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a b s t r a c t 

The variations in near-surface properties and regolith structure of asteroids are currently not well con- 

strained by remote sensing techniques. Radar is a useful tool for such determinations of Near-Earth Aster- 

oids (NEAs) as the power of the reflected signal from the surface is dependent on the bulk density, ρbd , 

and dielectric permittivity. In this study, high precision complex permittivity measurements of powdered 

aluminum oxide and dunite samples are used to characterize the change in the real part of the permittiv- 

ity with the bulk density of the sample. In this work, we use silica aerogel for the first time to increase 

the void space in the samples (and decrease the bulk density) without significantly altering the electrical 

properties. We fit various mixing equations to the experimental results. The Looyenga–Landau–Lifshitz 

mixing formula has the best fit and the Lichtenecker mixing formula, which is typically used to approx- 

imate planetary regolith, does not model the results well. We find that the Looyenga–Landau–Lifshitz 

formula adequately matches Lunar regolith permittivity measurements, and we incorporate it into an 

existing model for obtaining asteroid regolith bulk density from radar returns which is then used to es- 

timate the bulk density in the near surface of NEA’s (101955) Bennu and (25143) Itokawa. Constraints on 

the material properties appropriate for either asteroid give average estimates of ρbd = 1 . 27 ± 0 . 33 g/cm 

3 

for Bennu and ρbd = 1 . 68 ± 0 . 53 g/cm 

3 
for Itokawa. We conclude that our data suggest that the Looyenga- 

Landau-Lifshitz mixing model, in tandem with an appropriate radar scattering model, is the best method 

for estimating bulk densities of regoliths from radar observations of airless bodies. 

© 2018 Elsevier Inc. All rights reserved. 
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1. Introduction 

Asteroids are of significant interest in planetary science as they

are generally acknowledged as being relatively unaltered mate-

rial left over from the formation of the solar system. At present

there are two space missions aimed at returning regolith samples

from C- group carbonaceous asteroids to better understand these

primitive objects. NASA’s Origins, Spectral Interpretation, Resource

Identification, Security, Regolith Explorer (OSIRIS-REx) mission is

scheduled to arrive at Near-Earth asteroid (NEA) (101955) Bennu, a

B- type asteroid according to the Bus-DeMeo taxonomy, in 2019 for

analysis and sample acquisition ( Lauretta et al., 2017, 2015; Clark

et al., 2011; DeMeo et al., 2009 ). JAXA’s Hayabusa2 mission is tar-

geting (162173) Ryugu, a Cg- type NEA according to the SMASSII
∗ Corresponding author. 

E-mail address: dalym@yorku.ca (M.G. Daly). 

1

 

i  

https://doi.org/10.1016/j.icarus.2018.01.018 

0019-1035/© 2018 Elsevier Inc. All rights reserved. 
axonomy, for analysis and sample acquisition and is scheduled to

rrive at the asteroid in 2018 ( Yoshikawa et al., 2014; Binzel et al.,

0 01; Bus and Binzel, 20 02 ). A previous asteroid sample return

ission, JAXA’s Hayabusa, rendezvoused with (25143) Itokawa, an

- type chondritic asteroid, in 2005 and returned small grains of

egolith for analysis in 2010 ( Yoshikawa et al., 2015 ). Collective

onstraints on the NEA and main belt asteroid (MBA) populations

uggest that for most asteroids total bulk density is significantly

ower than supposed grain densities, indicating substantial poros-

ty ( Britt et al., 2002 ). Remote sensing of asteroids is necessary to

onstrain their densities for science objectives and to provide en-

ineering constraints for current and future space missions. 

.1. Asteroid radar astronomy 

Planetary radar has been widely used to survey and character-

ze numerous NEAs as well as some MBAs ( Benner et al., 2015 ). Re-

https://doi.org/10.1016/j.icarus.2018.01.018
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
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Table 1 

Values of a found in the literature. ∗excluding temperature dependence term. 

Reference Form of Eq. (2) 

Olhoeft and Strangway (1975) εe f f = 1 . 93 ρbd 

Bussey (1979) εe f f = 2 . 10 ρbd 

Garvin et al. (1985) εe f f = 1 . 87 ρbd 

Ulaby et al. (1990) εe f f = 1 . 96 ρbd 

Carrier et al. (1991) εe f f = 1 . 92 ρbd 

Campbell (2002) εe f f = 1 . 96 ρbd 

Barmatz et al. (2012) εe f f = 2 . 15 ρbd 

Palmer et al. (2015) ∗ εe f f = 1 . 85 ρbd 
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ections contain information about the near-surface regolith mate-

ial of the target asteroid within the penetration depth of the radar

ignal, typically on the scale of a few metres ( Campbell, 2016; Har-

on et al., 2004 ). Modern radar systems such as the Arecibo Ob-

ervatory and Goldstone Solar System Radar that are used to ob-

erve asteroids make use of polarimetry, in which a circularly po-

arized radar beam is transmitted towards a target and the power

nd polarization of the returned radar echo is measured. Polar-

zed radar echoes received in the same sense as that transmitted

re termed SC and are indicative of multiple and diffuse scattering

aused by surface roughness and embedded rocks in the regolith

n the scale of the incident wavelength ( Ostro et al., 1985; Har-

on et al., 2004 ). Specular reflections from smooth (on the scale

f the observing wavelength) surfaces will reverse the handedness

f an incident radar signal and cause the reflection to be received

n the opposite sense to that transmitted, termed OC ( Ostro et al.,

985; Carter et al., 2011 ). The radar cross section, σ , of a given as-

eroid is defined by the radar equation for a given receiving mode

olarization ( Ostro, 1993 ): 

 rcv = 

P tx G 

2 
ant λ

2 σ

(4 π) 3 r 4 
. (1) 

The radar cross section σ can be converted into the geometric

adar albedo, ˆ σ = 

σ
A p 

, if the apparent projected area A p is known.

