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Introduction The spectral appearance of atmosphere-
less planetary surfaces that are subject to space-
weathering is strongly influenced by the presence of sub-
microscopic iron particles (smFe0). Most importantly,
smFe0 causes the spectrum to darken and redden, and di-
agnostic absorption bands are obstructed. [1, 2, 3]. The
work of [3] indicates that small ("nanophase") iron parti-
cles with diameters below 10 nm mainly induce redden-
ing. In contrast, larger iron particles with some tens of
nm diameter lead to spectral darkening but only weak
reddening. Various subsequent studies have adopted this
(e.g., [4, 5]), but it has issues. Previous physical models
of small iron particles implanted into much larger soil
grains assumed large distances between the iron parti-
cles so that the interaction between them could be ne-
glected (e.g., [3], [4]). However, TEM studies of lunar
soil grains and laser-irradiated samples [1, 6] indicate a
distribution of the iron particles with small mutual dis-
tances so that they form layers or clusters. In our previ-
ous study, [7], we applied advanced light scattering the-
ory [8] to simulate various configurations of clusters and
layers of nanophase iron particles. We found that inter-
particle interactions between nanophase iron particles al-
ter mineral reflectance spectra in the near-infrared (NIR)
domain and may cause spectral darkening that has previ-
ously been associated only with larger microphase iron
particles. This study extends our analysis to the ther-
mal infrared (TIR) regime and simulates the spectral ef-
fects of interacting nanophase iron particles on an olivine
spectrum. Further, we trace the influence of the assump-
tion of a non-absorbing and an absorbing host medium.

Methods We extend the framework of [7] from NIR
into the TIR range. In this spectral range, imaginary
refractive indices have to be considered. Most miner-
als have a real-valued refractive index in the NIR with
zero or negligible imaginary components. In the TIR re-
gion, silicate minerals exhibit an abrupt increase in the
imaginary part of the refractive index k, which is also
associated with an increase of the absorption coefficient
4πk/λ, i.e., a measure of attenuation.
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Because the Mie model [9] in our former implementa-
tion does not consider the imaginary part, we use the

equations of [10] for the extinction and scattering effi-
ciencies that account for the imaginary part (equations 1
and 2). The Celes [11] framework that we use to com-
pute the scattering of particle clusters accepts complex
values as the refractive index of the medium by default.
Still, the evaluation of the cross-sections is performed as
described by Mishchenko [12]. A minor alteration to the
placement of the mediums wavenumber k1 in the cross-
section equation from [12] has been done to obtain:
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The complex-valued refractive index k1 of the medium
has been taken into consideration in the computation of
the spherical vector wave function expansion coefficients
amn, bmn, pmn, and qmn, and in the evaluation of the
cross-sections Csca and Cext similar to the Mie scatter-
ing (equations 3 and 4, respectively).

Using the Hapke model [13], we obtain the albedo,
efficiencies, and phase function from the olivine spec-
trum. This olivine spectrum was taken from [14] and
does not show the effects of space-weathering. We use
those quantities for the mixing procedure using the men-
tioned values of a single non-interacting particle and par-
ticle clusters. The single-particle parameters are mod-
eled using the Mie model using the refractive index of
iron [15]. The parameters of olivine and the single par-
ticle are then fed into Hapke’s mixing equation and re-
flectance model [13] to obtain space-weathered spectra.

For the particle clusters, we used the CELES frame-
work [11]. The geometric properties of the layer are as
described in our previous work [7]. Using the T-Matrix
method [12], we derive the needed parameters for the
cluster and feed them into the mixture together with the
olivine and single particle.

Results The olivine spectrum of [14] is the basis of our
evaluation (solid black lines in figure 1 with a promi-
nent Christiansen feature at about 9 µm). We perform
the simulations with a non-absorbing (Figure 1a) and an
absorbing host medium (Figure 1b). We start with the
non-absorbing case: If we add single iron particles of a
few nanometers size that do not interact, we observe an
overall darkening of the spectrum (Figure 1a), similar to
the finding of [14]. Mixing the olivine with a layer of
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Figure 1 (a) Non-absorbing non-interacting particles.
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Figure 1 (b) Absorbing non-interacting particles.

Figure 1: Simulated spectra from the pure olivine spectrum (black) using non-interacting particles (blue) and
single particles with particle clusters (red curve: absorbing medium; yellow: non-absorbing medium).

A: absorbing, NA: non-Absorbing

absorbing and interacting nanophase iron particles leads
to a further decrease of the spectrum (Figure 1a red line).
Note that the spectral slope significantly changes for up
to 5 µm. From 5 µm onward, only darkening occurs, and
the spectrum is close to the mixture with non-interacting
single nanophase iron particles. We also simulated a non-
absorbing layer of interacting nanophase iron particles
(Figure 1a dashed curve). The spectral shape is similar
to the previous case but follows the mixture with non-
interacting single nanophase particles around 11.5 µm
and from 18 µm onward. These wavelength regions coin-
cide with the large imaginary part of the refractive index.
The results are similar if we model an absorbing host
medium (Figure 1b). However, the mixture of olivine,
single iron particles, and a non-absorbing particle layer
now aligns with the absorbing layer.

Conclusion The presence of submicroscopic iron par-
ticles or particle clusters alters the olivine spectrum in
the TIR. From 5 µm onward, iron particles darken the
mineral spectrum, regardless of the type of iron (single
particle or cluster/layer). Up to 5 µm, we observe a tran-
sition zone. In this region, the particle cluster signifi-
cantly darkens the mineral spectrum, compared to single
non-interacting iron particles. The choice of absorbing
or non-absorbing materials has only a minor impact on
the spectral shape. This study is another step toward an
integrated understanding of NIR and TIR effects of in-
teracting and non-interacting sub-microscopic iron parti-
cles.
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