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Carbonaceous chondrites (CCs) are important materials for understanding the early evolution of the 

solar

 
system and delivery of volatiles and organic material to the early Earth. Presumed CC-like 

asteroids are

 
also the targets of two current sample return missions: OSIRIS-REx to asteroid Bennu 

and Hayabusa-2 to

 
asteroid Ryugu, and the Dawn orbital mission at asteroid Ceres. To improve our 

ability to identify and

 
characterize CM2 CC-type parent bodies, we have examined how factors such as 

particle size, particle

packing, and viewing geometry affect reflectance spectra of the Murchison CM2 CC. The derived relation- 

ships have implications for disc-resolved examinations of dark asteroids and sampleability. It has been

found that reflectance spectra of slabs are more blue-sloped (reflectance decreasing toward longer wave- 

lengths as measured by the 1.8/0.6 μm reflectance ratio), and generally darker, than powdered sample

spectra. Decreasing the maximum grain size of a powdered sample results in progressively brighter and

more red-sloped spectra. Decreasing the average grain size of a powdered sample results in a decrease

in diagnostic absorption band depths, and redder and brighter spectra. Decreasing porosity of powders

and variations in surface texture result in spectral changes that may be different as a function of viewing

geometry. Increasing thickness of loose dust on a denser powdered substrate leads to a decrease in ab- 

sorption band depths. Changes in viewing geometry lead to different changes in spectral metrics depend- 

ing on whether the spectra are acquired in backscatter or forward-scatter geometries. In backscattered

geometry, increasing phase angle leads to an initial increase and then decrease in spectral slope, and a

general decrease in visible region reflectance and absorption band depths, and frequent decreases in ab- 

sorption band minima positions. In forward scattering geometry, increasing phase angle leads to small

non-systematic changes in spectral slope, and general decreases in visible region reflectance, and absorp- 

tion band depths. The highest albedos and larger band depths are generally seen in the lowest phase

angle backscattering geometry spectra. The reddest spectra are generally seen in the lowest phase angle

backscatter geometry spectra. For the same phase angle, spectra acquired in forward scatter geometry
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are generally redder and darker and have shallower absorption bands than those acquired in backscat- 

ter geometry. Overall, backscatter geometry-acquired spectra are flatter, brighter, and have deeper 0.7 μm

region absorption band depths than forward scatter geometry-acquired spectra. It was also found that

the 0.7, 0.9, and 1.1 μm absorption bands in Murchison spectra, which are attributable to various Fe elec- 

tronic processes, are ubiquitous and can be used to recognize CM2 chondrites regardless of the physical

properties of the meteorite and viewing geometry.

1. Introduction

Carbonaceous chondrites (CCs) are among the most useful me- 

teorites for addressing issues related to the formation, history, and 

dynamics of the early solar system, the delivery and distribution 

of water in the solar system, and prebiotic chemistry relevant to 

the origin and evolution of life on Earth. A major driver of spectral 

reflectance studies of CCs is for establishing linkages between CCs 

and specific parent bodies. The importance of this is underscored 

by the fact that potential CC asteroidal parent bodies are the tar- 

gets of two current sample return missions: OSIRIS-REx to asteroid 

(101955) Bennu (1999 RQ 36 ) ( Lauretta, 2015 ), and Hayabusa-2 

to asteroid (162173) Ryugu (1999 JU 3 ) ( Tsuda et al., 2013 ). De- 

termining the surface mineralogy and physical properties of the 

dark asteroids targeted for sample return prior to the encounters 

can help to select sampling sites of highest scientific value and 

sampleability, as well as understand the evolution of these bodies 

(e.g., whether they are rubble piles or intact fragments). 

Available Earth-based spectroscopic data for both Bennu and 

Ryugu are uncertain in terms of their mineralogies and whether 

spectrally diagnostic features may be present. For instance, 0.4–

2.5 μm telescopic spectra of Bennu appear to lack absorption 

features ( Binzel et al., 2002 , 2015 ; Clark et al., 2011 ); however 

weak absorption bands are allowed by the signal-to-noise ratio 

of the data. For asteroid Ryugu, most of the observational data 

suggest that it is spectrally featureless, although some reflectance 

spectra show weak, and sometimes persistent, minor absorp- 

tion bands ( Binzel et al., 2002; Lazzaro et al., 2013; Moskovitz 

et al., 2013 ), and one set of observations suggest the presence 

of absorption features that are consistent with CM2 chondrites 

( Vilas, 2008 ). 

Spectroscopic properties of CCs are also important for under- 

standing the nature of dark materials on the surface of Vesta (e.g., 

McCord et al., 2012; Nathues et al., 2014 ) and the surface composi- 

tion of asteroid Ceres (e.g., Chapman and Salisbury, 1973; McCord 

and Gaffey, 1974; Lebofsky, 1978; De Sanctis et al., 2015; Amman- 

nito et al., 2016 ), both of which are primary targets of the Dawn 

spacecraft ( Russell and Raymond, 2011 ). CM-type material has 

been invoked as a leading candidate for the dark material that is 

widespread on the surface of Vesta ( Nathues et al., 2014; Palomba 

et al., 2014 ). This is consistent with the presence of CM-like xeno- 

liths in HED meteorites that are presumed to originate from Vesta 

( Cloutis et al., 2011b , and references therein). In some howardites, 

the CM-like material can comprise the majority of the sample (e.g., 

PRA 04401: McCoy and Reynolds, 2007; Herrin et al., 2010, 2011 ). 

In addition to dedicated spacecraft missions, dark, presumed 

carbonaceous, asteroids are also common and scientifically im- 

portant targets for telescopic observations, including those in the 

main asteroid belt and in near-Earth space (e.g., Popescu et al., 

2011; Izawa et al., 2015; Takir et al., 2015 ). 

