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A B S T R A C T   

Metallic iron (Fe0) particles with sizes ranging from a few nanometers to the submicroscopic scale and formed by 
space weathering are specific components of lunar soil. Previous studies have suggested that the iron signifi-
cantly alters the optical properties of lunar soil. For example, nanophase metallic iron (npFe0) causes both 
reddening and darkening of the lunar soil spectrum, and submicroscopic metallic iron (SMFe) only causes 
darkening. Here, we prepared SMFe particles with an average size of ~180 nm embedded within melt glasses 
through carbothermal reduction experiments to analogize agglutinated glasses in the lunar soil. We evaluated the 
effect of SMFe content on visible and near-infrared (VIS–NIR) reflectance spectra of these lunar soil samples 
simulants. The spectral data show that SMFe content plays a key role in the optical properties of samples, 
including the average reflectance in the VIS-NIR range (400–2150 nm), and the absorption depth at ~2 μm. A 
small amount (0.05 wt%) of SMFe mainly causes significant spectral darkening, and the average reflectance is 
reduced by 50% when the SMFe content rises to 0.36 wt%. Both the average reflectance and the absorption depth 
at ~2 μm show a negative correlation with the SMFe content. We developed a quantitative model relating the 
spectral characteristics and the SMFe abundance based on experimental results. Thus, the SMFe contents play a 
key role in altering spectral characteristics of airless bodies during remote sensing spectroscopic detection.   

1. Introduction 

Metallic iron (Fe0) is a common phase in airless bodies such as the 
Moon, Mercury, and asteroids (Hapke, 2001). Lacking atmospheric 
protection, airless planets are directly exposed to the space environment 
and subjected to continuous high-velocity impacts from meteorites and 
micrometeorites and to steady bombardment from cosmic rays and 
solar-wind particles. These high-velocity impacts lead to physical and 
chemical changes in the surface materials, a process called space 
weathering (Anand et al., 2004; Heiken et al., 1991; Pieters and Noble, 
2016). Physical changes caused by space weathering are breaking up of 
rocks into soil and chemical changes resulting in formation of new 
impact-induced Fe0 particles or other iron-silicides in the lunar regolith 
(Anand et al., 2004). Mössbauer and magnetic analyses have found 

widely distributed Fe0 particles in lunar samples (Huffman et al., 1974; 
Nagata et al., 1970; Pearce et al., 1972). Transmission electron micro-
scopy (TEM) of lunar samples has provided a more intuitive under-
standing of Fe0 particle distribution (Basu, 2005; Basu et al., 2001; 
Cymes et al., 2021; Pieters and Noble, 2016). Fe0 in lunar samples is 
mainly found in the amorphous coating of grains (Noble et al., 2005) 
and the interior of agglutinates (Taylor and Taylor, 2009), which are 
typically spherical with particle sizes ranging from a few nanometers to 
hundreds of nanometers (Hapke, 2001). Fe0 distributed in amorphous 
coating is typically nano-phase metallic iron (npFe0) with an average 
particle size of 3 nm, while submicroscopic metallic iron (SMFe), with a 
particle size up to 1 μm, is mainly embedded within agglutinated glasses 
(Basu, 2005; Basu et al., 2001; Taylor and Taylor, 2009). A previous 
study found that agglutinated glasses form by remelting of the finest 
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fractions of lunar soils, and the Fe0 particles tend to form larger particles 
during melting (Taylor et al., 2000). 

