Icarus 223 (2013) 383-406

journal homepage: www.elsevier.com/locate/icarus

Contents lists available at SciVerse ScienceDirect

[carus

Spectrogoniometry and modeling of martian and lunar analog samples

and Apollo soils

Jeffrey R. Johnson ®*, Michael K. Shepard®, William M. Grundy ¢, David A. Paige 9, Emily J. Foote ¢

2 Johns Hopkins University Applied Physics Laboratory, 11101 Johns Hopkins Road, 200-W230, Laurel, MD 20723-6005, United States
b Bloomsburg University, 400 East Second St., Bloomsburg, PA 89557, United States

¢ Lowell Observatory, 1400 West Mars Hill Rd., Flagstaff, AZ 86001, United States

d University of California, Los Angeles, 595 Charles Young Drive East, Box 951567, Los Angeles, CA 90095-1567, United States

ARTICLE INFO

ABSTRACT

Article history:

Received 17 May 2012

Revised 19 November 2012
Accepted 4 December 2012
Available online 19 December 2012

Keywords:
Spectrophotometry
Regoliths

Mars, Surface
Moon, Surface
Radiative transfer

We present new visible/near-infrared multispectral reflectance measurements of seven lunar soil simu-
lants, two Apollo soils, and eight martian analog samples as functions of illumination and emission angles
using the Bloomsburg University Goniometer. By modeling these data with Hapke theory, we provide
constraints on photometric parameters (single scattering albedo, phase function parameters, macro-
scopic roughness, and opposition effect parameters) to provide additional “ground truth” photometric
properties to assist analyses of spacecraft data. A wide range of modeled photometric properties were
variably related to albedo, color, grain size, and surface texture. Finer-grained samples here have high
single-scattering albedo values compared to their coarser-grained counterparts, as well as lower macro-
scopic roughness values. The Mars analog samples and Apollo soils exhibit slightly lower opposition
effect width parameter values than the lunar analogs, whereas the opposition effect magnitude is not
well constrained by the models. The Mars analog soils are typically relatively backscattering and consis-
tent with fairly rough particles with a moderate density of internal scatterers, similar to the in situ obser-
vations of some soils by the Mars Exploration Rover (MER) Spirit. Some lunar analog soil models result in
moderately-forward scattering behaviors, as do the two Apollo soils. Other fine-grained and/or glass-rich
lunar analog samples populate a narrowly forward-scattering regime similar to model results from obser-
vations of some rover tracks observed by the MER Opportunity rover and some dust-poor “gray” rocks by
the Spirit rover. An experiment to mimic the spherule-rich soils observed by Opportunity demonstrated a
large decrease in single-scattering albedo compared to spherule-free soil surfaces, as well as increased
surface roughness, narrow opposition effects, and a significant increase in backscattering, similar to some
of the Opportunity soils. Phase reddening effects are documented in many soils as an increase in near-
infrared/visible ratios with phase angle. Some samples exhibit falloffs in these ratio phase curves at phase
angles beyond 50-80° that are likely related to an increased importance of surface scattering at high
phase angles. None of the lunar analog soils perfectly match the modeled photometric parameters of
the two Apollo soils. The phase reddening nature of the mare soil included an upturn in ratio values at
phase angles <10° that was not observed for the highland sample. It remains to be verified whether this
is a consistent observation between mare and highland samples.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

as well as surface roughness at scales ranging from microns to me-
ters. Surface and orbital observations acquired at a variety of emis-

The visible and near-infrared reflectance of planetary surfaces is
influenced greatly by the viewing geometry and solar illumination
angle. The photometric scattering properties of materials can vary
substantially as a result of differences in the porosity, composition,
grain size and internal heterogeneity of the constituent particles,
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sion, solar incidence, and phase angles provide the data necessary
to model the surface bidirectional reflectance distribution function
(BRDF). The most commonly used models are the formulations of
Hapke (1993, 2012) that attempt to approximate the scattering
behavior of closely packed particles based on radiative transfer the-
ory. Such models can be used to normalize reflectance data from
spacecraft images to common illumination geometries, thus allow-
ing more direct comparison of images obtained at different times of
day. When combined with laboratory measurements, these models
can also assist interpretations of compositional and mineralogical
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information from spectral reflectance observations. While such
models can provide useful constraints on the single scattering albe-
do and relative degree of forward versus backward scattering of sur-
faces, recent laboratory tests reduce confidence in the ability of
Hapke theory to reliably constrain the microphysical interpretations
of surfaces from these parameters (Helfenstein and Shepard, 2011;
Shepard and Helfenstein, 2007, 2011). Nonetheless, ongoing spec-
trogoniometric measurements and Hapke modeling of planetary
analogs can provide observations useful for inter-comparisons of
the photometric scattering properties of planetary surfaces, particu-
larly when applied to spacecraft observations.

We have acquired visible/near-infrared multispectral reflectance
measurements of lunar soil simulants and martian analog samples
as functions of illumination and emission angles using the Blooms-
burg University Goniometer (BUG) laboratory (Shepard, 2001). By
modeling these data with Hapke theory, we provide constraints on
photometric parameters (single scattering albedo, phase function
parameters, macroscopic roughness, and opposition effect parame-
ters) to provide additional “ground truth” photometric properties rel-
evant to analyses of spacecraft data. For example, photometric studies
of the Moon have used observations by Clementine (e.g., Buratti et al.,
1996; Blewett et al., 1997), the SMART-1 AMIE camera (e.g.,
Shevchenko et al., 2003), the Kaguya Spectral Profiler (Yokota et al.,
2011), the Lunar Reconnaissance Orbiter (Kaydash et al., 2010;
Shkuratov et al., 2011; Hapke et al., 2012), and ground-based observ-
ing programs (e.g., Kieffer and Stone, 2005). For Mercury, photometric
analyses using the Mercury Dual Imaging System (MDIS) instrument
on the MESSENGER spacecraft were completed by Domingue et al.
(2010, 20114a,b). Photometric studies have been conducted for Mars
using ground-based and spacecraft data from Mariner through the
Mars Exploration Rovers and Mars Reconnaissance Orbiter (e.g.,
Arvidson et al., 1989a,b; Guinness et al., 1997; Pinet et al., 2005;
Johnson et al., 2006a,b, 2008; Jehl et al., 2008; Shaw et al., 2012).

Previous efforts to acquire and model analog samples have con-
tributed to our appreciation of the variety of photometric proper-
ties exhibited by minerals, rocks, and soils of planetary interest.
Mustard and Pieters (1989) used an early version of Hapke’s model
to analyze the BRDFs of mineral mixtures and found that silicates
are more forward scattering than hematite, although particle
roughness and albedo strongly influenced the scattering proper-
ties. Capaccioni et al. (1990) studied the broadband (400-
800 nm) reflectance of different grain sizes of diabase, peridotite,
quartz sand, and meteorite samples at phase angles 2-50° and sug-
gested that the shape of phase curves (change in reflectance with
phase angle) varied with composition as well as grain size and
packing. Kamei and Nakamura (2002) studied olivine and meteor-
ite sample BRDFs acquired from 2° to 155° (at one incidence angle)
and suggested that smaller particle size samples were more for-
ward-scattering. Cord et al. (2003) presented data and Hapke mod-
el results for fresh and altered basalts at various grain sizes, and
demonstrated variability in modeled parameters with wavelength.
However, their data were acquired only over phase angles from 20°
to 115°, which did not fully constrain the opposition effect (in-
creased brightness near zero phase). Conversely, Kaasalainen
(2003) and Ndrdnen et al. (2004) acquired data from 0° to 25°
phase angles over fresh and oxidized basalts at various grain sizes
and packing states. They noted increases in the reflectance and
opposition peak at lower surface roughness and for compacted
samples. Hapke et al. (1993) measured eight Apollo lunar soils at
442 nm and 633 nm at phase angles 1-70° to demonstrate the
invariance of opposition peak widths with wavelength.

Piatek et al. (2004) modeled data acquired at 633 nm from ~0°
to 140° of calcium carbonate, aluminum, and ferric oxide powders.
The latter exhibited an extremely wide opposition surge (~40°).
However, they found little correlation between particle size and
the modeled scattering parameters, and called into question model

assumptions that particles be treated as fundamental light-scatter-
ing units even when closely spaced. They concluded that further
laboratory studies were needed to understand the scattering prop-
erties of closely packed, rough-surface, irregular particles. Shepard
and Helfenstein (2007) expanded on that work by modeling a col-
lection of different sands, oxide powders, and clays to test Hapke
theory, but did not emphasize planetary analog samples. They also
reported changes in sample single scattering albedo with compac-
tion, a weak correlation between the opposition surge width and
the macroscopic roughness parameter, but little correlation be-
tween estimated sample porosity and opposition effect parame-
ters. They concluded that the model parameters were not
necessarily intrinsic to the individual particles comprising a given
sample, but a combination of packing, roughness, and other partic-
ulate properties. Hapke et al. (2009) reached similar conclusions in
a study using observations of small (<26 pm) glass spheres.

Shkuratov et al. (2007) presented lab measurements of pow-
dered and compressed olivine, feldspar, volcanic ash, loess, and
clay at two wavelengths (440 nm, 630 nm) from 2° to 150° phase
angle. They reported no wavelength variation with opposition ef-
fect width. Gunderson et al. (2006) presented goniometric mea-
surements in the principal plane (2-85° phase angles) for the
lunar soil simulant JSC-1 (McKay et al., 1994) at 564 nm and
~950 nm, and reported strong correlations between some Hapke
model parameters. Gunderson and Thomas (2008) acquired data
at ~1000 nm of the JSC-1, JSC-1AF, and MLS lunar simulants, and
the JSC Mars-1 simulant, and provided qualitative descriptions of
their phase curves and opposition effects. Souchon et al. (2011) ac-
quired data at five wavelengths (559-960 nm) at 25-130° phase
angles for volcanic sands and rocks at grain sizes of 45-2000 pm.
They reported strongly forward-scattering behaviors for large,
glassy samples and/or translucent monocrystals. Beck et al.
(2012) acquired data of powdered meteorites (including lunar
meteorite MAC 88105) at five wavelengths from 450 to 900 nm
over phase angles 3-150°. Although they reported no clear differ-
ences between meteorite groups, their data demonstrated pro-
nounced spectral reddening with phase angle (“phase
reddening”), a phenomenon observed in nearly all planetary
bodies. Similar work was done by Kawakami and Nakamura
(2007), who studied the opposition surge at 1064 nm of carbona-
ceous chondrite meteorites at various grain sizes and compaction
states over 0-30° phase angles.

Despite uncertainties associated with the microphysical inter-
pretation of the Hapke parameters used to describe the opposition
effect, it is apparent from these recent works that the model is still
useful as a means of parameterizing and comparing model results
among spectrogoniometric data sets such as those presented here.
Our approach concentrated on acquiring data for a variety of plan-
etary analogs using at least five wavelengths (415-950 nm), and to
model the results using Hapke formulations that incorporate a
parameter uncertainty estimation method to provide quantitative
estimates of the degree to which photometric parameters are con-
strained by the data sets. We also investigated the wavelength
dependency of modeled parameters and considered potential cor-
relations with scattering properties (cf. Cord et al., 2003).

2. Materials and methods
2.1. Lunar analog samples

We analyzed seven lunar analog soil materials to provide a range
of mineralogy, composition, and physical properties comparable to
lunar (and to some extent asteroidal and mercurian) soils. These in-
cluded the Minnesota Lunar Simulant MLS-1 sieved to <1 mm and
500-840 nm size fractions, as well as a plasma-processed, glass-rich
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simulant created from MLS-1 (Weiblen and Gordon, 1988); the his-
toricJSC-1 lunar simulant sieved to <1 mm (McKay et al., 1994; Allen
et al., 1994); a new ]JSC-1 lunar simulant sieved to <1 mm (JSC-1A)
and to an average grain size of 24 um (JSC-1AF) from Orbitec
Technologies Corp (NASA-MSFC, 2006); and the FJS-1 simulant from
Shimizu Corp., Japan sieved to a median grain size of 70 um
(Kanamori et al., 1998). The Minnesota Lunar Simulant MLS-1 is a
high-titanium crystalline basalt with a median grain size of
~100 pm and a chemical composition that approximates Apollo
11 soil, albeit without glass or agglutinates (Colwell et al., 2007;
Goldich, 1970; Weiblen et al., 1990). JSC-1 is a glass-rich (~50%)
basaltic ash with a median grain size of ~70 pum, a composition more
similar to Apollo 14 and 15 soils, and geotechnical properties more
appropriate to lunar soil (McKay et al.,, 1994; Clark et al., 2004).
The JSC-1A simulant matches the composition and particle size

distribution of the original JSC-1, having also originated from the
Merriam Crater volcanic cinder cone in Arizona (NASA_MFSC,
2006). FJS-1 is Mt. Fuji basalt prepared to a median grain size of
70 pm, with a composition similar to Apollo 14 samples (Kanamori
et al., 1998). This range of lunar simulants was selected to provide a
suitable suite of analogs to describe the scattering properties rele-
vant to lunar-like terrains.

