Icarus 266 (2016) 235–248

Contents lists available at ScienceDirect

Icarus
journal homepage: www.journals.elsevier.com/icarus

Effects of viewing geometry, aggregation state, and particle size on
reflectance spectra of the Murchison CM2 chondrite deconvolved to
Dawn FC band passes
Matthew R.M. Izawa a,e,⇑, Tanja Schäfer b, Valerie B. Pietrasz c, Edward A. Cloutis a, Paul Mann a,
Andreas Nathues b, Kurt Mengel b,d, Michael Schäfer b, Guneshwar Thangjam b, Martin Hoffmann b,
Kimberly T. Tait e, Daniel M. Applin a
a

Hyperspectral Optical Sensing for Extraterrestrial Reconnaissance Laboratory, Dept. Geography, University of Winnipeg, 515 Portage Avenue, Winnipeg, Manitoba R3B 2E9, Canada
Max-Planck-Institut für Sonnensystemforschung, Justus-von-Liebig-Weg 3, 37077 Göttingen, Germany
c
Division of Geological and Planetary Sciences, California Institute of Technology, 1200 East California Boulevard, Pasadena, CA 91125, United States
d
Clausthal University of Technology, Adolph-Roemer-Strabe 2a, Clausthal-Zellerfeld, Germany
e
Department of Natural History, Mineralogy, Royal Ontario Museum, Toronto, Ontario M5S 2C6, Canada
b

a r t i c l e

i n f o

Article history:
Received 10 June 2015
Revised 16 October 2015
Accepted 31 October 2015
Available online 7 November 2015
Keywords:
Asteroid Ceres
Spectroscopy
Meteorites

a b s t r a c t
Several current and soon-to-launch missions will investigate ‘dark’ asteroids, whose spectra have few
weak or no distinct spectral features. Some carbonaceous chondrites, particularly the CI and CM groups,
are reasonable material analogues for many dark asteroid surfaces. In addition to compositional variations, many non-compositional effects, including viewing geometry, surface particle size and particle
sorting, can influence reflectance spectra, potentially complicating mineralogical interpretation of such
data from remote surfaces. We have carried out an investigation of the effects of phase angle, particle
size, aggregation state, and intra-sample heterogeneity on the reflectance spectra (0.4–1.0 lm) of the
Murchison CM2 carbonaceous chondrite, deconvolved to Dawn Framing Camera (FC) band passes. This
study was motivated by the desire to derive information about the surface of Ceres from Dawn FC data.
Key spectral parameters derived from the FC multispectral data include various two-band reflectance
ratios as well as three-band ratios that have been derived for mineralogical analysis.
Phase angle effects include increased visible slope with increasing phase angle, a trend that may
reverse at very high phase angles. Fine-grained particles exert a strong influence on spectral properties
relative to their volumetric proportion. Grain size variation effects include a decrease in spectral contrast
and increased visible spectral slope with decreasing grain size. Intra-sample heterogeneity, while spectrally detectable, is of relatively limited magnitude.
Ó 2015 Elsevier Inc. All rights reserved.

1. Introduction
A major goal in planetary remote sensing is to determine the
material properties of planetary surfaces from multispectral and
hyperspectral measurements. Composition, in terms of modal mineralogy and mineral chemistry, is commonly estimated using various spectral metrics (e.g., position and relative strength of
absorption features or ratios of reflectivity in different wavelength
bands). Physical parameters of surfaces including the particle size
distribution, state of aggregation (e.g., loosely consolidated versus
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compacted or indurated), as well as the viewing geometry, can also
influence spectral reflectance (Hapke, 1964, 1965, 1968, 2008;
Hapke et al., 1998; Adams and Felice, 1967; Gradie et al., 1980;
Hapke et al., 1993; Hiroi et al., 1994; Nelson et al., 2002). Particle
size influences spectral reflectance primarily through changes in
the mean optical path length and the ratio of first-surface to volume scattering (e.g., Hapke, 1993; Mustard and Hays, 1997;
Cooper and Mustard, 1999). The viewing geometry influences
spectral reflectance through a combination of changes in particle
shadowing and the ratio of first-surface to volume scattering
(e.g., Hapke, 1964, 1993; Hapke et al., 1993; Nelson et al., 2002).
The state of aggregation can cause surfaces composed of very small
particles to behave as if consisting of larger grains if the particles
are packed closely together, or even cause significant specular
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scattering from fine-grained material if the surface is highly compacted or indurated. In contrast, very loosely consolidated surfaces
approach the scattering behavior of independent fine particles
(e.g., Cooper and Mustard, 1999; Johnson and Grundy, 2001;
Cooper et al., 2002; Hapke, 2008).
While physical properties and viewing geometry effects have
been the subject of a number of previous investigations, studies
devoted to dark, aqueously altered carbonaceous chondrites and
covering multiple wavelengths have been limited (e.g., Cloutis
et al., 2011a; Beck et al., 2012). Similarly, studies examining the
spectrum-altering effects of variations in physical properties of
carbonaceous chondrites, using single subsamples (so that compositional variations are controlled and sample preparation procedures are consistent), have also been limited (e.g., Cloutis et al.,
2011a, 2011b).
Although viewing geometry and surface property effects do not
prevent the use of laboratory reflectance spectra to interpret
remote spectra, accounting for these effects does improve the
accuracy and confidence of remote spectral interpretations
(Reddy et al., 2012; Cloutis et al., 2013; Thangjam et al., 2013).
Here, we investigate the effects of varying viewing geometry, particle size, mixing of coarse and fine particles, packing density or
aggregation state on reflectance spectra of the Murchison CM2 carbonaceous chondrite. We also investigate variations in spectra of
different subsamples of Murchison in order to assess the degree
of intra-sample heterogeneity.
Viewing geometry is expected to exert several effects on the
spectral slope and band parameters of Ceres. Reddy et al. (2015)
found increases in spectral slope of Ceres with increasing phase
angle using ground-based observations at FC filter wavelengths.
Takir et al. (2015) studied phase angle effects on the spectrum of
Ceres at infrared wavelengths (1.9–4.2 lm) and found small
changes in position and in and decreases depth with increasing
phase angle. Increased spectral slope (‘phase reddening’) was
observed using FC data during the Vesta encounter (Li et al.,
2013; Reddy et al., 2012). Ground based studies cover more limited
range of phase angles than an orbiting spacecraft such as Dawn.
Other effects also affect the spectral reflectance properties of
carbonaceous chondrites, such as space weathering and compositional variations. The current study is focused on how changes in
physical properties and viewing geometry affect the spectral
reflectance properties of carbonaceous chondrites, and is a necessary first step for understanding whether variations in these properties differ from those associated with other effects such as space
weathering and compositional variations.
As mentioned, the primary motivation for this study is to investigate the possible effects of viewing geometry and sample physical characteristics on the multispectral data acquired for the
surface of Ceres by the Dawn mission Framing Camera (FC). To
evaluate the effects on the FC data, our laboratory measurements
were resampled to the Dawn FC band passes (Sierks et al., 2011).
The full spectral data, which are the subject of a follow-on study,
will be of use in interpreting data from the Dawn Visible and
Infra-Red (VIR) spectrometer, and to future spacecraft and telescopic investigations of carbonaceous-chondrite-like surfaces.
Examples include the upcoming OSIRIS-REx and Hayabusa-2 missions, which will encounter dark asteroids that may have surface
deposits similar in composition and structure to the Murchison
carbonaceous chondrite.
Although it is not likely that Murchison or any other known
meteorite represents a direct sample of Ceres, Murchison does represent a reasonable spectral and material Ceres analogue. Murchison, like other CM chondrites, is dominated by fine-grained matrix
material consisting of various opaque phases (including carbonaceous compounds, troilite, and magnetite), and ferromagnesian
phyllosilicates including serpentine and saponite along with Mg–