he circular polarization ratio is defined as μc = 

σSC 
σOC 

, and is an

ndication of the surface roughness on wavelength scales. With

he assumption of an appropriate radar scattering law, the Fres-

el reflectivity of the material within the penetration depth of

he radar signal can be calculated from the OC geometric radar

lbedo, e.g. ( Mitchell et al., 1996; Ostro et al., 1985 ). For targets

ith low surface roughness (and hence low μc ) the dominant scat-

ering mechanism is specular reflection, making this approxima-

ion valid. The Fresnel reflectivity is dependent on the index of

efraction of the regolith which is driven by the relative (to vac-

um) complex permittivity, ˜ εr = ε
′ 
r + iε

′′ 
r of the material, assuming

 magnetic permeability equal to unity. The real part of the rel-

tive complex permittivity, ε
′ 
r , will be referred to as the dielec-

ric constant for the remainder of this paper, and is proportional

o the stored electrical energy in a material, controlling its reflec-

ivity. The imaginary part of the relative complex permittivity, ε
′′ 
r ,

s related to the energy loss with wave propagation in a material.

he loss tangent, tan (δ) = 

ε
′′ 

ε′ , is the ratio of the imaginary part to

he real part of the relative complex permittivity and is an indica-

ion of how significant energy loss is in a material. For asteroid re-

olith with low metal content (and magnetic permeability equal to

nity, or one) the Fresnel reflectivity is determined by the dielec-

ric constant. Therefore the effective dielectric constant relating to

ll of the material making up the near surface regolith on an as-

eroid can be indirectly measured using radar. An understanding

f how the dielectric constant of regolith constituents, essentially

owdered rock, changes with environmental properties would al-

ow such properties to be interpolated from radar data. One prop-

rty, the bulk density of a material, has been shown to have a

trong correlation with the dielectric constant ( Campbell and Ul-

ichs, 1969; Olhoeft and Strangway, 1975; Ulaby et al., 1990 ). 

.2. Inversion of dielectric constant for bulk density 

Electromagnetic mixing equations have been used extensively

n many areas of research to solve for the dielectric properties of a

ide range of composite materials and geometries ( Sihvola, 1999 ).

orous regolith can be treated as a composite material comprised

f solid particle grains and void space (vacuum). In order for ho-

ogenization of the dielectric properties to be valid for a mix-

ure, the scale of the dielectric heterogeneity must be smaller than
he wavelength of the incident electric field. This requirement is

sually satisfied for planetary radar as Lunar and asteroidal re-

olith grain sizes are generally in the range of 30–800 μm and are

uch smaller than S- and X- band radar ( λ = 12.6 cm, 3.5 cm)

avelengths typically used for asteroid surveys, though the un-

sual scattering properties of E- and V- type asteroids could be

he result of large grains ( Benner et al., 2015; Clark et al., 2002;

cKay et al., 1991; Benner et al., 2008 ). In the field of planetary

cience there have been several attempts to use mixing equations

o extract meaningful surficial interpretations from planetary radar

eflections. Campbell and Ulrichs (1969) investigated the electri-

al properties of terrestrial rocks, minerals, and several meteorites

n order to constrain radar investigations of the Lunar regolith.

hey found that the Rayleigh mixing formula (also referred to as

axwell-Garnett) provided the best fit for the measured dielectric

onstant of powdered rock samples at varying densities. In another

tudy, Olhoeft and Strangway (1975) compiled 92 measurements of

he complex permittivity of Lunar regolith samples returned from

ASA’s Apollo missions. They found that the dielectric constant

aried with rock bulk density and the loss tangent was dependent

n both density and iron oxide and titanium dioxide concentra-

ions. They fitted the dielectric constant data with a power law of

he form: 

e f f = a ρbd . (2) 

Here, εeff is the effective dielectric constant of the regolith sam-

le, a is a constant, and ρbd is the bulk density of the regolith sam-

le. Olhoeft and Strangway (1975) showed that Eq. (2) is identical

o the Lichtenecker mixing equation ( Lichtenecker, 1926 ): 

og(εe f f ) = 

∑ 

i 

f i log(εi ) (3) 

Here, f i is the volume fraction of the i th component of a

ixture and ε i is the dielectric constant of the i th component.

q. (2) is equivalent to Eq. (3) for a two phase mixture approxi-

ating planetary regolith with one component constrained as vac-

um ( εv acuum 

= 1 ) and a = ε1 /ρs 
s , where εs is the dielectric con-

tant of the solid rock grains and ρs is the solid density, or parti-

le density, of the solid rock grains. The regression of the 92 Lunar

egolith dielectric constant measurements by Olhoeft and Strang-

ay (1975) resulted in the expression: εe f f = (1 . 93 ± 0 . 17) ρbd ,

hich corresponds to a solid rock grain dielectric constant of εs =
 . 7 and a particle density of ρs = 3 . 1 g/cm 

3 
. These values are in

greement with accepted values in the literature for average Lunar

egolith properties ( Carrier et al., 1991 ). 

Eq. (2) has been used by several authors in the years follow-

ng its introduction by Olhoeft and Strangway (1975) for planetary

adar applications; however, the value for the constant, a , varies

 Table 1 ). The studies shown in Table 1 derived a value for a from

tatistical regression analysis of dielectric measurements of a va-

iety of Lunar regolith samples and terrestrial rocks. In the con-

ext of the Lichtenecker formula, the variation in a in Table 1 im-

lies that the physical properties εs and ρs must vary across the

amples used for the dielectric measurements referenced in these
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studies. In general, the theoretical connection of Eq. (2) to the ma-

terial properties of the samples used in these studies is not ad-

dressed, and the value for a is found empirically. The empirically

derived value of a is not cross checked with the theoretical value

of a that would correspond to the appropriate values of εs and ρs 

for a given sample. 