Two Apollo soil samples were also analyzed to provide mare
and highland samples for comparison to the analog soils (cf. Foote
et al., 2009, 2012). This included the Apollo 11 mature mare soil
10084 (splits 161, 2010, 2011) and the Apollo 16 mature highland
soil 68810,2. For these measurements the standard BUG geometric
coverage was supplemented by constructing an elongated sample
holder for measurements in and perpendicular to the principal
plane (Foote et al., 2009). These measurements allowed expanded

Fig. 1. Digital photographs of Mars analog soils. Sample cup is 6 cm diameter. Colors are not normalized between images. (a) HWMK 904 (AREF 236); (b) HWMK 940 (AREF
237); (c) JSC-1 <1 mm; (d) HWMK 101 (AREF 235) < 50 um; (e) HWMK 600 (AREF 238) 50-1000 pm; (f) HWMK 600 (150-1000 pm); (g) SCB5; (h) Pahala ash; (i) JSC-
1 <45 pm; (j) SCB5 with spherules; (k) photographic close-up of spherules; field of view is ~1 cm. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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geometric coverage to incidence angles of 0-75° and phase
angles of 3-155°, comprising a total of 769 measurements per
wavelength.

2.2. Martian analog samples

Eight martian analogs soils that can be loosely grouped as “pal-
agonitic soils” were analyzed to provide a range of endmember
compositions. Palagonites describe a large class of poorly-crystal-
line, variably weathered basaltic glasses with visible/near-infrared
spectral properties analogous to those observed for Mars (e.g., Bell,
1996; Bell et al., 2000; Schiffman et al., 2002; Drief and Schiffman,
2004; Seiferlin et al., 2008). The samples analyzed here included
four Hawaiian soils from Mauna Kea (Morris et al., 2000, 2001;
Hamilton et al., 2008) and the JSC-1 Mars analog simulant (Allen
et al., 1998), all sieved to <1 mm grain size. The Mauna Kea sam-
ples comprise palagonitic tephra HWMK 101 (also designated as
sample AREF 235) and HWMK 600 (AREF 238), a sample with
natrojarosite (HWMK 940, AREF 237), and a sample with smectite
(HWMK 904, AREF 236). A 150-1000 pm size fraction from the
HWMK 600 sample was used as well. Also included were palagon-
itic soil collected from South Point on the island of Hawaii (Pahala
ash) sieved to <53 pm, and a separate split of JSC-1 sieved to
<45 pum used in previous work (cf. Johnson et al., 2002). We also in-
cluded a hematite-siderite spherule-bearing paleosol (e.g., White
et al., 2000, 2001) as an analog to the spherule-bearing sulfate sed-
imentary rocks observed at the Mars Exploration Rover (MER)
Meridiani Planum landing site. The sample is from the middle Cre-
taceous Dakota Formation in the Sioux City Brick Pit (SCBP, Sioux
City, lowa). These samples contain siderite spherules <2-3 mm in
diameter with thin hematite rims, whereas the silt/sandstone ma-
trix material is much finer-grained. The spherules were extracted

and cleaned from the paleosol to perform the following experi-
ment: After acquiring data of the powdered matrix soil (<45 pm;
Fig. 1g), we gently sprinkled the extracted spherules on top of
the matrix-only sample (Fig. 1j) to examine the photometric effects
of small spherules on a fine-grained substrate as observed exten-
sively by the MER Opportunity rover. During emplacement some
spherules were slightly embedded in the soil matrix (Fig. 1k).

2.3. Data acquisition

Multispectral measurements of the samples were acquired
using the Bloomsburg University Goniometer (BUG). This instru-
ment is capable of measuring the full BRDF of a sample using sev-
eral broadband interference filters (50 nm FWHM) from 400 to
1000 nm at incidence angles of 0-60°, emission angles of 0-80°,
and phase angles of 3° to ~145¢°, typically providing 680 measure-
ments per filter. All measurements were calibrated using the
reflectance standard Spectralon™ illuminated normally, such that
the data were reduced to radiance factor (Hapke, 1993, 2012), with
relative uncertainties <2%. Full details of the instrument and data
acquisition methods are provided in Shepard and Helfenstein
(2007, 2011). We acquired measurements of the samples as de-
scribed above using at least five filters. For the JSC-1 (bulk) Mars
sample and the HWMK 101, 904, 940, and 600 samples (AREF
235-238), data were acquired at 430, 450, 480, 530, 600, 670,
750, 800, 860, 900, 930, 990 nm. For the remaining Mars analog
soils (and the two Apollo soils) filters were used at 450, 550, 750,
and 950 nm. For the lunar analogs, we used filters at 410, 550,
750, and 950 nm. For each sample the surface was leveled with a
straight edge to provide as smooth a surface as possible, followed
by a small tap to settle the particles. As shown in Figs. 1 and 2,

Fig. 2. Digital photographs of lunar analog samples and Apollo 11 and 16 soils. Sample cup is 6 cm diameter. Colors are not normalized between images. (a) JSC-1; (b) JSC-1A;
(c) JSC-1AF; (d) MLS1-bulk; (e) MLS1 540-800 pum; (f) MLS1-glass; (g) FJS-1; (h) Apollo sample 10084; (i) Apollo sample 68810.
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some fine-grained samples tended to exhibit residual clumping at
the scale of millimeters.

3. Hapke theory
3.1. Hapke modeling

The Hapke model is frequently used to analyze the photometric
properties of planetary surfaces (Hapke, 1993, 2012). It has the
advantage of being computationally inexpensive, allowing inver-
sion by iterative numerical methods (e.g., Marquardt, 1963; Nelder
and Mead, 1965), while providing constraints on scattering param-
eters if sufficient phase angle coverage is available. For each data
set acquired for a given wavelength, we ran models using 1-term
and 2-term Henyey-Greenstein (HG) phase functions, using an iso-
tropic multiple scattering approximation (IMSA model) and the
Hapke (1993) version of the analytic approximation of the isotro-
pic scattering H function. We acknowledge that if some of the par-
ticles studied here single-scatter light anisotropically (e.g., narrow
forward-scattering lobes), then the assumption of isotropically-
scattering grains may be insufficient. However, such effects are
likely of greatest significance for particles with very high albedo,
unlike the particles of interest in this study.

Output from the isotropicl-term HG phase function models in-
cluded the single scattering albedo (w), the macroscopic roughness
0, the phase function asymmetry parameter (&), and the opposition
effect width (h) and magnitude (BO). In theory, the B0 is physically
related to the opacity of particles, where a value of 1.0 implies that
all light is scattered at the surface and the particle is opaque (e.g.,
Domingue et al., 1997). As such, we limit the maximum value of BO
in our models to 1.0. The parameter h was considered physically
related to porosity and particle size distribution by Hapke (1993)
such that less porous materials (or those with lower ratios of larg-
est-to-smallest particle size, depending on the assumed particle
size power law distribution) have large values of h (cf. Helfenstein
and Veverka, 1987; Hapke, 1993). However, recent studies such as
Hapke (2008) and Shepard and Helfenstein (2011) have cast doubt
on the physical interpretations of the h and BO parameters. The
form of the 1-term HG phase functions as a function of phase angle
(g) used here is:

(1-&)
Vz]3/z

&= [1+2&cos(g) +¢

The 2-term HG function models provided the asymmetry parameter
(b) and forward scattering fraction (c’). The form of the 2-term HG
phase function we use here is:

B c(1-b%
Pe) = [1+2bcos(g) + b*]*2

(1-c¢)(1-b%
[1—2bcos(g) + b*]*2

We note that other workers define the 2-term HG function differ-
ently such that their c parameter represents the backward scattering
fraction (e.g., Hartmann and Domingue, 1998; Cord et al., 2003). To
be consistent with those studies and our previous photometric
studies of Mars (Johnson et al., 2006a,b,c, 2008), we convert our for-
ward fraction parameter ¢’ to a backward fraction c via c=(1 - ¢').
We also note that a different version of the 2-term HG function
was used by Hapke (1993, Eq. 6.18a; 2012, Eq. 67a) and McGuire
and Hapke (1995) in which their “c” parameter is related to ¢ by
the relation “c” = (2c — 1).

Updated formulations of Hapke theory provide additional
parameters to separate the effects of shadow-hiding and coherent
backscatter on the opposition effect (Hapke, 2002, 2008, 2012;
Hapke et al., 1998) and to describe the effects of sample porosity.
The lack of phase angle coverage below ~3° in the BUG datasets
prevented detailed analyses of the coherent backscatter versus

shadow hiding components of the opposition effect (e.g., Nelson
et al., 1998; Piatek et al., 2004). We experimented with using the
updated version of the Hapke model for these data, but the inclu-
sion of additional parameters resulted in overall model results that
were not as well constrained as using the Hapke (1993) model.
This may result from the non-orthogonality of the parameters,
i.e., two parameters that attempt to model the same effect can off-
set each other and result in poor constraints on both (e.g., Goguen
et al,, 2010).

Under the assumption that coherent backscatter could result in
values of BO > 1 at longer wavelengths (thereby altering the shape
of the opposition effect curve), we experimented with HG2 phase
function model runs for all wavelengths of the AREF 235 soil
(HWMK 101) without constraining the BO parameter. Although
no significant changes were observed for the w,0,b, or c values,
the BO parameter migrated to values between 1 and 7, but with
very large errors (up to 90). In addition the h parameter values cor-
respondingly decreased by factors of 2-5 and were under-con-
strained for 5 of the 11 wavelengths. This demonstrated that
limiting BO < 1.0 resulted in better constrained model results.

3.2. Parameter uncertainties

All models reported a reduced chi-square (y2) estimate of their
goodness of fit. However, as is often noted by photometry
researchers interaction between Hapke parameters sometimes re-
sults in non-unique solutions, especially when data are only avail-
able at limited illumination or observation geometries. In this
situation, the number of fitted parameters must be reduced, if all
remaining fitted parameters are to be meaningfully constrained
by the data. To help monitor our ability to constrain fitted param-
eters, we followed the method described in Johnson et al. (2006a)
to estimate one-sigma confidence limits on each of our fitted
parameters, assuming an average 4% error in bidirectional reflec-
tance. For each parameter, the value was fixed at a series of values
stepping away from its best-fit value. With the parameter in ques-
tion set at each of these fixed values, the other parameters were re-
fitted, allowing the model to compensate for the deviation of the
parameter in question from its best-fit value. These new fits re-
sulted in a series of chi-squared values, such that for a well-con-
strained parameter the chi-squared values exhibit a clear
minimum at the best fit parameter value and rise steeply away
from that minimum. For a poorly constrained parameter, the rise
away from the best fit value is more gradual, and for a completely
unconstrained parameter, the slice through chi-squared space is
flat. The one-sigma confidence contour coincides with the contour
in chi-squared space located at the minimum chi-squared value
plus one (Press, 1992), as long as the errors in the photometry data
obey a Gaussian distribution with a known scale. Often, the rise in
chi-squared is steeper in one direction than in the other, resulting
in asymmetric confidence limits around the best-fit parameter va-
lue. This type of error indicates mainly how well the model param-
eters fit the available data. As such, they do not account for how
missing photometric geometry coverage (i.e., g<3° or g>155°)
could affect the results. These errors are parenthetically listed in
the tables below; when parameters are under-constrained (e.g.,
the BO parameter), they are indicated by “(+--, ---)" in place of
uncertainty estimates.