Fe–Ca carbonates, and various minor and trace constituents (e.g.,
Brearley and Jones, 1998). Available spectral data for Ceres are all
broadly consistent with CM-like mineral assemblages, and while
models of the relative abundances of and types of constituent
phases vary widely, the pre-Dawn encounter picture is of a body
containing aqueous alteration products of ferromagnesian silicates
– chiefly phyllosilicates, oxyhydroxides (e.g., brucite), carbonates,
and magnetite, and dark organic matter along with possible exposures of volatile-rich icy material (e.g., Vernazza et al., 2005; Rivkin
et al., 2006; Milliken and Rivkin, 2009). The aforementioned
assemblage is well-represented by the aqueously altered carbonaceous chondrites, of which Murchison is a typical sample. Similar
arguments apply to the use of CM2 material as a first-order spectral and material analogue for the surfaces of Bennu and
(162173) 1999 JU3, the OSIRIS-REx and Hayabusa-2 target asteroids, respectively.
This paper is organized as follows: In Section 2 we describe the
sample handling and spectral data acquisition methodology
applied to a subsample of the Murchison CM2 carbonaceous chondrite in terms of observational variables, sample physical properties, and spectral metrics designed to quantify potentially
diagnostic changes in spectral reflectance properties. In Section 3
we present the results of how reflectance spectra and spectral metrics of the Murchison meteorite change as observational and physical properties as varied. Section 4 discusses the relationship
between spectral variations and observational and sample physical
properties, followed by a summary of the study results and conclusions in Section 5.

2. Methods and sample
Various chips and powders of the Murchison CM2 carbonaceous
chondrite were obtained from the Royal Ontario Museum and from
Arizona State University (courtesy of Dr. Jim Bell). The analytical
procedure for the Murchison chips was to first spectrally characterize spots on their exterior and interior surfaces. Selected subsamples were then extracted and crushed by hand in an alumina
mortar and pestle and dry sieved to obtain various grain size fractions, as described below. Dry sieving consisted of gently brushing
the crushed powder in a stainless steel sieve of the required size
with a soft brush in order to remove adhering fines and without
the use of fluids, so as to avoid an inadvertent alteration of the
sample that could be introduced through the use of liquids that
are used for wet sieving.

