 µm 0.05 >100 µm

Diviner 10–25 µm 0.5–5 <10s of µm
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3.2.1 Varying latitudes and longitudes. The angle between the ecliptic plane and the 
lunar spin axis is only 1.5 degrees, and thus seasonal effects are limited on the Moon. If space 
weathering agents such as the solar wind have fluxes that are dominantly within the ecliptic, 
the curvature of the Moon will serve to reduce their effective fluxes at high lunar latitudes 
(flux will scale with the cosine of latitude). Hence, the lunar surface may be less mature with 
increasing distance from the equator and recent work has examined this hypothesis. 

Maps of global reflectance from the SELENE Spectral Profiler have demonstrated that 
latitudes poleward of ~75° have higher reflectance and shallower continuum slopes (i.e. less 
reddening) (Yokota et al. 2011) (Fig. 12); increasing reflectance at the highest latitudes was also 
found in LOLA 1064 nm reflectance measurements (Lucey et al. 2014; Lemelin et al. 2016b; 
Fisher et al. 2017). Even at latitudes below 60°, there appear to be differences in reflectance 
in the maria that are related to latitude. Hemingway et al. (2015) argued that because the solar 
wind flux is reduced at lunar swirls (Section 3.2.3), the optical properties observed at swirls and 
at high latitudes should be similar if their cause is the same. Using a spectral parameter derived 
from 750 nm and 950 nm reflectance variations observed at lunar swirls (Blewett et al. 2011; 
Garrick-Bethell et al. 2011), the maturity trends in the maria were indeed found to vary with 
latitude, when grouped by composition (Hemingway et al. 2015; Fig. 13). Since crustal magnetic 
anomalies do not impede micrometeoroids, the similarity of the spectral trends at swirls and with 
latitude suggests that variation in solar wind fluence alone is the cause of latitudinal differences 
in maturity. Between latitudes of ~75° S and 75° N, the highlands show minimal evidence for 
variation in this same spectral parameter (Hemingway et al. 2015), and no clear variation in 
albedo with latitude (Lemelin et al. 2016b). This difference between the spectral behavior of the 
mare and highlands may be due to the lower FeO content of the highlands (Lemelin et al. 2016b). 

A similar effect has also been observed in a study of crater walls, which revealed latitude-
dependent differences in reflectance that correspond to either the decreased (pole-facing) or 
increased (equator-facing) flux of the solar wind (Sim et al. 2017). Remarkably, longitude-

Figure 12. Global map of the 1547.7/752.8 nm ratio from photometrically corrected Spectral Profiler data. The 
lower ratio values near the poles (corresponding to shallower spectral slopes) have been interpreted as a lower 
degree of space weathering due to the lower flux of solar wind in those regions. From Yokota et al. (2011). 
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dependent reflectance changes on crater walls are also observed. Similar to the differences in 
solar wind flux that occur with latitude, the passage of the Moon through the Earth’s magnetotail 
each month results in differences in solar wind flux with longitude (Hurley and Farrell 2013). 
When the Moon is full, it is fully within the magnetotail and almost completely shielded from 
the solar wind. When local topography is considered, the monthly average solar wind flux on 
nearside crater walls facing the sub-Earth meridian (0° longitude) is reduced compared to their 
anti-meridian facing counterparts, with the effect becoming maximal at ±60° longitude (Sim 
et al. 2017) (Fig. 14). The differences in the reflectance of east-facing and west-facing crater 
walls mirror these longitudinal differences in solar wind flux (Sim et al. 2017).

Together, these results imply that the flux of the solar wind is important in determining 
reflectance of a mature regolith (Hemingway et al. 2015; Sim et al. 2017). Because it is thought 
that the spectral effects of space weathering saturate at the grain level (Hapke 2001), this may 
imply that there is a relationship between the rate of solar wind-related weathering and regolith 
gardening, which can expose immature material from depth (see Section 5.1).

Changes in the micrometeoroid flux are also important for optical maturity. Owing to 
the combination of the motion of the Earth–Moon system revolving around the Sun and 
the motion of the Moon in orbit around the Earth, the relative velocity between the Moon 
and the micrometeoroids varies as a function of lunar phase. At full Moon, the velocities 
are in the same direction, increasing the total relative velocity between the Moon and the 
population of meteoroids coming from the apex direction. At new Moon, the orbital motion of 
the Moon is in the opposite direction and reduces the relative velocity of the micrometeoroids. 
Lunar Dust EXperiment (LDEX) data reveal a phase effect on the amount of dust (ejecta) 
in the lunar exosphere (Szalay and Horányi 2015). Further comparisons of the variations in 
micrometeoroid and solar wind flux across the lunar surface (Fig. 15) with observed local 
spectral properties may prove fruitful. 

Finally, recent work has suggested an additional latitude-dependent process may be at 
work that could result in spectral effects similar to those of other space weathering processes. 
This process is known as dielectric breakdown, whereby the top ~1 mm of regolith is charged 
by solar energetic particles to the point of forming electrically conductive channels of 
vaporized material that dissipate the charge. For dielectric breakdown to occur, the electrically 

Figure 13. LOLA 1064 nm reflectance for the lunar maria 
vs. latitude. The reflectance is lowest near the equator and 
generally higher with increasing latitude (where the solar 
wind flux is lower), a pattern that holds when the maria are 
further subdivided by composition. After Hemingway et al. 
(2015).
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Figure 14. Mean values of OMAT spectral parameter differences between equator-facing (EF) and pole-
facing (PF) walls and eastern (E) and western (W) walls are shown in panels A) and B), respectively. Data 
points are the means of all craters in the corresponding latitude or longitude bin, and the error bars are the 1 
σ uncertainties of the means. The arrows indicate the direction of maturity. Ratios of the mean solar wind 
fluxes on EF and PF walls are shown in C) and E and W walls are shown in D), calculated for craters with the 
solar wind weathering model described Sim et al. (2017). Black circles and lines in panels A and B show that 
when the solar wind flux is reduced by a factor of 1.5, OMAT difference is reduced by 0.008 for both the E–W 
and EF–PF effects. More mature surfaces are associated with lower OMAT values. From Sim et al. (2017). 