In this study measurements of the dielectric constant of pow-

dered geologic material over a range of bulk densities are used to

compare the corresponding fits for various mixing equations. The

validity of the Maxwell-Garnett and Lichtenecker mixing equations,

which are predominantly used in the literature for planetary radar

inversion, is investigated. The best fit mixing equation is then in-

corporated for use in an existing model aimed at estimating aster-

oid near surface bulk density from radar data. 

2. Experimental methods 

2.1. Instrumentation 

Powdered rock samples are measured in a 14 mm diameter

GR 900-LZ (15 cm length) coaxial airline connected to a Keysight

E5071C ENA series vector network analyzer (VNA). The GR-900-LZ

coaxial airline operates up to 8.5 GHz; however, the phase uncer-

tainty in the VNA makes data collected below roughly 500 MHz

unusable. The uncertainty in the scattering parameters is calcu-

lated from the network analyzer using METAS VNA Tools II soft-

ware ( Wollensack et al., 2012 ). To keep uncertainty to a mini-

mum, only data above 1 GHz is used in this study. A full two-port

Through-Reflect-Match (TRM) calibration of the network analyzer

is completed before all measurements to reduce systematic errors

( Rytting, 2001; KeysightTechnologies, 2014 ). The complex permit-

tivity of powdered samples is calculated from the average scatter-

ing parameters (average of forward S 11 , S 21 and backward S 22 , S 12 )

measured by the VNA using the non-iterative algorithm outlined in

Boughriet et al. (1997) . 

We designed and built a custom environment chamber to iso-

late the filled coaxial airline from atmospheric humidity and tem-

perature fluctuations during the measurement process. The pres-

sure in the chamber was reduced from atmospheric pressure

( ≈ 760 Torr) down to ≈ 950 mTorr for 30–60 min prior to all mea-

surements. The purpose of maintaining the low pressure measure-

ment environment is to resist adsorption of water onto rock grains.

As water has a high dielectric constant, any adsorbed water will

increase the measured permittivity and decrease the validity of a

two phase (solid rock grains and air) mixing approximation. 

2.2. Sample characterization and preparation 

The geologic samples used in this study consist of aluminum

oxide ( Al 2 O 3 ) and a dunite. The dielectric constant of aluminum

oxide is well characterized (e.g. ( Hickson et al., 2017; von Hippel,

1954; Gershon et al., 2001; Rajab et al., 2008; Tuhkala et al., 2013 ))

and the sample consists of a single mineral, removing the vari-

ability of composition from permittivity measurements and sub-

sequent modeling. The aluminum oxide was supplied in powdered

form by Kramer Industries, Inc. in 76 μm and 102 μm average grain

size sample batches with a manufacturer specified particle den-

sity ρs = 3 . 8 g/cm 

3 
. The dunite sample was pulverized into powder

form using an aluminum oxide ceramic mortar and pestle in two

batches to average grain sizes of 113 μm and 109 μm. X-ray diffrac-

tion (XRD) and Raman analysis were performed at the Royal On-

tario Museum to constrain the composition of the dunite sample

to be roughly 95% nearly pure forsterite (CrystalSleuth, RRUFF ID

R060539) (Mg1.849:FeO0.151, PDF 01-080-1639). The Raman sys-

tem used was a Horiba LabRAM utilizing a 532 nm laser with a
300 nm spot size. The XRD system used was a Bruker D8 Ad-

ance with a Cu source operating at 40 kV and 40 mA with a Linx-

ye detector. The XRD system is equipped with a twin primary

otorized slit of 0.6 mm, a Ni filter, and a twin secondary mo-

orized slit of 5.5 mm. The particle density of the dunite sample

as measured in laboratory by measuring the mass of displaced

ater when immersed in distilled water, and was found to be

s = 3 . 29 ± 0 . 06 g/cm 

3 
. All powdered samples were oven baked at

 constant temperature of 250 °C for at least 12 h prior to measure-

ent to evaporate residual moisture. 

.3. Density variation using silica aerogel 

To achieve high accuracy permittivity measurements of pow-

ered samples, the sample must be distributed homogeneously

hroughout the coaxial airline. Uniform particle packing density

as established in the airline for each measurement using a cus-

om airline filling fixture that vibrates the airline during the fill-

ng process. It was observed that the filling procedure produces a

ulk density that reaches an asymptotic limit after a given vibra-

ion time. Vibrating the airline throughout the filling process pro-

uces nearly uniform porosity along the airline’s length. As a result

f this, for a given particle size distribution there are only slight

ariations in the powder’s bulk density for repeated measurements

f the same sample. In order to vary the bulk density of the pow-

ered aluminum oxide and dunite samples in the airline we devel-

ped a novel approach that utilizes silica aerogel particles. Silica

erogel is a highly porous, low dielectric constant material that is

omposed of mostly void space ( Dorcheh and Abbasi, 2008; Gu-

av et al., 2010 ). Hrubesh and Pekala (1994) measured the dielec-

ric constant of silica aerogel and found the gas phase to dominate

he measurements and the dielectric constant varied linearly with

ensity. The Enova IC3100 silica aerogel particles used in this study

re supplied by Cabot Corporation in the particle size range of 2–

0 μm with a particle density of ρs = 0 . 12 − 0 . 15 g/cm 

3 
and hy-

rophobic surface chemistry. By incrementally adding silica aero-

el particles to the powdered aluminum oxide and dunite samples

e are able to increase the void space, and hence lower the bulk

ensity, without significantly altering the dielectric constant of the

ixture from that of a mixture with vacuum voids. The silica aero-

el/sample mixture was made homogeneous by mechanical mixing

or all samples. Fig. 1 shows the powdered dunite sample com-

ined with silica aerogel before and after mixing the two materi-

ls. 