Lunar soil has a lower reflectance, weaker absorption, and redder 
spectrum than lunar rock collected at the same sites (Adams and Jones, 
1970; Adams and McCord, 1971; Conel and Nash, 1970; Hapke et al., 
1970). Previous studies of spectral properties of lunar soils focused 
mainly on the effect of soil particle size and agglutinate content. 
Maturity is a measure of the time in which the soil is in the uppermost 
~1 mm of the lunar surface (Morris, 1978). As the maturity of lunar soil 
increases, smaller grain size and higher agglutinate content (up to 60%) 
are observed (McKay et al., 1972). However, other studies suggest that 
optical alteration of lunar soil is not simply caused by mechanical 
fragmentation (Adams and Filice, 1967; Fischer and Pieters, 1994). 
Agglutinates have also been observed to be darker than the parent lunar 
soil, and increased agglutinate contents observed in the lunar soil 
spectrum also cause the soil to become darker (Adams and McCord, 
1973). Cassidy and Hapke (1975) crushed Apollo samples that had been 
melted in vacuum and found that the spectra of the crushed agglutinate 
samples became brighter with stronger absorption bands rather than 
darker and redder. Therefore, agglutinate glasses are insufficient to fully 
account for lunar optical alteration (Cassidy and Hapke, 1975). 

Further analysis of returned lunar samples has identified nano- to 
submicron-sized metallic iron in the lunar soil as the dominant factor in 
spectral changes (Keller and Mckay, 1993; Keller and McKay, 1997; 
Pieters and Noble, 2016). Studies have shown that the reddening of the 
lunar soil spectrum is mainly due to npFe0, and SMFe particles mainly 
cause the spectral darkening and mask the spectral absorption features 
without reddening the spectrum (Allen et al., 1996; Lucey and Riner, 
2011; Pieters and Noble, 2016; Pieters et al., 2000). Noble et al. (2007) 
conducted a more detailed investigation of the effect of Fe0 particle size 
on lunar soil spectra. They prepared a series of analogs containing Fe0 

grains with different sizes and abundances by reducing silica gel with 
different pore sizes. Their results showed that npFe0 particles with 
smaller diameters (<10 nm) lowered the reflectance throughout the 
visible-near-infrared (VIS–NIR) range and significantly reddened the 
spectrum in the VIS band. SMFe particles with larger diameters (>40 
nm) darken the spectrum in the VIS–NIR band and very slightly change 
the shape of the continuum. In addition to experiments, several nu-
merical models (Escobar-Cerezo et al., 2018; Hapke, 2001; Lucey and 
Noble, 2008) also suggest that SMFe particles darken the spectrum. In 
addition to the Moon, SMFe is equally important for our understanding 
of other unlanded airless bodies in the solar system, such as Mercury and 
Vesta, mainly because these bodies tend to be dominated by dark fea-
tures causes by space weathering processes (Pieters et al., 2012). 

Various evaluations of the effects of particle size and impacted-glass 
content on optical properties have confirmed the important role of SMFe 
in lunar soil. However, although nanophase iron particles have been 
studied in depth, there are not enough studies on the effect of SMFe on 
lunar soil spectra, especially the quantitative effect of SMFe abundance. 
In this study, we quantify the relationship between SMFe abundance and 
reflectance by investigating the VIS–NIR spectra of simulant samples 
with different SMFe contents. 

2. Sample and analytical techniques 

2.1. Sample preparation 

In this study, iron-containing materials were prepared from lunar soil 
simulant by high-temperature reduction. The sample preparation was as 
follows. (1) The raw materials were industrial graphite and CLRS-2 
(high-Ti Chinese lunar regolith simulant, from the same series as 
CLRS-1) (Tang et al., 2017; Zheng et al., 2009). CLRS-2 is mainly 

Fig. 1. BSE image of a quenched sample prepared by the reduction reaction of graphite and CLRS-2. The EDS spectrum for the bright dot indicated by the white 
arrow is inserted into the bottom right corner of this image. The white rectangle shows the foil extraction locations of the focused ion beam (FIB) section. 

Table 1 
Composition of the glass before magnetic sorting measured by XRF (wt%).  