2.1. Special sample preparation methods for textural variation study
2.1.1. Fluffy vs. packed cup
So-called, ‘fluffy’ samples consist of a layer of underdense, finegrained (<45 lm particle size) material deposited on top of a sample cup filled with <90 lm grain size powder that was smoothed by
drawing the edge of a clean glass slide across the sample surface.
The fine-grained powder was passed through a 45 lm mesh sieve
held above the sample cup by brushing the sample in the sieve
with a soft brush and letting the material settle on the sample
cup by gravity/airfall. ‘Regular’ samples were prepared by pouring
the powder into a sample cup and levelling the surface by drawing
the edge of a clean glass slide across the sample cup. ‘Compacted’
samples were made by pressing the powdered sample into the
sample cup with the face of a clean glass slide to simulate a compressed, indurated or otherwise compacted surface. Some preferred orientation effects are possible; however, the effects of
such sorting or selection are expected to be minor. The same single
Murchison subsample was used for all these experiments.
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2.1.2. Coarse plus fine mixture spectra
The ‘coarse and fine’ mixture samples consist of dry sieved
coarse particles (500–1000 lm in size) to which were added various proportions of <45 lm fine particles and mixed by shaking
together in a sealed sample vial. The coarse and fine fractions were
derived from the same Murchison sub-sample.
2.1.3. Grain size series
A grain size series was created by repeated cycles of crushing
and dry-sieving of a single 1 g subsample of Murchison, with
spectra measured at each step. A single subsample of Murchison
is crushed until the entire sample passes through a particular sieve.
A reflectance spectrum was measured, then the sample was
crushed again until the entire sample passes through a finer sieve,
its reflectance spectrum was measured, and the process is again
repeated. The sieve sizes used to constrain the maximum particle
size were 1000, 500, 250, 150, 90, and 45 lm. This procedure minimizes any subsample-to-subsample variations that may explain
some of the spectral diversity seen in previous spectral reflectance
studies of Murchison (Cloutis et al., 2011b).
2.1.4. Slab spectra
In situ spot reflectance spectra of multiple spots on three
Murchison chip samples with opposing saw-cut and fusioncrusted faces were examined. Sub-samples of these slabs were
then removed and powdered (to <150 lm particle size) to investigate the extent of spectral homogeneity in different sub-samples of
the same ‘bulk’ Murchison sample.
2.2. Reflectance spectroscopy
Reflectance spectra were measured with an Analytical Spectral
Devices FieldSpec Pro HR spectrometer that acquires data from 350
to 2500 nm, with a spectral resolution between 2 and 7 nm. The
data are internally re-sampled by the instrument to output data
at a uniform wavelength space of 1 nm. Data below approximately
400 nm may be affected by low signal levels and hence data in the
350–400 nm region, particularly abrupt changes in slope, are suspect. Some spectra may also show small and narrow absorption
bands in the 620–650 nm region, which are attributable to artefacts from the spectrometer’s order-sorting filter. Incident light
was provided by an in-house 100 W quartz–tungsten–halogen collimated light source. Both the light source and the spectrometer
fiber-optics were mounted on goniometer arms in order to be able
to independently vary the phase angle p, the angle subtended by
the lines from light source to target and from target to detector.
The phase angle is the sum of the incidence angle i (the angle
between a normal to the surface and the light source to surface
line) and emission angle e (the angle between a normal to the surface and the surface to detector line). An emission angle of zero is
equivalent to nadir-looking geometry perpendicular to the sample
surface, and non-zero angles are measured from nadir. If both e and
i angles are non-zero, incident light source and spectrometer fiberoptics were rotated away from the surface normal in opposite
senses. Sample spectra were measured relative to a Spectralon
(Labsphere, North Sutton, NH) standard and corrected for minor
(less than 2%) irregularities in its absolute reflectance. In each
case, 500 spectra of the dark current, standard, and sample were
acquired and averaged, to provide sufficient signal-to-noise for
subsequent interpretation. Ordinarily, sample powders are poured
into machined aluminum sample cups and the surface gently
smoothed with the edge of a clean glass microscope slide to avoid
either surface topography or compaction. Duplicate spectral measurements, where the sample cup was emptied and refilled were
acquired for the grain size series measurements (Section 3.3),
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coarse plus fines (Section 3.4), and intra-sample heterogeneity
(Section 3.7).
2.3. Resampling to Dawn FC band passes
Measured spectra were convolved with the FC band passes
using the ENVI software package, following procedures described
by Le Corre et al. (2011). Briefly, the Dawn FC responsivity (a combination of filter, CCD and optics) were measured in the laboratory
and used to create a user-defined function to resample laboratory
spectra to FC band passes using IDL ENVI software. Each filter has
its own instrument function. Because the 0.653 lm channel overlaps the ASD order-sorting filter artefact, we compared the derived
FC parameters involving the 0.653 lm using the reflectance from
the ASD 653 nm channel only instead of the result of numerical
convolution of the FC filter functions with the ASD spectra. The differences between the ENVI resampled and ‘single-channel intensity’ values were 104 or less in all cases. Therefore, we
conclude that the effect of the order-sorting filter artefact on the
measured band parameters is negligible.
2.4. Spectral metrics
A spectral discrimination diagram and band parameters based
on Dawn FC band passes for use with carbonaceous chondrites
and other potential Ceres analogues have been developed
(Schäfer et al., 2014, 2015). The basis of the diagram is the fact that
important mineralogical parameters can exert strong control over
the FC band pass range. FC parameters that can be affected by mineralogical variations include the degree of Fe oxidation, which can
result in a strong Fe3+ absorption band in the ultraviolet, and
whose wing extends into the visible region, thereby affecting spectral slope in the UV–VIS (Cloutis et al., 2008). The longer wavelength region, beyond 0.6 lm is most strongly affected by
factors associated with Fe in minerals. This includes an absorption
band in the 0.7 lm region associated with Fe3+–Fe2+ charge transfers in Fe-bearing phyllosilicates, and the shape and position of an
Fe2+-controlled absorption feature in the 1 lm region. Spectra of
Murchison and many other CM2 chondrites commonly contain a
broad and shallow band in the 1 lm region. The 1 lm band in
CM chondrites is a composite feature caused by the combination
of Fe2+ crystal field transitions in olivine that are centered near
1 lm, a broad feature centered near 1.1 lm caused by crystal field
transitions of Fe2+ in magnetite, and two bands near 0.9 and 1.1 lm
due to crystal field transitions of Fe2+ in phyllosilicates such as serpentine and saponite (Cloutis et al., 2011b). Of these, phyllosilicates and magnetite are the most spectrally important
contributors to absorptions in this wavelength region for CM chondrites (Cloutis et al., 2011b).
The visible spectral slope is influenced by, among others, the
amount, mineralogical hosts, and valance state of Fe, and the presence of high molecular weight organic compounds. The visible
slope behavior has been parameterized here as the ratio of the
reflectance values in the Dawn FC 0.555 lm and 0.438 lm filters,
denoted R(0.555/0.438). The contrast of the shortwave side of the
1 lm band is here parameterized as the ratio of reflectance at
0.829 lm to that at 0.965 lm, denoted R(0.829/0.965). An additional parameter which we apply in this study is the overall spectral slope, parameterized by the ratio of reflectance at 0.965 lm to
that at 0.438 lm, and denoted R(0.965/0.438). The Dawn FC band
passes enable first-order assessments of large differences in the
1 lm band due to surface mineralogy, as has been demonstrated
in several recent studies (e.g., Thangjam et al., 2013, in press;
Nathues et al., 2015). But for carbonaceous chondrites a varying
overall slope may superpose the 1 lm region and slightly influence
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the reflectance ratio R(0.829/0.965) as discussed in Schäfer et al.
(2015).
Schäfer et al. (2015) presented a set of spectral metrics that are
designed to characterize the spectral features with FC filters. In the
following, rk is the reflectance at the FC band centered at wavelength k.