4. Results
4.1. BUG phase curves

Figs. 3 and 4 plot radiance factor phase curves for all analog
soils at two representative wavelengths. Scatter within the overall
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Fig. 4. Phase curves of lunar analog and Apollo soils (x’s represent 750 nm observations; circles represent 410 nm for analogs and 450 nm for Apollo soils).
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trends results from the variety of incidence, emission, and azimuth
angles provided by a given BUG run (cf.,, Shepard and Helfenstein,
2011). Variations in the phase curve slopes at <30° and >100° dem-
onstrate the general magnitude and symmetry of backscattering
and forward scattering, respectively. Of particular interest in
Fig. 3 is the change in the phase curves of the SCB5 soil from for-
ward-scattering to backscattering upon placement of the spher-
ules. Finer grain sizes also tend to exhibit greater forward
scattering as can be observed by comparing the two grain sizes
of the Mars analog JSC1 in Fig. 3 or the JSC-1A and JSC-1AF lunar
analog soils in Fig. 4. Also noteworthy in Fig. 4 are the pronounced
opposition surges of the two Apollo soils (cf. Foote et al., 2009,
2012) compared to the other lunar analog soils.

4.2. Hapke model results

Tables 1 and 2 summarize the results for the 1-term and 2-term
HG model runs for all samples. As described in Section 3.2, errors
are included for each parameter. Overall y2 values demonstrate
that the 2-term HG function models tend to better describe the
data. Parameters under-constrained by the model are also noted.
This most often this occurs for the BO parameter, although the
roughness parameter 0 is sometimes under-constrained as well,
particularly for the 1-term HG function models. The opposition ef-
fect width h is under-constrained by the 2-term HG models for
some of the lunar analog soils, particularly the MLS-1 samples.

Figs. 5 and 6 show single-scattering albedo values as a function
of wavelength from the 2-term HG function models. All the Mars
analog soil samples (Fig. 5) exhibit albedo spectra with increasing
slopes from the visible to the near-infrared, typical of palagonitic
materials. The Mauna Kea samples have sufficient spectral sam-
pling to reveal near-infrared spectral features related to ferric-
bearing minerals. For comparison the lunar analogs and soils have
less red and often relatively flat spectral slopes, particularly the
MLS-1 and FJS-1 soils (Fig. 6). Predictably, the addition of dark,
red spherules to the SCB5 soil lowers the albedo and imparts a
steeper red slope in the spectrum. Finer grain sizes also show high-
er albedo values, as does the Apollo 16 highland sample relative to
the Apollo 11 mare sample.

Spectral variability of the macroscopic roughness (0) parame-
ters from the 2-term HG models is shown in Fig. 7. Results from
1-term HG were typically less well constrained (Tables 1 and 2).
Values for most samples vary between 13° and 22°, although the
fine-grained samples (SCB5, Pahala ash, JSC-1 (<45 pum), and FJS-
1) have the lowest 0 values. The SCB5 soil with spherules was mod-
eled with the highest 0 value, as expected. Little variability with
wavelength is observed for most samples, except for Pahala ash,
FJS-1, MLS-1 (500-840 pm) and MLS-1 (bulk) samples, which exhi-
bit moderate (>5°) decreases with increasing wavelength.

Opposition effect width (h) parameter values modeled from 1-
term HG functions are plotted versus wavelength in Fig. 8. Results
from 2-term HG models were more often less well constrained (Ta-
bles 1 and 2). Typical h values for Mars analog soils were ~0.06-
0.07, with little variability with wavelength. The finest grained
samples exhibited slightly elevated h values (e.g., Pahala ash, JSC-
1 (<45 pm)), with the largest values modeled for the SCB5 soil
(h ~0.09). The introduction of spherules to SCB5 reduced these
values to the lowest observed for all samples (h ~ 0.02-0.04),
and introduced a slight decrease in h with increasing wavelength.
The lunar analogs were modeled with slightly greater h values
(h ~0.07-0.10), although the two Apollo soils exhibited the lowest
values (h ~ 0.05-0.07). None exhibited appreciable trends with
wavelength.Fig. 9 plots the asymmetry parameter (¢) for all sam-
ples from 1-term HG function models as a function of wavelength.
The fine-grained samples tend to be forward scattering (¢ > 0),
with the exception of slight negative ¢ values modeled for Pahala

ash samples. The low albedo MLS samples are also modeled as for-
ward scattering (regardless of grain size). The SCB5 sample
changes from forward to backscattering upon inclusion of the
spherules, as suggested by the phase curves in Fig. 3. Most samples
exhibit nearly constant or increasing ¢ values with wavelength,
suggesting a more forward-scattering behavior at longer wave-
lengths. Conversely, the SCB5 soil with spherules is the only sam-
ple that exhibits a more backscattering behavior with increasing
wavelength.

Fig. 10 presents the 2-term HG phase function parameters for the
Mars analog samples compared to the values of the artificial particle
types studied by McGuire and Hapke (1995). In that study, particles
with different degrees of heterogeneity exhibited discrete b and ¢
values related to deviations from a particle’s internal and spherical
perfection. Smooth, clear spheres plot furthest to the right (less iso-
tropic and greater forward scattering) whereas rough particles with
microcracks or inclusions plot nearer the top (greater backscatter-
ing). The AREF/HWMK Mars analog samples (Fig. 8a) tend to exhibit
b and c values that exhibit characteristics consistent with particles
that are relatively rough and have a moderate density of internal
scatterers. Fig. 8a also plots average values modeled from Spirit
MER Pancam data of representative soils in the plains of Gusev Cra-
ter and the base of Husband Hill that bracket the AREF/HWMK sam-
ple values. The JSC-1 bulk sample and the Pahala ash exhibit similar
b and c values (Fig. 10b), although the JSC-1 (<45 pum) and SCB5 soils
are notably more forward scattering. The addition of spherules to the
SBC5 soil results in a more backscattering surface, similar to the
spherule-rich soils by the Opportunity MER Pancam near Vostok
crater south of Endurance crater (also plotted in Fig. 10b).

The 2-term HG phase function parameters for the lunar analog
and Apollo soils are shown in Fig. 11. Although the FJS-1, JSC1
(bulk), and two Apollo soil samples plot in a region similar to the
agglutinate and rough/clear spheres, most of the soils exhibit low
c and high b values indicative of a narrow forward-scattering peak,
unlike any of the artificial particles from McGuire and Hapke
(1995). The inset plot in Fig. 11 shows more clearly the cluster of
values in this region. Repeated attempts to model these data sets
with variable starting conditions provided similar results, as did
a complete reacquisition of BUG data and modeling of the MLS-1
(500-840 pm) sample. We discuss this regime of scattering behav-
ior further below.

Although most model results show little variability in the b and
¢ parameters with wavelength, several exceptions occur. As shown
in Figs. 12 and 13, the SCB5 soil with spherules and JSC-1 (<45 pm)
soil exhibit outlier points in at 950 nm and 550 nm, respectively.
The JSC lunar analogs all exhibit spectral variability, whereas the
FJS-1 and MLS samples were more consistent, and the Apollo soils
cluster better than any analog sample. The only consistent trends
with wavelength were increasing b values exhibited by the SCB5
soils (more so for the spherule-laden sample) and the bulk JSC-1
and MLS-1 lunar analogs (which showed an increase in b values,
indicating a narrowing of the scattering lobes). These samples also
exhibited decreasing c values (greater forward scattering) with
wavelength (although very minor for the bulk MLS-1 sample).
The Apollo 68810 soil also exhibited this trend. However, we note
that these trends may be a consequence of sampling only four
wavelengths for these soils. One could interpret increases in c val-
ues with wavelength for the AREF 235 (HWMK 101) and AREF 238
(HWMK 600) samples if only four similar wavelengths were used.
These spectral variations are discussed further below.

4.3. Phase reddening
We also investigated “phase reddening” (the brightening of a

surface at longer wavelengths with increasing phase angle) by
observing the degree to which near-infrared/visible radiance factor
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Table 1
Hapke model results for Mars analog soils.

Sample w 0 (°) h BO 14 b c bes No.

AREF 235 (HWMK 101)

450 nm 0.15 10 0.063 1.00 -0.154 0.01 680

(HG1) +0.00, —0.00 +1, -1 +0.002, —0.003 LECAEEE +0.005, —0.005

(HG2) 022 19 0.041 1.00 0376 0.286 0 680
+0.00, —0.00 +0, —0 +0.002, —0.001 tomy oo +0.002, —0.003 +0.005, —0.005

480 nm 0.26 11 0.063 1.00 -0.115 0.03 680

(HG1) +0.00, —0.00 +1, -0 +0.010, —0.002 [ p—— +0.010, —0.004

(HG2) 037 22 0.032 1.00 0.39 0.225 0.01 680
+0.00, —0.01 +0, —0 +0.002, —0.001 +omy oo +0.004, —0.004 +0.006, —0.005

530 nm 0.4 13 0.064 1.00 -0.118 0.05 680

(HG1) +0.00, —0.00 +1, -1 +0.005, —0.005 ey - +0.005, —0.007

(HG2) 0.51 22 0.034 1.00 0.349 0.296 0.01 680
+0.00, —0.00 +0, —0 +0.002, —0.001 tomy--- +0.005, —0.005 +0.008, —0.008

600 nm 0.61 8 0.063 1.00 -0.124 0.05 680

(HG1) +0.00, —0.00 +1, -0 +0.002, —0.005 +ey - +0.002, —0.005

(HG2) 0.67 15 0.027 1.00 0.291 0.469 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.000 +omy o= +0.003, —0.003 +0.008, —0.005

670 nm 0.7 16 0.053 1.00 -0.13 0.18 680

(HG1) +0.00, —0.00 +0, -0 +0.007, —0.006 +--y --- +0.006, —0.007

(HG2) 0.79 21 0.01 1.00 0372 036 0.1 680
+0.01, —0.00 +0, —0 +0.002, —0.001 +ony - +0.005, —0.005 +0.009, —0.010

750 nm 0.78 10 0.056 1.00 -0.111 0.12 640

(HG1) +0.00, —0.00 +1, -0 +0.005, —0.003 +-oy --- +0.006, —0.004

(HG2) 0.84 16 0.017 1.00 0.343 0.365 0.03 640
+0.00, —0.00 +0, —0 +0.001, —0.000 +on - +0.004, —0.004 —0.006, +0.006

800 nm 0.76 12 0.055 1.00 -0.129 0.11 680

(HG1) +0.00, —0.00 +0, -0 +0.004, —0.005 +--, --- +0.005, —0.003

(HG2) 0.83 19 0.016 1.00 0.358 0.351 0.04 680
+0.00, —0.00 +0, —0 +0.002, —0.000 ey o= +0.004, —0.004 +0.006, —0.008

860 nm 0.73 14 0.057 1.00 -0.115 0.15 640

(HG1) +0.00, —0.00 +0, -0 +0.005, —0.005 [ p—— +0.005, —0.006

(HG2) 0.81 20 0.01 1.00 0.386 0316 0.06 640
+0.01, —0.00 +1, -0 +0.002, —0.001 tony oo +0.002, —0.009 +0.004, —0.011

900 nm 0.76 2 0.047 1.00 —-0.133 0.06 680

(HG1) +0.00, —0.00 oy - +0.007, —0.001 +ony - +0.005, —0.004

(HG2) 0.8 13 0.028 093 0.256 0.555 0.05 680
+0.00, —0.00 +0, —0 +0.007, —0.003 Fomy oo +0.005, —0.005 +0.011, —0.013

930 nm 0.75 11 0.051 1.00 —-0.12 0.07 680

(HG1) +0.00, —0.00 +1, -0 +0.005, —0.002 +--, --- +0.005, —0.003

(HG2) 0.8 16 0.016 1.00 0.304 0.454 0.03 680
+0.00, —0.00 +0, —0 +0.001, —0.000 oy - +0.002, —0.003 +0.005, —0.007

990 nm 0.74 11 0.053 1.00 —0.126 0.1 680

(HG1) +0.00, —0.00 +0, -0 +0.005, —0.003 +--, --- +0.005, —0.004

(HG2) 0.81 17 0.014 1.00 0.334 042 0.03 680
+0.00, —0.00 +0, —0 +0.001, —0.000 +omy oo +0.003, —0.002 +0.006, —0.005

AREF 236 (HMWK 904)

450 nm 0.18 5 0.066 1.00 —0.104 0.02 680

(HG1) +0.00, —0.00 +1, -2 +0.004, —0.002 +--y --- +0.006, —0.003

(HG2) 023 14 0.045 1.00 0332 0318 0 680
+0.01, —0.00 +2, -0 +0.012, —0.010 +ony - +0.004, —0.002 +0.002, —0.027