CM carbonaceous chondrites are the most common class of 

hydrated CCs, representing 1.5% of meteorite falls (carbonaceous 

chondrites represent < 4% of all falls; Norton, 2002 ). They generally 

exhibit different degrees of (probable) post-accretional aqueous 

alteration, with petrologic grades ranging from ∼1 to ∼3 ( Grady 

et al., 1987; McBride et al., 2002; Trigo-Rodriguez et al., 2006; 

Rubin et al., 2007; Righter, 2008; de Leuw et al., 2009 ). A num- 

ber of CM-type meteorites also show evidence of post-aqueous 

thermal alteration ( Cloutis et al., 2012b , and references therein). 

CM2 chondrites consist largely of ferromagnesian phyllosilicates, 

followed by anhydrous silicates (olivine, pyroxene), and minor 

components (present at the few percent level) that include mag- 

netite, Fe-sulphides, Ca–Mg–Fe carbonates, and organic material 

(e.g., Brearley and Jones, 1998; Bland et al., 2004; Zolensky et al., 

2008; Howard et al., 2009 ). 

In addition to the CM2 meteorites being a well-defined 

group, CM2-type materials are common as xenolithic material in 

other types of meteorites, including ordinary chondrite breccias, 

howardites, lunar samples, and others (e.g., Buchanan et al., 1993; 

Zolensky et al., 1996; Gounelle et al., 2003 ). 

Reflectance spectra of CM chondrites are characterized by a 

ubiquitous series of absorption features near 0.75, 0.9, and 1.1 μm, 

that are attributable to phyllosilicate Fe 2 + -Fe 3 + charge transfers 

(0.75 μm band) or Fe 2 + crystal field transitions (0.9 and 1.1 μm 

bands) ( Clark et al., 1990 ). For Fe 2 + Fe 3 + -bearing phyllosilicates, the 

0.9 and 1.1 μm bands will appear together ( Cloutis et al., 2011b ). 

Phyllosilicates, primarily Fe-bearing serpentine and cronstedtite 

(an Fe 3 + -Fe 2 + -bearing phyllosilicate), are the most common phase 

in CMs, comprising ∼65–85 vol%, and with serpentine/cronstedtite 

ratios varying between different CMs ( Bland et al., 2004, 2008; 

Howard et al., 20 08, 20 09, 2010a, 2010b ). Absorption bands at- 

tributable to these phases are seen in CM reflectance spectra, 

and hence s are indicative and characteristic of these phases in 

hydrated CCs (such as CMs). In particular, the 0.7 μm absorp- 

tion feature appears to be nearly exclusively confined to CM 

chondrites ( Cloutis et al., 2011b ). CM-type chondrites that have 

been subsequently thermally metamorphosed (termed ATCCs: 

Aqueously altered and Thermally metamorphosed Carbonaceous 

Chondrites) may continue to exhibit these absorption features, 

albeit generally with their depths decreasing with increasing 

thermal metamorphism ( Cloutis et al., 2012b ). 

Other hydrated CCs, such as CI1 chondrites, do not, or rarely, 

display such bands because their more pervasive aqueous al- 

teration leads to the production of more Mg-rich phyllosilicates 

( Howard et al., 2010a, 2010b ). In CI1 reflectance spectra, when 

the 0.7 μm phyllosilicates band is present, it is usually located at 

shorter wavelengths ( < 0.7 μm) than the corresponding absorp- 

tion bands in CM2 chondrites ( > 0.7 μm; Cloutis et al., 2011a ). 

The cause of this difference is unknown, but likely relates to 

structural differences between the major phyllosilicates in CIs 

(saponite + serpentine) versus CMs (serpentine + cronstedtite) 

( Bland et al., 20 04, 20 08; Howard et al., 20 09 , 2010a, 2010b, 2015 ). 

CR chondrites also include some hydrated members 

( Cloutis et al., 2012a ) and their spectra rarely display the 0.75, 0.9, 

and 1.1 μm absorption bands, either because of: (1) lower degrees 

of aqueous alteration (resulting in lower production of phyllosil- 

icates) ( Bland et al., 2008 ), or because their phyllosilicates may be 

more Mg-rich than those in CM2s, perhaps due to differences in 

pre-aqueous compositions between CRs and CMs ( Noguchi, 1995 ). 

Other ungrouped, aqueously altered CCs, such as Tagish Lake 

(petrologic grade ∼2) also do not exhibit these absorption bands, 
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Fig. 1. Some previously-measured reflectance spectra of the Murchison CM2 car- 

bonaceous chondrite from the RELAB archive (RELAB sample IDs and grain size of

each spectrum are indicated). All spectra were measured at i = 30 ° and e = 0 °. 

or show them only weakly ( < < 1% deep) ( Izawa et al., 2015 ), 

likely because of abundant opaques ( Cloutis et al., 2012c ). 

Among the various taxonomic classes of dark asteroids (e.g., 

Bus and Binzel, 2002; DeMeo et al., 2009 ), the Cgh/Ch group is 

uniquely defined as possessing an absorption band in the 0.7 μm 

region. This feature is nearly ubiquitous in CM2 reflectance spectra 

( Cloutis et al., 2011b; Vernazza et al., 2016 ), and largely absent 

from reflectance spectra of other CC groups, as discussed above. A 

number of specific asteroids show one or more absorption features 

attributable to Fe-bearing phyllosilicates, which is most consistent 

with CM2 chondrites (e.g., Vilas and Gaffey, 1989; Cloutis et al., 

2011b , and references therein; Vernazza et al., 2016 ). Consequently, 

the parent body/bodies of the CM chondrites are generally thought 

to reside within the Ch and Cgh taxonomic asteroid group ( Vilas 

and Gaffey, 1989; Vilas et al., 1993; Lantz et al., 2013; Burbine, 

2014; Rivkin et al., 2015; Vernazza et al., 2016 ). These two asteroid 

taxonomic types represent ∼10% of the mass of the asteroid belt 

( Rivkin, 2012; DeMeo and Carry, 2013 ) and can be found at all 

heliocentric distances within the asteroid belt. They also represent 

about 10% of the near-Earth asteroid population ( Stuart and Binzel, 

2004; Binzel et al., 2004 ). 

