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SCATTERING MATRIX MEASUREMENTS AND
LIGHT-SCATTERING CALCULATIONS OF CALCITE PARTICLES
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ABSTRACT. We present measurements of the complete scattering matrix as a function
of the scattering angle of a sample of calcite particles collected near Lecce, Italy. The
measurements are done at a wavelength of 647 nm in the scattering angle range 3◦−177◦.
FESEM and SEM images show that the sample consists largely of flake-like particles. Ten
different flake-like geometries are randomly generated and their scattering properties are
simulated with DDA for sizes from 0.1 µm to 1 µm. Some preliminary comparisons of the
simulations and the measurements are shown.

1. Introduction

Calcite is a main component of limestone (98 % [1] ) and is commonly considered to
be particularly important for its link with climate evolution and water resources on Mars.
Moreover, dust from the North Sahara is rich in calcite [2] and the Saharan desert is one of
the main sources of natural aerosols for the Earth’s atmosphere [3]. In this work we study
a calcite sample produced by grinding from bulk material collected near Lecce, Italy [4].

We measure the size distribution of the calcite sample using a Mastersizer 2000 from
Malvern instruments. The Mastersizer measures the phase function of the sample at 633
nm in a certain scattering angle range paying special attention to the forward diffraction
region and uses either Lorenz-Mie or Fraunhofer theory to retrieve the volume distribution
that best fits the measurements [5]. From the measured size distributions we calculate the
values of the effective radius reff , and effective variance veff as defined by [6]. The results
are presented in Table 1.

Calcite is a uniaxial birefringent material, so it has one optical axis and, instead of one
refractive index, it has a dielectric tensor specified by two principal dielectric functions,
the ordinary and extraordinary refractive indices. These refractive indices change with
wavelength, the ordinary refractive index varying roughly between 1.57 and 1.47, while the
extraordinary refractive index varies between 1.88 and 1.62 in the 0.2–3.3 µm wavelength
range [7].
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Figure 1. FESEM (left) and SEM (right) images of the calcite sample. The
white bars correspond to 2 µm.

In Figure 1, we show an example of Field Emission Scanning Electron Microscope (FE-
SEM) and Scanning Electron Microscope (SEM) images of our sample of calcite particles.
As shown, a high percentage of the calcite particles present flake-like structures.

2. Laboratory measurements

In Figure 2, we present the measured scattering matrix elements as functions of scat-
tering angle of our sample of randomly oriented calcite particles. The measurements have
been performed at the IAA Cosmic Dust Laboratory located in Granada. Detailed informa-
tion on the experimental procedure is given in [5]. The measurements are performed in the
scattering angle range 3-177◦ at a wavelength of 647 nm. The scattering matrices fulfill the
Cloude coherency matrix test [8] within the experimental errors at all measured scattering
angles. The measured phase function F11(θ) is normalized to unity at 30◦. In general,
the calcite sample presents the typical behavior of irregular mineral dust, i.e., the F11(θ)
presents a strong forward peak with almost no structure at side and back scattering angles
showing a slight increase when approaching the backward direction. The degree of linear
polarization for unpolarized incident light, −F12(θ)/F11(θ), presents the typical bell shape
with a maximum around 90◦ and with the negative branch near backscattering direction.
Moreover, the F44(θ)/F11(θ) is larger than the F33(θ)/F11(θ) at side and backscattering
angles. The experimental data will be available in digital form in the Amsterdam-Granada
light scattering database at www.iaa.es/scattering.

Method reff [µm] veff
Fraunhofer 1.7 7.6
Mie 3.3 4.4

Table 1. Calculated effective radii reff and effective variances veff for the calcite sample.
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Figure 2. Measured (circles with error bars) and simulated (dashed lines) scat-
tering matrices for the calcite sample. Measurements have been performed at
647 nm. The red, blue and green lines correspond to simulations for flakes with
radii of 0.1, 0.4 and 0.75 µm, respectively, averaged over all the simulated ge-
ometries.

3. Simulations

We model the single-scattering properties of 10 different flake-like shapes shown in Fig-
ure 3 for 12 sizes from 0.1 to 1 µm. We consider only orientation-average results. A large
number of orientations is needed to achieve well converged, orientation-averaged results
for our model particles. The number of orientations used ranges from 512 for the smallest
particles (0.1 µm) to 1485 for the largest (1.0 µm). In Figure 2 we illustrate the trends on
the calculated scattering matrix elements when increasing the size of the particles. In our
shaped-averaged calculations we use DDSCAT 7.1 that is an implementation of the dis-
crete dipole approximation. DDASCAT 7.1 is flexible regarding the target geometry and
allows calculations for birefringent particles. Large size parameters are, however, chal-
lenging due to high memory and computational requirements. In particular, good accuracy
requires that sufficient amount of volume elements are used per wavelength to describe the
target shape. We therefore consider sizes only up to 1 µm at this point. For a detailed
description and limitations of the code we refer to [9].
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Figure 3. The randomly generated model shapes used in simulations.

At this point, we assume that calcite is isotropic. The complex refractive index is fixed
to m = 1.655 + 0.0i. The real part corresponds to that of the ordinary ray [7]. The
imaginary part of the refractive index is set to zero, on the basis that pure calcite is very
weakly absorbing at visible wavelengths. In the next step we plan to consider the fully
birefringent case.

4. Conclusions and future work

Because the DDA computations cover only part of the size distribution of the samples,
the scattering matrices of the model particles and the measured values are not expected
to coincide. However the simulated scattering matrix for larger particles tends to be more
similar to the measurements.

We plan to average the calculations over the measured size distribution of our calcite
sample (up to 1 µm). Moreover, the same procedure will be applied for the birefringent
case. We also plan to expand our simulations to more geometries to take into account the
non-flake particles of our calcite sample making it more realistic.

A more detailed treatment with more examples will be provided in a forthcoming paper.
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