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Introduction.  The masking effects of windblown and 
airfall-deposited dust (i.e., <40 µm particles) on 
underlying rocks and soils hinders interpretations of 
reflectance spectra of the surface obtained from orbit 
(e.g., [1]) and from the Viking and Mars Pathfinder 
landers [2-4].  Dust coatings also hampered analyses 
of alpha proton x-ray (APXS) measurements of rocks 
[3-5] and decreased Mars Pathfinder lander and rover 
solar panel power [6].  Laboratory investigations of the 
spectral effects of dust and rock coatings demonstrated 
that thin (<100 µm) layers of such coatings can 
effectively mask the spectral signature of the 
underlying materials in the visible and infrared [7-13].   
   To study the effects of dust deposition quantitatively, 
we are investigating visible/near-infrared reflectance 
of palagonitic dust coatings on substrates of basaltic 
andesite as functions of illumination and emission 
angles using the Bloomsburg University Goniometer 
(BUG).  Analysis of the bidirectional reflectance 
distribution function (BRDF) of the Mars regolith 
simulant JSC-1 palagonite deposited onto such 
substrates at a variety of coating thicknesses and at 
multiple visible/near-infrared wavelengths provides 
critical information for interpreting the photometric 
properties of the Martian surface. 
 
Background.  Johnson and Grundy [11] investigated 
the spectral effects of varying thicknesses of JSC-1 
deposited onto a basaltic substrate and modeled the 
results using a two-layer Hapke radiative transfer 
model.  They found that a model in which the single 
scattering phase function P(g) was varied with 
wavelength provided the best match to the observed 
laboratory spectra, particularly at wavelengths >750 
nm, and that the wavelength dependent behavior of 
P(g) is similar to what would be predicted by a Mie 
scattering model.  However, because their 
measurements were confined to a single phase angle 
they were not able to characterize the angular behavior 
of P(g).  As such, additional measurements at a variety 
of phase angles provide the means to more fully 
understand the phase and wavelength dependence on 
P(g), which is an essential step in generalizing those 
results to the highly variable photometric geometries 
encountered by lander and orbital sensors.   
 
Methodology. 
Sample and dust deposition.  A cut and polished 
sample of SP Flow (AZ) basaltic andesite was used as 
the substrate here [cf. 11,13], with JSC-1 dust 

(<45µm) being used as the coating material.  In order 
to mimic the airfall deposition of dust onto rocks on 
Mars, the simple deposition technique of [9,13] was 
used to coat the samples.  Samples were prepared at 
four thicknesses (14 ± 15 µm; 32 ± 27 µm; 45 ± 23 
µm; 74 ±  26 µm).  Coating thicknesses were 
determined using a vertically calibrated microscope to 
measure the focus distances between the substrate and 
the coating at 25 locations on the sample.  The 
standard deviations of the measurements were less 
influenced by the precision of the microscope stage (4 
µm) than the partial clumping of small particles into 
larger aggregates (~10-50 µm).  Such aggregate 
particles likely form due to a combination of 
electrostatic and hygroscopic effects, which results in 
an uneven distribution of thicknesses of deposited 
particles.  We believe that airfall deposition on Mars 
likely results in aggregates of particles as well [14].   
 
Spectra acquisition:  BUG.  The BUG facility is 
capable of measuring the full BRDF of a sample using 
several broadband interference filters (50 nm FWHM) 
from 400-1000 nm [15].  The light source is a 100 W 
quartz-tungsten-halogen bulb powered by a stable, 
radiometric grade power supply.  The output light is 
chopped, filtered, and focused onto a fiberoptic 
bundle, which ends at the top of the shorter goniometer 
arm with a 16 mm diameter lens assembly (Figure 1).  
The collimated output is directed onto the sample ~60 
cm below.  Samples are limited in size to ~40 mm 
diameter.  A calibrated silicon detector is mounted at 
the end of the second, longer arm (~90 cm) of the 
goniometer.  It is electronically "locked" to the 
chopper motor on the source, which greatly reduces 
noise and allows the equipment to work even under 
ambient lighting conditions.  All measurements are 
calibrated using the reflectance standard Spectralon™.  
Three stepper motor stages, each independently 
controlled by computer software, are used to position 
the light source and detector in incidence, emission, 
and azimuth.  The entire measurement process is 
automated using a PC and Labview™ software such 
that a sequence of motions in incidence, emission, and 
azimuth angles are preprogrammed.  The stepper 
motors move the appropriate axis, stop, and allow the 
detector to register and record the reflectance at that 
geometry.  We acquired data of the coated and 
uncoated substrate and JSC-1 dust with this type of 
acquisition sequence using four filters (450, 550, 700, 
and 930 nm) over incidence angles 3-65°, emission 
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angles 0-75° (Figure 2), and azimuth angles 0-170°, 
resulting in phase angle coverage from 3-138°.   

  

Figure 1.  (top) BUG goniometer shown in deployed 
position (i=45, e=65).  The longer arm on the right 
holds the silicon detector.  The shorter arm on the left 
terminates with a fiber-optic lens assembly that puts a 
near-collimated beam on the sample.   

 
Figure 2.  Matrix of incidence and emission angles 
acquired during BUG runs.   
 
