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Introduction: Mars is the subject of several present 
and future radar investigations over the frequency range 
1 MHz to 1GHz investigating the physical properties of 
the Martian surface and subsurface. A primary objective 
of the ESA orbital sounding radars, MARSIS (0.5-5 
MHz) and SHARAD (15-25 MHz) is to map the Martian 
subsurface looking for evidence of subsurface water. 

The scientific return from these radar instruments is 
dependent on the understanding of the electromagnetic 
characteristics of the areas under investigation, which 
determine the reflection, transmission and attenuation of 
radar signals. In the absence of significant amounts of 
magnetic materials, the amount of attenuation expected 
will depend on the dielectric properties.  

At radar frequencies the dielectric permittivity of 
surface dry rocks and sediments will be sensitive to a 
variety of parameters but is dominantly controlled by 
frequency, the soil’s densities and mineralogical content 
[1,2]. Previous dielectric measurements [3,4] and radar 
field studies in Martian analog environments [5] show 
that the first surface layers can cause significant 
attenuation of radar waves, especially if iron oxide 
minerals are present in Mars-like amounts.  It is therefore 
essential to acquire an adequate knowledge of the 
dielectric properties of Mars-like soils as a function of 
the surface geophysical conditions. 

This investigation presents laboratory measurements of 
the complex dielectric permittivity of a variety of 
synthesized and Mars analog soils with varying iron 
oxide content, over the frequency range 1 MHz-1 GHz 
and density range 0.8-2.4 gcm-3 (covering the density 
range of the Martian surface dust as deduced from TES 
thermal inertial data). 

 
Martian soil analogs: The surface of Mars has been 

identified as basaltic [6] with a significant amount of iron 
bearing minerals. Although the exact identity and 
abundance of iron minerals is unknown, there is evidence 

of isolated areas of crystalline hematite [7] and also 
evidence for magnetic minerals such as maghemite and 
magnetite [8]. 

The Mars-like soils measured in this investigation 
covered both simple and complex mineralogy to allow a 
parametric study of the effects of iron oxide and mineral 
complexity on the dielectric properties, and to be 
representative of the Martian surface (Table 1).   

The synthetic soils (grain size <50µm as observed for 
the hematite grain size at the Martian surface [9]) were 
prepared with the addition of varying amounts of 
hematite and maghemite to pure silica sand. The complex 
soils included terrestrial basalts and Mars-like soils 
previously prepared for the calibration of the TES and 
Mini-TES instruments. Soil samples were dried in an 
oven for 48 hours at 80°C to eliminate residual moisture. 

 
Experimental method: The soil samples were 

compressed at 3, 5, 10, 15 and 17 tons/cm2 for up to an 
hour into 20mm wide discs with thickness <3mm and 
mass ~1g.  The mass and thickness were measured and 
the density calculated. 

Electrical permittivity measurements of the compacted 
samples were carried out at room temperature and 
pressure using a dielectric material test fixture attached 
to an Impedance/Material Analyzer. The soil samples 
were placed between the parallel plates of a guarded 
capacitive cell to reduce edge errors. Sweeping over the 
frequency range of observation, the real and imaginary 
parts of the relative complex permittivity were calculated 
from the capacitance and admittance, knowing the 
thickness of the sample, for an average of 5-scan cycles.   

Values of relative permittivity were measured over the 
entire frequency range for pellets compacted at 10 
tons/cm2, and measured over the density range at 
frequencies of 200, 500 and 1GHz as shown in figure 1 
and 2.  

Table 1.  Composition of Mars-like soils used in the laboratory electromagnetic characterization 
 
                                 Complex analog soils  (grain size <1mm)                      Synthetic soils                         
Sample ID                           Mineralogical content                                         Mass percentage 

JSC Mars-1           Plagioclase, magnetite, olivine                                        80% Silica 20% Hematite          
HWMK612           Plagioclase, magnetite, olivine                            80% Silica 20% Maghemite         
HWMK740           Plagioclase, alunite, smectite, hematite, kaolinite, magnetite                          50% Silica 50% Hematite          
HWMK919           Plagioclase, magnetite, olivine, hematite, glass, mica (trace)                         50% Silica 50% Maghemite          
HWMK940           Plagioclase, natrojarosite, magnetite, hematite                                    50% Silica 25%Hematite25%Maghemite  
                              Basalt (from the Craters of the Moon, Idaho)   <50µm.                      80% Silica 10%Hematite10%Maghemite    
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Figure 1: Variation of εr’ with density for synthetic 
soils.  (Exponential. R ~ 0.71) 
 

Results and discussion: The real values of 
relative permittivity (εr’) were measured between 3.5 
and 6.5, and the imaginary values (εr”) between 0.02 
and 0.3. These values were found to decrease slightly 
with increasing frequency. Results also shown that the 
values of real and imaginary permittivity increase with 
increasing iron oxide content, with the highest values 
for the complex soils, and for the synthetic soils with 
>25% maghemite. The imaginary values of 
permittivity are considered high (compared to 0.01 for 
pure silica sand), due to the presence of iron oxides. 

Both the complex and synthetic soils show a 
significant increase in permittivity with increasing 
density. The frequency and/or density dependence of 
the increase depends strongly on composition but there 
is an overall exponential increase over the density 
range 0.8-2.4 gcm-3, which would be expected to level 
off at higher densities. Figures 1 and 2 show the 
general increasing trend with density (linear 
correlation coefficient R shown in figure caption), for 
the real and imaginary parts of the relative permittivity 
for all of the synthetic soils. The decrease of 
permittivity with frequency can also be seen in these 
figures. 

The variation with density, frequency and 
composition is due to combined effects of each mineral 
exhibiting different forms of polarization. The total 
dielectric permittivity is a complicated function of 
frequency and density and shows no simple 
relationship with the mineral composition. The soil 
samples in this investigation also show different 
variation with density as reported by Campbell in 2004 
[10] who fitted a trend of εr’=1.96ρ from 
measurements of a variety of rock samples. 

Implications: The high values of permittivity, and 
increase of permittivity with density measured in this 
investigation have important implications for radar 

 
Figure 2: Variation of εr” with density for synthetic 
soils. (Exponential R ~ 0.9-0.7) 
 
investigations of Mars. Mars-like amounts (10-25%) of 
iron oxide increased the permittivity values of soils 
and hence their surface reflection coefficient as well as 
the attenuation of radar signals. Imaginary values of 
permittivity used in models to test the performance of 
Mars radars [11,12] are as much as 10 times lower than 
the values measured in this investigation. When 
converted into penetration depth, the achievable depth 
can be less than predicted. Reduced penetration depths 
due to high permittivity could be very challenging for 
deep subsurface exploration and make detection of 
subsurface water at several kilometers depth [13] 
beneath such sediments quit difficult. 

Improved estimates of the Martian dielectric 
properties are vital to make better models for the 
design and testing of radar instruments, and also in the 
interpretation of radar data. Incorporation of this data 
into surface dielectric maps could allow location of 
sites for radar exploration that present the reflection 
and attenuation for each radar system. 
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