Chemical composition SiO2 Fe2O3 Al2O3 CaO MgO TiO2 Na2O MnO K2O P2O5 

Content (wt%) 37.37 1.80 32.38 9.75 7.28 6.49 2.24 0.20 0.72 0.02  
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composed of volcanic glass, pyroxene, olivine, and feldspar, and its 
elemental composition has been reported in past work (Peng et al., 
2022). Graphite and CLRS-2 were mixed with a mass ratio of 1:27 and 
put into a high-purity corundum crucible. (2) The mixture was heated at 
1600 ◦C for 4 h in argon gas as a protective environment, in which SMFe 
does not oxidize. After heating at 1600 ◦C for 4 h, all the minerals melted 
completely, and iron species were reduced by graphite and formed 
metallic iron. (3) The melted samples were quenched with water. The 
quenched glass contained a large amount of reduced Fe0 particles 
(Fig. 1). The glass composition is shown in Table 1. (4) The quenched 
glass was crushed into powder using a planetary ball mill, and the 
powder particle size was <20 μm. (5) The powder was put into a mag-
netic sorter, divided into magnetic (MAG, with metallic iron) and non- 
magnetic (non-MAG, without metallic iron) fractions, and used to pre-
pare samples with different SMFe abundances. 

2.2. Analytical techniques 

Before crushing the quenched samples, we cut ~15 mm × 45 mm 
sections and polished them for microscopic observation. We examined 

sample morphology via backscattered electron (BSE) imaging and con-
ducted semi-quantitative analysis via energy dispersive X-ray spec-
trometry (EDS) using a scanning electron microscope (SEM) at the Lunar 
and Planetary Science Research Centre, Institute of Geochemistry, CAS. 
The high-resolution BSE imaging and EDS analysis were performed at an 
accelerating voltage of 15 kV. The morphology and microstructure were 
studied with an FEI Scios dual-beam focused ion beam-scanning electron 
microscope (FIB-SEM) and transmission electron microscope (TEM). 
TEM lamellae were prepared using the FIB processing capability of the 
dual-beam scanning electron microscope, and were subsequently char-
acterized using an FEI Talos F200S field-emission scanning transmission 
electron microscope (FE-STEM) equipped with an EDS detector at 
Guangdong University of Technology. We obtained EDS maps using the 
STEM to understand the nanometer-scale chemical composition of the 
TEM samples, and identified the crystal structure of the nanoscale 
phases through high-resolution (HR) TEM images and selected-area 
electron diffraction (SAED) maps. 

To obtain the Fe0 content in MAG and non-MAG fractions, an Agilent 
Technologies inductively coupled plasma optical emission spectrometer 
(ICP-OES) was used to determine the total iron content in our samples. 

Fig. 2. (a) Bright-field image of part of the foil extracted using the FIB, showing a close view of a Fe0 particle. (b–e) EDS maps for the four main elements of Fe0 in (a): 
Mg, Al, Si, and Fe. (f–g) Selected-area electron diffraction (SAED) patterns and high-resolution TEM image of Fe0 in (a). 

Fig. 3. 57Fe resonant absorption Mössbauer spectra of the samples. (a) Magnetic fraction after magnetic separation (MAG) and (b) non-magnetic fraction after 
magnetic separation (non-MAG). The red subspectrum for MAG corresponds to Fe0, and the non-MAG subspectra all show ferrous iron. No Fe0 signal is detected. 
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Then, the Fe0 content of the total iron of each sample was analyzed using 
iron Mössbauer spectroscopy (FeMS). Finally, the Fe0 content in the 
samples was directly calculated. The ICP-OES analysis was performed at 
the State Key Laboratory of Mineral Deposit Geochemistry, Institute of 
Geochemistry, Chinese Academy of Sciences (CAS), on an Agilent 
Technologies instrument. The Fe0 content of the total iron in each 
powder sample was collected with an MFD-500AV (Topologic⋅Japan) 
iron Mössbauer Spectrometer at the Center for Advanced Mössbauer 
Spectroscopy, Dalian Institute of Chemical Physics, CAS. The Mössbauer 
spectra were collected at a room temperature of 298 K and a humidity of 
15% using a 57Co single-line source embedded in Rh for a run time of 24 
h. 

The visible to near-infrared spectra were obtained at the Institute of 
Geochemistry, CAS, using a Cary 500 UV–VIS–NIR spectrophotometer 
equipped with an integrating sphere. Each VIS–NIR spectrum was 
recorded as a percentage of reflectance (R%). For each sample, three 
measurements were taken and averaged to ensure that the obtained 
spectra of each sample were as accurate as possible. 