Two-layer Hapke modeling.  We used the BUG data to 
expand work begun by [11] that used visible/near-
infrared spectra of JSC-1 deposited onto the SP Flow 
basaltic andesite at a single geometry (i=0°, e=27°) as 
input to Hapke radiative transfer two-layer model.  The 
additional geometries obtained using the BUG facility 
allows us to solve for the complete single scattering 
particle phase function P(g) and more rigorously 
validate the scattering mechanisms proposed by [11], 
namely that the variation of P(g) with wavelength is 
necessary to explain the observing scattering behavior.   
   The main modeling approach used is based on 
Hapke theory [16].  The Hapke model has the 
advantage of being computationally inexpensive, 

allowing inversion by iterative numerical methods.  In 
this two-layer implementation, both the opposition 
effect and specular reflections are ignored.   
   We model the full BUG data sets, i.e., BRDFs for 
the substrate, JSC-1, and the measured thicknesses of 
dust-coated samples.  The Hapke model is numerically 
inverted by means of iterative procedures that 
incorporate minimization algorithms [17].  The model 
produces Hapke parameters for the substrate and 
palagonite [11,18].  Using the parameters derived for 
palagonite, we can predict its BRDF for arbitrary 
thicknesses of palagonite coating on any material with 
known Hapke parameters.  Further, by iteratively 
inverting the Hapke model, we can determine the 
coating opacity to a high certainty (at least when the 
coating is thin enough to allow an appreciable fraction 
of the rays to sample the substrate and the substrate is 
spectrally distinct from the palagonite).   
 
Results.  To date, we have tried several permutations 
of the modeling approach described above, in an effort 
to explore the sensitivities and limitations of our 
methodology.  These include allowing single scattering 
phase functions to be fitted with various phase 
functions versus constraining them to be isotropic in 
order to reduce the number of free parameters, 
modeling different subsets of the data to estimate 
sensitivity to restricted geometric coverage, and 
modeling different wavelengths and coating 
thicknesses separately versus simultaneously. The 
following figures illustrate typical output of the model. 
   Figure 3 shows the single scattering albedos derived 
by two versions of the model for the substrate and 
dust.  In model 1, only the SP substrate was fitted, 
using all four wavelengths at once.  In model 3, all the 
dust-coated samples were fitted at all wavelengths at 
once, using substrate parameters derived from Model 
1.  In model 4, the additional data for the pure JSC-1 
coating material was included.  Figures 4-6 show 
examples of the data and model fits for representative 
incidence and emission angles at 450 nm and 700 nm 
for the substrate, JSC-1 and an example of a coated 
substrate.   
   One difficulty we have encountered is that the 
iterative minimization technique (downhill simplex 
[17]) has proved to be quite sensitive to initial 
parameters chosen (i.e., optical thickness of coating, 
single scattering albedos, and single scattering phase 
functions).  We are continuing to work on improving 
the numerical stability of our techniques to overcome 
this shortcoming.  Another difficulty arises from 
specular reflection by the polished substrate.  Since 
our model does not include a specular component, this 
feature can distort the Hapke parameters derived by 
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the model if observations obtained near specular 
geometry are included. 
 
Ongoing work.  We will model BUG data to be 
acquired of the Mars Exploration Rovers Pancam 
radiometric calibration target, subjected to various 
thicknesses of dust deposition.  These data will be 
useful in estimating dust coating thickness during the 
course of the MER missions, which is relevant to both 
solar power degradation and calibration accuracy of 
Pancam multispectral images of the landing sites.   
   We also have acquired BUG data of a “blind” 
substrate to test the two-layer model.  One of us (JRJ) 
used the BUG facility to measure a substrate unknown 
to the modeler (WMG) uncoated and coated with some 
layer(s) of JSC-1 palagonite.  These data were 
transmitted to WMG without revealing the substrate 
material or the palagonite coating thickness.  WMG 
will use the Hapke model to determine how well these 
results compared to the measured data. 
   All these measurements and models will be further 
investigated to help determine the minimum number of 
observations required to compensate for the coating 
and understand the substrate reflectance with 
confidence.  Further refinements to the model may 
include adding the ability to handle specular reflection 
and opposition effects. 
 
Conclusions.  The masking effect of aeolian fine-
grained coatings on rock surfaces plagues remote 
sensing investigations on both the Earth and Mars 
from visible to thermal infrared wavelengths.  The data 
and two-layer modeling presented here is a promising 
method to study the spectral effects of fine-particle 
coatings and improve our ability to compensate for the 
effects of dust coatings on targets of interest.  This will 
increase our ability to (1) discern underlying 
lithologies that would otherwise be obscured by the 
dust coatings; (2) determine more precisely the 
mineralogy of the dust coating components 
themselves; and (3) estimate coating thickness on 
rocks and lander components. 
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Figure 3.  Siungle scattering albedo values derived 
from isotropic models for substrate and JSC-1 coating.  
Model 1 includes only data from the bare substrate.  
Model 3 uses goniometric observations of 4 different 
thicknesses of JSC-1 coating.  Model 4 is the same as 
model 3, except includes the additional constraint of a 
thick sample of pure JSC-1. 
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Figure 4.  Model results for substrate: measured (circles) and modeled (red stars) values for specific inicidence and 
emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right). 
    

    
Figure 5.   Model results for pure JSC-1 palagonite: measured (circles) and modeled (red stars) values for specific 
inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm (right).  JSC-1 has low 
450nm reflectances, similar to those for the SP basalt in Figure 5 (cf. Figure 3). 
 

 
Figure 6.   Model results for substrate coated with 45 µm of JSC-1 palagonite: measured (circles) and modeled (red 
stars) values for specific inicidence and emission angles at a variety of azimuth angles for 450 nm (left) and 700 nm 
(right).  Note how at 700 nm, the reflectance increases at higher emission angles because of the increasing slant path 
through the bright dust.   
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