BP0:749 lm ¼

BP0:917 lm ¼

BP0:829 lm

0:45r 0:653 lm þ 0:55r 0:829 lm
r 0:749 lm

ð1Þ

0:35r 0:829 lm þ 0:65r 0:965 lm
r 0:917 lm

ð2Þ

0:52r 0:749 lm þ 0:48r 0:917 lm
¼
r 0:829 lm

of two distinct bands (note: the version in Schäfer et al. (2015) is
incorrect). The conditions for detection of two distinct bands are
BP0.749 > 1, BP0.917 > 1, and BP0.829 < 1. Fig. 1 displays a ‘typical’
Murchison spectrum and graphically illustrates the spectral metrics
used in this study. Fig. 1 also shows the locations and full width at
half maxima of the FC filters and the approximate location of the
order-sorting filter artefact in the ASD spectra.
3. Results

ð3Þ

Parameters BP0.749 and BP0.917 are measures of the apparent depth
of the features below a straight-line continuum drawn between
the two adjacent FC filters, and BP0.829 serves to verify the existence

3.1. Phase angle
Spectra measured at variable phase angles, all relative to a standard measured at i = 13° and e = 0° are shown in Fig. 2. There is a
general increase in visible slope with phase angle. Differences
between measurements with identical phase angle but complementary incidence and emission angles may also be due in part
to differences in the forward-scattering versus backscattering nature of the Murchison sample.

Fig. 1. (A) Graphical illustration of spectral metrics and ratios used in this study. The ratio of reflectance at 0.555 lm to that at 0.438 lm is used as a measure of the spectral
slope in the visible. We use the ratio of reflectance at 0.829 lm to that at 0.965 lm as a measure of the band contrast near 1 lm. The reflectance ratio between 0.438 lm and
0.965 lm is a measure of the overall spectral slope. Three band parameters, defined by Eqs. (1)–(3), have been used to parameterize the 0.7 lm and 0.9 lm bands and confirm
the presence of distinct bands on either side of the 0.829 lm filter. (B) Locations and full width at half maximum (FWHM) values for the Dawn Framing Camera. Also shown is
the wavelength range potentially affected by the order-sorting filter artefact from the ASD spectrometer.
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Fig. 2. Spectral variation in the Murchison CM2 chondrite with changes in incidence (i) and emission (e) angles for a single sub-sample of <90 lm powder. (A) Full spectral
resolution data normalized to reflectance at 0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band passes and
normalized to reflectance at 0.555 lm. (D) Spectra resampled to Dawn FC band passes in absolute reflectance.

Fig. 3. Spectra of a single subsample of <90 lm Murchison powder measured at variable phase angles and with different packing states. (A) Full spectral resolution data
normalized to reflectance at 0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band passes and normalized to
reflectance at 0.555 lm. (D) Spectra resampled to Dawn FC band passes in absolute reflectance. Phase angles are denoted i/e.
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3.2. Fluffy vs. packed samples
Spectra of underdense samples (‘‘fluffy”), compressed or compacted samples (‘‘packed”), and samples subjected to standard
sample preparation (‘‘regular”) at different phase angles are shown
in Fig. 3. At i = 0°, e = 30°, effects of compaction/aggregation state
appear to be minimal.
3.3. Grain size series
Spectra measured as a function of particle size are shown in
Fig. 4. Decreasing grain size correlates with increasing overall spectral slope and results in decreased values for the 1 lm band contrast R(0.829/0.965).
3.4. Coarse plus fine mixture spectra
Spectra of coarse particles with variable proportions of incorporated fines are shown in Fig. 5. The effects of additional fine particles are similar to those of decreasing grain size, i.e. decreased
value for 1 lm band contrast and increased spectral slope.
3.5. Fusion crust surface spectra
The regions selected for analysis of fusion crust, saw-cut surfaces, and for powdering to investigate intra-sample heterogeneity
are shown in Fig. 6; and spectra of surfaces with fusion crust are
shown in Fig. 7. Fusion crust spectra are distinct from those of all
other Murchison materials investigated here, in general showing
a more distinct 1 lm band and no 0.7 lm band. True fusion crust

materials are not expected on Ceres, but these spectra might provide a useful analogue for spectra of Ceres materials subjected to
rapid heating under oxidizing conditions.
3.6. Cut-face interior slab spectra
Spectra of saw-cut interior surfaces are shown in Fig. 8. These
spectra are also highly variable, and resemble spectra of the
coarsest-grained fractions in the grain size series (see Fig. 4), with
generally lower visible slopes R(0.555/0.438), lower overall spectral slopes and enhanced value for 1 lm band contrasts R
(0.829/0.965). They show considerable spectral variability, likely
due to some combination of compositional heterogeneity of the
Murchison meteorite at the cm scale and differences in surface
roughness across the slabs.
3.7. Intra-sample heterogeneity
Spectra of different powdered sub-samples of our ‘bulk’ Murchison sample are shown in Fig. 9. Spectral variability between subsamples is detectable but limited. The range of differences is less
than that seen in duplicate powder spectra and powder spectra
measured by different investigators of the same meteorite
(Cloutis et al., 2011a, 2011b).
4. Discussion
Below we discuss the spectral variations seen as different physical properties or viewing geometry effects are varied. Phase angle