The dielectric constant of the silica aerogel particle phase

n the mixture can be calculated from the Hrubesh and

ekala (1994) model. For the particle densities mentioned above,

he dielectric constant is εs < 1.2. By mass this phase is insignifi-

ant in the sample mixture and at the highest volumetric propor-

ion of silica aerogel used in this study the dielectric constant cal-

ulated from the Hrubesh and Pekala (1994) model is εs < 1.042,

nd therefore its contribution to the measured effective permittiv-

ty is treated the same as void spaces. With respect to the mod-

ling results that are presented in Section 4.2 , when calculating

he dielectric constant of the solid rock grains the difference be-

ween considering the silica aerogel phase in the mixing models

nd treating the phase as voids is εs < 0.02, or less than a 0.6% dif-

erence. To our knowledge this is the first time that silica aerogel

articles have been used to alter the bulk density of a powder for

aterial measurements. 

. Measurement results 

A typical measurement of the dielectric constant for powdered

amples in this study is shown in Fig. 2 . The dielectric constant

f the dunite sample is non-dispersive (frequency independent)
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Fig. 1. a) Powdered dunite with silica aerogel prior to mixing b) Resulting dunite/silica aerogel mixture. 

Fig. 2. Broadband measurement of the dielectric constant of a dunite/silica aerogel 

sample used in this study. 
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ver the frequencies measured. Similar results are observed for the

luminum oxide samples. The dotted green lines in Fig. 2 corre-

pond to half-wavelength resonances due to phase uncertainty (e.g.

oughriet et al., 1997 ). We take an average of measured values at

idpoints between resonance peaks as the dielectric constant for

ach measurement. By doing so we exclude the contribution of the

esonance peaks while reporting a value for the dielectric constant

onsistent over the frequencies measured. The mid point between

he first two resonance peaks was excluded from the averaging due

o the large uncertainty. Although the complex permittivity was

easured for each sample, the subsequent modeling is focused on

he dielectric constant data as the loss tangent is not the domi-

ant part of the permittivity in determining radar reflectivity from

steroid regolith with low metal content. The bulk density of the

ample for a given measurement was calculated from the mass of

he sample and the known volume of the coaxial airline. A sum-

ary of the aluminum oxide and dunite powder sample measure-

ents is given in Table 2 . The error in the dielectric constant re-

orted in Table 2 is the sum of the standard deviation between

he averaged measurement points and the propagated uncertainty

n the calculation of the dielectric constant for each point. The er-

or is higher for the aluminum oxide measurements since these

amples showed slightly more dispersion than the dunite samples.

he error in the bulk density is derived from the propagation of

he measurement error in measuring the sample mass ( ± 0.7 mg),

ength ( ± 0.01 mm) and diameter ( ± 0.0025 mm) of the coaxial

irline. 
. Mixing equation modeling 

.1. Mixing formulas 

The common aspect of all electromagnetic mixing equations is

hat the effective dielectric constant of a mixture is a function

f the dielectric constants of the mixture components and their

espective volume fractions. For the powder measurements pre-

ented in Table 2 , the mixture comprises two components: solid

ock/mineral grains and air (as mentioned in Section 2.3 , the sil-

ca aerogel phase is treated as voids, or air). The volume fraction

f air is equivalent to the porosity, φ, of the sample and can be

alculated from the bulk density, ρbd , and the solid density, ρs ,

f the sample: φ = 1 − ρbd 
ρs 

, and the volume fraction of the rock

hase is then (1 − φ) . The dielectric constant of air is εair = 1 ,

nd the dielectric constant of aluminum oxide and dunite has

een found in the literature to be within the range εAl 2 O 3 
≈ 9 − 10

nd εDunite ≈ 6 − 6 . 6 respectively ( Hickson et al., 2017; von Hippel,

954; Gershon et al., 2001; Rajab et al., 2008; Tuhkala et al., 2013;

ampbell and Ulrichs, 1969; St. Amant, 1968 ). Several two-phase

ixing equations are considered in this study and will be briefly

ntroduced. 

The Maxwell-Garnett (MG) formula is one of the oldest and

ost widely used mixing formulas and assumes spherical inclu-

ions of dielectric constant ε2 randomly embedded in some con-

inuous matrix of dielectric constant ε1 ( Maxwell Garnett, 1904;

ihvola, 1999 ): 

e f f = ε1 + 3 fε1 
ε2 − ε1 

ε2 + 2 ε1 − f (ε2 − ε1 ) 
(4) 

Here, f refers to the volume fraction of inclusions (and here-

fter will correspond to the phase with ε2 ). Inherent in the MG

ormula is the asymmetry with respect to which phase of the mix-

ure is considered the inclusion or matrix phase, and the assump-

ion that the inclusions are far apart such that their induced elec-

ric fields do not significantly affect the polarizability of any one

nclusion ( Sihvola, 1999; Jylhä, 2008 ). At low volume fractions of

nclusions this latter assumption is satisfied; however, at higher

olume fractions the MG formula will tend to underestimate εeff.

he Inverse Maxwell-Garnett (IMG) formula refers to the MG for-

ula with the mixture phases flipped from some original defini-

ion: ε1, MG → ε2, IMG and ε2, MG → ε1, IMG . 

The Bruggeman Symmetric (BS) formula is similar to the MG

ormula in that it assumes spherical inclusions embedded in a ma-

rix; however, the phases are treated as separate inclusions with

ielectric constants ε1 and ε2 (for a two phase mixture), and

he dielectric constant of the matrix takes on the effective di-

lectric constant of the overall mixture ( Bruggeman, 1935; Sihvola,

999 ): 

( 1 − f ) 
ε1 − εeff

ε1 + 2 εeff

+ f 
ε2 − εeff

ε2 + 2 εeff

= 0 (5) 
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Fig. 3. Measurements of the effective dielectric constant of aluminum oxide and 

dunite powders ( Table 2 ). The region shaded light grey is the theoretical range 

in the effective dielectric constant by the LLL model (for both aluminum oxide 

[ εAl 2 O 3 = 9 − 10 , upper] and dunite [ εdunite = 6 − 7 , lower]). The region shaded dark 

grey is the theoretical range in the effective dielectric constant by the LI model (for 

both aluminum oxide [ εAl 2 O 3 = 9 − 10 , upper] and dunite [ εdunite = 6 − 7 , lower]). All 

mixing equation calculations are made with boundary effects corrected as outlined 

in Hickson et al. (2017) in order to match experimental data. The dark grey regions 

corresponding to the LI model plot below the measured data. 
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Unlike the MG formula, the BS formula is symmetric with re-

spect to the phases of the mixture and is valid for a wider range

of volume fractions of each mixture phase. 