480 nm 0.22 14 0.058 1.00 —0.151 0.02 680

(HG1) +0.00, —0.00 +1, -1 +0.011, —0.001 +--, --- +0.010, —0.004

(HG2) 0.28 20 0.068 1.00 0.326 0335 0 680
+0.04, —0.00 +2, —1 +0.013, —0.040 +on - +0.034, —0.003 +0.036, —0.013

530 nm 0.31 12 0.064 1.00 —-0.132 0.03 680

(HG1) +0.00, —0.00 +0, -1 +0.003, —0.002 [ p—— +0.005, —0.004

(HG2) 04 20 0.036 1.00 0.345 0317 0.01 680
+0.00, —0.00 +0, —0 +0.002, —0.001 -, -— +0.003, —0.005 +0.006, —0.007

600 nm 0.48 7 0.059 1.00 -0.14 0.04 680

(HG1) +0.00, —0.00 +2, -0 +0.012, —0.004 ey - +0.011, —0.004

(HG2) 0.55 15 0.041 1.00 0.288 0.457 0.01 680
+0.00, —0.00 +0, —0 +0.002, —0.001 +emy - +0.003, —0.004 +0.009, —0.007

670 nm 0.55 10 0.061 1.00 —0.145 0.06 680

(HG1) +0.00, —0.00 +0, -0 +0.003, —0.002 +--, --- +0.004, —0.004

(HG2) 0.62 15 0.027 1.00 0.308 0.481 0.02 680
+0.02, —0.01 +3, -0 +0.032, —0.008 ey oo +0.010, —0.019 +0.013, —0.069

750 nm 0.63 12 0.045 1.00 -0.167 0.08 640

(HG1) +0.02, —0.01 +4, -1 +0.058, —0.013 +--y --- +0.049, —0.008

(HG2) 0.72 19 0.019 1.00 0327 0.447 0.03 640
+0.00, —0.00 +0, —0 +0.002, —0.000 +omy - +0.003, —0.004 +0.007, —0.008

800 nm 0.65 13 0.062 1.00 —0.131 0.07 680

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.004 +--, --- +0.003, —0.005

(HG2) 0.74 20 0.025 1.00 0332 0375 0.03 680

+0.00, —0.00 +0, -0 +0.002, —0.001 tomy o +0.004, —0.004 +0.008, —0.009
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Table 1 (continued)

Sample w 0 (°) h B0 14 b c Ves No.

860 nm 0.6 15 0.061 1.00 -0.132 0.09 640

(HG1) +0.00, —0.00 +0, -0 +0.004, —0.004 +omy - +0.004, —0.005

(HG2) 0.69 20 0.017 0.99 0.349 0.384 0.04 640
+0.00, —0.00 +0, —0 +0.002, —0.000 +ony oo +0.005, —0.005 +0.009, —0.009

900 nm 0.66 6 0.055 1.00 -0.11 0.06 680

(HG1) +0.00, —0.00 +1, -1 +0.012, —0.001 +eny = +0.010, —0.001

(HG2) 0.73 15 0.026 1.00 0.294 0421 0.02 680
+0.00, —0.00 +0, —0 +0.002, —0.001 - - +0.004, —0.004 +0.006, —0.008

930 nm 0.67 12 0.059 1.00 —0.109 0.07 680

(HG1) +0.00, —0.00 +0, -1 +0.009, —0.002 *esy - +0.005, —0.005

(HG2) 0.74 18 0.02 1.00 0.324 0.386 0.02 680
+0.00, —0.00 +0, —0 +0.001, —0.000 e - +0.003, —0.003 +0.006, —0.006

990 nm 0.7 11 0.055 1.00 —0.107 0.09 680

(HG1) +0.00, —0.00 +1, -0 +0.011, —0.002 +-y - +0.010, —0.003

(HG2) 0.78 18 0.017 1.00 0.338 0.357 0.03 680
+0.00, —0.00 +0, —0 +0.001, —0.000 e - +0.004, —0.003 +0.006, —0.006

AREF 237 (HWMK 940)

450 nm 0.24 8 0.058 1.00 —0.195 0.01 680

(HG1) +0.00, —0.00 +1, -1 +0.001, —0.001 *eny - +0.002, —0.002

(HG2) 0.27 15 0.055 1.00 0.273 0.611 0 680
+0.03, —0.00 +6, —0 +0.013, —0.015 e - +0.007, —0.003 +0.006, —0.063

480 nm 0.32 15 0.06 1.00 —0.182 0.01 680

(HG1) +0.00, —0.00 +1, -0 +0.001, —0.002 Hemy oo +0.002, —0.004

(HG2) 0.39 21 0.05 1.00 0.289 0.505 0 680
+0.00, —0.00 +0, -0 +0.001, —0.002 Femy mm- +0.004, —0.001 +0.011, —0.005

530 nm 0.41 17 0.058 1.00 —-0.182 0.02 680

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.002 +omy - +0.001, —0.002

(HG2) 0.47 22 0.04 1.00 0.285 0.555 0.01 680
+0.00, —0.00 +1, -0 +0.008, —0.002 +ony oo +0.003, —0.008 +0.008, —0.018

600 nm 0.49 14 0.058 1.00 -0.173 0.02 680

(HG1) +0.00, —0.00 +0, -0 +0.001, —0.001 +ony - +0.002, —0.002

(HG2) 0.55 19 0.036 1.00 0.271 0.599 0.01 680
+0.00, —0.01 +0, -1 +0.004, —0.000 - - +0.001, —0.008 +0.010, —0.005

670 nm 0.5 15 0.058 1.00 -0.167 0.03 680

(HG1) +0.00, —0.00 +0, -0 +0.001, —0.002 *es - +0.002, —0.004

(HG2) 0.56 20 0.031 1.00 0.282 0.554 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.000 +om - +0.003, —0.003 +0.008, —0.007

750 nm 0.53 15 0.062 1.00 -0.153 0.02 640

(HG1) +0.00, —0.00 +0, -1 +0.002, —-0.011 *emy - +0.001, —0.010

(HG2) 0.57 18 0.033 1.00 0.26 0.603 0.01 640
+0.00, —0.00 +0, —0 +0.002, —0.000 e - +0.003, —0.003 +0.007, —0.010

800 nm 0.51 14 0.054 1.00 —0.147 0.03 680

(HG1) +0.01, —0.00 +1, -0 +0.014, —0.004 +-o - +0.013, —0.001

(HG2) 0.59 21 0.031 1.00 0.3 0.429 0.01 680
+0.00, —0.00 +0, -0 +0.001, —0.000 teny -me +0.005, —0.003 +0.010, —0.006

860 nm 0.46 16 0.067 1.00 —0.155 0.04 680

(HG1) +0.01, —0.00 +1, -0 +0.003, —0.017 +-- - +0.007, —0.010

(HG2) 0.55 22 0.028 1.00 0.312 0.45 0.02 680
+0.01, —0.00 +0, -0 +0.002, —0.001 ooy e +0.006, —0.004 +0.011, —0.010

900 nm 0.46 12 0.06 1.00 -0.154 0.02 680

(HG1) +0.00, —0.00 +0, -0 +0.001, —0.001 +on - +0.002, —0.002

(HG2) 0.52 18 0.038 1.00 0.273 0.529 0.01 680
+0.00, —0.01 +0, —1 +0.011, —0.001 +ony oo +0.001, —0.010 +0.005, —0.015

930 nm 0.46 14 0.062 1.00 —0.145 0.03 680

(HG1) +0.00, —0.01 +0, -2 +0.007, —-0.011 +es, - +0.002, —0.010

(HG2) 0.53 20 0.037 0.99 0.29 0.468 0.01 680
+0.00, —0.00 +0, —0 +0.003, —0.001 ey oo +0.005, —0.005 +0.010, —0.012

990 nm 0.47 12 0.062 1.00 —0.145 0.03 680

(HG1) +0.00, —0.00 +0, -0 +0.001, —0.002 +-- - +0.001, —0.005

(HG2) 0.52 17 0.052 1.00 0.256 0.522 0.01 680
+0.02, —0.00 +2, —1 +0.003, —0.014 +om - +0.021, —0.002 +0.030, —0.011

AREF 238 (HWMK 600)

450 nm 0.17 6 0.063 1.00 —0.149 0.01 680

(HG1) +0.00, —0.00 +1, -1 +0.002, —0.002 Hemy oo +0.004, —0.004

(HG2) 0.24 18 0.04 1.00 0.361 0.302 0 680
+0.00, —0.02 +0, —4 +0.024, —0.001 Femy mme +0.001, —0.013 +0.015, —0.005

480 nm 0.24 14 0.06 1.00 —-0.168 0.02 680

(HG1) +0.00, —0.00 +1, -1 +0.002, —0.002 +omy - +0.004, —0.002

(HG2) 0.32 23 0.043 1.00 0.326 0.377 0 680
+0.00, —0.00 +0, —0 +0.003, —0.001 +ony oo +0.001, —0.004 +0.005, —0.009

530 nm 0.35 12 0.062 1.00 —0.139 0.03 680

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.002 +omy - +0.002, —0.004

(HG2) 043 20 0.043 1.00 0.315 0.372 0.01 680
+0.00, —0.00 +0, —0 +0.002, —0.002 *emy - +0.005, —0.001 +0.006, —0.007

(continued on next page)
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Table 1 (continued)

Sample w 0 (°) h BO 14 b c b No.

600 nm 0.51 11 0.06 1.00 —-0.143 0.02 680

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.001 +ony - +0.001, —0.002

(HG2) 0.56 17 0.039 1.00 0.258 0.544 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.001 +emy - +0.004, —0.002 +0.007, —0.009

670 nm 0.55 11 0.06 1.00 —0.139 0.05 680

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.002 +-n, === +0.003, —0.003

(HG2) 0.62 17 0.032 1.00 0.295 0472 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.000 - oo +0.004, —0.004 +0.007, —0.008

750 nm 0.57 15 0.062 1.00 —0.147 0.08 640

(HG1) +0.00, —0.00 +0, -0 +0.003, —0.006 +eny == +0.004, —0.006

(HG2) 0.66 20 0.021 1.00 0.336 0427 0.04 640
+0.01, —0.00 +0, —0 +0.002, —0.001 +on - +0.005, —0.005 +0.010, —0.009

800 nm 0.59 15 0.054 1.00 —0.148 0.06 680

(HG1) +0.00, —0.00 +1, -0 +0.011, —0.004 +-- - +0.009, —0.005

(HG2) 0.67 21 0.018 1.00 0.331 0.438 0.02 680
+0.00, —0.00 +0, —0 +0.002, —0.000 +on - +0.003, —0.005 +0.006, —0.010

860 nm 0.59 10 0.062 1.00 —0.116 0.04 640

(HG1) +0.00, —0.00 +0, -0 +0.002, —0.002 +oy - +0.004, —0.002

(HG2) 0.64 16 0.029 1.00 0.272 0.48 0.01 640
+0.00, —0.00 +0, -0 +0.001, —0.000 Femy - +0.003, —0.003 +0.007, —0.006

900 nm 0.61 5 0.054 1.00 —0.123 0.04 680

(HG1) +0.00, —0.00 +2, -0 +0.014, —0.001 +ony - +0.011, —0.001

(HG2) 0.66 13 0.036 0.98 0.263 0.498 0.01 680
+0.00, —0.00 +0, -0 +0.003, —0.002 Fomy mme +0.006, —0.005 +0.012, —0.011

930 nm 0.6 6 0.062 1.00 -0.11 0.05 680

(HG1) +0.00, —0.00 +1, -1 +0.002, —0.002 +ony - +0.003, —0.002

(HG2) 0.66 13 0.031 1.00 0.274 0.467 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.000 Fomy oo +0.004, —0.003 +0.006, —0.006

990 nm 0.62 8 0.06 1.00 —0.106 0.04 680

(HG1) +0.00, —0.00 +1, -0 +0.004, —0.001 *Fony - +0.005, —0.002

(HG2) 0.67 15 0.028 0.98 0.271 047 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.001 Fomy - +0.006, —0.003 +0.011, —0.006

JSC1 (bulk)

450 nm 0.15 11 0.098 1.00 —0.068 0.01 680

(HG1) +0.01, —0.01 oy mmm +0.023, —-0.058 +ony - +0.012, —0.065

(HG2) 0.2 17 0.04 1.00 0.324 0.295 0 680
+0.00, —0.00 +1, —1 +0.014, —0.002 Foey oo +0.005, —0.009 +0.007, —0.020