Figure 15. a) The variation of solar wind flux across the lunar surface when thermal effects and the influ-
ence of the Earth’s magnetotail are considered Hurley and Farrell (2013). Solar wind flux varies by over 
a factor of five, from ~ 0.02 (dark blue) to > 0.10 (red) monolayers/lunation. b) Relative micrometeoroid 
flux as a function of longitude calculated from LADEE LDEX data Szalay and Horáni (2015). Each as-
sumes a spherical Moon with no consideration of local topography.
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insulating surface must be charged with fluences exceeding 1010 particles cm–2 (Feynman et 
al. 1990). Due to the inverse relationship between discharging timescale and both conductivity 
and surface temperature, colder surfaces are more likely to acquire sufficient fluence before 
warming and discharging. Vast areas on the lunar nightside experience temperatures < 100 K 
(Williams et al. 2017), which corresponds to a discharging timescale longer than ~3 days 
(Jordan et al. 2017a), on par with the typical length of SEP events. Jordan et al. (2017a) 
estimated that dielectric breakdown can occur at any latitude, with stronger effects towards 
the poles (6–12% regolith melted or vaporized) than the equator (2–5% melted or vaporized). 
This trend, with a larger effect at higher latitudes, would run counter to that of the solar wind, 
but there has not yet been sufficient observational support for the occurrence of dielectric 
breakdown on the Moon. Hapke (2022) argues against this process, suggesting that when 
secondary electron emission and other characteristics of the regolith are taken into account, 
electric fields sufficient to initiate breakdown are unlikely to occur.

3.2.2 Permanently shadowed regions. Permanently shadowed regions (PSRs) receive no 
direct solar illumination owing to the combination of topography and the obliquity of the Moon, 
and thus are a special case for latitude-dependent space weathering. Photons travel in straight 
lines from the Sun radially outward, and are blocked by high topographic features. The solar wind 
also travels roughly radially away from the Sun with two important caveats. Because the solar 
wind speed (> 3 × 105 m/s) is 3 orders of magnitude slower than the speed of light (3 × 108 m/s) 
and only an order of magnitude faster than the speed of the Earth–Moon system in its orbit 
around the Sun, there is an aberration in the apparent solar wind direction when viewed from 
the Earth–Moon system that is offset about 3–5° from the subsolar point. Secondly, and more 
importantly for the PSRs, the motion of charged particles deviates from a straight line owing to 
the presence of additional forces from electric and magnetic fields. In the frame of reference of a 
stationary observer, charged particles in the solar wind are convecting with the radial outflow of 
the solar wind while simultaneously gyrating around magnetic field lines entrained in the solar 
wind flow. The size and frequency of the gyration relates to the thermal velocity of the particles 
in the rest frame of the solar wind. This gyration provides some off-axis motion that can begin 
to fill in the wake region behind a topographic barrier (Halekas et al. 2005; Nishino et al. 2009). 
Moreover, the electrons in the flow have a higher thermal velocity than their much heavier ion 
counterparts. Thus, electrons more quickly fill in a wake, effectively separating negative and 
positive charge in the flow, which establishes an electric field. The electric field attracts the ions 
into the wake, increasing the rate at which it is filled (Zimmerman et al. 2012; Fig. 16). Through 
this mechanism, it is expected that solar wind particles have some access to surfaces in PSRs 
that are (by definition) not accessible to light. Furthermore, there is an anisotropic distribution 
of the electron flux and ion flux within PSRs such that sputtering occurs from the poleward side. 
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Figure 16. Illustration of how the solar wind can access permanently shadowed regions at the poles. The 
electrons are less massive and therefore more mobile, which allows them to more rapidly fill the wake 
behind a topographic barrier, such as a crater wall. This establishes an electric field, which attracts ions into 
the PSR. After Zimmerman et al. (2012). 
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This also creates a unique electrical environment. Whereas on the dayside of the Moon, the 
photoelectric effect kicks electrons off of the surface and produces a positively charged surface, 
in PSRs the surfaces closest to the obstructed flow charge negatively. If electrostatic forces play a 
role in regolith grain interactions, such as by producing levitated dust or the large porosity values 
of the uppermost surface, these processes will be modified in PSRs.

Micrometeoroids do have access to lunar polar regions, including PSRs. Therefore, PSRs 
will have space weathering caused by micrometeoroids. Because much of the meteoroidal 
material travels in the ecliptic plane, the flux incident on the poles is reduced by the cosine of the 
angle between the surface normal and velocity vector compared to lower latitudes. Similarly, the 
relative velocity for some meteoroids into the PSRs is lower than the equatorial impacts, especially 
those from the apex direction, because the motion of the Moon has very little component in 
the z direction. However, micrometeoroids derived from Halley-type (long period) comets and 
Oort cloud comets have nearly isotropic distributions and can impact the Moon, including polar 
regions at velocities up to 35 km/hr (Pokorny et al. 2014). Nonetheless, there is a finite flux 
of meteoroids into PSRs. Whereas magnetic anomalies may represent an environment where 
micrometeoroids impact regolith with lesser amounts of pre-implanted solar-wind hydrogen, it 
is not clear whether there is abundant implanted hydrogen in PSRs. There are likely areas with 
low abundance of solar-wind hydrogen immediately behind obstructing topography. Similarly, 
the nature of micrometeoroid weathering may be altered in PSRs by the low temperatures, which 
may decrease the volume of impact melt and vapor, and thus npFe, produced by micrometeoroid 
impacts (Corley et al. 2016, 2017b). The presence of water ice at quantities of 1–2 wt% (e.g., 
Gladstone et al. 2012) could also affect weathering if the regolith in PSRs exists as ice-coated 
grains (Heldmann et al. 2015) and micrometeoroid impacts interact more with the ice coatings 
than with the underlying grains. This is a topic for further investigation. 

Remote sensing observations of the effects of space weathering are, naturally, limited in PSRs. 
LOLA reflectance data show the albedo within PSRs is ~10% higher than non-PSR polar regions, 
which could be due to a lower degree of space weathering (Section 3.2.1), and/or the presence 
of surface frost (Lucey et al. 2014). Comparisons between PSR reflectance and temperature find 
elevated reflectance in south polar PSRs at the temperatures at which some volatiles are stable, 
suggesting that surface frost at least contributes to the higher PSR albedo in the south; however, 
a general inverse correlation between reflectance and temperature (and thus solar wind flux) has 
been attributed to solar-wind dependent space weathering (Fisher et al. 2017). 

While the flux of solar wind and micrometeoroids in PSRs is lower than elsewhere on the 
Moon, dielectric breakdown may be more important in these locations. Due to the extremely 
low temperatures (Paige et al. 2010a), the discharging timescale is on the order of weeks, much 
longer than the typical ~3-day SEP event. Jordan et al. (2017b) estimated that 10–25% of PSR 
regolith is melted or vaporized via dielectric breakdown, comparable to weathering by meteoroid 
impacts (Jordan et al. 2013). However, the elevated albedos in PSRs suggest that if dielectric 
breakdown contributes to space weathering, it may not have a substantial effect on albedo.