3. Results 

3.1. Microscopic observations 

The BSE image shows a lot of bright spots distributed in the samples 
(Fig. 1). The EDS result shows that these small bright dots are rich in 
iron. Studies have shown that the Fe0 within lunar soil is α-Fe with body- 
centered cubic (bcc) structure (Liu et al., 2007; Thompson et al., 2016). 
To identify the crystal structure of the bright dots in the product, the 

TEM sample was extracted with FIB methods from the position of the 
white rectangle on the right in Fig. 1. The TEM results are shown below. 

Fig. 2 shows TEM images and EDS maps of the foil. It is clear that the 
metallic iron has a diameter of approximately 180 nm (Fig. 2a). In a 
previous study (Peng et al., 2022), we measured a number of particles in 
the range 40–200 nm with an average size of 180 ± 10 nm. TEM X-ray 
EDS maps show that these Fe0 particles are essentially elemental iron 
and contain no significant Mg, Si, or O (Fig. 2b–e). The SAED patterns 
(Fig. 2f–g) show that these Fe0 particles are α-Fe (Im3m space group 
with a lattice plane distance of 0.202 nm). Therefore, α-Fe is present in 
quenched glass reduced by CLRS-2. 

3.2. Mössbauer spectroscopy and ICP-OES analysis 

As shown in Fig. 3, the MAG fractions were found to have a distinct 
α-Fe spectrum, and no α-Fe spectra were observed in the non-MAG. The 
Fe0 contents of the MAG and non-MAG are 0.36 wt% and 0 wt%, 
respectively, on the basis of FeMS and ICP-OES results. Subsequently, we 
mixed the MAG and non-MAG in different proportions to obtain a group 
of samples with different iron abundances (Table 2). Here, the Fe0 

particles are contained in the glass, which is similar to the Fe0 in ag-
glutinates of lunar soils. 

3.3. Reflectance spectra 

The reflectance spectra of samples with different SMFe abundances 
are shown in Fig. 4a, and the same spectra normalized at 450 nm are 
shown in Fig. 4b. Because these spectra show significant noise at longer 
wavelengths, this study takes the 400–2150 nm band for further analysis 
to reduce the effect of noise on the spectral shape. All samples show a 
monotonic increase at shorter wavelengths (400–1400 nm) and become 
relatively stable at longer wavelength (>1400 nm), with a broad weak 
absorption band near 2 μm. In general, the reflectance spectra show 
three distinct trends with increasing SMFe abundance: (1) The spectral 
reflectance increases nearly linearly in the visible portion of the spec-
trum (450–780 nm). (2) The spectrum gradually darkens throughout the 
whole wavelength range (400–2150 nm) with increasing SMFe abun-
dance. (3) The absorption band depth slightly weakens at ~2 μm. More 
detailed spectral characteristics are described next. 

Table 2 
Compositions of samples with different Fe0 abundances.  

Sample Fe0 (wt%) Mixing ratios (wt%) 

MAG non-MAG 

1 0.00 0.00 100.00 
2 0.05 13.89 86.11 
3 0.10 27.78 72.22 
4 0.15 41.67 58.33 
5 0.18 50.00 50.00 
6 0.20 55.56 44.44 
7 0.25 69.44 30.56 
8 0.30 83.33 16.67 
9 0.36 100.00 0.00  

Fig. 4. (a) VIS–NIR reflectance spectra of samples with different SMFe abundances and (b) reflectance spectra normalized at 450 nm. The sample containing no iron 
(0.00 wt%) corresponds to non-MAG. 
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4. Discussion 