The spectral reflectance properties of CM chondrites are diverse 

and not all of the factors that may affect their reflectance spectra 

have been thoroughly studied. Cloutis et al. (2011b) found that 

CM2 chondrites can show diverse spectral behavior in terms of 

overall reflectance, spectral slopes, and strengths of phyllosilicate- 

associated absorption bands. It is suspected that some of this 

spectral diversity may relate to the fact that many CM chondrites 

are breccias ( Hanowski and Brearley, 20 0 0 ), and hence different 

subsamples could have different spectral properties depending on 

their mineralogy. Other studies have shown that other properties 

and parameters, such as viewing geometry and grain size can also 

change CM spectral properties (e.g., Johnson and Fanale, 1973; 

Cloutis et al., 2011b ). Even spectral reflectance measurements of a 

single carbonaceous chondrite (e.g., Murchison) can show spectral 

diversity that cannot be attributed to factors such as particle 

size and spectral measurement techniques (e.g., Fig. 1 ). Different 

fine-grained powders ( < 45, < 63, < 90 μm) of Murchison, some of 

which presumably sample different portions of Murchison, show 

differences in absolute reflectance, spectral slope, and absorption 

band strengths in the 0.6–1.3 μm region. Many of these differences, 

or their magnitudes, would not be seen in a homogeneous sample. 

Physical and observational properties might account for spectral 

differences between CM chondrites and presumed parent bodies, 

such as the position of 0.7 μm region absorption features ( Burbine, 

1998; Fornasier et al., 2014 ). 

To better understand the factors that affect the spectral re- 

flectance properties of carbonaceous chondrites, and specifically 

CM chondrites, we undertook a systematic 0.35–2.5 μm spectral 

reflectance study of how factors such as possible sample het- 

erogeneity, whole rock versus powders, particle size distribution 

and range, packing density/porosity, and viewing geometry can 

affect reflectance spectra of a specific CM2 carbonaceous chondrite 

(Murchison). These data were supplemented with other reflectance 

spectra of Murchison available from other sources. It should be 

noted that different types of carbonaceous chondrites can also be 

distinguished at longer wavelengths, using features such as the 

3 μm region OH/H 2 O absorption band and silicate emission fea- 

tures in the 8–20 μm region (e.g., Miyamoto, 1987; Miyamoto and 

Zolensky, 1994; Takir et al., 2013 ). The 3 μm band likely provides 

an additional means to recognize CM-type chondrites. Typically 

a third of C-type asteroids do show the presence of a 0.7 μm ab- 

sorption feature ( Rivkin, 2012 ), and its presence strongly correlates 

with presence of a 3 μm absorption band (e.g., Vilas, 1994 ), but the 

presence of a 3 μm band does not necessarily imply that a 0.7 μm 

band will also be present. 

2. Methods

This study focused on three contiguous saw-cut chips totalling 

10 g of the Murchison meteorite held at the Royal Ontario Mu- 

seum (ROM #M52364), supplemented with saw-cut fines of this 

sample, two unsorted powder samples containing some larger 

( ∼1–3 mm diameter) fragments (one fragment exhibiting partial 

fusion crust) from the University of North Dakota ( Gaffey, 1976 ), 

three powder samples of different grain sizes from Arizona State 

University, various digitally-available Murchison spectra from the 

RELAB archive ( http://planetary.brown.edu/relab/ ; Cloutis et al., 

2011b ), a powdered sample spectrum from Gillis-Davis et al. 

(2015) , and from other previously-published studies ( Johnson 

and Fanale, 1973; Gaffey, 1974; Salisbury et al., 1975; Miyamoto 

et al., 1982 , 20 0 0 ; Calvin et al., 1999 ). Sample descriptions and 

reflectance spectra included in this study are provided in Table 1 . 

The analytical procedure for the ROM 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 con- 

sisted 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 contaminating or inadvertently altering 

the sample through wet sieving. 

Reflectance spectra were measured with an Analytical Spectral 

Devices FieldSpec Pro HR spectrometer that acquires data from 

0.35 to 2.50 μm, with a spectral resolution between 2 and 7 nm 

and spectral sampling interval of 1.4 nm. The data are internally 

re-sampled by the instrument to output data at a uniform wave- 

length spacing of 1 nm. Data below approximately 0.4 μm may be 

affected by low signal levels and hence data in the 0.35–0.40 μm 

region, particularly abrupt changes in slope, are suspect. Some 

spectra may also show small and narrow absorption bands in 

the 0.62–0.65 μm region, which are due to artefacts from the 

spectrometer’s order-sorting filter. The ASD spectrometer consists 

of three detectors, with changeovers at 1.00 and 1.83 μm. Due 

to differences in each detector’s response across their respective 

wavelength ranges and decreasing light intensity toward longer 

wavelengths, signal to noise varies in different wavelength regions 

– the spectra are generally noisier toward longer wavelengths and

at the ends of each detector’s range. Incident light was provided 

by an in-house 100 W quartz-tungsten-halogen collimated light 
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Table 1

Description of Murchison samples and spectra included in this study.