480 nm 0.19 15 0.064 1.00 -0.134 0.01 680

(HG1) +0.00, —0.00 +1, -1 +0.004, —0.002 +ony - +0.005, —0.005

(HG2) 0.26 23 0.048 1.00 0.337 0.299 0 680
+0.01, —0.00 +1, -1 +0.003, —0.014 Feny om +0.017, —0.002 +0.018, —0.008

530 nm 0.3 14 0.064 1.00 -0.119 0.02 680

(HG1) +0.00, —0.00 +1, -0 +0.003, —0.002 +eny == +0.004, —0.004

(HG2) 0.39 22 0.039 0.99 0.31 0.335 0 680
+0.01, —0.00 +1, -0 +0.002, —0.010 +on - +0.011, —0.004 +0.016, —0.009

600 nm 0.46 13 0.063 1.00 -0.112 0.03 680

(HG1) +0.00, —0.00 +1, -0 +0.004, —0.002 Femy = +0.005, —0.002

(HG2) 0.54 20 0.022 1.00 0.295 0422 0.01 680
+0.00, —0.00 +0, —0 +0.002, —0.001 +on - +0.003, —0.003 +0.006, —0.006

670 nm 0.54 15 0.062 1.00 —0.123 0.04 680

(HG1) +0.00, —0.00 +1, -0 +0.005, —0.003 +-y - +0.005, —0.005

(HG2) 0.61 20 0.016 1.00 0.301 0476 0.02 680
+0.01, —0.01 +1, -0 +0.013, —0.000 Feny -me +0.001, —0.011 +0.004, —0.021

750 nm 0.61 15 0.054 1.00 —0.121 0.04 640

(HG1) +0.00, —0.01 +0, -1 +0.014, —0.004 +--y - +0.010, —0.006

(HG2) 0.68 20 0.019 0.93 0.301 0.446 0.02 640
+0.00, —0.00 +0, -0 +0.004, —0.000 Fomy mme +0.004, —0.004 +0.010, —0.009

800 nm 0.6 16 0.069 1.00 —0.101 0.06 680

(HG1) +0.01, —0.00 +1, -0 +0.003, —0.019 +ony - +0.005, - 0.012

(HG2) 0.71 23 0.013 1.00 0.35 0317 0.03 680
+0.01, —0.01 +0, —1 +0.003, —0.000 oy oo +0.005, —0.005 +0.010, - 0.007

860 nm 0.66 10 0.064 1.00 —0.096 0.06 640

(HG1) +0.00, —0.00 +1, -0 +0.004, —0.008 +en, == +0.006, —0.003

(HG2) 0.73 16 0.021 0.96 0.294 0413 0.02 640
+0.00, —0.00 +0, —0 +0.004, —0.001 oy oo +0.004, —0.004 +0.008, —0.008

900 nm 0.64 8 0.056 1.00 —0.092 0.05 680

(HG1) +0.01, —0.00 +3, -0 +0.016, —0.006 Heny oo +0.015, —0.002

(HG2) 0.72 17 0.017 1.00 0.309 0.361 0.02 680
+0.00, —0.00 +0, -0 +0.004, —0.000 Feny -me +0.003, —0.004 +0.005, —0.006

930 nm 0.62 13 0.065 1.00 —0.084 0.06 680

(HG1) +0.00, —0.00 +0, —0 +0.005, —0.003 Foey - +0.005, —0.004

(HG2) 0.69 18 0.013 1.00 0.323 0.37 0.02 680
+0.00, —0.00 +0, -0 +0.002, —0.000 +eny -m- +0.003, —0.003 +0.006, —0.005

990 nm 0.63 13 0.063 1.00 —0.087 0.05 680

(HG1) +0.00, —0.00 +0, -0 +0.004, —0.003 +ony - +0.004, —0.004
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Table 1 (continued)

Sample w 0 (°) h B0 14 b c Ves No.

(HG2) 0.71 19 0.016 1.00 0.315 0.368 0.02 680
+0.00, —0.00 +0, -0 +0.002, —0.000 oy - +0.003, —0.003 +0.006, —0.006

HWMK 600 (150-1000 pm)

450 nm 023 3 0.069 1.00 —0.091 0.02 680

(HG1) +0.00, —0.00 Fom) mmm +0.003, —0.003 Fon, mmm +0.002, —0.007

(HG2) 0.28 12 0.065 1.00 0.303 0.336 0.01 680
+0.01, —0.02 Heoy oo +0.037, —0.031 oo - +0.011, —0.002 +0.116, —0.003

550 nm 0.35 0 0.063 1.00 -0.117 0.02 680

(HG1) +0.00, —0.00 Fem) o +0.003, —0.001 [ — +0.004, —0.003

(HG2) 0.37 6 0.06 1.00 0.244 0.527 0.01 680
+0.01, —0.00 ooy --- +0.004, —0.013 ooy --- +0.011, —0.003 +0.045, —0.004

750 nm 0.49 4 0.065 1.00 -0.11 0.03 680

(HG1) +0.00, —0.00 -, --- +0.002, —0.007 +--, --- +0.002, —0.006

(HG2) 0.51 5 0.04 1.00 0211 0.647 0.02 680
+0.00, —0.00 +1, -1 +0.002, —0.001 ey - +0.004, —0.004 +0.008, —0.009

950 nm 0.49 1 0.067 1.00 —0.083 0.03 680

(HG1) +0.00, —0.00 +--y - +0.003, —0.002 +--, - +0.004, —0.002

(HG2) 0.51 3 0.034 1.00 0.224 0.557 0.02 680
+0.00, —0.00 S T— +0.002, —0.001 ey +0.003, —0.005 +0.005, —0.009

JSC1 (<45 pm)

450 nm 0.35 0 0.077 1.00 0.035 0.05 680

(HG1) +0.00, —0.00 +--y - +0.019, —0.003 +-- - +0.014, —0.006

(HG2) 0.47 16 0.025 1.00 0.434 0.124 0.01 680
+0.08, —0.01 +4, -0 +0.002, —0.002 ey - +0.005, —0.005 +0.003, —0.003

550 nm 0.63 2 0.078 1.00 0.019 0.11 680

(HG1) +0.01, —0.00 Homy - +0.020, —-0.011 oy oo +0.017, —0.007

(HG2) 0.78 17 0.012 1.00 0.558 0.063 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.000 ey - +0.003, —0.004 +0.001, —0.001

750 nm 0.87 0 0.062 1.00 0.008 0.17 680

(HG1) +0.00, —0.00 +--, --- +0.013, —0.004 +--, --- +0.012, —0.005

(HG2) 0.93 14 0.034 0.81 0423 0.128 0.02 680
+0.00, —0.01 +0, —1 +0.001, —0.019 ooy - +0.027, —0.009 +0.027, —0.007

950 nm 0.89 3 0.069 1.00 0.038 0.19 680

(HG1) +0.00, —0.00 +1, -2 +0.010, —0.002 [ +0.005, —0.005

(HG2) 0.93 13 0.017 1.00 0.447 0.111 0.02 680
+0.00, —0.00 +0, —0 +0.002, —0.000 tomy --- +0.003, —0.004 +0.001, —0.003

Pahala ash

450 nm 0.35 3 0.07 1.00 —0.082 0.05 680

(HG1) +0.00, —0.00 +--, --- +0.003, —0.003 +--, --- +0.004, —0.005

(HG2) 042 12 0.041 1.00 0.339 0.303 0.01 680
+0.00, —0.00 +0, —1 +0.005, —0.001 ooy - +0.001, —0.004 +0.003, —0.010

550 nm 0.68 3 0.07 1.00 —0.068 0.11 680

(HG1) +0.00, —0.00 e o +0.003, —0.003 [ —— +0.003, —0.002

(HG2) 0.74 11 0.033 1.00 0.31 0.346 0.02 680
+0.00, —0.00 +0, —0 +0.001, —0.001 oo - +0.004, —0.004 +0.007, —0.008

750 nm 0.9 2 0.067 1.00 —0.05 0.15 680

(HG1) +0.00, —0.00 +--, --- +0.004, —0.002 +--, --- +0.004, —0.002

(HG2) 0.91 5 0.03 1.00 0.27 0.408 0.03 680
+0.00, —0.00 +1, -0 +0.001, —0.000 ey - +0.004, —0.004 +0.005, —0.010

950 nm 0.91 0 0.058 1.00 —0.025 0.2 680

(HG1) +0.00, —0.00 oy - +0.027, —0.002 oy - +0.016, —0.010

(HG2) 0.92 6 0.026 0.96 0.302 0.331 0.03 680
+0.00, —0.00 +2, -1 +0.002, —0.006 ey - +0.009, —0.007 +0.011, —0.013

SCB5

450 nm 0.86 0 0.082 1.00 0.041 0.18 680

(HG1) +0.00, —0.00 +--, --- +0.010, —0.006 +--, --- +0.009, —0.006

(HG2) 0.89 7 0.018 1.00 0332 0.245 0.02 680
+0.01, —0.00 +4, —1 +0.042, —0.004 ey - +0.007, —0.003 +0.002, —0.030

550 nm 0.91 2 0.088 1.00 0.072 0.21 680

(HG1) +0.00, —0.00 +--y --- +0.004, —0.008 +-oy --- +0.003, —0.006

(HG2) 093 7 0.021 1.00 0.357 0.19 0.01 680
+0.00, —0.00 +0, -0 +0.001, —0.001 ey - +0.002, —0.002 +0.004, —0.002

750 nm 0.95 2 0.086 1.00 0.104 0.21 680

(HG1) +0.00, —0.00 +1, -2 +0.012, —0.005 +--, --- +0.012, —0.006

(HG2) 0.97 7 0.026 1.00 0.354 0.16 0.02 680
+0.00, —0.00 +0, -0 +0.001, —0.000 ooy - +0.002, —0.004 +0.002, —0.004

950 nm 0.97 0 0.095 1.00 0.158 0.22 680

(HG1) +0.00, —0.00 [ +0.013, —0.012 [ S +0.017, —0.013

(HG2) 0.98 8 0.062 0.97 0.392 0.092 0.02 680
+0.00, —0.00 +1, -2 +0.001, —0.043 oy --- +0.014, —0.005 +0.033, —0.003

SCB5 + spherules

450 nm 0.62 27 0.045 1.00 -0.154 0.65 680

(HG1) +0.01, —0.01 +1, -1 +0.026, —0.013 +--, --- +0.022, —0.019

(continued on next page)
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Table 1 (continued)

Sample w 0 (°) h BO 14 b c b No.

(HG2) 0.7 28 0.107 0.28 0.367 0.406 0.61 680
+0.02, —0.02 +2, -2 +0.051, —0.106 +0.17, —0.20 +0.035, —0.026 +0.078, —0.034

550 nm 0.67 27 0.035 0.95 -0.172 0.97 680

(HG1) +0.01, —0.01 +1, -1 +0.025, —0.015 +omy - +0.028, —0.020

(HG2) 0.76 27 0.008 0.45 0.401 0.397 0.9 680
+0.01, —0.01 +1, —1 +0.026, —0.007 ooy - +0.011, —0.016 +0.022, —0.031

750 nm 0.77 25 0.021 1.00 -0.187 14 680

(HG1) +0.01, —0.01 +1, —1 +0.018, —0.005 omy oo - +0.021, —0.015

(HG2) 0.84 25 0.022 0 0.405 0419 1.28 680
+0.06, —0.01 +4, —1 LR LR +0.013, —0.035 +0.024, —0.098

950 nm 0.78 24 0.02 1.00 -0.197 1.78 680

(HG1) +0.01, —0.01 +1, -1 +0.016, —0.005 LR +0.021, -0.016

(HG2) 0.93 24 0 0.8 0.801 0.029 1.57 680
+0.00, —0.00 +1, —1 Fomy - ey - +0.005, —0.006 +0.001, —0.001

“+--, ---" parameter is under-constrained by data.