4.1. Effects of SMFe abundance on reflectance spectra 

The sample with low SMFe abundance (0.05 wt%) shows a signifi-
cant decrease in reflectance relative to the original sample (0 wt% SMFe) 
(Fig. 4a). As SMFe increases, the rate of reflectance reduction becomes 
slower but is not simply linear. When the SMFe abundance goes up to 
0.36 wt%, the overall reflectance decreases by ~50% compared with 
that of the original sample. The variation of the spectra with SMFe 
content indicates a significant effect of SMFe on reflectance reduction. 
This is consistent with the laboratory study of Noble et al. (2007) on 
silica gel powder containing SMFe. In their study, a SG50 suite with 
grain sizes of 30–75 μm showed a darker spectrum than a SG2 suite with 
grain sizes of 125–250 μm. This was when the SMFe contents were the 
same in the SG50 and SG2 suites with particle sizes of 20–200 nm and 
5–15 nm, respectively. Because larger particles usually have a lower 
reflectance than smaller ones (Adams and Filice, 1967), those authors 
attributed the spectral darkening to the increase in SMFe particle size. 
Agglutinitic glass is a major product of space weathering, up to ~70% of 
lunar soil (Liu and Taylor, 2011). Thus, we conclude that SMFe, a major 
component of agglutinate glass, is one of the major factors darkening the 
lunar soil spectrum. 

Besides the Moon, the space weathering product SMFe is predicted to 
be one of the main factors altering optical properties on Mercury (Lucey 
and Riner, 2011). In fact, there is still no consensus on the darkening 
agent on Mercury. Crustal-sourced carbon (graphite) has been proposed 
to be the darkening agent on Mercury because of its low iron content and 
the low albedo material typically found in large impact craters and their 
ejecta (Murchie et al., 2008; Peplowski et al., 2016; Solomon et al., 
2018; Vander Kaaden and McCubbin, 2015). However, although the 
iron content of Mercury’s surface is significantly lower than that of the 
Moon, only a small fraction of iron on the Moon is reduced by space 
weathering (Keller et al., 1999; Morris, 1980), whereas almost all of the 
iron on Mercury is reduced (Noble and Pieters, 2003). Noble and Pieters 
(2003) suggested that even in the extreme case of the absence of native 
iron on the surface of Mercury, the iron brought by meteorites should be 
sufficient to affect optical properties. Moreover, because Mercury is 
closer to the Sun and has more mass, the temperature, impactor velocity, 
and flux are greatly increased (Cintala, 1992; Marchi et al., 2009; Noble 
et al., 2007). At high velocities, high fluxes, and high temperatures, soil 
particles are repeatedly impacted and melted and coalesced, which 
helps npFe0 grow into SMFe. Not only does the model of Lucey and Riner 
(2011) show that Mercury has a high ratio of SMFe to npFe0 (higher than 
the Moon), but the model of Trang et al. (2015) also has the best spectral 
matches in terms of Fe0 and carbon in the nanophase and iron in 

microphase particles in combination. 

4.2. Quantitative analysis of the effect of SMFe abundance on reflectance 
spectra 

The reflectance spectra in Fig. 4 show regular variation with 
increasing SMFe abundance. As SMFe increases, the reflectance de-
creases, the slope becomes less red, and the characteristic absorption 
band weakens. Therefore, to clarify the quantitative relationship be-
tween the reflectance and SMFe abundance, we tried to establish a 
regression equation for the average reflectance of the whole band 
(400–2150 nm) and SMFe abundance. We also investigated the rela-
tionship between SMFe abundance and the absorption depth at ~2 μm. 

4.2.1. Correlation between SMFe abundance and average reflectance 
As seen in Fig. 5, the reflectance of the spectra decreases with 

increasing SMFe. We defined the average reflectance over the whole 
band (400–2150 nm) as the average reflectance. Using the SMFe dis-
tribution and the corresponding average reflectance, we tentatively 
determined that the relationship between SMFe abundance and average 
reflectance was consistent with the primary function y = ax + b, where x 
is the reflectance, and y is the corresponding SMFe abundance. The 
coefficient of determination R2 is as high as 0.99. The results suggest 
that SMFe has a significant effect on the spectral reflectance, which is 
consistent with numerical models (Lucey and Noble, 2008; Lucey and 
Riner, 2011; Penttilä et al., 2020). Therefore, we conclude that the SMFe 
abundance and the average reflectance of the samples have a good 
negative linear relationship. 