Original PSF

sample ID sample ID Description Source

Me-2641(a) MJG009 ∼400 mg fine powder [1]

Me-2641(b) MJG226 2.6 g: 2 fragments + abraded powder [1]

MUR > 150 μm JFB21 > 150 μm powder [2]

MUR #5377 JFB22 coarse-grained powder [2]

MUR crushed 5/21/77 JFB23 fine-grained powder [2]

M252364 M52364-a Three saw-cut pieces; 10.39 g total [3]

M252364 M52364-b “Clean” saw cut powder; 1.76 g [3]

M252364 M52364-c “Contaminated” saw cut powder; 7 g [3]

Reflectance spectra of Murchison samples measured at PSF:

MJG009 < 150 μm; two spectra (sample repacked and remeasured): 090817b.004, 005

MJG226 Two chip face spectra (chip repositioned and remeasured): 091118a.0 01, 0 02

JFB23 < 90 μm (mix of < 45 and 45–90 μm powders), various phase angles: 140620b.0 01-0 09

JFB22 + 23 Mix of various proportions of < 45 + 50 0–10 0 0 μm powders: 140721b.001-0.024 (each sample repacked and remeasured) 

M52364-a 16 spots on saw cut faces and 12 spots on fusion crust: 040616a.001-028

M52364-a Six subsamples, < 150 μm (each sample repacked and remeasured): 040702a.001-012

M52364-a 1 subsample, progressively crushed and measured at each sieving step (each sample repacked and

remeasured): < 10 0 0, < 500, < 250, < 90, < 45 μm: 140703a.001-012

M52364-a 1 < 90 μm subsample measured as loose, regular, and tamped powder: 140708a.001, 003, 005

M52364-b “Clean” saw-cut fines; one spectrum: 150409a.005

M52364-c “Contaminated” saw-cut fines; one spectrum: 150409a.006

Reflectance spectra of Murchison samples from RELAB archive

RELAB ID Grain size i °, e °; spectral range; spectral resolution

c2mb64 < 125 μm 30/0; 0.3–2.6 μm; 5 nm

c3mb64 < 63 μm 30/0; 0.3–2.6 μm; 5 nm

c4mb64 63–125 μm 30/0; 0.3–2.6 μm; 5 nm

camh52 < 90 μm 30/0; 0.3–2.6 μm; 5 nm

cbmh52 < 90 μm 30/0; 0.3–2.6 μm; 5 nm

ccmh52 < 180 μm 30/0; 0.3–2.6 μm; 5 nm

mgp094 a < 150 μm integrating sphere; 0.35–2.525 μm; 5 nm

cdms02 < 200 μm 30/0; 0.35–2.6 μm; 5 nm

cbms02 10 0–20 0 μm 30/0; 0.35 to > 2.6 μm; 5 nm

ccms02 10 0–20 0 μm 30/0; 0.35–2.6 μm; 5 nm

cems02 10 0–20 0 μm, olivine enriched 30/0; 0.35–2.6 μm; 5 nm

cfms02 10 0–20 0 μm, olivine-enriched 30/0; 0.35–2.6 μm; 5 nm

cgms02 < 40 μm, olivine-enriched 30/0; 0.35–2.6 μm; 5 nm

cmms02 10 0–20 0 μm, matrix-enriched 30/0; 0.35 to > 2.6 μm; 5 nm

cnms02 10 0–20 0 μm, matrix-enriched 30/0; 0.35–2.6 μm; 5 nm

coms02 < 40 μm, matrix-enriched 30/0; 0.35–2.6 μm; 5 nm

s1rs45 ≤45 μm 30/0; 0.335 to ≥2.6 μm; 5 nm 

Reflectance spectra of Murchison from previous studies

Grain size Viewing geometry Source

<150μm (3 spectra) integrating sphere [4]

< 150 μm i = 30 °, e = 0 ° [5]

< 46 and < 1190 μm integrating sphere [6]

< 100 μm i = 30 °, e = 30 ° [7]

< 74 μm integrating sphere [8]

< 63 μm pressed pellet i = 30 °, e = 0 ° [9]

< 74, 74–147, 147–495 μm integrating sphere [10]

74–147 μm fractions b integrating sphere [10]

Source of samples or data: [1] Gaffey (1976) . [2] Arizona State University. [3] Royal Ontario Museum. [4] Gaffey (1974) . [5] Gillis-Davis et al. (2015) . [6] Miyamoto

et al. (1982) . [7] Miyamoto et al. (20 0 0) . [8] Salisbury et al. (1975) . [9] Matsuoka et al. (2015) . [10] Johnson and Fanale (1973) .
a Original Gaffey (1976) spectrum.
b Fractions enriched or depleted in red/orange-colored grains.

source. Both the light source and the spectrometer fiber optic 

assembly 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 the 

sample surface) 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 i and e are both listed as positive this indicates that they are 

located on either side of the surface normal (forward scattering 

geometry). A negative value for e indicates that both i and e are 

on the same side of the surface normal (backscattering geometry). 

Sample spectra were measured relative to a NIST-traceable 

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 were 

poured into machined aluminium sample cups and the surface 

gently smoothed by drawing the edge of a clean glass microscope 

slide across the surface to minimize surface topography and 

compaction. 
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Various spectral metrics were derived to characterize changes 

in reflectance spectra associated with the different sample 

variables that were investigated. These include depths of absorp- 

tion bands in the 0.75, 0.9, and 1.1 μm region (using Eq. 32 of 

Clark and Roush, 1984 : band depth = 1 – (reflectance at the band 

center divided by reflectance of the continuum at the same wave- 

length as the band center)), and wavelength position (center) of 

these absorption bands after continuum removal, which involved 

dividing the spectrum by a straight line continuum tangent to each 

spectrum across the ∼0.56–1.35 μm interval. One tangent point 

was located on the visible region reflectance maximum while the 

other was fixed at 1.35–1.38 μm to avoid any OH/H 2 O absorption 

bands in this region. Other metrics include spectral slopes (IR 

slope (also termed spectral slope): as measured by the 1.8/0.6 μm 

reflectance ratio; visible slope: as measured by the 0.56/0.40 μm 

reflectance ratio), and albedo (absolute reflectance at 0.56 μm). The 

sample spectra and the spectral metrics for the samples included 

in this study are provided in the on-line supplement. 