(HG1) = 1-term Henyey-Greenstein model results; (HG2) = 2-term Henyey Greenstein model results (in italics).
w = single-scattering albedo, § = macroscopic roughness parameter, h = opposition effect width, B0 = opposition effect height, ¢ = 1-term HG asymmetry parameter, b = 2-term
HG asymmetry parameter, ¢ = 2-term HG backscattering parameter, 2 = reduced chi-square error, No. = number of BUG observations.

ratios varied with phase angle in our samples (referred to here as
ratio phase curves). This phenomenon was noted in early spectral
studies of the Moon (e.g., Gehrels et al., 1964; Hapke and Kopal,
1971), and has recently been observed in data from the Lunar
Reconnaissance Orbiter (LRO) wide-angle camera (Hapke et al.,
2012). It has also been noted in telescopic data for Mercury (Warell
and Bergfors, 2008) but not in MESSENGER spacecraft MDIS data. It
has been observed in asteroids (e.g., Clark et al., 2002; Magrin et al.,
2012; Sanchez et al., 2012), although Asteroid 44 Nysa actually be-
comes bluer with increasing phase angle (Rosenbush et al., 2009).
Early laboratory studies also observed phase reddening of pow-
dered rock samples up to phase angles of 30-60°, followed by
the opposite effect at higher phase (e.g., Adams and Filice, 1967;
Gradie et al., 1980). A similar result was reported by Schrdder
et al. (2011) for granular rock samples (for 600/500 nm and 500/
400 nm ratios) and by Kaydash et al. (2010) for Apollo lunar soils,
although Beck et al. (2012) reported steadily increasing 750/
450 nm ratios with phase angle for meteorite powders. O’Leary
and Briggs (1970) and Hapke et al. (1998) observed phase redden-
ing for Apollo 11 soil, as did Akimov et al. (1979) and Shkuratov
et al. (1999) for Luna soils. These authors also observed minima
in ratio phase curves centered near 5-15°, at least for mare soils
(Apollo 11, Luna 16 and 24). Shkuratov et al. (2011) referred to this
as a “colorimetric opposition effect,” which has also been observed
to varying degrees in Clementine (e.g., Shkuratov et al., 1999) and
LRO wide-angle camera (WAC) data (Hapke et al., 2012).

Fig. 14 shows near-infrared/visible radiance factor ratios as a
function of phase angle for all samples. Most of the Mars analog
samples show initial phase reddening that falls off at phase angles
varying from ~50° to 80°. The AREF 237 (HWMK 94) and SCB5
samples demonstrate flat to slightly reddening slopes with phase
angle. The addition of spherules to the SCB5 soil causes in a slight
increase in phase reddening. Most of the lunar analog soils show
flat to slightly reddening slopes, whereas the MLS-1 (500-
840 pum) sample becomes bluer at high phase angles (>125°) and
the JSC-1AF and Apollo soils exhibit slight falloffs near 55° and
80°, respectively. The 10084 Apollo 11 soil exhibits an increase in
750/450 nm ratio values at phase angles <10° (Fig. 15). This is an
example of the color opposition effect (Shkuratov et al., 2011),
and is not observed for the 68810 sample. Moreover, simple qua-
dratic fits to the two soil plots demonstrate a crossover in phase
reddening at about 38°, beyond which the 10084 soil exhibit a less
red slope than the 68810 soil. This is similar to the results found by
Kaydash et al. (2010) using the laboratory spectra of mare and
highland Apollo soils from Pieters et al. (1991).

5. Discussion
5.1. Model parameter behaviors

Constraints on the modeled Hapke parameters vary among
samples, depending on the parameter and the type of phase func-
tion used (Tables 1 and 2). As is often found in photometric mod-
eling efforts, the single-scattering albedo w is the best constrained
parameter. The shapes of the w spectra shown in Figs. 5 and 6 tend
to mimic their spectral reflectance curves well (cf., Taylor et al.,
2001; Hamilton et al., 2008). Values of w modeled using 1-term
HG functions are consistently lower than those modeled using 2-
term HG functions, as are macroscopic roughness (0) values. Con-
versely, the opposition effect width (h) parameter values (when
well constrained) are almost always lower for the 2-term HG mod-
els. This type of interplay among Hapke model parameters is sim-
ilar to observations made by other workers (e.g., Goguen et al.,
2010; Shepard and Helfenstein, 2011).

Fine-grained samples tend to have higher w values than their
coarse-grained counterparts (e.g., JSC-1 (<45 pm), JSC-1AF) and
the lowest 0 values (e.g., SCB5 soil, Pahala ash). Cord et al. (2003)
and Helfenstein and Shepard (2007) both observed a decrease in
0 values with decreasing grain size in their laboratory studies,
and Shepard and Helfenstein (2007) suggest that bright surfaces
should appear smoother than dark surfaces, consistent with the re-
sults shown in Fig. 7. Further, Fig. 7 demonstrates little wavelength
dependency with 0 except for the Pahala ash, FJS-1, and MLS-1
(<1 mm and 500-840 pm) samples, which show a > 5° decrease
in roughness with increasing wavelength.

The only sample that exhibits appreciable change in h values
with wavelength (as modeled from 1-term HG solutions) is the
SCB5 soil with spherules. This sample shows decreased h values
with wavelength (Fig. 8) relative to the other samples for reasons
that may be related to its high 0 values and bimodal grain size dis-
tribution. Some of the highest h values are exhibited by the fine-
grained soils (SCB5, Pahala ash, JSC-1 (<45 um), JSC-1AF, FJS-1).
Larger h values previously would have been considered normal
for less porous samples and/or samples with a more uniform grain
size distribution, consistent with these soils. However, as described
above recent work suggests that such physical interpretations
should not be rigorously applied on the basis of Hapke modeling
(e.g., Helfenstein and Shepard, 2011; Shepard and Helfenstein,
2011).

Opposition effect magnitude (BO) values are under-constrained
in all models, but they are equal to our imposed limit of 1.0 for the
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Table 2
Hapke model results for lunar analog and Apollo soils.

Sample w 0(°) h BO 14 b c Ve No.

FS-1

410 nm 0.49 0 0.092 1.00 0.041 0.04 680

(HG1) +0.00, —0.00 R +0.003, —0.011 ompm - +0.002, —0.008

(HG2) 0.55 12 0.022 0.98 0.305 0.236 0.01 680
+0.00, —0.00 +0, -0 +0.006, —0.002 Fomp - +0.004, —0.005 +0.005, —0.006

550 nm 0.55 0 0.074 1.00 0.042 0.04 680

(HG1) +0.00, —0.00 [, +0.028, —0.000 [ R, +0.014, —0.004

(HG2) 0.59 7 0.023 1.00 0.271 0.28 0.01 680
+0.00, —0.00 +0, -0 +0.004, —0.001 oo - +0.004, —0.004 +0.005, —0.006

750 nm 0.59 2 0.09 1.00 0.065 0.05 680

(HG1) +0.00, —0.00 Fompmne +0.003, —0.004 [ —— +0.003, —0.004

(HG2) 0.63 5 0.023 1.00 0.264 0.269 0.01 680
+0.00, —0.00 +1, -0 +0.002, —0.001 oo oo +0.005, —0.003 +0.005, —0.005

950 nm 0.55 2 0.093 1.00 0.074 0.05 680

(HG1) +0.00, —0.00 [T +0.007, —0.004 L r— +0.004, —0.004

(HG2) 0.58 6 0.021 1.00 0.283 0.251 0.01 680
+0.00, —0.00 +0, —0 +0.001, —0.001 oo oo +0.004, —0.004 +0.004, —0.005

JSC—1 (<1 mm)

410 nm 0.25 13 0.067 1.00 -0.074 0.03 680

(HG1) +0.00, —0.00 +1, -0 +0.011, —0.002 [ —— +0.009, —0.003

(HG2) 0.32 20 0.076 0.92 0.332 0.237 0.01 680
+0.03, —0.01 +2, —1 +0.007, —0.059 ooy - +0.044, —0.007 (+0.065, —0.012

550 nm 0.33 13 0.076 1.00 -0.039 0.04 680

(HG1) +0.00, —0.00 +1, -1 +0.005, —0.002 L —— +0.006, —0.005

(HG2) 042 20 0.074 0.68 0.365 0.202 0.01 680
+0.05, —0.02 +2, -2 +0.007, —0.062 +0.32, -0.18 +0.042, —0.007 (+0.061, —0.008

750 nm 0.38 14 0.079 1.00 -0.023 0.06 680

(HG1) +0.00, —0.00 +0, —1 +0.006, —0.011 +oepm - +0.005, —0.006

(HG2) 0.52 22 0.01 1.00 0.432 0.161 0.02 680
+0.14, —0.01 +4, —1 +0.001, —0.010 ey +0.006, —0.005 (+0.005, —0.005

950 nm 0.37 13 0.077 1.00 -0.011 0.06 680

(HG1) +0.00, —0.00 +1, -1 +0.010, —0.005 +oepm - +0.008, —0.005

(HG2) 0.64 20 0.128 0.05 0.78 0.014 0.02 680
+0.00, —0.00 +1, -1 Fempmm - Fompm - +0.006,—-0.014 (+0.000,—0.003

JSC-1A

410 nm 0.23 12 0.08 1.00 -0.02 0.02 680

(HG1) +0.00,—0.00 +1,-0 +0.007,-0.007 +omopm o= +0.008,-0.006

(HG2) 0.31 20 0.016 0.95 0.379 0.21 0.01 680
+0.01,-0.01 +1,—1 +0.337,-0.001 Fompmm e +0.006,—-0.007 +0.007,—.060

550 nm 0.31 12 0.083 1.00 0.001 0.04 680

(HG1) +0.00,—0.00 +1,-0 +0.011,—0.005 +oo - +0.008,-0.004

(HG2) 0.42 20 0.1 0.39 0.41 0.156 0.02 680
+0.15,—-0.04 +5,-2 Fompm - oo - +0.033,—-0.033 +0.037,—-0.062

750 nm 0.65 26 0.113 1.00 0.701 0.06 680

(HG1) +0.02,-0.32 PR boopeee P +0.271,-0.765

(HG2) 0.63 18 0 0.13 0.812 0.009 0.01 680
+0.00,—0.00 +0,—0 ooy - oo - +0.001,—-0.001 +0.000,—0.000

950 nm 0.35 12 0.075 1.00 0.033 0.05 680

(HG1) +0.01,-0.01 +1,—-1 +0.030,-0.002 L —— +0.918,-0.005

(HG2) 0.57 22 0.001 0 0.611 0.045 0.02 680
+0.07,—-0.00 +1,-9 Fompm - Fompeom +0.012,—0.004 +0.001,—-0.013

JSC-1AF

410 nm 0.38 9 0.099 1.00 0.088 0.04 680

(HG1) +0.00,—0.00 +1,-0 +0.007,-0.004 [ —— +0.005,-0.004

(HG2) 0.48 15 0.011 0.99 0.405 0.145 0.01 680
+0.16,—-0.01 +5,—0 +0.003,—-0.011 oo - +0.004,—0.005 +0.003,—-0.062

550 nm 0.53 9 0.103 1.00 0.116 0.07 680

(HG1) +0.22,—-0.00 +1,-0 +0.010,-0.005 [ —— +0.750,-0.004

(HG2) 0.72 14 0.002 0.84 0.707 0.018 0.01 680
+0.00,—0.00 +0,—0 +0.006,—0.001 oo o- +0.003,—-0.046 +0.000,—0.006

750 nm 0.57 2 0.09 1.00 0.083 0.09 680

(HG1) +0.18, —0.01 +oepm - +0.112, —0.043 +oeopm o= +0.810, —0.027

(HG2) 0.76 14 0.063 0.05 0.719 0.017 0.01 680
+0.00, —0.01 +1, -0 Fomym [ +0.004, —0.039 +0.000, —0.005

950 nm 0.59 10 0.109 1.00 0.133 0.09 680

(HG1) +0.17, —0.00 +11, -1 +0.010, —0.009 +oopm o= +0.765, —0.007

(HG2) 0.76 13 0.136 0.87 0.723 0.009 0.01 680
+0.00, —0.00 +0, —1 Fompm e +0.08, —0.76 +0.011, —0.005 +0.004, —0.000

MILS-1 (500-840 um)

410 nm 0.31 11 0.074 1.00 0.009 0.02 680

(HG1) +0.01, —0.00 +1, -0 +0.017, —0.002 L +0.007, —0.003

(HG2) 0.57 25 0.004 0.98 0.674 0.023 0 680
+0.00, —0.00 +0, —0 +0.001, —0.001 e - +0.004, —0.004 +0.000, —0.000

(continued on next page)
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Table 2 (continued)

Sample w 0 (°) h BO 14 b c bes No.

