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ABSTRACT

Lunar soil spectra differ from pulverized lunar rocks spectra by reddening and darkening effects,

and shallower absorption bands. These effects have been described in the past as a consequence of

space weathering. In this work we focus on the effects of nanophase iron (npFe0) inclusions on the

experimental reflectance spectra of lunar regolith particles. The reflectance spectra are computed using

SIRIS3, a code that combines ray optics with radiative transfer modeling to simulate light scattering

by different types of scatterers. The imaginary part of the refractive index as a function of wavelength

of immature lunar soil is derived by comparison with the measured spectra of the corresponding

material. Further, the effect of adding nanophase iron inclusions on the reflectance spectra is studied.

The computed spectra qualitatively reproduce the observed effects of space weathered lunar regolith.

Keywords: Space weathering, Ray-optics approximation, Reflectance spectra, Lunar regolith, Maturity

index, Simulations

1. INTRODUCTION.

Space weathering has been extensively studied and characterized through the last decades. It affects any atmosphere-

less solar system body. The main interests of space weathering effects over the reflectance spectra are centered in the

Moon (Pieters et al. 1993), asteroids (Clark et al. 2002; Brunetto et al. 2015) and planets (e.g. Mercury, Domingue et

al. (2014)). In the present work we focus on computer simulations of the effects of space weathering on lunar regolith.

The first lunar soil samples were brought to Earth in 1969 by the Apollo 11 mission. A typical lunar soil spectrum

shows an increase of reflectance with wavelength (reddening) as well as weak absorption bands at 1 µm and 2 µm.

The bands present at 1 µm and 2 µm are due to Fe2+ in silicates. Olivine has three overlapping bands at 1 µm, while
pyroxenes has one at 1 µm and another at 2 µm (Burns 1970; Cloutis and Gaffey 1991). The absorption band at 1 µm

is consistent with those present in silicate type particles, and the weak 2 µm band is typical of pyroxenes.

On the lunar surface, it was observed that freshly exposed material from meteoroid impacts are brighter than

the surrounding regolith deposits. Spectra from pulverized lunar rocks from Apollo missions were studied to compare

with the regolith (Pieters et al. 1993). This pulverized material has a higher albedo than the soil gathered in the

same spot. Moreover, the absorption bands are more pronounced and the spectrum has a flatter slope. In

comparison, lunar soils have weaker absorption bands, larger slope of the spectrum at longer wavelengths (reddening)

and lower values of reflectance for all wavelength range (darkening). When the lunar soils were analyzed to explain

these differences, abundant dark glass particles were discovered, mainly in the agglutinates. In a first approach, it was

suggested a vitrification origin of lunar rocks by meteorite impact, with the consequent darkening (Conel and Nash

1970). A lunar rock sample was melted, and the obtained material had optical features consistent with those observed

in the lunar soil, i.e., dark and reddish material with shallower absorption bands. However, subsequent attempts to

reproduce these results were unfruitful as they differ from what was expected (Cassidy and Hapke 1975; Hapke et al.

1975). The new experimentally vitrified material had high albedo, flat spectra (no reddening) and strong absorption

bands. The differences between these two experiments were the environmental conditions. As pointed out by Wells

and Hapke (1977), the initial experiments were conducted in a regular atmosphere (Conel and Nash 1970), whereas

these new experiments were made in a vacuum chamber, along with a different crucible material. This produced

oxidizing conditions for the first experiment, generating ferric oxides or Fe3+, which have strong absorption



2

bands similar to those found in lunar regolith. Vitrification was then discarded as a possible explanation for

these spectrum features.

Two experiments were performed by Gold et al. (1970) and Hapke et al. (1970) to test the hypothesis of a surface

origin of the space weathering effects. Lunar samples were treated with a solution of 20% hydrochloric acid. HCl

washed the surface of the grains without affecting their sizes. The washing of the surfaces produced an increase in the

albedos, deeper absorption bands, and a decrease of the spectrum slope. As the lunar rocks are milled, fresh surfaces

are exposed, and the effect of the weathered surfaces decreases.