2.1. Sample preparation methods for textural variation study 

2.1.1. 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. The sample was crushed until it 

entirely passed through a particular sieve. A reflectance spectrum 

was measured, then the sample was crushed again until the entire 

sample passed through the finer sieve, its reflectance spectrum 

was measured, and the process was repeated. The sieve sizes used 

to constrain the maximum particle size were 10 0 0, 50 0, 250, 150, 

90, and 45 µm ( Table 1 ). Each sample was spectrally characterized 

twice, with the sample cup emptied and repacked each time. 

It is possible that some mineralogical sorting may occur during 

this process, however, the effects of such sorting or selection are 

expected to be minor due to the overall fine grain size and prepon- 

derance of relatively homogeneous matrix material in Murchison. 

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 ). 

These sample spectra were supplemented with reflectance 

spectra of saw-cut fines produced during cutting of the ROM’s 

main piece of Murchison (1.3 kg) and polishing of the cut faces. 

The two saw-cut samples include “clean” fines gathered during 

the cutting process – the sample was dry-cut with a diamond wire 

saw – and a sample possibly contaminated with aluminum oxide 

and silicon carbide powders used during the smoothing process. 

2.1.2. Porosity effects 

Four kinds of particle porosity effects were examined. “Regular”

samples were prepared by pouring the powder into a sample 

cup and leveling the surface with the edge of a clean glass 

slide. "Fluffy" samples consist of the regular sample stirred with 

a needle to create a less-dense sample. “Dense” samples were 

firmly compressed by hand using the face of a clean glass slide 

to simulate a compressed, indurated or otherwise compacted 

surface. “Airfall” samples were prepared by sprinkling the dense 

sample with < 90 μm powder passed through a steel sieve. Two 

thicknesses of coatings were produced: thin: where the underlying 

sample could still be seen, and heavier: where the underlying 

sample was no longer visible. 

2.1.3. Coarse plus fine mixture spectra 

The “coarse plus fine” mixture samples consist of coarse par- 

ticles (50 0–10 0 0 µm) to which were added various proportions 

of < 45 µm fine particles which were then mixed by shaking 

together in a sealed sample vial. The coarse and fine fractions are 

derived from the same Murchison sub-sample. 

2.1.4. Slab/whole-rock spectra and intra-sample heterogeneity 

Spots that were ∼5 mm in diameter on both saw-cut interior 

and fusion-crusted surface of the three ROM Murchison samples 

were spectrally characterized. Images of the slabs and locations 

of the spot spectra and regions where subsamples were removed 

are shown in Fig. 2 . After spot spectra were collected, ∼500 mg 

of sample from each spot was chipped off the slab using a chisel 

and rotary cutting tool and powdered to < 150 µm particle size 

to investigate the extent of spectral homogeneity in different 

sub-samples of the same ‘bulk’ Murchison sample. 

3. Results

Murchison, in common with almost all other CM2 chondrites, 

has low overall reflectance and resolvable absorption features cen- 

tered near 0.75, 0.9, and 1.1 μm ( Cloutis et al., 2011b ). Most pre- 

vious reflectance spectra of Murchison powders have ‘red’ spectral 

slopes (increasing reflectance with increasing wavelength). There 

is a marked change in spectral slope near 0.56 μm. The reflectance 

spectra of the various aspects of Murchison that were investigated 

are discussed below, along with the various spectral metrics. 

3.1. Slab spectra 

As mentioned, reflectance spectra were acquired for spots 

∼5 mm in diameter on various portions of the Murchison chips,

including interior saw-cut surfaces and fusion crust-coated sur- 

faces. Fusion crust spectra were included because they may 

provide insights into the spectral properties of asteroids with CM- 

like compositions which have been affected by short-term heating 

in an oxidizing environment, as may occur during impact heating 

on CM parent bodies, and to compare them with CM-like CCs that 

have been aqueously-altered and subsequently thermally meta- 

morphosed ( Cloutis et al., 2012b ). A number of the spot spectra 

turned out to be unusable because of instrumental artefacts. 

The saw-cut interior face spot spectra ( Fig. 3 a) show low 

albedo ( < 5.5% at 0.56 μm) and the expected blue-sloped spec- 

tra (1.8/0.6 μm reflectance ratio < 1) ( Johnson and Fanale, 1973 ). 

Absorption bands attributable to the sample’s Fe-bearing phyl- 

losilicates are present in the 0.7–1.2 μm region. These can be seen 

more clearly in the straight line continuum-removed spectra ( Fig. 

3 b). Band depths in this region are on the order of 2.0–3.6%. The 

0.7-μm region Fe 3 + -Fe 2 + charge transfer absorption band is ap- 

parent in the continuum-removed spectra near 0.73 μm, as is the 

0.9 μm Fe 2 + crystal field transition absorption band of Fe-bearing 

phyllosilicates located near 0.90 μm. A companion 1.1 μm region 

Fe 2 + crystal field transition absorption band is also present but 

less evident because of increased noise in this region – it is best 

seen near 1.13 μm. All three bands are seen in the vast majority 

of CM reflectance spectra ( Cloutis et al., 2011b ). Absorption band 

positions show slight variability, but this is likely due to the 

broad and weak nature of the bands and such bands are sensitive 

to small differences in continuum slope. Differences in overall 

slope are likely attributable to differences in surface roughness 

( Harloff and Arnold, 2001 ). 