3.2.3 Lunar swirls. The albedo features known as lunar swirls may also represent a 
special space weathering environment, and provide insight into the processes that mature the 
lunar regolith. Swirls are high reflectance, curvilinear surface features (Fig. 17) that are found 
in discrete locations across the Moon’s surface (e.g., El-Baz 1972; Hood and Schubert 1980; 
Schultz and Srnka 1980; Denevi et al. 2016), always coincident with magnetic anomalies, 
although not every magnetic anomaly has an identifiable swirl (e.g., Hood and Williams 1989; 
Blewett et al. 2011; Denevi et al. 2016). Swirls on the maria are characterized by strong albedo 
contrasts and complex, sinuous morphology, whereas those on highland terrain often exhibit 
simpler shapes such as single loops or diffuse bright spots and can be more difficult to discern 
due to the higher overall reflectance of the highlands and more uneven local terrain. Recent 
modeling demonstrates the shapes of the swirls are consistent with a surface bisecting various 
orientations of magnetic field lines (Hemingway and Garrick-Bethell 2012; Poppe et al. 2016).
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Multi-wavelength (UV through radar) analyses of swirls have identified a group of spectral 
characteristics unique to swirls with which any proposed formation mechanism must be 
consistent. The swirls appear higher in reflectance than their surroundings in UV and VNIR 
wavelengths, regardless of the illumination geometry. Spectra of the swirls have characteristics 
(e.g., strong UV absorption, shallower spectral slope, higher OMAT, CF positions at longer 
wavelengths) suggesting that the degree of space weathering is lower and/or that space 
weathering operates in an atypical manner in these localized environments (Blewett et al. 2011; 
Kramer et al. 2011a,b; Glotch et al. 2015; Denevi et al. 2016; Hendrix et al. 2016). Swirls 
do, however, display spectral differences in comparison to the ejecta of Copernican craters 
(Hemingway et al. 2015; Pieters and Noble 2016). Whereas fresh impact ejecta have strong 
absorption bands, the pyroxene crystal field absorption bands of swirls are weaker and show 
little difference compared to their immediate surroundings. In addition swirls are higher in 
reflectance across the full VNIR spectrum (Pieters and Noble 2016; Fig. 18). The photometric 
properties of swirls also indicate that swirls are less backscattering than immature crater ejecta 
(Schultz and Srnka 1980; Pinet et al. 2000; Kreslavsky and Shkuratov 2003; Kaydash et al. 
2009; Kinczyk et al. 2016). The swirls are not associated with a particular terrain type (Bell and 
Hawke 1987; Pinet et al. 2000; Blewett et al. 2007), nor do they have any topographic, radar 
backscatter, or thermal structure differences compared to surrounding terrain that would suggest 
they are anything other than surficial features (Neish et al. 2011; Glotch et al. 2015). The swirls 
have shallower 2.8 µm absorption bands, indicating they are depleted in hydroxyl and/or water 
relative to their immediate surroundings (Kramer et al. 2011a; Bandfield et al. 2018).

There are three general classes of hypotheses for swirl formation: (1) recent impacts by 
swarms of micrometeoroids or cometary coma gas and dust resulting in entrainment of the fine 
regolith fraction and exposure of unweathered material at the surface (Schultz and Srnka 1980; 
Bruck Syal and Schultz 2015); (2) deflection of solar wind protons by isolated magnetic fields, 
resulting in slower or atypical space weathering (Hood and Schubert 1980; Hood and Williams 
1989); and (3) electrostatic transport and sorting of regolith based on its size and composition 
(Garrick-Bethell et al. 2011) or magnetic properties (Pieters et al. 2014).

Figure 17. The type example of a lunar swirl, Reiner Gamma, located in Oceanus Procellarum at 7.3°N, 
301.0°E. Reiner Gamma includes the high-reflectance, tadpole-shaped feature at center, as well as smaller 
meandering high-reflectance features that extend to the northeast and southwest. Reiner Gamma may rep-
resent either a region of the Moon with anomalous space weathering due to the local magnetic anomaly, 
a surface that has recently been disturbed to expose immature material, or areas where dust transport has 
been affected by the local magnetic and electric fields. LROC WAC mosaic at 643 nm.
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The crustal magnetic anomalies have been shown to produce mini-magnetospheres that 
deflect some portion of the solar wind protons (Futaana et al. 2003; Halekas et al. 2008; Saito 
et al. 2008, 2012; Lue et al. 2011), though the fraction or energy spectrum of ions that reach 
the surface is not yet known. Additionally, local suppressions of backscattered energetic neutral 
atoms have been observed at magnetic anomalies, consistent with a lower degree of sputtering of 
these atoms by the solar wind (e.g., Wieser et al. 2010; Vorburger et al. 2012; Futaana et al. 2013). 
The spectral characteristics of swirls are consistent with a lower degree of space weathering or 
an altered space weathering process (Blewett et al. 2011; Kramer et al. 2011a,b, Glotch et al. 
2015; Denevi et al. 2016; Hendrix et al. 2016), which could result from this decreased solar wind 
fluence and would imply that micrometeoroid bombardment contributes less significantly to 
space weathering. However, laboratory experiments simulating micrometeoroid bombardment 
(Section 4.1) and observations of micro-craters (Section 2.2) demonstrate that micrometeoroid 
impacts can result in substantial optical maturation through production of npFe without charged 
particle irradiation. The UV spectral characteristics of the swirls are consistent with a less mature 
surface, but could equally indicate a higher abundance of impact glass that lacks high abundances 
of larger npFe inclusions (i.e., a difference in the agglutinate fraction of the regolith); such a 
scenario could indicate that production of npFe within agglutinates is aided by the presence of 
implanted solar wind (Denevi et al. 2016, see Section 5.2.1).

Both the comet impact and electrostatic transport hypotheses incorporate fine fraction 
entrainment and transport mechanisms to explain the sinuous high albedo swirl markings. 
These hypotheses are supported by the observation that swirl surfaces are spectrally distinct 
from immature regolith surfaces (Garrick-Bethell et al. 2011; Pieters and Noble 2016) and 
photometric measurements that could suggest alteration of the regolith surface structure 
(Schultz and Srnka 1980; Pinet et al. 2000; Kreslavsky and Shkuratov 2003; Kaydash et al. 
2009). However, thermal infrared observations indicate that neither the thermal structure nor 
roughness at the millimeter–centimeter scale of the swirls differs from that of the surrounding 
terrain (Glotch et al. 2015), suggesting that the observed spectral differences are not attributable 
to the physical state of the swirl regolith on those spatial scales. Determining the cause of 
the anomalous spectral properties at swirls could provide insight into the overall relationship 
between space weathering processes and surface maturity in different environments.