Several numerical models has been developed in the past to mimic the effects of space weathering on the reflectance

spectra (see e.g. Hapke 2001; Lucey and Riner 2011; Trang et al. 2017). These models are based on radiative transfer

models and Maxwell-Garnett theory. In this work we use SIRIS3 code as described in Muinonen et al. (2009). The

code combines the ray optics and radiative-transfer treatments to compute light scattering by irregular particles much

larger than the wavelength of the incident light. In geometric optics there are no interference effect among the

fields scattered by particles in the system and thus the scattered electromagnetic field can be considered incoherent,

significantly simplifying the computations. The ray optics code also accounts for internal medium of diffuse scatterers

mimicking inclusions inside the particle. Different versions of SIRIS have been previously used for reproducing the

experimental scattering matrices of clouds of irregular mineral dust particles (Muinonen et al. 1996; Nousiainen et al.

2011; Escobar-Cerezo et al. 2017). A recent work report on the performance of SIRIS for reproducing the spectral

properties of meteorites in the ultraviolet, visible, and near-infrared ranges (Martikainen et al. 2018).

In the present paper we test the performance of SIRIS3 for modeling the effect of nanophase iron (npFe0) space

weathering product on the reflectance spectra of lunar regolith. In particular, we retrieve information about the space

weathering nanophase iron npFe0 volume fraction by comparing between experimental and computed spectra. Further,

we derive the imaginary part of the refractive index khost of an immature lunar sample in the wavelength range from

300 nm to 2600 nm. This khost is derived by fitting the experimental reflectance spectrum of an immature soil sample

to mimic a non-weathered host particle. From there, four models are computed with four different volume fractions

of npFe0 inclusions inside the host particle. We use two experimental spectra from NASA RELAB (Reflectance

Experiment Laboratory) facility at Brown University for comparison and as starting model. These experimental

spectra correspond to two lunar soil spectra from samples named 12030,56 and 12001,853, which are presented in

Section 3.

2. SPACE WEATHERING.

Space weathering is produced by galactic and solar cosmic rays, sputtering from solar wind particles and bombard-

ment by micrometeorites. Laboratory experiments suggest a timescale of 104 – 106 yr for inducing the space weathering

effects observed on the reflectance spectra from S-type near-Earth asteroids (Strazzulla et al. 2005). However, other

experiments suggest that this time can be as short as 103 – 104 yr in asteroids (Brunetto et al. 2014). This exposure age

of space weathered soils can be characterized approximately by the Is/FeO index, known as maturity index, where Is
is the characteristic ferromagnetic resonance from submicroscopic (single-domain) iron and FeO is the weight percent

of FeO in the soil. As the exposure of the soil increases, the single-domain iron amount increases, and thus the higher

the value of Is/FeO.

In the case of the lunar regolith the FeO content in mare soils is, in average, at least three times greater than in

highland soils implying larger values of Is in the former one (Noble et al. 2001; Pieters et al. 2000). Small nanophase

iron (npFe0) is formed by space weathering processes near the surface of lunar grains (Keller and McKay 1997). The

amount of npFe0 depends on several factors, as the initial availability of Fe2+ in the regolith source, the micrometeorites

kinetic energy and the frequency of impact, the ion radiation produced by the Sun, and the exposure time to this

environment (Pieters et al. 2000). In some cases, several layers of npFe0 are observed, suggesting different episodes of

weathering processes (Pieters et al. 2000). Dedicated laboratory experiments have been performed through the years

to produce space weathering products on diverse substrates through different methods: laser irradiation (e.g. Brunetto

et al. 2005), ion bombardment (e.g. Marchi et al. 2005), microwave irradiation (e.g. Tang et al. 2012) or by chemical

reduction as Noble et al. (2007) in silica gels or Kohout et al. (2014) in olivine. In the case of Noble et al. (2007),

the silica gel particles contain pores ranging between 2.6 and 50 nm. A treatment with ferric nitrate solutions, drying