The Looyenga–Landau–Lifshitz (LLL) formula was derived

from differential analysis independently by Landau and Lif-

shitz (1960) and Looyenga (1965) , for which the model assumes

a homogeneous mixture and is independent of particle shape: 

ε
1 
3 

eff
= fε

1 
3 

2 
+ ( 1 − f ) ε

1 
3 

1 
(6)

The LLL formula is symmetric with respect to the phases of the

mixture, but does not not consider the polarizability of single par-

ticles in its derivation and is not as suitable as the MG or BS for-

mulas for small volume fractions of either phase for a two phase

mixture. 

The Lichtenecker (LI) formula, as introduced earlier, was first

proposed by Lichtenecker (1926) and has since been derived

through differential analysis from several authors in different ways,

and in general the model assumes randomly oriented inclusions

with arbitrary shapes ( Lichtenecker, 1926; Sihvola, 1999; Gon-

charenko et al., 20 0 0; Simpkin, 2010 ): 

εeff = ε f 
2 
ε1 − f 

1 
(7)

The LI formula is symmetric with respect to the phases of the

mixture and averages the logarithms of ε1 and ε2 . 

4.2. Modeling experimental results 

To determine which mixing model matches our experimental

results best, we perform unweighted non-linear least squares re-

gression for each mixing formula introduced in Section 4.1 to find

the optimal value for the dielectric constant of aluminum oxide

and dunite for each set of measurements, and then compare that

value to those found in the literature. The regression was carried

out in Python using LMFIT, which uses the Levenberg–Marquardt

method for finding the optimal solution for the dielectric constant

of the sample material ( Newville et al., 2014 ). In a previous work

we showed that boundary effects in the coaxial airline can signif-

icantly affect the measured dielectric constant, and thus we also

apply the boundary effect correction ( Hickson et al., 2017 ). The

result of the regression analysis is given for the aluminum oxide

samples in Table 3 and the dunite samples in Table 4 . 

The mixing equations that fit the data with a dielectric con-

stant closest to those found in the literature for aluminum oxide

and dunite were the Bruggeman Symmetric (BS) and Looyenga–

Landau–Lifshitz (LLL) equations. The Maxwell-Garnett (MG) and

Inverse Maxwell-Garnett (IMG) equations did not produce real-

istic results, which is expected since the porosity (volume frac-

tion of air) of all the measurements considered was in the range

φ ≈ 0 . 4 − 0 . 6 (40–60% air). Interestingly the value for the dielec-

tric constant that provided the best fit for the Lichtenecker (LI)

equation was significantly larger than that found in the literature,

indicating that the LI model underestimates the effective dielec-

tric constant for a given mixture. These trends are consistent with

several other studies in the literature investigating the accuracy of

these mixing formulas ( Tuhkala et al., 2013; Nelson, 1992; Hick-

son et al., 2017; St. Amant, 1968; Nelson and Bartley, 1998; Tuncer,

2010; Scheller et al., 2010; Dube, 1970 ). The simple form of the LLL

equation compared to the BS equation and its generality relative

to assumptions on particle shape make it an ideal model for plan-

etary regolith, for which a range of irregular particle shapes could

be present. The LLL formula can be rewritten to represent regolith

(and the powder measurements in this study) as a function of only

the bulk density, ρbd , similar to Eq. (2) : 

εe f f = (ρbd α + 1) 3 , where α = 

1 

ρs 
(ε1 / 3 

s − 1) (8)
Eq. (8) represents a two phase mixture of solid rock grains and

oid spaces ( εair = 1 ) according to the LLL mixing model. In Eq. (8) ,

he effective dielectric constant of the powder is dependent on the

ulk density, ρbd , and a constant, α, that is determined by the solid

ensity, ρs , and solid dielectric constant, εs , of the powder ma-

erial. This is similar to the dependence of Eq. (2) on ρbd and a ,

hich is also a function of ρs and εs . The solid density of the alu-

inum oxide and dunite samples used in this study was presented

n Section 2.2: ρAl 2 O 3 
= 3 . 8 g/cm 

3 and ρdunite = 3 . 29 ± 0 . 06 g/cm 

3 .

sing a conservative range of values for the dielectric constant of

oth aluminum oxide ( εAl 2 O 3 
= 9 − 10 ) and dunite ( εdunite = 6 − 7 )

ound in the literature, we can calculate the theoretical range in the

ffective dielectric constant as a function of bulk density that cor-

esponds to both the LI model ( Eq. (2) ) and the LLL model ( Eq. (8) ).

he experimental results from this study are plotted with the the-

retical range in the effective dielectric constant with bulk density

with boundary effects considered) for both aluminum oxide and

unite in Fig. 3 . 

Consistent with the results shown in Tables 3, 4 and Fig. 3 ,

he LI model underestimates the effective dielectric constant of

owder mixtures for the appropriate solid dielectric constant and

olid density of the material. The LLL model calculates an effective

ielectric constant consistent with the powder sample measure-

ents presented in this study. It should be noted that the shaded

egions in Fig. 3 are not regression fits, but the results of applying

he LLL and LI mixing models with boundary effects corrected for

ach corresponding measurement, with the range in solid dielec-

ric constants for aluminum oxide and dunite from the literature

sed to bound each region. An important result from this analysis

s that the particle density, in addition to the solid dielectric con-

tant of powder grains, contributes to the mixing model results. 