Similar to the interior face spectra, the spot spectra of the 

fusion crust are also consistently blue-sloped (as expected for 

solid samples), but show no evidence of the 0.75-μm region 

Fe-phyllosilicate absorption band ( Fig. 3 c). The expected 0.9 

and 1.1 μm absorption bands are not evident as two separate 

bands, rather they appear as a single broader band centered near 

1.0–1.05 μm that is consistent with Fe-bearing glassy/amorphous 

materials ( Horgan et al., 2014 ) or magnetite ( Cloutis et al., 2011a , 
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Fig. 2. Images of the main ROM Murchison subsamples used in this study along with locations of spot spectra (white circles) and of samples extracted for grain size spectral

analysis (red rectangles). MSV006 (not shown) is a concentrate of the fusion crust from sample “Fusion Crust A” that was extracted from the uppermost part of the exterior

surface. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).

2011b ). There are also weak H 2 O-associated absorption bands in 

the 1.4 and 1.95 μm regions, consistent with hydration, which 

likely post-dates atmospheric entry. The region of maximum re- 

flectance is also shifted relative to the interior spectra: from ∼0.58 

to ∼0.75 μm. The fusion crust spectra are suggestive of magnetite 

in terms of reflectance peak position and broad absorption band 

in the 1 μm region, consistent with observations that magnetite 

production accompanies atmospheric ablation ( Blanchard and 

Cunningham, 1974 ), and could be spectrally dominant at low 

abundances ( Cloutis et al., 2011b ). Consequently the fusion crust 

spectra could have spectral contributions from pre-terrestrial 

magnetite and magnetite formed during passage through the 

atmosphere ( Blanchard and Cunningham, 1974 ). 

When various spectral metrics are applied to the data, it can be 

seen that there exists some overlap in terms of spectral slope ( Fig. 

3 d), although the fusion crust spectra are generally brighter; how- 

ever as noted, absolute reflectance, spectral slopes and depths of 

absorption bands of reflectance spectra of spots on a solid surface 

are sensitive to their texture (such as flatness, roughness, etc.). 

The most diagnostic parameter for fusion crust versus unaltered 

Murchison is the lack of a 0.7 μm region absorption band, the po- 

sition of the reflectance peak ( ∼0.75 μm), and a single absorption 

feature in the 1.00–1.05 μm interval, in the fusion crust spectra. 

3.2. Intra-sample heterogeneity 

As seen in Fig. 2 , the Murchison hand samples exhibits obvious 

tonal variations, largely associated with varying concentrations of 

chondrules and calcium aluminum inclusions (CAIs). A number of 

regions of the Murchison slabs were extracted to produce ∼0.5 g 

samples that were crushed and dry sieved to produce < 150 μm 

powders (labeled MSV xxx in Fig. 2 ). Their spectra are all broadly 

similar, with reflectance at 0.56 μm varying from 4.7% to 6.3% 

( Fig. 4 a). The absolute differences in albedo between reflectance 

spectra of a single powder measured after emptying and refilling 

a sample cup (labeled MSV xxxd ), one of which is shown in Fig. 

4 a, are < 1%. The spectra are all red-sloped, with similar 1.8/0.6 μm 

reflectance ratios: 1.31–1.38. They all show the expected Fe ab- 

sorption band “triplet” ( ∼0.75, 0.9, and 1.1 μm). Their band depths 

ranges are 3.5–5.3%, 2.5–4.3%, and 1.6–3.4%, respectively. They are 

generally positively correlated with each other, as they are all due 

to the same mechanism: abundance of Fe-bearing phyllosilicates. 

There are no systematic differences between samples derived from 

the interior versus those that included fusion crust. This is not un- 

expected, as fusion crust is thin (usually on the order of, at most, a 

few hundred μm ( Thaisen and Taylor, 2009 )) and readily diluted by 

the deeper material that was necessarily included in order to pro- 

vide enough sample for the spectral measurements. However, the 

fusion crust is thick enough that it dominates reflectance spectra 

of intact fusion crust surfaces as shown in Fig. 3 a versus Fig. 3 c. 

Straight line continuum-removed band center locations showed 

little variability: 0.74 μm, 0.90–0.93 μm, and 1.13 μm, with uncer- 

tainties on the order of ±1 nm ( Fig. 4 b). In spite of attempts to 

sample the full range of visual differences across the slabs, the 

resulting spectra show no significant differences. This suggests 

that, at the ∼0.5 g level, the samples are relatively homogeneous. 

Previously-measured laboratory spectra of Murchison (discussed in 

Cloutis et al., 2011b ; Fig. 1) suggest that Murchison is more spec- 

trally homogenous than we found, even when we compare spectra 

with minimal or no differences in grain size and observing con- 

ditions. This could be due to a number of causes, the most likely 

being that the use of < < 1 g quantities of sample would be less 

representative of the bulk (however we do not know the details of 

many of the previously-measured Murchison samples). Less likely, 

differences in sample preparation techniques between different 
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Fig. 3. ROM Murchison slab spectra. (a) Reflectance spectra of some of the saw-cut face spots. (b) Same spectra as (a) after removal of a straight line continuum from 0.6 to

1.35 μm. Number in brackets indicates linear vertical offset applied for clarity. (c) Reflectance spectra of some of the fusion crust spots. (d) 1.8/0.6 μm reflectance ratio versus

reflectance at 0.56 μm; squares: interior surfaces; circles: fusion crust surfaces. < 90 μm powder spectra generally plot off the right side of the figure (1.8/0.6 μm reflectance

ratios of 1.04–1.58 and reflectance at 0.56 μm of 3.2–6.1%). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article)

investigators could cause some spectral differences, but these are 

likely to be restricted to albedo, slope, and perhaps band depths. 

Intra-sample spectral heterogeneity is greater for different 

subsamples of Murchison measured by different investigators. 

For Murchison powders previously measured, with a minimum 

grain size of zero and maximum between 45 and 200 μm ( Fig. 