and posterior calcination produced iron oxides deposits in those pores. The samples were then introduced in a furnace

under reducing conditions to obtain several sizes of npFe0 deposits (from 5 to 200 nm). Those samples were then

studied to check the effect of the npFe0 size on the reflectance spectra. The Kohout et al. (2014) experiment worked

in a similar way, but in this case the naturally present iron in the olivine was the source to produce npFe0. Through

two heating processes they could produce different amounts and sizes of npFe0 deposits. Both experiments reproduced
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the space weathering effects, namely, darkening, reddening and subdued absorption bands on the reflectance spectra.

Moreover, they studied the effects of quantity and size of these products on the reflectance spectra indicating that

lunar soil continuum is better simulated with npFe0 spheres with sizes ranging from 15 to 25 nm (Noble et al. 2007).

Another space weathering product is the so called Britt-Pieters microphase. It consists of Fe0 particles larger than

33 nm in the regolith (Britt and Pieters 1994). The nanophase iron (npFe0) seems to be the principal mechanism for

producing darkening, reddening and subdued absorption bands on the reflectance spectra of lunar regolith (Pieters et

al. 1993), while the Britt-Pieters microphase only produces darkening (Pieters and Noble 2016). In this work we focus

on the effects of npFe0 inclusions on the lunar reflectance spectra.

3. EXPERIMENTAL SPECTRA OF LUNAR SAMPLES.

In this section we present two experimental spectra corresponding to two lunar soil samples with different maturity

indexes, namely, samples 12030 (McKay et al. 1972) and 12001 (Morris 1978), collected in Apollo 12 mission. Physical

characterization of these samples can be found in Morris (1980) and Taylor et al. (2001). These spectra have been

selected as a representative of an immature spectrum and a mature spectrum, respectively. We focus on

the measured reflectance spectra of subsamples consisting of grains in the size range from 20 to 45 µm. In particular,

subsample 12030,56 is composed of particles ranging from 30 to 37 µm with an Is/FeO value of 12 i.e.

it can be considered as an immature soil sample. Subsample 12001,853 consists of dust particles in the 20-45 µm size

range with an Is/FeO value of 51 (submature).

Their measured reflectance spectra are presented in Figure 1 (top panel). We notice the absorption band weakening

as Is/FeO increases. Also the darkening of the spectra is perceived. To facilitate the slope comparison of the reddening

effect, the measurements are normalized at the wavelength of 550 nm in the bottom panel of this figure. Here we

clearly see the reddening effect as the maturity index increases. Moreover, the absorption band dampening is easily

observed.

4. MODELING APPROACH.

In this work we use a numerical code based on ray optics with diffuse and specular interactions, the so-called

SIRIS3 code. The method is thoroughly described by Muinonen et al. (2009), so that we only give a brief description.

Diffraction and geometric optics are treated separately, although in this work diffraction is not considered. Moreover,

it takes into account internal and/or external diffuse scattering media. The diffuse scatterers can constitute an internal

medium distributed uniformly across the particle interior (DIM, for diffuse internal medium). DIM is defined by the

volume fraction ρ and by its scattering properties, i.e. single-scattering albedo $ and extinction efficiency Qext. The

scatterers are placed in an isotropic medium which we name the host particle, and they represent small scale features

that affect the scattering. The scattering behaviour of these inclusions can be simulated inside SIRIS3 using either

double Henyey-Greenstein functions, customized input matrices, or Rayleigh scattering. The latter case is the one

selected in this work due to the small size of the inhomogeneities (npFe0 smaller than 20 nm).