Fig. 4. Spectral variations in a single subsample of Murchison samples with progressively decreasing particle size (maximum particle size for each spectrum is indicated).
Each grain size fraction was produced by passing the entire sample through each successively smaller mesh-size sieve, to minimize potential sorting of constituent materials.
(A) Full spectral resolution data normalized to reflectance at 0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band
passes and normalized to reflectance at 0.555 lm. (D) Spectra resampled to Dawn FC band passes in absolute reflectance. Smaller particle sizes lead to spectral reddening
(increasing reflectance with increasing wavelength).
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Fig. 5. Spectral effects of combining variable proportions of fine (<45 lm) and coarse (500–1000 lm) Murchison material. (A) Full spectral resolution data normalized to
reflectance at 0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band passes and normalized to reflectance at 0.555 lm.
(D) Spectra resampled to Dawn FC band passes in absolute reflectance. General trends include spectral ‘reddening’ (increasing reflectance with increasing wavelength) in fine
particles and a rather ‘blue’ slope longward of 0.555 lm for the coarse particles alone, consistent with a strong specular component. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Photographs of the Murchison slab samples, showing locations of whole-rock spectral data collection. Rectangular regions labelled MSV 001-006 were sub-sampled for
investigation of intra-sample heterogeneity. Top row images are fusion crust coated surfaces. Second row images are the saw-cut faces on the opposite sides of the top row of
images.
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Fig. 7. Spectra of fusion-crusted surfaces (refer to Fig. 6 for photographs) normalized to reflectance at 0.555 lm. (A) Full spectral resolution data normalized to reflectance at
0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band passes and normalized to reflectance at 0.555 lm. (D) Spectra
resampled to Dawn FC band passes in absolute reflectance.

effects on spectral discrimination parameters are summarized in
Fig. 10A. Visible slope, R(0.555/0.438), generally increases with
increasing phase angle, though the most extreme (p = 120°) phase
angle has a reduced visible slope compared to ‘standard’ (i = 0,
e = 30, p = 30°) viewing geometry. Fig. 10B illustrates the dependence of visible spectral slope, R(0.555/0.438) on phase angle. An
increase in visible slope at low to intermediate phase angle with
an eventual decrease at very high phase angles has been noted
by previous investigators (Adams and Felice, 1967; Gradie et al.,
1980). Fig. 10C shows the effects of phase angle on the shortwave
side of the 1 lm band, R(0.829/0.965) on phase angle. There may
be a small decrease in R(0.829/0.965) at p = 90°, but these ratio
data display considerable scatter. We also investigated the
phase-angle dependence of spectral reddening over the full range
of the FC band passes using the overall spectral slope R
(0.965/0.438), shown in Fig. 10D. With increasing phase angle,
there is a general increase in the total spectral slope over the FC
wavelength range. The CI chondrite Alais (Cloutis et al., 2011a)
shows phase angle trends similar to Murchison including increased
overall and visible slopes with increasing phase angle.
Viewing geometry dependencies of several FC band parameters
for Murchison are summarized in Fig. 11. Overall trends include
increasingly red1 slope (increasing reflectance with increasing
wavelength) between the 0.438 lm and 0.555 lm visible filters,
and in the overall slope measured between the 0.438 lm and the
0.965 lm filters (Fig. 11A). The contrast or strength of the shortwave
side of the 1 lm band, R(0.829/0.965), shows a general decrease with
increasing phase angle. These trends are similar to other, previous
1
For interpretation of color in Fig. 11, the reader is referred to the web version of
this article.

phase angle studies (e.g., Johnson et al., 2013; Ruesch et al., 2015),
including those involving carbonaceous chondrites (Cloutis et al.,
2011a). The band strength near 0.7 lm (BP0.749) is weakly affected
by viewing geometry and shows a slight general increase with
increasing phase angle (Fig 11B). The parameter BP0.917 decreases
with increasing phase angle, as expected from the behavior of R
(0.829/0.965). The value of BP0.829 is less than unity, consistent with
the presence of distinct spectral features on either side of 0.829 lm,
in all viewing geometries, except e = 60°, i = 0° and e = 60°, i = 30°.
Spectral effects of variable porosity are summarized in Fig. 12.
The visible slope, R(0.555/0.438) is much more strongly affected
than R(0.829/0.965) by changes in porosity. Band parameters
BP0.749 and BP0.917 are appear to be largely insensitive to porosity
effects (Fig. 12B). In contrast, BP0.829 is strongly affected by both
compaction and increase porosity.
Grain size effects expressed in spectral discriminant parameter
space are summarized in Fig. 13A. The predominant effects of grain
size are a systematic decrease in R(0.829/0.965) and increase in R
(0.555/0.438) with decreasing grain size. These observations are
in agreement with numerous previous investigations of the effects
of particle size on spectral reflectance properties of rock and mineral powders (e.g., Hiroi et al., 1994; Cooper and Mustard, 1999).
By using a single subsample of Murchison we are better able to isolate the effects of grain size from possible compositional heterogeneities and possibly differences in sample preparation
techniques that may account for the wide range of spectral variability that seem to exist between reflectance spectra of a single
meteorite measured by different investigators (Cloutis et al.,
2011a, 2011b). The dependence of the band parameters on grain
size is show in Fig. 13B. With increasing grain size, BP0.749 and
BP0.829 decrease slightly while BP0.917 remains nearly constant. This

M.R.M. Izawa et al. / Icarus 266 (2016) 235–248

243

Fig. 8. Spectra of saw-cut surfaces of Murchison (refer to Fig. 6 for photographs). (A) Full spectral resolution data normalized to reflectance at 0.555 lm, and (B) full spectral
resolution data in absolute reflectance. (C) Spectra resampled to Dawn FC band passes and normalized to reflectance at 0.555 lm. (D) Spectra resampled to Dawn FC band
passes in absolute reflectance.