4. LABORATORY ANALOG STUDIES

Simulating the processes and effects of space weathering in the laboratory has proved 
challenging, but much progress has been made in the last decade. Although no single study 
is able to capture all the elements of space weathering under laboratory conditions and 
timescales, different approaches have allowed for specific components of weathering to be 
examined and better understood.

Figure 18. M3 spectra traversing from a dark lane 
into a bright swirl in Reiner Gamma. The bright 
swirl areas exhibit distinct properties compared 
to immature (unweathered) soils such as found at 
typical mare craters (see for comparison Fig. 1.4 
above) (modified from Pieters and Noble 2016).
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4.1 Micrometeoroid bombardment simulation—laser studies

Pulsed laser irradiation experiments are intended to replicate the physical, chemical, 
and optical changes produced by hypervelocity impacts of micrometeoroid particles into the 
surfaces of airless bodies. Lasers with pulse durations of a few nanoseconds (i.e. with energy 
deposition times that are typical for micrometeoroid impacts) were first suggested as tools 
to simulate the melting and vaporization that result from dust particle impacts (Kissel and 
Krueger 1987). Although the first such experiments designed specifically to investigate optical 
maturation due to micrometeoroid impacts used pulse widths that were approximately three 
orders of magnitude too long, they did show that physical and spectral changes occur as a result 
of laser irradiation (Moroz et al. 1996), and additionally confirmed that npFe formation does 
not require a reducing environment. Subsequent laser weathering studies used shorter pulse 
lengths (<10 ns) and found a reduction of albedo and substantial reddening, but decreases in 
1- and 2-µm absorption band depths were not as significant as in mature regolith (Yamada et 
al. 1999). Laser irradiation has also been shown to result in a greater reduction of albedo and 
degree of reddening for olivine relative to pyroxene (Yamada et al. 1999), consistent with 
remote observations of surfaces of varying composition (Staid and Pieters 2000; Nettles et al. 
2011), with potentially important implications for differential space weathering (Lucey 2004; 
Crites and Lucey 2015; Gross et al. 2015). 

TEM and electron spin resonance (ESR) observations of laser-irradiated materials 
confirmed that the optical changes resulted from vapor-generated npFe (Sasaki et al. 2001, 
2003). Successive laser irradiation has also reproduced the progression of weathering observed 
on the lunar surface, where reddening precedes substantial darkening (Loeffler et al. 2016). 
TEM observations of materials showed that even after the continuum stopped reddening, npFe 
continued to form with additional laser irradiation. The successive laser pulses created new npFe 
particles while simultaneously combining small npFe into larger “microphase” iron, which acted 
to decrease the albedo. These results suggest that the larger size distribution of iron particles in 
agglutinates may be due to successive remelting and the coalescence of smaller particles. 

The most common method of simulating micrometeoroid impacts uses short pulse Nd:YAG 
(neodymium-doped yttrium aluminum garnet) lasers with a fundamental wavelength of 1064 
nm (e.g., Yamada et al. 1999; Kurahashi et al. 2002; Sasaki et al. 2003; Noble et al. 2011), 
though UV excimer lasers (Brunetto et al. 2006), visible wavelength lasers (Wu et al. 2017), and 
femtosecond lasers (Fazio et al. 2018) have also been used. Other techniques have successfully 
simulated npFe production by using a two-step thermal treatment of olivine grains (Tang et al. 
2012; Kohout et al. 2014), microwave heating (Tang et al. 2012), in situ heating in the TEM 
(Thompson et al. 2017), or magnetron sputtering on lunar simulant grains (Tang et al. 2012; 
Kohout et al. 2014). 

Comparisons of spectral trends observed for lunar samples of varying maturity and for 
materials weathered experimentally indicate that reproducibility of lunar regolith maturity 
trends varied by method (Kaluna and Gillis-Davis 2017). Similarly, the validity of equating 
energy deposited through laboratory laser irradiation to the energy deposited through 
micrometeoroid impacts that include substantial shock effects is unclear. Hence, not only the 
process being simulated but the experimental setup itself must be evaluated to validate that the 
experiment faithfully reproduces the mechanisms acting on the lunar surface.

4.2 Laboratory impact studies

Laboratory experimental impact techniques based on either flat-plate accelerator (FPA) 
shock recovery experiments, or use of a chemical/light gas gun (LGG) projectile accelerator, 
have both yielded results relevant to lunar space weathering. Because they employ mm-size 
projectiles fired in vacuum to hit a solid rock or granular powder target, LGG experiments have 
the highest degree of fidelity to natural small-scale impacts occurring on the lunar surface. A 
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key limitation, however, is that LGG projectile velocities are restricted to < 6 km/s in routine 
use, with limited-used extension up to ~7.5 km/s, much lower than the velocities of typical lunar 
micrometeoroid impacts. Variations in impact velocity are known to have significant effects. For 
example, LGG experiments have shown that lower impact velocities (0.7–1.4 km/s) are more 
efficient for rapidly comminuting a starting whole-rock target, but higher velocities (>1.9 km/s) 
are required to reduce the target to typical lunar regolith grain sizes (Hörz et al. 1984; Cintala 
and Hörz 1988; See and Hörz 1988). LGG experiments performed at 5.4–5.5 km/s into granular 
gabbro and artificial highland regolith targets produced significant shock melting and formed 
melt-welded grain aggregates with a strong morphological resemblance to lunar agglutinates 
(See and Hörz 1988; Corley et al. 2017a). However, TEM analyses of these products failed to 
find any npFe or other metallic particles in the glass that were not derived from the metallic 
impactor (Christoffersen et al. 2013) and the measured reflectance spectrum of the agglutinates 
did not show any appreciable difference from that of the target material (Corley et al. 2017a).

Currently, the restriction of FPA and LGG impact techniques to projectile speeds and/or 
shock stresses corresponding to impact velocities generally less than 7 km/s prevents these 
experiments from fully exploring the effects produced across the entire velocity distribution of 
micrometeoroids striking the lunar surface. This includes impacts occurring at the postulated 
lunar mean impact velocity of ~12 km/s (Hartmann 1977; Bottke et al. 1994). From the 
experiments so far, it appears that impacts into lunar-composition targets at velocities as low 
as 4–5 km/s are above the threshold for producing significant shock melting and agglutinate 
formation. However, the laboratory agglutinates are not optically dark, because they lack npFe 
inclusions (Christoffersen et al. 2013; Corley et al. 2017a). Although it is easy to hypothesize 
that npFe formation in the laboratory simply requires higher impact speeds, this will not be 
confirmed experimentally until the required kinetic conditions can be achieved. An alternative 
kinetic impact experimental approach that has some potential in this regard is the use of Van 
de Graff-type electrostatic dust particle accelerators to investigate small-scale impact effects 
at the required higher velocities (e.g., Shu et al. 2012). Although not widely applied to space 
weathering problems as yet, preliminary results from experiments relevant to space weathering 
are starting to appear (Christoffersen et al. 2017; Fiege et al. 2019).  