550 nm 0.34 11 0.079 0.99 0.03 0.03 680

(HG1) +0.01, —-0.01 +1, -3 +0.023, —-0.011 ooy +0.021, —0.012

(HG2) 0.55 24 0.008 1.00 0.571 0.045 0.01 680
+0.03, —0.00 +1, -1 +0.047, —0.007 ey +0.013, —0.003 +0.002, —0.001

750 nm 0.34 10 0.089 1.00 0.057 0.03 680

(HG1) +0.00, —0.00 +1, -1 +0.006, —0.005 +--p--- +0.005, —0.005

(HG2) 0.6 20 0.151 0 0.741 0.014 0 680
+0.00, —0.00 +0, -0 Fomypm - oo +0.000, —0.004 +0.000, —0.000

950 nm 0.3 8 0.092 1.00 0.066 0.03 680

(HG1) +0.00, —0.00 +1, -1 +0.007, —0.008 +--p--- +0.008, —0.005

(HG2) 0.56 19 0.001 0.69 0.746 0.014 0 680
+0.00, —0.00 +0, —0 oo o o m +0.002, —0.004 +0.000, —0.004

MLS-1 (<1 mm)

410 nm 0.51 15 0.084 1.00 0.016 0.07 680

(HG1) +0.00, —0.00 +1, -0 +0.004, —0.010 oo +0.005, —0.008

(HG2) 0.71 22 0.5 0.59 0.628 0.028 0.02 680
+0.05, —0.00 +1, —6 oo o L — +0.066, —0.006 +0.011, —0.004

550 nm 0.6 13 0.077 1.00 0.026 0.08 680

(HG1) +0.00, —0.00 +1, -0 +0.011, —0.003 +oo-- +0.007, —0.006

(HG2) 0.79 18 0.148 051 0.753 0.012 0.02 680
+0.01, —0.00 +1, -2 ooy o e +0.033, —0.010 +0.004, —0.000

750 nm 0.61 13 0.063 1.00 0.03 0.08 680

(HG1) +0.01, —0.01 +1, -1 +0.040, —0.001 ooy - +0.031, —0.006

(HG2) 0.8 16 0.009 0.15 0.786 0.012 0.01 680
+0.00, —0.00 +0, —1 +oepm o= e +0.006, —0.012 +0.000, —0.002

950 nm 0.58 13 0.084 1.00 0.058 0.08 680

(HG1) +0.00, —0.00 +0, -0 +0.008,—0.005 ooy +0.006, —0.006

(HG2) 0.78 15 0.002 0 0.794 0.011 0.01 680
+0.00, —0.00 +0, -0 ooy tompm - +0.001, —0.001 +0.000, —0.000

MLS-1 (glass)

410 nm 0.21 12 0.093 1.00 0.102 0.02 680

(HG1) +0.27, —0.00 +22, -1 +0.015, —-0.010 +o - +0.862, —0.010

(HG2) 044 21 0.232 0 0.758 0.011 0 680
+0.00, —0.00 +0, —1 +oopm - oo +0.001, —0.002 +0.000, —0.000

550 nm 0.21 10 0.1 1.00 0.099 0.02 680

(HG1) +0.26, —0.00 +22, -1 +0.005, —0.008 oo +0.854, —0.007

(HG2) 042 23 0.001 0 0.666 0.024 0 680
+0.04, —0.00 +1, -6 ooy e- oo o- +0.005, —0.002 +0.000, —0.010

750 nm 0.23 7 0.097 1.00 0.101 0.02 680

(HG1) +0.25, —0.00 +24, -1 +0.008, —0.010 oo +0.796, —0.007

(HG2) 045 20 0.207 0.69 0.709 0.01 0 680
+0.02, —0.01 +2, -2 R L — +0.060, —0.022 +0.006, —0.000

950 nm 0.21 2 0.103 1.00 0.106 0.02 680

(HG1) +0.26, —0.00 oo +0.015, —0.010 +oop - +0.824, —0.011

(HG2) 045 18 0.099 0.07 0.763 0.01 0 680
+0.00, —0.00 +0, —1 oo o S — +0.006, —0.006 +0.000, —0.001

Apollo 11 10084

410 nm 0.21 0 0.05 1.00 —0.109 0.02 769

(HG1) +0.01, —-0.01 oo +0.056, —0.007 +----- +0.040, —0.014

(HG2) 0.27 14 0.035 1.00 0.343 0.309 0 769
+0.00, —0.00 +0, -0 +0.003, —0.001 oo +0.005, —0.004 +0.007, —0.007

550 nm 0.25 7 0.07 1.00 —0.086 0.03 769

(HG1) +0.00, —0.00 +1, -1 +0.004, —0.003 +-o--- +0.005, —0.005

(HG2) 0.31 14 0.034 1.00 0.343 0.299 0 769
+0.00, —0.00 +0, —0 +0.003, —0.001 oo m- +0.004, —0.005 +0.007, —0.005

750 nm 0.3 7 0.071 1.00 —0.075 0.04 769

(HG1) +0.00, —0.00 +1, -1 +0.003, —0.003 oo +0.005, —0.004

(HG2) 0.38 14 0.032 1.00 0.343 0.293 0 769
+0.00, —0.00 +0, —0 +0.002, —0.001 Fompm - +0.005, —0.004 +0.007, —0.005

950 nm 0.31 2 0.07 1.00 —0.071 0.04 769

(HG1) +0.01, —0.00 oo m- +0.022, —-0.017 +oo - +0.022, —0.012

(HG2) 0.39 14 0.035 1.00 0.338 0.29 0 769
+0.01, —0.00 +1, -0 +0.003, —0.004 oo +0.009, —0.002 +0.006, —0.010

Apollo 16 68810

410 nm 0.38 7 0.054 1.00 -0.13 0.1 765

(HG1) +0.00, —0.01 +3, -1 +0.019, —0.001 +oo-- +0.014, —0.007

(HG2) 0.45 15 0.042 1.00 0.325 0.367 0.01 765
+0.00, —0.00 +0, —0 +0.002, —0.003 Fomm - +0.006, —0.003 +0.011, —0.006

550 nm 0.44 7 0.062 1.00 -0.115 0.1 765

(HG1) +0.00, —0.00 +1, -1 +0.010, —0.001 tompee +0.007, —0.002

(HG2) 0.52 15 0.035 1.00 0334 0.347 0.01 765
+0.00, —0.00 +0, —0 +0.002, —0.001 Foopm - +0.004, —0.003 +0.006, —0.005

750 nm 0.52 8 0.069 1.00 —0.092 0.1 765

(HG1) +0.00, —0.00 +0, -1 +0.003, —0.007 oo - +0.002, —0.008
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Table 2 (continued)
Sample w 0 (°) h BO ¢ b c Ve No.
(HG2) 0.6 15 0.029 0.99 0.337 0.333 0.02 765
+0.00, —0.00 +0, —0 +0.002, —0.001 Fompmmm +0.005, —0.005 +0.006, —0.008
950 nm 0.56 7 0.065 1.00 —0.086 0.1 765
(HG1) +0.00, —0.00 +1, -0 +0.005, —0.002 ooy +0.005, —0.004
(HG2) 0.65 15 0.023 0.98 0.353 031 0.02 765
+0.00, —0.00 +0, —0 +0.002, —0.003 e +0.005, —0.005 +0.008, —0.008
“+--,---* parameter is under-constrained by data.

(HG1) = 1-term Henyey-Greenstein model results; (HG2) = 2-term Henyey Greenstein model results (in italics).
w = single-scattering albedo, 6 = macroscopic roughness parameter, h = opposition effect width, BO = opposition effect height, ¢ = 1-term HG asymmetry parameter, b = 2-term
HG asymmetry parameter, ¢ = 2-term HG backscattering parameter, 2 = reduced chi-square error, No. = number of BUG observations.
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Fig. 5. Single-scattering albedo spectra for Mars analog soils, modeled from 2-term Henyey-Greenstein functions for all samples (Table 1).

Apollo soils and all Mars analog soils except for the SCB5 soil with
spherules (particularly from the 2-term HG model results). How-
ever, BO values for the lunar analog samples are more often <1.0
(albeit under-constrained), with the MLS-1 glass sample having
the lowest average BO value of all samples (0.19). Although these
low values may imply that these samples allow more internal scat-
tering (lower opacity), the lack of well-constrained model results
for BO values limits this interpretation.

Fig. 9 demonstrates that increases in the 1-term HG asymmetry
parameter (&) with wavelength are apparent for some samples
(e.g., Pahala ash, AREF 237 (HWMK 940), SCB5 soil, JSC-1, ]JSC-
1A), but only the SCB5 soil with spherules exhibits a decrease
(greater backscattering) with wavelength. By comparison the 2-
term HG model results show an increase in forward scattering with
wavelength (Fig. 13) for both SCB5 samples as well as the JSC-1,
JSC-1A, and to a lesser extent both Apollo soils. Minor increases
in backscattering with wavelength are observed for the AREF 235
(HWMK 101) and AREF 238 (HWMK 600) samples, although with
variations among the different wavelengths.

We note that analyses of the lunar JSC-1 sample by Gunderson
et al. (2006) modeled w, h and 60 values smaller than those

presented here. Also, their 2-term HG b, c values are indicative of
a broader, more backscattering sample than shown here. These dif-
ferences may result because they prepared their sample by “sprin-
kling 1-2 mm of loose material over a packed surface” or because
of their lack of phase angle coverage >85°.

5.2. Results from 2-term HG phase functions

The 2-term HG phase function parameter plots in Figs. 10 and
11 demonstrate interesting overall trends in the samples. Samples
with fewer fine-grained components were more broadly backscat-
tering (low b, high c values). The AREF/HWMK, JSC-1 (<1 mm), and
Pahala ash Mars analog samples (Fig. 10) fall within a region
encompassing the agglutinate particles, clear spheres, and spheres
with a moderate density of internal scatterers from McGuire and
Hapke (1995). MER Spirit results from three representative areas
(Johnson et al., 2006a) range from granular soils near the landing
site and in the Gusev plains to the macroscopically smoother soils
near the base of Husband Hill. The SCB5 soil and JSC-1 (<45 pum)
samples were more narrowly forward scattering, consistent with
the smooth surface of these fine-grained samples.
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Fig. 7. Variation of roughness parameter (0) values with wavelength for all samples from 2-term HG models. Under-constrained model results for 3 wavelengths of the
HWMK 600 data 1044 are shown with values of 0.0.

with the significant fine-grained fraction in this split compared
to the 500-840 pm split. Most of the lunar analog 2-term HG phase
functions fall in the narrow, forward-scattering lobe in Fig. 11,

Among the lunar analog samples, the JSC-1AF sample exhibits
higher w values than its coarser-grained JSC-1A split, as expected.
The high w values for the <1 mm fraction of MLS-1 are consistent
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Fig. 9. Asymmetry parameter (&) values modeled from 1-term Henyey-Greenstein functions for all samples as a function of wavelength. Gray lines at ¢ = 0 delineate forward
scattering (& > 0) from backscattering (¢ < 0) behavior.

similar to the spheres of various surface textures with a low den-
sity of internal scatterers from McGuire and Hapke (1995). The

FJS-1, JSC-1, and JSC-1A were more broadly backscattering (low
b, high c values) than the other samples.
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Fig. 10. Parameters b and ¢ modeled from 2-term Henyey-Greenstein functions for Mars analog samples, compared to experimental results for artificial particles from
McGuire and Hapke (1995) and to MER Pancam results for representative Spirit (Johnson et al., 2006a) and Oppurtunity for (Johnson et al., 2006b) soils.

As noted above, some samples exhibit spectral variability in
their b and c values, or include the presence of outlier points for
some wavelengths (Figs. 10-13). These apparent aberrations were
investigated by performing additional model runs in which start-
ing values were varied; however, the same solutions were obtained
repeatedly. Comparison of all modeled parameters demonstrated
that under-constrained solutions for h values are sometimes corre-
lated with outlier points, suggesting that such points are the result
of relatively weak constraints on the overall model results.