4.1. Particle shapes.

The host particle shape is generated as a Gaussian random sphere (GRS), as detailed in Muinonen et al. (2009). In

spherical coordinates, they are described by a radius vector which is the exponential of a Gaussian random process:

r(ϑ, φ)er =
a exp[s(ϑ, φ)]√

1 + σ2
er (1)

s(ϑ, φ) =

∞∑
l=0

l∑
m=−l

slmYlm(ϑ, φ) (2)

sl,−m = (−1)ms∗lm (3)

where s(ϑ, φ) is the logarithmic radial distance, Ylm are orthonormal spherical harmonics, and slm are Gaussian

random variables with zero means. The parameters a and σ are the mean and relative standard deviation. The

standard deviation of the Gaussian random variables slm follow the covariance function Σs which is given by a series of

Legendre polynomials Pl. The degree l of these polynomials range from 0 to∞, but in the code the series is truncated

by lmin and lmax. The greater the value of lmin, the spikier the particle will be, reducing its sphericity accordingly.

The code parameters for the GRS are the mean radius of the host particle r, σ which describes the relative standard

deviation from sphere’s surface, ν which sets the power law of the covariance function, lmin and lmax to fix the
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Figure 1. Reflectance spectra of two lunar regolith samples. Sample 12030,56 is an immature regolith (Is/FeO=12), and sample
12001,853 is submature (Is/FeO=51). These data are available at NASA RELAB database.

coefficients of the Legendre polynomials and the correlation angle for autocorrelation. The values of these parameters

(except the radius r) are fixed for all the simulations presented in this work: σ = 0.2, ν = 3.3, lmin = 2 and lmax = 11.

These values are in agreement with the shape distribution of a silicate sample collected in the Sahara desert (Libya)

presented in Muñoz et al. (2007), considered as a reasonable standard irregular particle.
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Figure 2. Fitting model for non-weathered host particle. The triangles correspond to the experimental spectrum for sample
12030,56 which acts as model. The dashed lines are the computed spectra when using a constant khost. Solid line is the spectra
resulting when fitting the model with the computations.

4.2. Simulations methodology.

The procedure consists of three steps. Firstly, we compute the imaginary part of the refractive index, khost, of the

non-weathered host particle. Then, a first simulation of a weathered particle is performed by adding iron inclusions

(npFe0) to the non-weathered host particle. The result of this simulation is equivalent to the single scattering behaviour

of irregular space weathered particles. To fully simulate the reflectance spectra of an ensemble of regolith particles,

a radiative transfer simulation is computed by using the results of the single-scattering particles acting as inclusions

within a 10 cm-radius vacuum sphere.

The simulations cover the wavelength range from 300 nm to 2600 nm with a resolution of 20 nm. In all computed

cases, the particle size is fixed to 33.5 µm as an average value representative of the studied samples. One of the

multiple outputs of the code is the scattering efficiency, Qsca, which is defined as the ratio of the scattering cross

section σsca to the geometrical cross section πa2, where a is the host particle radius. The dependence of Qsca versus

the wavelength λ conforms the reflectance spectrum.

The wavelength dependence of khost is derived by SIRIS3 as follows: we perform six sets of simulations with

khost ranging between 8·10−5 and 3·10−2 to cover a wide range of values. In each case, khost is constant along the

wavelength range. The real part of the refractive index is fixed to 1.67 at all computed wavelengths (Goguen et al.

2010). A reflectance spectrum is computed by SIRIS3 for each khost. The reflectance spectrum of the immature

sample 12030,56 is fitted by combining all the six simulations (Figure 2). The khost(λ) values obtained by this fitting

as presented in Figure 3, are then used to simulate the host particle.

The scattering matrix and single scattering albedos for 33.5 µm lunar grains with npFe0 inclusions are computed

using Gaussian-random-spheres in SIRIS3. The scattering properties of the inclusions are computed using Rayleigh

approximation, due to their small size compared to the wavelength (15-25 nm). In the Rayleigh approximation, the

scattering efficiency Qsca and the absorption efficiency Qabs of a particle with a size parameter x = 2πa
λ are given by:

Qsca =
8

3
x4
∣∣∣∣m2

iron − 1

m2
iron + 2

∣∣∣∣2 , Qabs = 4x Im

(
m2
iron − 1

m2
iron + 2

)
, (4)
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Figure 3. Modeled imaginary part of the refractive index (khost) for the non-weathered particle. The experimental spectrum
of 12030,56 is used as a non-weathered sample.

