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Introduction:  Space weathering processes cause 

the formation of small spherical iron particles in the 

upper layers of a planetary regolith, termed sub-

microscopic iron (SMFe) [1]. The presence of this iron 

results in considerable changes of the observed infrared 

spectra, i.e., darkening (less reflectance), reddening 

(increasing slope) and feature obstruction (flattening of 

spectral features). For remote sensing applications, 

especially for spectral unmixing procedures, it is of 

valuable interest to compensate for these effects. This 

work contributes in three ways: Firstly, the scattering 

behavior of spherical submicoscopic iron particles is 

simulated using Mie theory. Based on this, the single 

scattering albedo, the efficiencies, and the Legendre 

coefficients of the phase function of SMFe are ob-

tained. Secondly, similar to [2] Hapke’s reflectance 

model [3] is applied to simulate mixtures of silicates 

with SMFe. This is essentially the simulation of space-

weathered particulate surfaces. Thirdly, we have a 

model for SMFe at hand which can be fed into 

unmixing procedures to compensate for the known 

effects of space weathering on the measured spectra. In 

contrast to [2], the proposed Mie scattering based 

framework allows for material specific phase functions 

and arbitrary particle size distributions. 

 

Methods: Space weathering effects have to be con-

sidered when evaluating infrared spectra of the soil of 

an airless planetary body. In order to simulate the ef-

fects of space weathering, especially those arising from 

SMFe, the work of [1] and [2] relies on the Maxwell 

Garnett theory. Instead of using an effective medium 

theory, we choose direct modelling of the scattering 

behavior based on Mie theory. This enables us to carry 

out calculations with any desired grain size and grain 

size distribution. 

 

Efficiencies and albedo from Mie therory 

Following [3], the extinction efficiency Qext and the 

scattering efficiency Qsca are given by 

. 

The wavelength-dependent single scattering albedo 

w(λ) is the ratio of Qsca and Qext. The quantities an and 

bn are termed Mie coefficients and are calculated ac-

cording to [4] and [5] from the refractive index. 

Legendre Expansion of Mie Phase Function As de-

scribed by [4], the phase function p(g) of a spherical 

particle is given by the sum of the squared absolute 

value of the scattering matrix's diagonal elements S1 

and S2. The aim is to find a Legendre representation 

with Legendre coefficients χn.         

Employing the derivations of [6] yields the Legendre 

coefficients hn11 and hn22 of S1 and S2, respectively. The 

n
th

 Legendre coefficient of the phase function is finally 

. 

Reflectance Modelling and Spectral Mixing. The 

approach of Hapke [3] is a well established way to 

model the reflectance behavior of particulate surfaces. 

The model requires the illumination conditions, the 

wavelength dependent single scattering albedo, and the 

phase function of a particulate material in Legendre 

representation.  

Simulation. The mixing procedure falls into 4 parts. 

(1a) Measured reflectance spectra of selected minerals 

are utilized in order to retrieve the single scattering 

albedo spectrum wi of the i-th given material by non-

linear optimization. (1b) Mie theory is employed for 

calculating the w spectrum of SMFe particles. (2) Giv-

en the mass fractions and the scattering efficiencies, the 

spectra wi are combined to the new albedo w by linear 

mixing [1, 3]. (3) Based on the mass fractions and the 

Legendre coefficients of the minerals under investiga-

tion, the phase functions pi(g) are weighted with the 

albedo w and mixed in a linear fashion. (4) The mixed 

albedo w and the mixed phase function p(g) are insert-

ed into the Hapke model, generating the final radiance 

spectrum.  

The expected amount of iron on Mercury’s surface 

is subject to the current debate. In [7], the conclusion is 

drawn that the amount of iron on Mercury considerable 

less than on the moon. Contrary to that,  [8] argue that 

there is more SMFe on the Mercurian surface than on 

the moon.  Thus, we choose to simulate up to 1 wt% of 

iron, which is roughly two times the amount of iron 

that is present on the moon. 

 

Results: For our experiments, we use measured ra-

diance spectra of olivine particles of an average radius 

of 47.5 µm and mix it with simulated SMFe of 0.01 µm 

in radius.  
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In the visible and the near infrared region, we used 

the refractive index of olivine from [9] and of iron 

from [10] and plot six mixtures with an iron mass per-

centage of 0% - 1 % . The incidence angle is i=15° and 

the emission angle is e=15°. As it can be seen in Fig-

ure 1, the three prominent effects of space weathering 

i.e. darkening, reddening, and feature obstruction, get 

stronger with increasing iron content.  

In the mid infrared region, we use the refractive index 

measurements of olivine [11] and iron [10] and plot 

mixtures with 0% - 1% weight percent of iron (Fig-

ure 2). For the TIR region, we can observe that the 

space weathering effects effects become less promi-

nent. The diagnostic Restrahlenband and the Christian-

sen feature are only slightely affected.  
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Figure 1: Simulation of space-weathered olivine in NIR  

Figure 2: Simulation of space-weathered olivine in TIR  
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