Also of interest are samples modeled with b > 0.6 and c<0.1, a
region not represented by the samples studied by McGuire and
Hapke (1995). Fig. 11 demonstrates that the many of the JSC and

MLS lunar analog samples tend to plot in this region, indicative
of very narrowly forward-scattering materials. Repeated modeling
attempts using alternate starting conditions (or fixed values for
some parameters) resulted in the same modeled b, c parameters.
Hapke models from other workers have shown results occupying
this region in b, ¢ space. For example, the MER Pancam models
from Johnson et al. (2006a,b) reported low c/high b values for some
dust-poor (“gray”) rocks and one dusty soil (Paso Robles prior to a
dust-cleaning event on Husband Hill at the Spirit site), as well as
some rover tracks from the Opportunity site. In their models of
High Resolution Stereo Experiment (HRSC) orbital data of Gusev
Crater, Jehl et al. (2011) also reported that one unit exhibited low
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Fig. 11. Parameters b and ¢ modeled from 2-term Henyey-Greenstein functions for lunar analog samples, compared to experimental results for artificial particles from
McGuire and Hapke (1995). Inset shows detail of low c/high b valued results.

c/high b values. This unit was modeled with the lowest macro-
scopic roughness and highest w values of all units. Combined with
the unit’s sporadic distribution with the region studied, this lead
Jehl et al. (2008) to suggest that the materials were preserved lay-
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that laboratory samples composed of >30% isolated translucent
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b values. Beck et al. (2012) report similar values in their models of
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Fig. 12. Spectral variability of 2-term HG b parameter for all samples.
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Fig. 15. Ratio of near-infrared to visible radiance factor values as a function of
phase angle for Apollo 11 and 16 soil samples, showing crossover near 38° between
the two samples, as well as an upturn shortward of ~10° phase angle for the 10084
sample.

meteorite powders for the C1 chondrite Orgueil, the HED eucrite
Millbillillie, and the lunar meteorite MAC 88105. However, addi-
tional measurements are needed to further reconcile the properties
of particles from which model results occupy this region of b, ¢
space.

5.3. Spherule experiment

Comparison of the SCB5 samples with and without the added
spherules is particularly interesting. Upon addition of the spher-
ules, w decreased substantially (Fig. 5), and the average 0 increased
from 7° to 26°, the highest value of all samples studied here and
comparable to the values modeled for spherule-rich soils from
MER Opportunity data within Eagle and Endurance craters (John-
son et al., 2006b). For comparison, 0 values modeled for soils from
MER Spirit and Mars Pathfinder data ranged from ~2° to 19° (John-
son et al., 1999, 2006a). The 1-term HG h value also decreased from
0.088 to 0.030 with the addition of spherules (the lowest of any
sample), consistent with the less uniform grain size distribution
of the spherule-rich sample (Fig. 8). The average 1-term HG asym-
metry parameter (¢) changed from very forward scattering (+0.094,
with increasing values with wavelength) to very backscattering
(—0.178, with decreasing values with wavelength) (Fig. 9). Simi-
larly, the 2-term HG function parameters became the most nar-
rowly backscattering of all samples (Fig. 10b). MER Opportunity
Pancam data of spherule-rich soils were typically (but not always)
backscattering as well. The spherule soils near Vostok crater were
modeled with similar 2-term HG phase function parameters as the
SCB5 soil with spherules (Fig. 10b).

5.4. Apollo soils

The 10084 mare sample exhibits lower w values than any of the
lunar analog samples, while the 68810 highland sample exhibits
~66% higher w values, consistent with models of Clementine and
other remote sensing observations (Hillier et al., 1999; Kennelly
et al., 2010). The 1-term HG asymmetry parameters were negative
(backscattering) for 10084, similar to the bulk JSC-1 sample. Like-
wise, the 2-term HG modeled b and c values (Fig. 11) are more
backscattering than any of the lunar analog soils (although close
to the results for bulk JSC-1 and FJS-1), and the results from Hillier
et al. (1999). These values are similar to the experimental results
for agglutinates and clear, rough spheres from McGuire and Hapke
(1995). Although BO values were not well constrained in the mod-

els, average h values from 1-term HG models were 0.06-0.07, con-
sistent with Clementine model results (Hillier et al., 1999). This is
lower than any of the lunar analog soils, and potentially consistent
with a more porous nature and/or less uniform grain size distribu-
tion than the analog samples. Both Apollo soils exhibit 6 values 14-
15°, which is lower than all lunar analogs except FJS-1 and JSC-1AF.
For comparison, typical 0 values for lunar regolith surfaces studied
by Helfenstein and Shepard (1999) were 24-27°.

The JSC-1A and JSC-1AF samples have the closest similarities to
the Apollo soils with respect to w and 0 values. The JSC-1 analog is
more similar in terms of h values (from 1-term HG models) and ¢
values. The b and ¢ parameters from 2-term HG models are only
partially matched by the 450 nm and 550 nm results from the
JSC-1 and JSC-1A samples, although the FJS-1 values are somewhat
similar as well. The magnitude (although not the identical shapes)
of phase reddening of the 10084 soil is most like that of the MLS-1
(<1 mm) soil, whereas the curve for the 68810 soil is more similar
to the JSC-1AF analog. As such, it is clear that while no lunar soil
analogs fully mimic the photometric behaviors of these two Apollo
soils, the JSC soil varieties are the most similar overall.

5.5. Phase reddening

The variations in near-infrared/visible radiance factor ratios
with phase angle (Fig. 14) are certainly influenced by the spectral
albedo of the samples. The Mars analog samples are redder in color
than the more spectrally neutral SCB5 and lunar analogs, and
therefore have more pronounced ratio phase curves. The falloff in
ratio values beyond 50-80° phase angles was referred to by Schro-
der et al. (2011) as an “arch” in their ratio phase curves of labora-
tory samples. They noted that the arch was not visible for samples
dusted with fine powders that formed microstructures on
~100 pm scales, and explained this phenomenon as a geometric
optics effect. We note that while none of our samples were dusted,
many exhibit the ratio phase curve arch. Adams and Filice (1967)
suggested that the reddening resulted from increasing optical path
lengths with phase angle (volume scattering) and that the falloff
was caused by the transition to surface scattering at large phase
angles. Kaydash et al. (2010) similarly stated that the decrease in
multiple-scattering (and increasing influence of macroscopic
roughness) at large phase angles was the cause for falloffs of ratio
phase curves of Apollo soils. Hapke et al. (2012) suggest that the
phase reddening observed in LRO WAC data results from a greater
contribution from multiple scattering among particles as the wave-
length and albedo increase.

For Mercury, Warell and Bergfors (2008) suggest a small phase
reddening is observed based on telescopic data, whereas Domin-
gue et al. (2011a) report that no phase reddening is present for
Mercury based on MDIS observations. They suggested that phase
reddening is due to increased multiple scattering (backscattering)
with increasing phase angle, and explained the MDIS data as
resulting from Mercury’s observed decrease in backscattering with
increasing wavelength.

The MLS-1, FJS-1 samples and the SCB5 soils exhibit the least
phase reddening of the samples studied here. However, this is more
likely attributable to their spectrally neutral albedo values in the vis-
ible/near-infrared (Figs. 5 and 6) than their scattering characteris-
tics, given the variety of scattering types modeled for these
samples (Figs. 9-11). The phase reddening exhibited by the Apollo
soils (Fig. 15) is consistent with previous work (e.g., Shkuratov
et al., 2011), including the color opposition effect near 10° and the
crossover between mare and highland soils near 38°. Only the
10084 mare sample shows the increase in ratio values shortward
of 10°. This is consistent with the results for Luna soils (Akimov
et al.,, 1979; Shkuratov et al., 2011) where the highland Luna 20 soil
exhibited a constant decrease in ratio toward 0° phase angle com-
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pared to an increase between 10° and 15° for the Luna 16 and 24
mare samples. However, analysis of the WAC data presented by Hap-
ke et al. (2012) shows the same upturn for at least one of the high-
lands regions they studied. Additional investigations involving
other Apollo soils are warranted to explain the potential disparity
between mare and highland soils (e.g., Foote et al., 2012). Similarly,
the crossover in 750/450 nm ratios near 38° is consistent with re-
sults of Kaydash et al. (2010) for Apollo soils, but the cause for this
observation is not clear.

6. Conclusions

Our analyses of analog and Apollo soils have revealed a wide
range of photometric properties variably related to albedo, color,
grain size, and surface texture. To some extent, the type of photo-
metric function used influences the degree to which the Hapke mod-
el constrains the model parameters. Not surprisingly, single-
scattering albedos (w) are the best constrained parameters. The fi-
ner-grained samples studied here have high w values compared to
their coarser-grained counterparts, as well as lower macroscopic
roughness (0) values. The opposition effect width (h) parameter is
better constrained by the 1-term HG models. The Mars analog sam-
ples exhibit slightly lower h values (0.06-0.07) than the lunar ana-
logs (~0.07-0.10), whereas the two Apollo soils were modeled
withvalues ~0.05-0.07. The smaller h values may be consistent with
more porous samples with a less uniform grain size distribution.
However, Hapke (2008) described how earlier formulations for the
shadow-hiding opposition effect were incomplete without account-
ing for the effects of particle packing. Helfenstein and Shepard
(2011) expanded on that work to provide a preliminary, corrected
relationship between h and porosity that improved accuracy of the
model for all but very high albedo surfaces. The opposition effect
magnitude (B0) is not well constrained by the models, but exhibits
values consistently lower than 1.0 for the lunar analog of Apollo
soils, potentially suggestive of a lower opacity particles compared
to the Mars analog soils.

Comparison of 2-term HG phase function asymmetry parameter
(b) and backward scattering fraction (c) values to the synthetic par-
ticles studied by McGuire and Hapke (1995) suggests that the Mars
analog soils are typically backscattering and consistent with rela-
tively rough particles with a moderate density of internal scatter-
ers. This is similar to the in situ observations of some soils by the
MER Spirit rover. Exceptions are the more forward-scattering,
fine-grained SCB5 and JSC-1 (<45 pum) soils. Some lunar analog soil
models result in similar, moderately-forward scattering behaviors
(FJS-1, bulk JSC-1 and JSC-1A), as do the two Apollo soils. However,
the MLS-1 and JSC-1AF samples populate a narrowly forward-scat-
tering regime (low c, high b) for which no synthetic particles from
McGuire and Hapke (1995) provide a good match. Models using
MER Pancam data showed that some rover tracks observed by
the Opportunity rover and some “gray” rocks by the Spirit rover
populate this region of b, ¢ space, as do some glass-rich and/or
monocrystalline laboratory samples studied by Souchon et al.
(2011). More laboratory analyses are needed to verify and better
understand these results.

Model results of the spherule-laden SCB5 soil mimic the model
results of soils observed by the MER Opportunity rover relatively
well. The addition of spherules caused not only 10-30% albedo
darkening, but resulted in the macroscopically roughest surface
of all samples studied here (0 ~ 26°, similar to spherule-rich soils
on Mars (Johnson et al., 2006b). This is caused in part by the in-
crease in shadows at higher phase angle. The bimodal grain size
distribution may have contributed to the lowest opposition effect
width (h) value of all samples. The spherules also changed a very
forward-scattering soil to a backscattering one, similar to the re-

sults of models from Pancam data acquired near Vostok crater on
the Meridiani plains (Johnson et al., 2006b). The addition of spher-
ules also caused phase reddening, an effect observed to variable
degrees in all samples, depending on color and albedo. Falloffs in
ratio phase curves are also observed in some samples beyond
50-80° phase that are likely related to an increased importance
of surface scattering at high angles.

The two Apollo soils were modeled with different Hapke
parameters than the lunar analog soils studied here. The closest
single-scattering albedo, roughness, opposition effect, and back-
scattering matches were from the JSC-1 samples. The phase red-
dening nature of the 10084 soil was most like MLS-1 bulk soil,
although the latter did not exhibit the upturn in ratio values at
low phase angles observed for 10084. The lack of this upturn in
the 68810 highland sample is an interesting feature matched by
analyses of Luna soils (Shkuratov et al., 2011). At this point it re-
mains to be verified whether there is indeed a difference between
the highlands and maria, or if this color opposition effect is related
to soil maturity state or other physical features.The results pre-
sented here are consistent with the concept that most of the phase
curve behavior observed in planetary analog soils is due to the mi-
cro-scale structure of the surface and not a property of individual
particles themselves (e.g., Piatek et al., 2004; Shepard and Helfen-
stein, 2011). Despite the consistent sample surface preparation
techniques used here, the undisturbed microphysical nature of a
pristine lunar soil certainly may differ from that of a returned soil
observed under laboratory conditions (cf., Velikodsky et al., 2011).
The airfall dust-coated (and/or indurated) surfaces of many Mars
materials are likewise difficult to replicate at the micro-scale in
the lab (cf., Johnson and Grundy, 2001; Johnson et al., 2004). De-
spite these challenges, continuing work using both laboratory
measurements and spacecraft data at many spatial scales will help
distinguish the competing influences of spectral albedo, micro-
topography, composition, compaction, and grain homogeneity on
overall scattering behaviors as a function of phase angle. Such
information will be vital for interpretations of phase function
behavior and material properties from both remote and in situ
observations of planetary surfaces.
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