4.3 Solar wind simulation—ion irradiation studies

The predominant components of the solar wind (H+ and He+ ions with total energies in the 
range of 1–5 keV) can be duplicated using various ion gun and vacuum chamber arrangements in 
the laboratory (Johnson 1990). The solar wind ion irradiation processes of interest for study in the 
laboratory include changes induced by both direct irradiation and indirect effects. Simulated direct 
irradiation effects include disruption and possible eventual amorphization of crystal structures 
(ion damage), and one of the key drivers for performing ion irradiation experiments is to calibrate 
the critical amorphization fluence for the dominant solar wind ions. Because the collisional 
damage efficiency of all ions declines as they enter a target crystal and slow down, damage 
leading to amorphization can be expected to vary with depth, becoming deeper with increasing 
fluence (but still limited by the range of penetration of the ions involved). If the ion flux is known, 
the growth can be calibrated with respect to irradiation time. These relations have formed the 
basis for quantitative models that endeavor to link the thickness of solar-wind amorphized rims 
on space weathered grains to their integrated direct solar wind exposure time (e.g., Chamberlin et 
al. 2008; Christoffersen and Keller 2015; Poppe et al. 2018; Keller et al. 2021).

To date, the principal lunar minerals plagioclase, pyroxene, ilmenite and olivine have all 
been the subject of laboratory ion-irradiation studies supported by TEM imaging (e.g., Carrez 
et al. 2002; Christoffersen et al. 2010a; Kuhlman et al. 2015). These studies have varied in 
their objectives, as well as the fidelity of their conditions to solar wind conditions (ion species 
and energy) and the end fluences attained. A common approach of these studies is to use high 
fluences (1017–1018 ions/cm2) that achieve demonstrable damage, to simulate solar system 
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processes on laboratory timescales (e.g., Carrez et al. 2002). Figure 19 shows TEM images of 
two such high-fluence samples: plagioclase and ilmenite single crystals both experimentally ion 
irradiated with 4 keV He+ to fluences in the 1017 range (Christoffersen et al. 2010a). The strong 
contrast in ion processing behavior of the two materials exemplifies the key role of composition 
and intrinsic crystal chemistry in determining how minerals respond to solar wind exposure.

In addition to structural damage, laboratory simulations have demonstrated that the 
direct effects of ion irradiation at typical solar wind energies also include the inducement of 
compositional changes, including the segregation of cations and depletion of oxygen, in the 
outer 5–10 nm of a crystal due to preferential sputtering erosion (Loeffler et al. 2017).  In the 
absence of assistive processes, such as heating and diffusion, preferential sputtering is incapable 
of producing chemical changes that penetrate more than a few nm below the surface of a crystal. 
In some natural lunar minerals such as ilmenite, however, chemical changes can extend much 
deeper (20–30 nm), suggesting additional chemically active ion irradiation processes and/or 
thermal effects are required, though they remain poorly understood (Christoffersen et al. 1996; 
Zhang and Keller 2010; Burgess and Stroud 2018; Laczniak et al. 2021).

As part of his space weathering overview, Hapke (2001) reviewed experimental evidence 
suggesting that direct ion irradiation was relatively ineffective in altering the optical reflectance 
properties of lunar analog minerals. More recently, however, Loeffler et al. (2009) showed that, 
at least for olivine, surface formation of npFe driven by preferential sputtering during direct 
He+ ion irradiation can produce reflectance changes significant for remote sensing. This has 
revived interest in direct ion irradiation as a way to explain the optical space weathering of 
S-type asteroids, leaving open the possibility that it may be important on the Moon as well. 
TEM studies of He+-irradiated ilmenite and pyroxene have also shown surface-correlated npFe 
formation similar to that in olivine, further suggesting that optical effects from direct solar-wind 
irradiation may play a role in lunar optical space weathering (Christoffersen et al. 2010a,b).

Laboratory experiments have also attempted to simulate the indirect effects of solar wind 
radiation: surface deposition of species that solar-wind ions have sputtered from surrounding 
areas of the regolith (generally at the cm scale). A variety of experiments have shown that 
progressive H+ irradiation causes porous materials to darken, possibly due to deposition of 

Figure 19. Transmission electron microscope images of the upper 400 nm of plagioclase (a) and ilmenite 
(b) single crystals prepared by focused ion beam (FIB) cross sectioning after they were ion irradiated in the 
laboratory with 4 keV He+ ions and coated with amorphous carbon. (a) Is a conventional bright-field TEM 
image of an An90 lunar plagioclase prepared from an interior thin section of lunar basalt 70035 and ion irra-
diated to a final He+ fluence of 1.2 × 1017 ions/cm2, (b) is a bright-field STEM image of a synthetic ilmenite 
(FeTiO3) grain ion irradiated to a final He+ fluence of 3 × 1017 ions/cm2. Arrows show the upper and lower 
boundary of the ion damaged layer in each sample, which in plagioclase (a) is uniformly amorphous with 
a thin implantation bubble layer at the top. The ilmenite (b) shows three distinct nano-crystalline/partially 
ion damaged layers, including an uppermost layer containing abundant nanophase Fe0.
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optically dark sputter deposits on grain surfaces shielded from the direct ion beam (see Hapke 
2001). These experimental findings have supported the idea that sputter deposition may be 
responsible for, or contribute to, the optically dark npFe-bearing grain rim deposits described 
by Keller and McKay (1993, 1997). The pattern of volatile element enrichments in Si, Fe and 
especially S in natural lunar grain rims has led to the suggestion that these rims are dominated by 
impact vapor deposits, as opposed to sputter deposits (Keller and McKay 1993, 1997), and some 
evidence that sputtering induces little elemental fractionation in lunar composition materials has 
been reported (Christoffersen et al. 2012). However, better data on the compositional signatures 
of sputter deposits produced under solar wind relevant experimental conditions is needed, and 
could provide insight into the relative importance of sputter- and vapor-produced deposits. More 
comprehensive experimental sputtering studies are needed.

5. DISCUSSION

5.1 Current knowledge of space weathering rates

It is of interest to establish the rates at which space-weathering processes operate. For 
example, given sufficient knowledge about the rate at which optical changes occur, it might 
be possible to devise a method for determining absolute ages of surfaces based on remote 
measurements. Information on space-weathering rates comes from sources that include 
analysis of the spectral characteristics of lunar crater ejecta, observations of the current rate 
at which small lunar craters are forming in the present day, examination of returned samples, 
laboratory space weathering simulations, and theoretical considerations. However, integrating 
these into a coherent story of the rate of maturation of the lunar surface is not straightforward. 
Remote sensing, laser irradiation/impact experiments, and analysis of returned lunar regolith 
samples each yield results with potentially very different time perspectives. 