4 c), it can be seen that not all of the spectra show a well-defined 

0.7 μm region absorption feature, but otherwise all are red-sloped 

and exhibit a 1 μm region absorption feature. There is also no 

clear trend of reflectance as a function of grain size for these 

samples, suggesting that Murchison can be variable in terms of 

many potentially diagnostic spectral parameters. Fig. 4 d shows 

the variability of two spectral metrics for powder spectra from 

the RELAB archive and previous investigators ( Johnson and Fanale, 

1973; Gaffey, 1974, 1976; Salisbury et al., 1975; Miyamoto et al., 

1982 , 20 0 0 ; Calvin et al., 1999 ; Gillis-Davis et al., 2015; Matsuoka 

et al., 2015 ). While some of the variability is due to the relative 

sizes of the two data sets, it can be seen that variability across 

all Murchison samples is high: reflectance at 0.56 μm ranges from 

∼2.5% to 7%, and spectral slopes range from somewhat blue- to

strongly red-sloped. There is a rough positive correlation between 

spectral slope and reflectance at 0.56 μm, but this may be due to 

the use of different subsamples and grain size ranges by different 

investigators. A positive correlation between albedo and spectral 

slope was seen by Johnson and Fanale (1973) for different sized 

powders of various CCs. In the case of the 0.9 μm absorption fea- 

ture ( Fig. 4 e), all Murchison powder spectra exhibit an absorption 

feature in this region. 

3.3. Grain size effects (1): decreasing maximum grain size 

Reflectance spectra of the single ∼1 g subsample of Murchison 

that was crushed and dry-sieved to progressively smaller maxi- 

mum grain size is shown in Fig. 5 a. With decreasing maximum 

grain size, the spectra become progressively more red-sloped 

and brighter, consistent with previous results ( Johnson and 

Fanale, 1973 ). In all cases, the Fe absorption band triplet is appar- 

ent. The straight line continuum-removed spectra ( Fig. 5 b) show 

similarities to each other in terms of the shape and depth of the 

absorption features. 

With decreasing maximum grain size, the following systematic 

spectral trends were found: (1) increase in visible region spectral 

slope (0.56/0.4 μm reflectance ratio increased from 1.32 to 1.47); 

(2) increase in overall slope (1.8/0.6 μm reflectance ratio increased 

from 1.32 to 1.47); (3) increase in reflectance at 0.56 μm (from 

4.3% to 5.7%); and (4) a less systematic increase in 0.7 μm band 

depth (from 3.4% to 4.3%). The relationship between 1.8/0.6 μm 

reflectance ratio (a measure of spectral slope) and visible region 

reflectance (as measured at 0.56 μm) as a function of grain size 

is shown in Fig. 5 c. It can be seen that decreasing maximum 

grain size leads to redder and brighter spectra. The scatter in 

the data is likely attributable to “natural” variability in duplicate 
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Fig. 4. Reflectance spectra of powdered ( < 150 μm) ROM Murchison subsamples – see Fig. 2 for location of samples. (a) MSV001, MSV005, and two spectra of MSV006, with

the second measured after emptying and repacking the sample. These show the differences that may arise due to repacking of a powdered sample. (b) Same spectra as (a)

after removal of a straight line continuum from 0.6 to 1.35 μm. Number in brackets indicates linear vertical offset applied for clarity. (c) RELAB archive reflectance spectra of

Murchison powders with a minimum grain size of ∼0 μm. (d) 1.8/06 μm reflectance ratio versus reflectance at 0.56 μm for < 150 powder subsamples of Murchison measured 

in this study (filled circles), < 45 μm powders of Murchison measured in this study (dashed squares), and RELAB archive spectra of Murchison powdered samples of various

grain sizes (filled squares). (e) Same as (d) for reflectance at 0.56 μm versus 0.9 μm region band depth. (For interpretation of the references to color in this figure, the reader

is referred to the web version of this article).

reflectance spectra of the same sample (e.g., Cloutis et al., 2011b ), 

which can be on the order of up to ±0.5% absolute. This value 

is less than the full range of variability seen for the samples, 

suggesting that the trend is real but the values are subject to 

uncertainties. 

The 0.9 and 1.1 μm bands did not show a systematic change in 

depth with grain size, but they are weaker and broader than the 

0.7 μm band, and are more sensitive to the presence of other CM 

phases, such as magnetite. The 0.7, 0.9, and 1.1 μm absorption band 

centers showed no or small ( < 30 nm) variations with changes in 

maximum grain size, with the greatest variability associated with 
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Fig. 5. Grain size effects on Murchison reflectance spectra. (a) The reflectance spectra of the single ROM Murchison subsample crushed to progressively smaller maximum

grain size (see text for details). (b) Same spectra as (a) after removal of a straight line continuum from 0.6 to 1.35 μm. Each spectrum is offset by + 0.01 from the spectrum 

below it for clarity. (c) 1.8/0.6 μm reflectance ratio versus absolute reflectance at 0.56 μm of the spectra from (a). Also shown are data points for two saw-cut fines spectra

from (d), and an additional < 45 μm spectrum (dashed rectangle: the < 45 μm sample used to produce the coarse + fines series of samples). Slab spectra (not shown) plot 

off the left side of the figure because they have blue-sloped spectra (i.e., 1.8/0.6 μm reflectance ratio of < 1). (d) Reflectance spectra of < 45 μm powders of two different

subsamples of Murchison, and saw-cut fines (predominantly < 5 μm) acquired during preparation of the ROM Murchison subsample. (e) Same spectra as (d) after removal

of a straight line continuum from 0.6 to 1.35 μm. Each spectrum is linearly vertically offset by the amount indicated in brackets for clarity. Minimum grain size (f), average

grain size (g), and maximum grain size (h) versus 1.8/0.6 μm reflectance ratio of Murchison spectra. See legends for details. The filled squares are for the spectra from

(a). For clarity, slabs are assigned a minimum grain size of 600 μm in (f), average grain size of 900 μm in (g), and maximum grain size of 1200 μm in (h). See legend for

details (previous study data points with no viewing geometry information are for spectra measured at geometries other than i = 30 ° and e = 0 °). (i) Average grain size of 

the progressively crushed Murchison subsample versus band depth in the 0.7 (circles) and 0.9 μm (rectangles) regions. Data points for slab surfaces and saw-cut fines are as

indicated on the figure, and the dashed symbols are for the < 45 μm sample used for the fine + coarse mixtures. (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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Fig. 5. Continued

the noisier 1.1 μm band, which we generally ignore in favor of 

the 0.7 and 0.9 μm region bands. The variations are of the same 

magnitude as was seen in some duplicate spectra of the same 

subsample (after emptying and repacking the sample). 