Fig. 9. Spectra of different powdered (<90 lm grain size) sub-samples of Murchison taken from the locations marked in Fig. 6, illustrating intra-sample heterogeneity for
Murchison. (A) Full spectral resolution data normalized to reflectance at 0.555 lm, and (B) full spectral resolution data in absolute reflectance. (C) Spectra resampled to Dawn
FC band passes and normalized to reflectance at 0.555 lm. (D) Spectra resampled to Dawn FC band passes in absolute reflectance.
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indicates that the strength of the 0.7 lm and 0.9 lm features, and
the ability to distinguish distinct bands on either side of 0.829 lm
in FC data will be affected by particle size, with finer-grained material producing more clearly distinguished features. We note, however, that in all cases, BP0.829 is less than unity, and therefore
distinct bands should be detectable even in coarse materials. The
slight decrease in BP0.749 with increasing grain size, while BP0.917
shows no significant variation, indicates that the detection of Febearing phyllosilicates with BP0.749 will be affected by grain size,
while mineralogical inferences drawn from BP0.917 will be relatively insensitive to grain size. In the case of Murchison and many
other carbonaceous chondrites, interpretation of the 0.9 lm feature will be complicated by the presence of olivine, which also
affects the 0.829 lm, 0.917 lm, and 0.965 lm FC filters due to
crystal-field transitions of Fe2+ in the distorted octahedral sites of
the olivine structure (Gaffey, 1976; Cloutis et al., 2011b;
Thangjam et al., in press). Conversely, the presence of mixed Fe
valance phyllosilicates may complicate the interpretation of the
parameters R(0.829/0.965) and BP0.917 in terms of the presence
or absence of olivine only. Fig. 13C shows that overall spectral
slope increases with decreasing grain size.
Fig. 14A illustrates the variations in R(0.555/0.438) and R
(0.829/0.965) for samples consisting of various proportions of
coarse and fine Murchison particles at a fixed viewing geometry
of i = 0° and e = 30°. Finer-grained samples also show less variability between analyses, this being ascribable to the fact that large
(500–1000 lm) particles will, all else being equal, display more
heterogeneity in both composition and in the geometry of their
surfaces with respect to the light source and detector. Fig. 14B

illustrates the effects of mixing coarse and fine particles on band
parameters, and Fig. 14C the effect on overall spectral slope. The
pure fine-grained (<45 lm) and pure coarse-grained (>1000 lm)
spectra produce similar band parameters as in the grain size series.
With increasing coarse material, none of the BPs show strong systematic trends. This indicates that mixing of coarse and fine materials produces effects on the band parameters that are dominated
by the fine fraction, and that such mixing should not greatly affect
the detection of the 0.7 lm and 0.9 lm features with FC data.
Fig. 15 displays spectral ratio discriminants for saw-cut and
fusion-crusted faces of Murchison whole-rock samples, and of
powdered subsamples. Slab spectra and fusion crust spectra are
distinct from powders in the spectral ratio parameter space. Both
saw-cut slab and fusion crust surface spectra show greater variability than powdered samples. Fusion crusted surfaces show distinctively high visible slopes. We believe that the data point with
the highest visible slope (016) is a calcium aluminum inclusion
which filled a significant portion of the field of view of the spectrometer. Saw-cut surfaces have R(0.555/0.438) values generally
lower than powders and fusion crust. Both fusion crust and sawcut slabs show more scatter in the R(0.829/0.965) parameter, with
fusion crust tending towards larger values. We do not imply that
materials identical to fusion crust, formed by reaction with Earth’s
O2-rich atmosphere during meteorite entry, ought to be expected
on dark asteroid surfaces. These data are presented to expand
the available pool of carbonaceous chondrite-related spectra, in
the expectation that Dawn and other upcoming missions may
encounter many unexpected and at-present unknown materials,
possibly including carbonaceous chondrite material rapidly heated

Fig. 10. Spectral ratio plots illustrating viewing geometry effects on visible slope (ratio of intensity at 0.555 lm to that at 0.438 lm) and shortwave edge of the 1 lm band
(ratio of intensity at 0.829 lm to that at 0.965 lm). Included are data from this study along with similar data for the CI chondrite Alais from Cloutis et al. (2011a). (A)
Summary of phase angle (p) effects on the R(0.555/0.438) and R(0.829/0.965) parameters, which are used in the classification diagram of Schäfer et al. (2015). Tie lines in A
connect measurements with identical phase angle but different incidence and emergence angles; tie lines in B–D connect measurements with identical emergence angles. (B)
Overall spectral slope, R(0.965/0.438), increases with phase angle. (C) Visible slope R(0.555/0.438), also shows a general increase with phase angle. (D) The parameter R(0.829/
0.965) shows a general decrease with phase angle. The CI chondrite Alais shows phase angle trends similar to Murchison.
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Fig. 11. Viewing geometry dependences of spectral metrics for Murchison <90 lm
powders. (A) Spectral slope in the visible, R(0.555/0.438), increases with phase
angle, as does the overall spectral slope R(0.965/0.438). The contrast of the edge of
the 1 lm band, R(0.829/0.965 lm), decreases with increasing phase angle. (B) Band
strength near 0.7 lm (BP0.749) is weakly affected by viewing geometry and shows a
slight general increase with increasing phase angle, and BP0.917 decreases with
increasing phase angle.