Laboratory simulations of various aspects of space weathering have offered insights 
into rates of space weathering. Hydrogen-ion irradiation of loose silicate powders caused 
darkening and reddening of the powders that were observed to saturate at ion doses that 
correspond to about 105 years on the Moon (see Hapke 2001). Laser-shot processing, intended 
to simulate space weathering by micrometeoroid bombardment, has been shown to produce 
nanophase iron and spectral changes typical of lunar-style space weathering with an energy 
that corresponds to ~108 years of micrometeoroid bombardment at 1 AU (Sasaki et al. 2001). 

Analysis of lunar samples has also provided estimates of space weathering rates by 
examining the microstructural and chemical features in returned samples that are produced 
by space weathering processes. Based on a new calibration of the rate of production of 
solar energetic particle tracks in surface-exposed lunar grains, Keller et al. (2021) used 
TEM measurements of track densities in individual grains to calculate their exposure ages. 
Correlation of the track-based ages with the microstructure and width of vapor-deposited 
and solar wind damaged rims on the same grains revealed that the widest ion-damaged rims 
corresponded to exposure ages in the range of 106–107 years. 

When the spread and mean values of grain exposure ages were correlated with the maturity 
indices for different regolith samples, Keller et al. (2021) also saw evidence that mature 
regolith characteristically had average grain ages in the same range of 106–107 years. This 
relationship suggests a similar timescale for the gardened upper layers of regolith to become 
optically mature, and as noted below this value is within an order of magnitude of gardening 
rates indicated by remote sensing (e.g., Speyerer et al. 2016). This rate is, however, faster 
than that indicated by remote sensing of the optical maturity (OMAT parameter) of the lunar 
crater Copernicus (Grier et al. 2001; Hawke et al. 2004). The ejecta of Copernicus is nearly 
fully mature; with only a slight increase in the degree of weathering, the ejecta of Copernicus 
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would reach an optical state indistinguishable from that of the mature background regolith. 
The age of Copernicus has been estimated as 0.8–1.1 × 109 years based on radiometric ages of 
a glassy sample collected at the Apollo 12 site, located along a Copernicus ray. Thus, it could 
be surmised that it takes ~0.8–1.1 Gy for lunar optical maturity to achieve steady state. 

The difference between the sample analysis/laboratory simulations and remote sensing 
observations can be reconciled by understanding the geologic setting of immature materials. 
Immature material is typically exposed by impact craters in an ejecta deposit of a thickness that 
increases with crater size. For small craters, as space weathering progresses, mature regolith 
is also gardened into the ejecta deposit from beneath the thin ejecta layer. For larger craters, 
as the surface ejecta matures, gardening can result in the exposure of immature materials from 
within the ejecta deposit, and the breakdown of rocks produces new immature regolith. Thus, 
factors related to the size of a crater and its geological setting, including the thickness of the 
ejecta deposit and the size of ejecta fragments, control the time required for ejecta material 
to reach maturity (Lucey et al. 2000; Grier et al. 2001; Hawke et al. 2004; Ghent et al. 2014). 
Differences in these factors also lead to variations in the amount of time required for various 
portions of a crater (interior vs. proximal ejecta vs. distal ejecta) to reach full optical maturity.

The rate of gardening of a regolith thus also plays a critical role in the rate of maturation of a 
surface. Observations of hundreds of newly formed impact craters and tens of thousands of changes 
in surface reflectance, suspected to be largely secondary impacts, demonstrated that the upper 
~2 cm of regolith will be gardened in ~105 years (Speyerer et al. 2016). This new understanding 
of the rate of regolith gardening may provide insight into the rates of space weathering on the 
lunar surface. For example, the observation that areas of lower solar-wind flux appear to reach a 
lower level of maturity (Section 3.2) rather than simply saturating after a total accumulated solar 
wind dose, could be explained if solar-wind related optical changes to the regolith occur on a 
timescale over which regolith gardening can continually expose immature material to the surface. 
Further comparisons of models of regolith gardening rates with depth (e.g., Costello et al. 2018) 
and rates of maturation due to the effects of the solar-wind and micrometeoroid bombardment 
may provide new insights into the interplay between these processes.

5.2 Current understanding of the relative roles of micrometeoroid impacts and solar 
wind irradiation

The canonical view that micrometeoroid impact and solar wind ion irradiation are the 
dominant processes that drive lunar space weathering suffers from a major knowledge gap: 
several important space weathering features, including some with important links to remotely 
sensed optical reflectance properties, are not fully resolved with respect to being formed by 
either impact or solar wind ion irradiation processes, or a combination of both. Two of the 
most important examples discussed below are the formation of npFe grains that reside in both 
agglutinates and the deposited outer layers on regolith grains. 

5.2.1 Formation of nanophase Fe in lunar agglutinates. As outlined in previous 
sections, agglutinates are produced when micrometeoroids impact into fine-grained regolith 
target material. What is less well-established, however, is whether the ubiquitous npFe grains 
found in the shock-melted (now glassy) agglutinate matrix are solely a byproduct of the impact 
melting and vaporization conditions, or whether their formation during the impact event is 
somehow assisted by, or even requires, the presence of implanted solar wind H in the target 
grains. In the latter scenario, first discussed by Housley et al. (1973), H is hypothesized to 
promote Fe reduction in the melt phase to form the molten metallic Fe droplets that eventually 
solidify as npFe. The detailed mechanisms may involve reactive combination of H with O to 
form H2O which could then escape the melt phase as a volatile species or be retained in the 
regolith (Liu et al. 2012; Greer et al. 2020). 



Space Weathering At The Moon 29

A countervailing concept to the H reduction hypothesis is that the extreme temperatures 
attained during shock melting in micrometeoroid impacts under vacuum on the lunar surface 
may be sufficiently reducing by themselves to form metallic Fe without the need for implanted 
H (Housley et al. 1973; Hapke 2001). In this case O is simply lost as a volatile species during 
the impact vaporization processes that accompany impact melting. The chemical transport and 
reaction conditions under this impact-only scenario are envisioned to be sufficiently rapid at 
impact temperatures to overcome the very short cooling timescale of the associated shock melt. 
As noted in Section 4.1 above, abundant npFe is routinely produced in pulsed laser irradiation 
experiments using starting materials that do not contain implanted or other types of additional 
H. If the thermal and vaporization conditions in these experiments are indeed analogous to those 
in micrometeoroid impacts, then this would seem to remove a required role for solar wind H. If 
the analogy between pulsed laser conditions and those in small-scale micrometeoroid impacts is 
incomplete, however, a role for implanted solar wind H remains open. 