The LI equation was first used by Olhoeft and Strang-

ay (1975) to model permittivity measurements of Lunar regolith

amples brought back from NASA’s Apollo missions. We further

ompare the LLL and LI models by fitting each to the permittivity

easurements of Lunar regolith presented in Carrier et al. (1991) .

he same regression procedure is used to find the optimal value

f a in Eq. (2) (LI) and of α in Eq. (8) (LLL). The data cho-

en for our analysis are the permittivity measurements from

arrier et al. (1991) that were conducted in vacuum; for a com-
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Table 2 

Aluminum oxide and dunite powder sample measurements. Note the first aluminum oxide measurement was not measured in vacuum and 

was calibrated using the SOLT method (see ( Hickson et al., 2017 )) and has a higher standard deviation than the other measurements. 

Sample description Dielectric constant, εeff Bulk density, ρbd , ( g/cm 

3 
) Avg. grain size (μm) 

Aluminum oxide 3.75 ± 0.09 2.034 ± 0.002 76 

Aluminum oxide 3.71 ± 0.04 1.939 ± 0.002 102 

Aluminum oxide & silica aerogel 3.26 ± 0.04 1.757 ± 0.002 102 

Aluminum oxide & silica aerogel 3.20 ± 0.03 1.714 ± 0.002 102 

Aluminum oxide & silica aerogel 3.18 ± 0.03 1.697 ± 0.002 102 

Aluminum oxide & silica aerogel 3.07 ± 0.03 1.604 ± 0.002 76 

Aluminum oxide & silica aerogel 3.00 ± 0.03 1.551 ± 0.001 76 

Aluminum oxide & silica aerogel 2.54 ± 0.04 1.328 ± 0.001 76 

Dunite 3.021 ± 0.007 1.792 ± 0.002 113 

Dunite 3.058 ± 0.009 1.727 ± 0.002 113 

Dunite 3.017 ± 0.004 1.708 ± 0.002 109 

Dunite 2.971 ± 0.003 1.682 ± 0.002 109 

Dunite & silica aerogel 2.865 ± 0.006 1.622 ± 0.002 109 

Dunite & silica aerogel 2.720 ± 0.006 1.539 ± 0.001 113 

Dunite & silica aerogel 2.692 ± 0.004 1.504 ± 0.001 109 

Dunite & silica aerogel 2.498 ± 0.004 1.380 ± 0.001 109 

Table 3 

Two phase mixing model fits for aluminum oxide dielectric constant. Cor- 

rected dielectric constant refers to the respective mixing formulas being ap- 

plied with the boundary effects of the coaxial airline considered as out- 

lined in Hickson et al. (2017) . References for values in the literature: 

Hickson et al. (2017) , von Hippel (1954) , Gershon et al. (2001) , Rajab et al. (2008) 

and Tuhkala et al. (2013) . 

Mixing equation Dielectric 

constant, εs 

Corrected dielectric 

constant, εs, corr 

Maxwell-Garnett (MG) 41.02 55.46 

Inverse Maxwell-Garnett (IMG) 7.03 7.37 

Bruggeman Symmetric (BS) 8.64 9.01 

Looyenga–Landau–Lifshitz (LLL) 8.68 9.12 

Lichtenecker (LI) 13.03 13.76 

Values in the literature ≈ 9 − 10 ≈ 9 − 10 

Table 4 

Two phase mixing model fits for dunite dielectric constant (same definition as 

in Table 3 for corrected dielectric constant). The highest bulk density measure- 

ment of dunite was considered an outlier and removed from the regression anal- 

ysis. References for values in the literature: Campbell and Ulrichs (1969) and 

St. Amant (1968) . 

Mixing equation Dielectric 

constant, εs 

Corrected dielectric 

constant, εs, corr 

Maxwell-Garnett (MG) 11.56 12.42 

Inverse Maxwell-Garnett (IMG) 5.51 5.68 

Bruggeman Symmetric (BS) 6.32 6.53 

Looyenga–Landau–Lifshitz (LLL) 6.38 6.59 

Lichtenecker (LI) 8.49 8.83 

Values in the literature ≈ 6 − 6 . 6 ≈ 6 − 6 . 6 
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Fig. 4. Regression analysis of Apollo Lunar regolith permittivity measurements from 

Carrier et al. (1991) . Squares are data from Apollo 15, circles from Apollo 17, dia- 

monds from Apollo 16, stars from Apollo 14, and triangles from Apollo 12 (there is 

only one data point each for Apollo missions 14 and 12). The optimal fit for the LI 

equation is the solid line, and the optimal fit for the LLL equation is the dotted line. 
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rehensive list see ( Carrier et al., 1991 ). The data are not cited with

ny uncertainty in Carrier et al. (1991) , and the regression is meant

o give a qualitative result. The optimal fit for the LI equation is

e f f = 1 . 96 ρbd and for the LLL equation is εe f f = (ρbd 0 . 307 + 1) 3 ,

hich is plotted along with the corresponding Lunar regolith per-

ittivity measurements in Fig. 4 . 

Both the LI and LLL equations have reasonable fits to the Apollo

unar regolith permittivity measurements with similar root mean

quare error’s (RMSE) of 0.6723 and 0.6930 respectively. The op-

imal values for the constants a and α have implications for the

orresponding solid density and solid dielectric constant of the Lu-

ar regolith samples. The range in composition and mineralogy be-

ween the various Apollo mission landing sites implies that the

ts for the LI and LLL equations correspond to average Lunar re-

olith properties. When performing the same regression analysis

or Apollo missions 15, 16, and 17 separately, we observe that the
alues of a and α correlate well with average titanium dioxide and

ron oxide weight percentages and solid density measurements of

egolith samples returned during each mission. This analysis of Lu-

ar regolith permittivity measurements supports the results ob-

erved in our experimental data. 