under oxidizing conditions. The reasons for investigating saw-cut
slabs are that these surfaces may be somewhat representative of
some surface types, for example, large boulder faces, indurated
or compacted surfaces.
Closer investigation of the spectra of the <150 lm powdered
subsamples (Fig. 15B) shows that the heterogeneity of spectral
ratios between different sub-samples of Murchison is limited. Nevertheless, it is clear that small (a few hundred milligram) subsamples of meteorite can display some spectral variability due to
a combination of compositional, mineralogical, and textural differences. The range of variability seen in our data is much less than
the variability seen in CI and CM carbonaceous chondrite spectra,
for identical grain sizes, measured by different investigators, and
presumably on different subsamples (Cloutis et al., 2011a,
2011b). Spectral variability is expected to increase as the size of
the subsample decreases (Morlok et al., 2006). This local-scale
heterogeneity should be taken into consideration when interpreting remote spectra in comparison with laboratory reflectance spectra of meteorites.
Fig. 16 shows the spectral data from this study plotted on the
carbonaceous chondrite spectral discrimination diagram developed by Schäfer et al. (2015) based on available carbonaceous
reflectance spectra for samples with grain sizes <125 lm. The variations seen within this figure for the different carbonaceous chondrite groups are related to mineralogical differences between the
groups. While variations in physical properties and viewing geometry can lead to considerable changes in the spectral ratios, almost
all the Murchison spectra from this study remain within the CM
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Fig. 12. (A) Spectral ratio discrimination diagram for samples with variable
porosity. Visible slope, R(0.555/0.438), and overall spectral slope R(0.965/0.438),
are much more strongly affected than 1 lm band contrast, R(0.829/0.965), by
changes in porosity. (B) Effects of porosity on band parameters. Band parameters
BP0.749 and BP0.917 are insensitive to porosity effects. In contrast, the contrast
parameter BP0.829 is strongly affected by both compaction and increased porosity.

field, the notable exception being the fusion crust spectra. The series of grain size and coarse–fine mixture spectra follow nearly parallel linear trends of decreasing R(0.555/0.438) and R(0.829/0.965)
with decreasing grain size or increasing proportion of fine particles. Spectra of pure coarse-grained (>1000 lm) Murchison plot
slightly outside the CM field, but fall on the extreme end of the
observed trend identified in the spectra of variable grain size samples and coarse–fine mixtures. Increasing phase angle in spectral
measurements of Murchison appears to cause a systematic
increase R(0.555/0.438) and exerts limited effects on R
(0.829/0.965) at phase angles below 60°. In comparison, spectra
of the Alais CI chondrite show a similar spectral reddening trend
in R(0.555/0.438) but show marked decreases in R(0.829/0.965)
with increasing phase angle over all measured angles. Intrasample variability, while clearly detectable, is nonetheless limited
in extent, with all samples plotting in a cloud occupying a small
subregion of the CM field. There appears to be more variability in
R(0.555/0.438) than R(0.829/0.965), possibly because spectral
slope is more sensitive to variations in Fe mineralogy because of
the strong influence of the Fe–O intervalence charge transfer bands
in the ultraviolet (Cloutis et al., 2008). Intra-sample variability is
also very small compared to the range of variability between CM
chondrites and between different carbonaceous chondrite classes.
Many fusion crust surface spectra plot within the CV field, which
may be ascribable to mineralogical changes in the Murchison
material due to fusion crust formation, such as crystallization of
olivine, devolatilization, and glass formation.
The nature of space weathering on the surface of Ceres is
not well understood at the present time. Space weathering of
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Fig. 13. Effects of grain size on spectral metrics. (A) Grain size effects expressed in
spectral discriminant parameter space, observations at constant viewing geometry
(i = 0° and e = 30°), for a single subsample of Murchison crushed to progressively
finer maximum grain sizes. The predominant effects are a systematic decrease in
band contrast, R(0.829/0.965), and increase in visible slope, R(0.555/0.438), with
decreasing grain size. (B) Band parameters are affected differently by grain size.
With increasing grain size, BP0.749 and BP0.829 decrease, slightly while BP0.917
remains nearly constant. In all cases, distinct bands on either side of the 0.829 lm
filter are detected as BP0.829 < 1. (C) Overall spectral slope, R(0.965/0.438), increases
with decreasing grain size.

Murchison has been investigated by Gillis-Davis et al. (2015) using
pulsed laser irradiation. Gillis-Davis et al. (2015) found no systematic trend in visible spectral slope with laser bombardment, but did
note a general decrease in band contrast and albedo. It is worth
pointing out that the extent to which available space weathering
simulation methods (e.g., ion irradiation, laser irradiation) are accurately simulating the processes acting on actual asteroid surfaces. It
is also unclear to what extent space weathering phenomena occur
on the surface of Ceres or other dark asteroids. Most studies to date
have shown that spectral changes from space weathering simulation processes are minimal in the wavelength range covered by
FC. Dark asteroids in general show less spectral evidence for space

Fig. 14. Effects of mixing varying proportions of coarse (500–1000 lm) and fine
(<45 lm) particles on spectral metrics. (A) Spectral ratio plot illustrating variations
in R(0.555/0.438) and R(0.829/0.965) for samples consisting of coarse (500–
1000 lm), fine (<45 lm), and mixtures of coarse and fine Murchison particles. All
observations are at i = 0° and e = 30°, and coarse:fine ratios are in terms of weight,
which should be similar to volume percentage in this case. Fine-grained (<45 lm
particle size) samples show the least variability between analyses. The addition of
fine particles exerts a strong influence on the spectral properties of mixtures with
wide particle size distributions. Duplicate measurements with large coarse
fractions show considerable variability. (B) As the coarse:fine ratio increases
(approaching pure coarse particles), BP0.749 and BP0.917 remain nearly constant, and
BP0.829 parameter decreases only in the coarse-only measurement. In each coarse:
fine ratio spectrum, distinct bands on either side of the 0.829 lm filter are detected
as BP0.829 < 1. (C) Overall spectral slope, R(0.965/0.438), increases with increasing
proportions of fine material.