Remote sensing data suggests the solar wind does indeed play a role in altering the 
spectral properties of the lunar surface, and thus in producing npFe. Much of the last decade’s 
work studying the spectral properties of swirls and space weathering trends on the Moon as a 
function of latitude and now longitude (Section 3.2) has been interpreted to suggest that the 
solar wind is a critical weathering agent. This interpretation stems from the observation that 
areas that are thought to experience a reduced solar-wind flux, but little or no difference in 
micrometeoroid flux, are high in reflectance and have other spectral characteristics suggesting 
they are less mature due to slower or anomalous space weathering. However, while swirls 
(Pieters and Noble 2016) and poleward facing crater walls (Sim et al. 2017) maintain relatively 
high reflectance values across visible–near-infrared wavelengths, they do show one hallmark 
of space weathering: reduced mafic absorption band strength (Fig. 20). These remote sensing 
observations for locations where high-reflectance materials have weakened band depths suggest 
that micrometeoroid bombardment may play an important role in decreasing absorption band 
depth, but alone cannot substantially darken materials, and thus the solar wind is required for 
a general reduction in reflectance. This may suggest that micrometeoroid bombardment alone 
can indeed produce metallic iron in some abundance, but greater abundances or larger particle 
sizes require the solar wind, perhaps aiding reduction of Fe as implanted H, if not via sputtering. 

Figure 20. a) Thickness of npFe-rich rims of anorthite grains from several lunar soils with a range of 
maturity (67701, 10084, and 62231) vs. the exposure age derived from solar flare tracks for each grain. 
Rim thickness shows no correlation with exposure age. b) Solar wind amorphized rims on lunar anorthite 
grains shows an increase in rim thickness with exposure age until saturation is achieved. After Keller and 
Zhang (2015).
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Additional studies are needed to resolve the issue of npFe formation in agglutinates. 
Projectile impact experiments into regolith-analog target materials at impact speeds covering 
the 5–50 km/s range applicable to lunar micrometeoroids would provide a critical test of 
whether micrometeoroid bombardment alone can produce the npFe in agglutinates.  As noted in 
Section 4.2, impact experiments at the lower range (5–7 km/s) of these speeds did not form npFe 
in their shocked samples (Christoffersen et al. 2013); neither did electrostatically-accelerated 
dust particles traveling at 15–18 km/s (Christoffersen et al. 2017). Unfortunately, the highest 
relevant velocities have not been explored because it is not yet technologically possible to 
perform impact experiments that achieve these speeds under the required vacuum and other 
conditions that mimic the lunar surface. In situ investigations of the lunar regolith in regions of 
varying solar wind flux, such as within a swirl/crustal magnetic anomaly (Blewett et al. 2022) 
or at near-polar latitudes, will provide new information about how space weathering proceeds 
in regions where solar wind flux and implanted solar wind abundance may be lower. Returned 
samples from such locations would enable detailed studies of npFe within agglutinates.

An additional process that has been discussed with regard to npFe in lunar agglutinates 
is the thermal “recycling” of small metallic Fe grains across multiple micrometeoroid impact 
cycles. This has been proposed as a mechanism that may allow npFe grains initially formed 
in the 10–100 nm size range within agglutinate glass to coalescence and coarsen into larger 
micrometer-scale grains when the glass is re-melted in subsequent impacts. Such effects were 
observed in lunar samples subjected to repeated thermal events during TEM analyses (Thompson 
et al. 2017). In addition to thermally processing pre-existing npFe grains in agglutinate material, 
it is likely that additional new reduced Fe may be generated in the target material in each cycle. 

5.2.2 Formation mechanisms of nanoscale deposits on lunar regolith grains. As discussed 
in Section 2, mechanisms associated with solar wind ion sputtering and/or condensation of 
impact-generated vapors have both been considered as ways to form the nanoscale outer layers 
containing npFe that make up part of lunar grain rims. Much of the early work in evaluating 
these two mechanisms has been summarized by Hapke (2001). This summary includes 
results from a number of early experiments showing that ion irradiation of Fe-bearing porous 
mineral aggregates produced optical darkening, which was inferred to be from sputter deposits 
forming on the undersides of grains. The analogous mechanism in the natural lunar regolith 
would presumably involve sputter-transfer of material from grains directly exposed to the solar 
wind to adjacent shielded grain surfaces. Another conceivable, but little discussed possibility 
is that solar wind sputtering across the larger-scale regolith surface could produce a resident 
thin exosphere-like vapor cloud whose components re-deposit on exposed grains. For impact 
vapor deposition, the process is typically envisioned to involve generation of localized high-
temperature impact vapor around the site of micrometeoroid impacts with similarly localized 
recondensation of the vapor on adjacent exposed grain surfaces. 

Data and evidence necessary to resolve the relative roles of sputtering or impact vapor 
deposition in forming npFe on lunar grains come from the observations of the deposits 
themselves, as well as from relevant experiments, modeling of the two processes, and the 
examination of remote sensing data. For the deposits themselves a key piece of evidence resides 
in the major element relative abundances measured in the Keller and McKay (1997) analytical 
TEM studies. The excellent correlation between the measured relative element abundances and 
data on their relative volatilities, particularly for elements such as S and Na, is what led Keller 
and McKay (1997) to favor an impact vapor deposition origin. For sputter deposition to be a 
similarly viable process, sputtering must generate deposits with a matching pattern of volatile 
element enrichment. One problem, however, is that the relative abundance of elements derived 
from multi-component sputtering is primarily a function of sputtering yields, which only partly 
correlated with volatility but include controls linked to atomic number and surface chemical 
binding effects (Johnson 1990). Reliable determination of sputtering yields for lunar-relevant 
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materials are still in the process of being collected (e.g., Meyer et al. 2011), but an early set 
of empirical sputtering yield data summarized by Hapke (2001) show patterns of element 
relative depletions and enrichments that do not match the measured deposit compositions. A 
more recent TEM study of an experimental sputtering deposit produced by sputtering a glass 
of lunar regolith composition produced a completely amorphous deposit containing no npFe, 
and which showed no strong pattern of element enrichment/depletion relative to the target 
material (Christoffersen et al. 2012). It is notable, by comparison, that the several sputtering 
experiments that produced sample darkening described by Hapke (2001) were only analyzed 
optically, with no confirmation of the microstructure and chemical composition of the deposits 
by electron microscopy or other spatially-resolved analytical techniques. 