. NEA regolith bulk density modeling 

In Section 1.1 the concept of deriving the effective dielectric

onstant of asteroid regolith from radar reflections was introduced.

he relation between the OC geometric radar albedo, ˆ σOC and Fres-

el reflection coefficient, R f , is often cited as: ˆ σOC = gR f , where

 is the backscatter gain and is dependent on the targets shape

nd orientation ( Ostro et al., 1985; Mitchell et al., 1996; Magri

t al., 2001; Evans and Hagfors, 1966 ). Regardless of which scat-

ering law is chosen for the target, g is on the order of 1 + 

1 
2 S 

2 
o ,

here S o = tan (θr.m.s ) , and θ r.m.s is the adirectional root-mean-

quare (r.m.s) slope of the asteroid surface (on the scale of the

bserving wavelength) ( Mitchell et al., 1996; Magri et al., 2001 ).

stro et al. (1985) proposed that values of g are generally g < 1.5

or any rough-surface scattering law, and that changes in ˆ σOC be-

ween observed asteroids are driven by changes in R f rather than g .

agri et al. (2001) expanded on the Garvin et al. (1985) model for
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Table 5 

Bulk density values using Eq. (11) for the near surface of Bennu. 

ρs = 2 . 46 ± 0 . 04 g / cm 

3 ρs = 2 . 90 ± 0 . 08 g / cm 

3 

εs = 5 ± 0 . 5 ρbd = 1 . 43 ± 0 . 37 g/cm 

3 ρbd = 1 . 68 ± 0 . 43 g/cm 

3 

εs = 8 ± 0 . 5 ρbd = 1 . 01 ± 0 . 25 g / cm 

3 ρbd = 1 . 19 ± 0 . 30 g / cm 

3 
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estimating asteroid regolith bulk densities from radar reflections,

using the following equation to estimate the portion of ˆ σOC that is

due solely to specular reflections, ˆ σOCqs : 

ˆ σOCqs = ˆ σOC 

(
1 − μc 

μc, diff

)
(9)

Here μc, diff is the diffuse circular polarization ratio and

μc is the circular polarization ratio as defined in Section 1.1 .

Magri et al. (2001) use μc,di f f = 0 . 50 ± 0 . 15 , taken from

Harmon and Ostro (1985) as that for the Moon. Making use

of this quasi-specular portion of radar reflections from asteroid

surfaces, the resulting (uncalibrated) model for asteroid regolith

bulk density by Magri et al. (2001) can be written as follows: 

ρbd = 

(
2 

ln [ a ] 

)
ln 

[1 + 

√ 

ˆ σOC 

g 
(1 − μc 

μc,di f f 
) 

1 −
√ 

ˆ σOC 

g 
(1 − μc 

μc,di f f 
) 

]
(10)

The first term on the right hand side corresponds to the

LI mixing model in the form of Eq. (2) . The value of a in

Magri et al. (2001) is a = 1 . 87 , taken from Garvin et al. (1985) (see

Table 1 ). Magri et al. (2001) use bulk density estimates to calcu-

late porosity and solid density of asteroid regoliths; however, the

value of a is dependent on the solid density of the regolith mate-

rial and is inherently assumed prior to obtaining bulk density esti-

mates. Nolan et al. (2013) used Eq. (10) to model the surface bulk

density of (101955) Bennu using Arecibo S- band radar data in sup-

port of the OSIRIS-REx mission. Nolan et al. (2013) calculated the

bulk density of Bennu to be ρbd = 1 . 65 g/cm 

3 within the upper 1 m

of the surface. 

The results of Section 4 show that the LLL mixing equation

matches laboratory permittivity measurements better than the LI

mixing equation, and is therefore more appropriate for asteroid re-

goliths. Eq. (10) can be rewritten to incorporate the LLL mixing

model rather than the LI mixing model as follows: 

ρbd = 

1 

α

⎛ 

⎜ ⎝ 

⎡ 

⎣ 

1 + 

√ 

ˆ σOC 

g 
(1 − μc 

μc,di f f 
) 

1 −
√ 

ˆ σOC 

g 
(1 − μc 

μc,di f f 
) 

⎤ 

⎦ 

2 / 3 

− 1 

⎞ 

⎟ ⎠ 

(11)

From the experimental results of Section 4.2 , given appropriate

estimates of α, Eq. (11) will provide more accurate estimates of

asteroid regolith bulk density within the radar penetration depth

than Eq. (10) . As was shown in Section 4.2 , α = 

1 
ρs 

(ε1 / 3 
s − 1) and

depends on the solid density, ρs , and solid dielectric constant,

εs , of the asteroid regolith material. Lauretta et al. (2015) sum-

marize the spectral designation of Bennu as a B- type asteroid

with possible meteorite analogues to be CI or CM carbonaceous

chondrites. Consolmagno et al. (2008) give CI chondrite average

grain (solid) density as ρs = 2 . 46 ± 0 . 04 g/cm 

3 and CM chondrite

average grain density as ρs = 2 . 90 ± 0 . 08 g/cm 

3 . The exact com-

position and solid dielectric constant of the regolith material on

Bennu is uncertain, so we consider the range εs = (5 . 0 ± 0 . 5) −
(8 . 0 ± 0 . 5) for analysis, which spans most of the measurements

of Campbell and Ulrichs (1969) for geologic materials. Using these

ranges for solid density and solid dielectric constant, along with

the values g = 1 . 2 ± 0 . 1 corresponding to r.m.s slope of ≈ \ 30 ° and

μc,di f f = 0 . 50 ± 0 . 15 from Magri et al. (2001) , new estimates for

the bulk density of the regolith on Bennu are given in Table 5 .

The radar data used for the estimates in Table 5 are taken from

Nolan et al. (2013) : ˆ σOC = 0 . 12 ± 0 . 04 and μc = 0 . 18 ± 0 . 03 . 