4.2.2. Correlation between SMFe abundance and absorption depth at ~ 2 
μm 

Absorption depth is the degree of reduction in reflectance of the 
absorbing region relative to that of the adjacent non-absorbing region in 
the VIS–NIR spectrum. As mentioned earlier, the shape of the reflectance 
spectrum of a lunar sample reflects its chemical and mineralogical 
composition. The diagnostic absorption bands at 2 μm are mainly 
dominated by Fe2+ (Tompkins and Pieters, 2010), and the absorption 
band can be weakened by space-weathering-reduced Fe0 particles 
(Pieters and Fischer, 1993). All samples here have the same Fe2+ con-
tent. Here, we try to establish the relationship between SMFe and ab-
sorption depth at ~2 μm. The absorption depth is defined as the distance 
between the lowest point of the absorption valley in the vertical direc-
tion and the straight line connecting the left and right shoulders. We 
assume that the linear equation connecting the left and right shoulders 
of the absorption valley is. 

f (λ) = aλ+ b (1)  

where a and b are constant, λ is the wavelength, and f(λ) is the corre-
sponding reflectance. The absorption depth D of the spectrum is then 
expressed as. 

D = f (λest) − Rest (2)  

where λest is the wavelength of the lowest point of the absorption valley, 
and Rest is the reflectance of the lowest point of the absorption valley. 

If the wavelengths and reflectances of the left and right shoulders and 
the lowest point of the absorption valley are all known, then according 
to Eqs. (1) and (2), the absorption depth D is 

D =
Rr − Rl

λr − λl
λest +

Rlλr − Rrλl

λr − λl
− Rest (3)  

where λr, λl, and λest are the wavelengths of the right shoulder, left 
shoulder, and lowest point of the absorption valley, respectively; and Rr, 
Rl, and Rest are the reflectances of the right shoulder, left shoulder, and 
lowest point of the absorption valley, respectively. 

The absorption depth of the spectrum varies regularly with the SMFe 

Fig. 5. Correlation of the average reflectance in the 400–2150 nm band with 
SMFe abundance. 
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abundance (Table 3). Fig. 6 shows the relationship between the SMFe 
abundance and the absorption depth at ~2 μm. Here, x is the absorption 
depth, and y is the corresponding SMFe abundance. As the corre-
sponding absorption depth increases, the SMFe abundance decreases 
overall, which is consistent with the expectation that SMFe will weaken 
the absorption depth. The absorption depth at ~2 μm correlates very 
well with SMFe abundance with R2 ~ 0.95. These results indicate that 
the absorption depth is mainly influenced by metallic iron even though 
it is influenced by other factors such as particle size, iron ion abundance, 
and site symmetry (Tompkins and Pieters, 2010). Thus, our results show 
that the absorption depth at ~2 μm has a good negative correlation with 
the SMFe abundance. 

5. Conclusions 

In this study, the SMFe particles were prepared by high-temperature 
carbothermal reduction of lunar soil simulants. We identified SMFe 
production through electron microscopy, and the iron particle size was 
in the range 40–200 nm with an average size of ~180 nm. The reduced 
SMFe particles were contained in glassy material, which is similar to the 
SMFe distribution of agglutinitic glass in lunar soil. The resulting 
reflectance spectra for different SMFe abundances suggest that SMFe 
strongly affects the VIS–NIR spectrum. The average reflectance of the 
sample containing 0.05 wt% SMFe decreased by ~9.0% compared with 
that of the sample without SMFe. When SMFe content reaches 0.36 wt%, 
the average reflectance decreases by ~50%. In addition to causing 
spectral darkening, SMFe contributes to weakening the characteristic 
absorption. Therefore, the present study is important for understanding 
the composition and evolution of airless bodies (e.g., the Moon, Mer-
cury, and Vesta) through remote sensing. The correlation analysis shows 
that the average reflectance of the VIS–NIR spectrum and the absorption 
depth at approximately 2 μm correlate highly with SMFe abundance. 

Furthermore, the average reflectance and the absorption depth of the 
VIS–NIR spectrum can be used to estimate the metallic iron content of 
lunar soil. 
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