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Introduction:  Radar has long been used as a tool 

for remote sensing of the Moon. Earth-based, orbital, 
and ground radar systems in addition to microwave ra-
diometers have all been used or are being used on the 
Moon to study its subsurface structure and composition. 
Despite an abundance of data, the lack of information 
on the complex relative permittivity (εr* = εr′ − iεr′′) of 
the surface and near-surface materials hinders detailed 
quantitative analysis of lunar radar data. Such analysis 
includes determining the precise depth of radar-detected 
subsurface features as well as refining estimates of the 
abundance of subsurface materials such as the mineral 
ilmenite, which is known to attenuate radar and micro-
wave signals (e.g. [1]–[3]). Significant work has made 
use of the fact that ilmenite attenuates radar signals to 
conduct geologic studies of, for instance, lava flow em-
placement dynamics and regolith thickness variations in 
the lunar maria (e.g [4]). Microwave radiometer data are 
also used in brightness temperature models which re-
quire accurate measurements of loss tangents (e.g. [5]), 
where the loss tangent is tan δ = εr′′/ εr′. In order to quan-
titatively interpret radar and microwave data it is neces-
sary to know how ilmenite affects loss tangent as a func-
tion of frequency and abundance. Although laboratory 
measurements have been made in the past in order to 
quantify the permittivity of lunar materials, these meas-
urements provide a limited view of the parameter space 
of influence on the permittivity.  

We fill this gap by presenting systematic measure-
ments of the complex relative permittivity of powdered 
bytownite (a Ca-rich plagioclase feldspar) mixed with 
increasing amounts of ilmenite. Our measurements are 
made in vacuum across a broad range of frequencies 
(430 MHz – 8.5 GHz) and normalized to a bulk density 
of 1.7 g/cm3. These systematic measurements of lunar 
analog materials provide new insight into the frequency-
dependent effects of ilmenite content in a low-loss an-
orthositic matrix (analog for lunar highland rocks).  

Previous Work:  An extensive body of work exists 
on measurements of the permittivity of terrestrial and 
lunar samples. After analyzing 80 terrestrial rock sam-
ples it was concluded that bulk density accounts for 
~50% of the variance in εr′ and that the next most im-
portant factor is chemical composition [6]. Measure-
ments of rock powders indicate much less variability in 
εr′ [7].  

Apollo lunar samples have also been extensively 
measured under various conditions. A review of ninety-
two measurements generated a best fit of ε′ = (1.93 ± 
0.17)ρb where ρb is the bulk density [8]. Similar regres-
sions were then done on both εr′ and tan δ using an up-
dated dataset and it was found (for the whole dataset) 
that εr′ = 1.919ρb and log10(tan δ) = (0.038 × (%FeO + 
%TiO2) + 0.312 × ρb − 3.260) fit the data, although with 
significant scatter for tan δ [9]. To investigate the effects 
of mineralogy, available permittivity data measured at 
450 MHz were re-fit to functions that depend on physi-
cal and compositional variables while holding bulk den-
sity or porosity fixed [3]. They concluded that when the 
data are normalized to a constant bulk density (ρb = 1.7 
g/cm3), εr′ is constant across all samples, whereas tan δ 
depends primarily on %TiO2. Since ilmenite is the pri-
mary source of TiO2 on the Moon, a systematic study of 
the effects of ilmenite on the permittivity of lunar rele-
vant materials is necessary for improved quantitative 
study of current or future lunar radio and microwave 
data. 

Materials:  In this work, we used bytownite sourced 
from the teaching collection of the Earth Sciences De-
partment at the University of Toronto (unknown origin) 
and analyzed it using X-ray fluorescence (XRF). Ilmen-
ite nodules from South African kimberlites were pro-
vided by Dr. Dan Schulze (University of Toronto, Mis-
sissauga) and analyzed using Electron Probe X-Ray Mi-
croanalysis (EPMS). Similarly to lunar ilmenite [10], 
our ilmenite sample contains some Mg replacing Fe 
(~8-10 wt%). Both samples were crushed and sieved to 
between 53 – 106 µm. Magnetic crusts on the ilmenite 
nodules were removed using magnetic separation. 

Methods:  We made measurements of ilmenite in a 
General Radio GR900-LZ6 6 cm length coaxial trans-
mission line and measurements of bytownite and 
bytownite-ilmenite mixtures in a GR900-LZ15 15 cm 
length line connected to an Agilent E5071C ENA vector 
network analyzer according to the methods described in 
[11]. In order to remove moisture, we baked samples at 
250°C for 48 hours prior to measurement and made 
measurements in vacuum. We processed measurement 
data using free and open-source software written in Py-
thon specifically for these measurements [12]. The soft-
ware uses the algorithm described in [13]. 
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Results:  We present measurements of ilmenite, 
bytownite, and a bytownite-ilmenite mixture with 10 wt 
% ilmenite normalized to a bulk density of 1.7 g/cm3. 
Figure 1 shows the real part (εr′) of the complex relative 
permittivity and the loss tangent (tan δ) of ilmenite. 
From 800 MHz to 8.5 GHz the values range from 8.2 to 
5.4 for εr′ and 0.22 to 0.29 for tan δ. Both the real part 
and tan δ clearly show frequency dispersion in this fre-
quency range. Figure 2 shows the real part of the relative 
permittivity of bytownite and the 10 wt% ilmenite in 
bytownite mixture along with the density-dependent re-
lationship derived from lunar data by [9] and the corre-
sponding loss tangents. The addition of 10 wt% ilmenite 
to bytownite increases the real part of the permittivity as 
well as the loss tangent (and therefore the attenuation) 
and also introduces frequency dispersion to both. The 
loss tangent regressions performed by [9] (dependent on 
the bulk density and FeO + TiO2 and derived from 450 
MHz lunar data) and by [3] (dependent on TiO2 only and 
derived from 450 MHz lunar data normalized to 1.7 
g/cm3) are also plotted. Both regressions are plotted for 
10 wt% ilmenite and ρb = 1.7 g/cm3. Although the rela-
tionship derived by [3] accurately predicts the lower-
frequency results for the bytownite-ilmenite mixture 
(note however high uncertainty at that frequency), our 
results here show that it is not valid at higher frequen-
cies due to the introduction of frequency dispersion ef-
fects by ilmenite.  

 Work currently being done to expand these results 
includes the measurement of mixtures ranging from 1 
wt% to 20 wt% ilmenite in bytownite as well as Cole-
Cole modeling ([14]) of the results to elucidate the rel-
evant relaxation mechanisms causing the frequency dis-
persion.  
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Figure 1: Real part of the permittivity and loss tangent 
of powdered baked ilmenite from 800 MHz – 8.5 GHz. 
Normalized to 1.7 g/cm3.  

 
Figure 2: Real part of the permittivity and loss tangent 
of powdered baked bytownite and bytownite-ilmenite 
mixture from 430 MHz – 8.5 GHz. Normalized to 1.7 
g/cm3. Spikes in data are due to a well-documented res-
onance effect (see e.g. [11], [13] and references therein). 
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