The values in Table 5 show that when considering spectral

analogues as proxies for the composition on Bennu and using

the more appropriate LLL mixing model, the estimated bulk den-

sity in the near surface is generally lower than that given by

Nolan et al. (2013) . Assuming average material properties of ρs =
 . 68 ± 0 . 09 g/cm 

3 and εs = 6 . 5 ± 0 . 71 for the regolith on Bennu,

q. (11) calculates an average bulk density for the near surface

f ρbd = 1 . 27 ± 0 . 33 g/cm 

3 . At the associated solid density of ρs =
 . 68 ± 0 . 09 g/cm 

3 
, this corresponds with a macroporosity, φ, of

= 0 . 52 ± 0 . 12 (or 52% void space). The new estimates for average

ulk density and macroporosity given in this study are in agree-

ent with those by Chesley et al. (2014) of ρbd = 1 . 26 ± 0 . 07 g/cm 

3 

nd φ = 0 . 40 ± 10 derived using radar astrometry combined with

nfrared astronomy and Yarkovsky effect modeling. 

Radar observations of (162173) Ryugu to estimate the near sur-

ace bulk density in anticipation of the Hayabusa2 sample return

ission are currently not available. Ostro et al. (2004) observed

25143) Itokawa during its 2001 close approach using Arecibo

nd Goldstone observatories and obtained average values of ˆ σOC =
 . 16 ± 0 . 05 and μc = 0 . 26 ± 0 . 04 . Using the original model from

agri et al. (2001) the near surface bulk density was estimated

o be ρbd = 1 . 66 (+0 . 35 − 0 . 65) g/cm 

3 . The composition of Itokawa

s similar to LL ordinary chondrites, for which the average grain

solid) density according to Consolmagno et al. (2008) is ρs =
 . 54 ± 0 . 13 g/cm 

3 . Using this solid density value and the range

or solid dielectric constant εs = 5 . 0 ± 0 . 5 − 8 . 0 ± 0 . 5 we calcu-

ate the range in possible near surface bulk density on Itokawa

o be ρbd = 1 . 46 ± 0 . 45 → 2 . 05 ± 0 . 64 g/cm 

3 
, with an average of

bd = 1 . 68 ± 0 . 53 g/cm 

3 corresponding to a macroporosity of φ =
 . 53 ± 0 . 15 . This is in agreement with the bulk density of ρbd =
 . 9 ± 0 . 13 g/cm 

3 determined by analysis of data returned during

he Hayabusa mission ( Fujiwara et al., 2006 ). 

. Conclusion 

New estimates for the average bulk density ρbd = 1 . 27 ±
 . 33 g/cm 

3 and porosity φ = 0 . 52 ± 0 . 12 in the near surface of

101955) Bennu have been been derived from radar data using

n updated mixing model with experimental validation. Measure-

ents of the dielectric constant of aluminum oxide and dunite

owders in low vacuum were used to show the Looyenga–Landau–

ifshitz (LLL) mixing model is more appropriate than the Licht-

necker (LI) model, which has typically been used to approxi-

ate planetary regolith. The LLL model was shown to agree well

ith permittivity measurements of Lunar regolith, and the depen-

ence of both the LLL and LI model on composition and miner-

logy was highlighted. Silica aerogel was used for the first time

o vary the bulk density of the sample powders without signifi-

antly altering the electrical properties. This process can be applied

o any geologic powder permittivity measurements, for which fu-

ure measurements of a wider variety of materials at different den-

ities will help to further constrain possible mixing models. The

odel used to calculate asteroid regolith bulk density is an up-

ated version of that presented in Magri et al. (2001) , with the

LL mixing model used instead of the LI model. The significant er-

or in the bulk density estimates of asteroid regoliths arises from

he many modeling assumptions; however, within one standard

eviation the average bulk density estimate for Bennu is lower

han that given by Nolan et al. (2013) which used the original

odel in Magri et al. (2001) . A bulk density in the near sur-

ace regolith of Bennu of ρbd = 1 . 27 ± 0 . 33 g/cm 

3 implies that the

ear surface density is similar to the bulk density calculated by

hesley et al. (2014) . In this study the asteroid regolith bulk den-
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ity is derived taking into consideration the probable solid density

f the regolith material. In this way, estimates of porosity are more

eliable than previous estimates that used mixing models with as-

umed values of solid particle density with no relation to the spe-

ific asteroid. 

A future consideration for inversely solving for asteroid sur-

ace properties from radar data is the presence of water and other

olatiles, which is especially important for C- type asteroids. This

s also significant for the study of comet nuclei, which are sim-

lar to C- type asteroids. Permittivity measurements of rock and

ce mixtures are necessary to see if the LLL model is also suitable

or water phases, i.e ( Brouet et al., 2016 ). Similar work can also

e applied to Mars radar sounding studies such as ( Watters et al.,

017 ), where laboratory permittivity measurements of Martian re-

olith analogue minerals are needed to extend the applicability of

he LLL mixing equation to other planetary surfaces. In Eq. (11) ma-

erial estimates of solid density and solid dielectric constant pro-

ide additional constraints to modeling. We propose the use of

q. (11) from this study as a replacement to the model proposed

y Magri et al. (2001) ( Eq. (10) ). 

The inherent scattering assumptions in estimating Fresnel

eflectivity from asteroid radar data using the approach of

agri et al. (2001) introduce large uncertainty to regolith bulk

ensity calculations in this study and inhibit the ability to draw

olid conclusions about regolith properties. The assumptions in

andling diffuse and multiple scattering imply that this approach

s better suited for asteroids with low μc . Describing this scatter-

ng behavior of the regolith simply by estimates of a backscatter

ain and diffuse circular polarization ratio introduce large sources

f uncertainty to the asteroid radar model. Furthermore, it has

een shown that subsurface rocks embedded in the regolith can

nhance radar echoes, and that surface scatterers likely play a sig-

ificant role in contributing to radar echoes of NEAs ( Benner et al.,

008; Virkki and Muinonen, 2016 ). Future asteroid radar modeling

ffort s, such as ( Virkki et al., 2017 ), should explore incorporating

he Looyenga–Landau–Lifshitz mixing model for more robust cal-

ulations of regolith bulk density. 
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