where miron is the relative complex refractive index of the iron particle in the host particle matrix. We obtain the

complex refractive index for iron from Cahill et al. (2012). The actual inputs for the SIRIS3 code, the single-scattering

albedo $iron and volume fraction of inclusions, ρnanophase in the host matrix, are derived as:

$iron =
Qsca

Qsca +Qabs
and ρnanophase =

4a

3`(Qsca +Qabs)
, (5)

where ` is the mean-free-path in the host matrix and a is the radius of each npFe0 inclusion, set to 8.25 nm. Each

inclusion has then a size of 16.5 nm, half of the 33 nm size established as upper limit to consider it as nanophase iron.

The obtained scattering properties for the inclusions are then used in SIRIS3 so that the npFe0 particles act as

diffuse scatterers inside a 33.5 µm non-weathered host lunar grain. The inclusions are assumed to be uniformly dis-

tributed inside the grain. The amount of inclusions is controlled by means of the volume fraction parameter ρnanophase.

In order to model the reflectance spectrum of space weathered lunar regolith, the computed scattering matrices and

single-scattering albedos of the weathered particles are used in the code so that 33.5 µm lunar grains with internal

inclusions act as diffuse scatterers inside a vacuum volume of a radius of 10 cm. The volume fraction of lunar grains

in the vacuum space was set to ρgrains=15%.

5. RESULTS.

In Figure 3, we present the retrieved imaginary part of the refractive index (khost) as a function of wavelength for

non-weathered lunar regolith. The results are based on the best-fitted reflectance spectrum for the immature 12030,56

lunar sample displayed in Figure 2.

In Figure 4 we present the dependence of the computed reflectance spectra on different values of npFe0 volume

fraction, ρnanophase, which is varied in the range 0.01% to 10%. As shown (Figure 4, top panel), even in the case

of very small amount of inclusions (as low as ρnanophase=0.01%) the darkening and dampening of absorption bands

are clearly seen in the computed spectra. In contrast, when ρnanophase=1% the spectrum becomes unrealistic: all

structure has disappeared and the spectrum becomes almost featureless at visible wavelengths. At ρnanophase=10%

the spectrum corresponds to a completely black surface. In the bottom panel of the same figure, the reddening can be

easily observed between ρnanophase=0% and ρnanophase=0.1%. For values ρnanophase ≥1% the spectra start to fade in

the visible range. Hereafter we focus only in those ρnanophase <1% results.
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Figure 4. Computed reflectance spectra for five different volume fractions (ρnanophase=0%, 0.01%, 0.1%, 1%, and 10%).
ρnanophase=0% curve is the fitted result of experimental spectrum soil 12030,56. Top panel correspond to the original simulation
data. Bottom panel shows the same spectra normalized to unity at 550 nm.

In Figure 5 we present a comparison between experimental spectrum for sample 12001,853 and spectra simulations

for various values of ρnanophase. In the bottom panel (normalized data) the experimental spectra are located between

the ρnanophase=0.01% and 0.1% simulations spectra.
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6. DISCUSSION.

As shown in Figure 4, SIRIS3 code qualitatively reproduces the measured effects on the reflectance spectra as the

amount of npFe0 is increased. The reflectance spectrum darkens, the slope becomes steeper and the absorption bands

tend to vanish. In Figure 5 we find that the experimental spectrum for sample 12001,853 is located between the

simulated spectra for values ρnanophase=0.01% and ρnanophase=0.1%.

To our knowledge, there are no published data of the volume fraction of nanophase iron inclusions for the samples

studied in the present work. To compare the results of our simulations with measured properties of the samples we

use two equations to transform the FeO wt% (weight percent) and the maturity index (Is/FeO) into npFe0 volume

fraction.