Whereas the weight of current laboratory experimental evidence tends to support the idea 
that the outer layers of deposited material on lunar regolith grains are most likely condensed 
impact vapors, further research on sputter deposition under conditions relevant to the lunar 
regolith surface environment is needed to resolve the question. The Christoffersen et al. (2012) 
sputter deposition experiments, although generally applicable, nevertheless utilized very high-
flux Ga ions that were not an appropriate analog to the solar wind. A similar experimental 
and sample characterization approach using ions with compositions, fluxes and energies that 
match the solar wind, would likely be a critical experiment for resolving whether solar wind 
sputtering is actually a viable process for driving the space weathering of lunar regolith grains. 

6. FUTURE ADVANCES IN SPACE WEATHERING

Important advances continue to be made in understanding how the solar wind and the 
rain of micrometeoroids create a mature regolith, and how physical and chemical changes 
to the surface affect observations of the Moon from far-ultraviolet through thermal-infrared 
wavelengths. However, certain issues have proven stubbornly difficult to resolve. Some of the 
major open topics regarding the mechanisms and rates of space weathering include:

6.1. Solar wind vs. micrometeoroids

Many space weathering studies, whether based primarily on analysis of remote sensing 
data, laboratory simulations, or examination of samples, focus on understanding the role(s) 
of the solar wind vs. micrometeoroid bombardment. A fundamental outstanding question 
is whether, in the aggregate, one process dominates (e.g., results in more rapid changes or 
changes that have larger spectral effects), or whether both are required to produce a “typical” 
mature regolith (e.g., solar-wind implantation aids in reduction of iron during micrometeoroid 
bombardment). Further work is needed to confirm production of npFe with high-velocity 
impact experiments, to examine the process and products of solar wind sputtering via 
experiments, and to collect and characterize samples weathered in distinct lunar environments. 
The balance of evidence from samples, experiments, and remote sensing data is not clearly 
tipped in either direction, and therefore this is likely to remain an important focus of space 
weathering research in coming years.

6.2. Lunar swirls

Crustal magnetic anomalies provide some degree of shielding from the solar wind, and host 
lunar swirls that, by many measures, appear immature. Determining if the lower flux of solar-
wind ions is responsible for the presence of swirls could provide another opportunity to gauge the 
relative importance of solar-wind vs. micrometeoroid bombardment in the maturation process. 
Alternately, if another process is responsible for their formation, swirls may provide insight into 
other lunar surface processes. Determining whether one mechanism can explain the anomalous 
spectral properties from UV through mid-IR wavelengths while leaving the topographic and 
thermophysical properties unchanged will aid in understanding these features.
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6.3. Rates

Improving our understanding of what information laboratory space-weathering experiments 
provide about rates of maturation is important for advancing our knowledge of lunar space 
weathering rates. Key questions include: 1) Is it possible to accurately simulate solar-wind 
irradiation in the laboratory using fluxes much higher than the solar wind? 2) Can the energy 
deposition from laser experiments easily be translated to micrometeoroid energy deposition 
amounts and rates? Determining how or if we can translate these laboratory-derived rates into 
rates of maturation of the lunar surface will also involve an evaluation of rates of gardening 
with depth and how larger impact events complicate a straight path to maturity by burying and 
re-exposing regolith. Further work is also needed to explore the timescales for the evolution of 
microstructural and chemical products of space weathering (e.g., the oxidation of npFe particles)

6.4. Variations across the Solar System

The Moon still provides our baseline knowledge of how space weathering operates. 
Exploring space weathering in distinct lunar environments (e.g., high latitudes, swirls) may 
provide new information about how weathering proceeds on airless silicate bodies closer to 
and farther away from the Sun. Differences in space weathering on other airless bodies may 
also provide a new framework to understand the relative importance of the range of processes 
responsible for lunar space weathering. 

6.5. Other processes

New work should evaluate what role does dielectric breakdown plays in the maturation 
of the lunar surface. As we continue to explore the Moon, we may also learn about other 
processes exist that may have ramifications for space weathering and maturation, that we have, 
thus far, failed to appreciate.

These topics may be addressed in a variety of ways. High-resolution images from the Lunar 
Reconnaissance Orbiter Cameras have revealed striking details of fresh impact craters, but many 
such features are smaller than the scale of a pixel in other multi- and hyperspectral observations; 
meter-scale multispectral images would provide critical new information. Hyperspectral imaging 
(from UV through mid-IR wavelengths) of the Moon, begun by the Moon Mineralogy Mapper, 
and to be extended by Lunar Trailblazer (Ehlmann et al. 2022) should be completed in order to 
provide a more complete view of maturity differences across the globe.

Also of importance are future in-situ observations and returned samples of mature and 
immature regolith. The Lunar Vertex investigation at the Reiner Gamma swirl, carrying a 
suite of imaging, spectral, plasma, and magnetic field sensors, will provide new information 
to improve our understanding of the relative roles of solar-wind and micrometeoroid 
bombardment in surface maturation (Blewett et al. 2022).  Future returned samples of swirl 
regolith, in-situ measurements and returned samples of high-latitudes and PSR regolith will 
also yield insights into how regolith matures in regions with lower solar wind flux.

Ever more realistic laboratory simulations of space weathering will also continue to be 
fruitful. Low-flux irradiation experiments would more accurately replicate the solar wind at 
the Moon and may provide a better understanding of the process and rates of maturation of 
surface materials. Transitioning from nanosecond pulsed laser experiments to femtosecond 
lasers or dust impact experiments could prove beneficial. It is also critical to confirm that pulsed 
laser experiments indeed produce faithful analogs to materials impacted by micrometeoroids. 
Laboratory impact experiments have not yet been shown to produce npFe in target materials. 
Thus, kinetic impact experiments at higher velocities more representative of lunar impactors, 
such as those possible with electrostatic dust particle accelerators, could confirm conventional 
wisdom or provide surprising new results.
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Remotely sensed data, particularly for bodies such as Mercury and asteroids, will continue 
to provide important new information. If we are to expand our knowledge of the myriad of 
Solar System bodies unlikely to be targeted for sample return, it will also be crucial to perform 
coordinated TEM, synchrotron X-ray, and UV–mid-IR spectral analyses of the samples of 
airless bodies that we do have, as well as experimentally weathered samples. Models that 
enable determination of the degree of space weathering, such as radiative-transfer models of 
the absorbing and scattering properties of nanophase iron and other opaques, will also need 
further refinement to ensure they accurately extract information from remote data.

The desired advances in space weathering described here are readily attainable, and 
require a sustained effort in the laboratory, in remote data collection and analysis, and in 
advocacy for and development of missions that will make the needed in-situ measurements 
and return samples.
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