weathering processes, and the observed trends are less consistent
than in other asteroids. Lantz et al. (2015) also investigated ion irradiation effects on Murchison powders, and found that the effects of
ion bombardment were small or negligible compared to the effects
of viewing geometry or particle size. Therefore, insofar as current
laser or ion irradiation methods are accurately reproducing asteroid
space weathering processes, we do not expect space weathering
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Fig. 15. Spectral ratio discriminants for saw-cut and fusion-crusted faces of the
Murchison samples, and of powdered <150 lm grain size subsamples. (A) Slab
spectra and fusion crust spectra are distinct from powders in this parameter space.
Both saw-cut slab and fusion crust surface spectra show greater variability than
powdered samples. Fusion crusted surfaces show distinctively high visible slopes.
Saw-cut surfaces have visible slopes intermediate between powders and fusion
crust. Both fusion crust and saw-cut slabs show more scatter in the R(0.829/0.965)
parameter, with fusion crust tending towards larger values. (B) Subsection of
spectral ratio variation diagram showing the heterogeneity of band parameters
between different sub-samples of Murchison. Overall spectral variability between
powdered subsamples is restricted; however, it is clear that small (100–200 mg)
sub-samples of meteorite can display spectral variability due in part to compositional, mineralogical and textural differences. This local-scale heterogeneity should
be taken into consideration when interpreting remote spectra in terms of
laboratory reflectance spectra of meteorites.

effects to strongly affect the interpretation of the Murchison spectral data. Overall, these data indicate that mineralogical analogies
between CM chondrites and Dawn FC data from Ceres can be made
despite considerable uncertainties in the physical properties of the
Cerean target surfaces and variations in viewing geometry.

Fig. 16. Summary of all spectral data and overall trends plotted on the carbonaceous chondrite spectral discrimination diagram developed by Schäfer et al. (2015).
Almost all the Murchison sample spectra plot within the CM field. The series of
grain size and coarse–fine mixture spectra follow nearly parallel linear trends of
decreasing R(0.555/0.438) and R(0.829/0.965) with decreasing grain size or
increasing proportion of fine particles. Spectra of pure coarse-grained (>1000 lm)
Murchison plot slightly outside the CM field, but fall on the extreme end of the
observed trend identified in the spectra of variable grain size samples and coarse–
fine mixtures. Increasing phase angle appears to systematically increase R(0.555/
0.438) while reducing on R(0.829/0.965). Intra-sample variability is limited in
extent. More intra-sample variability is observed in R(0.555/0.438) than in R(0.829/
0.965) Many fusion crust surface spectra plot within the CV field, which may be
ascribable to mineralogical changes in the Murchison material due to fusion crust
formation (e.g., formation of olivine or melt glass, and devolatilization). ‘‘Grain size”
refers to the group or our spectra where phase angle was constant and only grain
size was varied (Sections 3.3 and 3.4 data); ‘‘phase angle” refers to the group of
spectra where grain size was constant and only phase angle was varied (Section 3.1).
Also shown are R(0.555/0.438) and R(0.829/0.965) values for disk-integrated
spectra of Ceres a combination of Small Main-Belt Asteroid Spectroscopic Survey
(SMASS/SMASS II) (Bus and Binzel, 2002) and NASA Infrared Telescope Facility
(IRTF) SpeX spectra (Rayner et al., 2003).








5. Conclusions
 Visible slope, R(0.555/0.438), and overall spectral slope R
(0.965/0.438) increase (‘redden’) with increasing phase angle.
The 1 lm band contrast, R(0.829/0.965) decreases slightly with
increasing phase angle. Spectral ratios are more strongly
affected by changes in phase angle in less-consolidated materials. Viewing geometry effects can affect FC mineralogical
parameters and must be taken into consideration, particularly
where there is significant surface topography within the footprint of the FC instrument. Phase angle effects appear largest
in back-scattering geometries and large phase angles.
 There is a systematic decrease in 1-lm band contrast R
(0.829/0.965) and increase in spectral slope parameters R
(0.965/0.438) and R(0.555/0.438) with decreasing grain size,
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consistent with several previous investigations of CM and similar meteorites (Johnson and Fanale, 1973; Cloutis et al., 2011a,
2011b, 2012).
Because both the 1 lm band of olivine (and pyroxene) and the
0.9 lm band of Fe-bearing phyllosilicates affect BP0.917, caution
should be exercised in applying BP0.917 if there is evidence of a
significant 0.7 lm band.
Band parameters BP0.749, BP0.829, and BP0.917 are relatively
insensitive to grain size and mixing of coarse and fine particles,
therefore they may be used despite uncertainties in the particle
size distributions of FC observation targets.
BP0.829 is affected more strongly by porosity than BP0.749, and
BP0.917, which are both relatively insensitive to porosity.
The spectral discrimination diagram based on R(0.555/0.438)
and R(0.829/0.965) developed by Schäfer et al. (2015) classifies
almost all Murchison spectra observed here in the CM field,
despite effects of viewing geometry, grain size, and porosity,
with the sole exception of fusion-crusted samples, which are
fundamentally different from other CM materials. We therefore
conclude that the R(0.555/0.438) vs. R(0.829/0.965) discrimination diagram should be effective for identifying CM-like materials on the Cerean surface.
The ongoing Dawn encounter with Ceres will doubtless reveal
unexpected surface materials, and while it is uncertain that
any known meteorites sample the Cerean crust, aqueously
altered carbonaceous chondrites like Murchison provide a reasonable starting point for interpreting multispectral and hyperspectral data for dark asteroids. We have shown that Dawn FC
data can be used to draw mineralogical analogies between
known carbonaceous chondrites and the Cerean surface despite
considerable variation in physical properties and viewing
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geometry. We have also found that various spectral metrics
could be used to detect variations in physical properties if other
factors, such as mineralogical variations can be accounted for.
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