Firstly, we use the empirical equation from Morris (1980) to obtain the Fe0/FeO ratio corresponding to Fe0 with

sizes from 4 nm to 33 nm as is the case in our simulations:

Fe0

FeO
= [(3.20± .08)× 10−4]

Is
FeO

+ (1± 5)× 10−4. (6)

Taylor et al. (2001) provide FeO wt% values of 17.6 and 16.9 for samples 12030,56 and 12001,853, respectively along

with the maturity index of both samples. From the previous equation and those data, we obtain the values of Fe0

weight percent of 0.069 ± 0.013 for sample 12030,56, and 0.28 ± 0.03 for sample 12001,853. To transform from weight

percent to volume fraction we use the equation from Lucey and Riner (2011):

VFe =
MFeρh
ρFe

, (7)

where MFe is the Fe0 wt%, ρh is the host particle density, and ρFe is the Fe density. As ρh we use a mean value

of 3 g/cm3 (Colwell et al. 2007), and for ρFe we use 7.86 g/cm3. Using those values, Equation 7, and the results

from the Equation 6 for the samples studied in this work, we obtain ρnanophase=0.023 % for sample 12030,56 and

ρnanophase=0.105 % for sample 12001,853.

As shown in Figure 5, the modeled spectrum is nearly consistent with the observed spectrum, however,

the model has a slightly higher reflectance than the observed spectrum and it is not as red. The computed

spectrum for ρnanophase=0.1 % is very similar to the measured spectrum for sample 12001,853. In particular, it shows

a nearly perfect fit to the experimental spectra in the wavelength range from 1.3 µm to 2.6 µm. Some differences with

the experimental data are found in the 0.3 µm to 1.2 µm wavelength range. Several sources of errors in the simulations

might be taken in consideration as possible explanation of the observed discrepancies at shorter wavelengths. As

mentioned, in our computations we assume the nanophase iron inclusions uniformly distributed throughout the host

particle volume instead of locating the npFe0 on a thin layer close the surface of the grain. Another issue is the

monodispersity of the size distribution of the iron inclusions in the host particle, which could be more

realistically replicated by taken into account the Britt-Pieters microphase, but this requires a different
simulation method. It would be interesting also to compute a size distribution of host particles to

check whether the regolith spectrum is more accurately reproduced.

7. CONCLUSIONS.

SIRIS3 code qualitatively reproduces the effects of nanophase iron inclusions on the reflectance spectra of space

weathered lunar soils. As a first step, a non-weathered reflectance spectrum is simulated. As a result, an imaginary

refractive index model as function of wavelength is obtained for immature lunar regolith. Once we have an immature

regolith model, we reproduce the space weathering by assuming Rayleigh iron internal scatterers inside a large host

particle. In the simulations, the increase of npFe0 volume fraction produces a darkening effect, a reddening of the

spectra and weakening of the absorption bands. A saturation of the space weathering effects is found for ρnanophase ≥
1%, as the spectrum flattens with a very low reflectance.

A comparison between the experimental spectrum for lunar soil 12001,853 with computed spectra for ρnanophase=0%,

0.01%, and 0.1% is made. When comparing simulated and experimental spectra, we find a good agreement between

experimental and simulated npFe0 volume fractions. Still some discrepancies between experimental and computed

spectra are found. This could be due to the fact that not all the parameters influencing the weathering effects could

have been properly taken into account. Among other reasons, and owing to a limitation of the code, the nanophase

iron has been supposed to be uniformly distributed inside the host particle instead of being located near the surface.

Also, the internal inclusions and the host particles are simulated with a single size instead of a size distribution, that

could be more realistic.
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The overall results show that space weathering must be considered when computing the scattering of such susceptible

samples as those found in airless bodies. The role of npFe0 inclusions in simulations is essential to reproduce and

characterize the reddening, darkening and weakening of absorption bands in the reflectance spectra of these samples.

Although this ray optic code with diffuse internal medium has demonstrated its ability to nearly

reproduce the space weathering effects over visible to near-infrared spectra, further improvements should

be made. It would be necessary to implement the npFe0 layer depth and the possibility to mimic npFe0 size

distributions, as well as other space weathering subproducts.
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