Saw-cut fines saved during preparation of the ROM Murchison 

subsamples are finer-grained than the < 45 μm powders, with a 

maximum grain size of ∼20 μm, and the vast majority of the 

grains being < 5 μm. These finest-grained samples continue the 

trend seen for progressive reduction in maximum grain size, being 

more red-sloped, generally brighter, and with shallower 0.7, 0.9, 

and 1.1 μm absorption bands than the < 45 μm powder spectra 

( Fig. 5 c, d). The straight line continuum-removed spectra ( Fig. 

5 e) show the reduction in depths of the Fe triplet set of bands, 

but they are still readily detectable, with depths on the order of 

1–2%. XRD analysis of the saw-cut fines (e.g., Izawa et al., 2018 ) 

found trace amounts (likely < 1 wt%) of aluminum oxide as the 

only contaminant from the sample preparation process. 

When the entire sample suite is considered, the greatest in- 

fluence on spectral slope (1.8/0.6 μm reflectance ratio) appears to 

be minimum grain size ( Fig. 5 f) rather than average ( Fig. 5 g) or 

maximum ( Fig. 5 h) grain size. For the samples from this study 

measured at i = 30 ° and e = 0 ° we see a decrease in slope with 

increasing minimum grain size (black points in Fig. 5 f). Reflectance 

at 0.56 μm is not able to distinguish samples on the basis of 

minimum, average, or maximum grain size. Band depths in the 0.7 

and 0.9 μm region shows no consistent systematic trend ( Fig. 5 i). 

Saw-cut fines have band depths lower than any of the powders 

or slabs. Slab spectra band depths are variable but higher than 

saw-cut powder values. 

Grain size effects on Murchison spectra include increased 

spectral slopes in the visible and infrared regions with decreasing 

particle size. Similar effects of particle size variations on spectral 

reflectance properties of meteorite, rock, and mineral powders 

have been widely reported (e.g., Adams and Filice, 1967; Gradie 

and Veverka, 1982; Capaccioni et al., 1990; Hiroi et al., 1994; 

Cooper and Mustard, 1999 ). 

3.4. Grain size effects (2): increasing abundance of fine-grained 

particles 

In addition to progressive crushing of a single Murchison 

subsample, we also investigated the spectrum-altering effects of 

progressive increases in the amount of a fine-grained ( < 45 μm) 

fraction added to a 50 0–10 0 0 μm powder using the “JFB” Murchi- 

son powder. The end member spectra are as expected: the 500–

10 0 0 μm powder is darker and more blue-sloped than the < 45 μm 

powder ( Fig. 6 a). With increasing < 45 μm fraction, the spectra 

approach that of the pure < 45 μm spectrum. With 10 wt% < 45 

powder, the spectrum becomes nearly flat and by 20 wt.% < 45 μm 

powder, the spectrum is decidedly red-sloped, within ∼10% of 

the 1.8/0.6 μm reflectance ratio value of the pure < 45 μm powder, 

and < 0.2% absolute difference of its reflectance at 0.56 μm ( Fig. 

6 b). With increasing fines, the 0.7 μm band becomes shallower, 

as expected, approaching the value of the < 45 μm end member 

spectrum. The 0.9 and 1.1 μm bands also become shallower, with 

the greatest change seen with the initial addition of 10% fines 
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Fig. 6. Reflectance spectra of the JFB Murchison samples: varying proportions of fine-grained ( < 45 μm) and coarse-grained (50 0–10 0 0 μm) powders. (a) Reflectance spectra

of each mixture. (b) 1.8/0.6 μm reflectance ratio versus reflectance at 0.56 μm as a function of wt% fine-grained powder. The saw-cut fine spectral parameters are not shown

but plot well off the top left corner of this figure (1.8/0.6 μm reflectance ratio of 0.84–0.94, and 0.56 μm absolute reflectance of 5.2–5.4). Another < 45 μm spectrum plots

off the top of the figure (reflectance at 0.56 μm: 5.7%; 1.8/0.6 μm reflectance ratio of 1.35 – this is for the < 45 μm sample made from progressive crushing of a Murchison

subsample to pass through progressively finer sieves). (c) Percentage coarse particles (50 0–10 0 0 μm) in the mixtures versus 1.8/0.6 μm reflectance ratio. Points for saw-cut

fines and slabs are indicated by circles at −5 and 110 wt% respectively, for clarity. (d) Same as (c) for reflectance at 0.56 μm. (e) Same as (c) for band depths in the 0.7 

(circles) and 0.9 μm (rectangles) regions. Data points for an additional < 45 μm spectrum (from the progressive crushing series) are indicated with a dashed rectangle in (c),

and (d), and dashed rectangle (0.9 μm band depth) and dashed circle (0.7 μm band depth) in (e). Data points for saw-cut fines (assigned a % coarse value of −5 for clarity), 

and slabs (assigned a % coarse value of 110% for clarity) are also shown. (For interpretation of the references to color in this figure, the reader is referred to the web version

of this article).
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( on-line supplement ). Powdered surfaces that may appear to be 

fine-grained could contain significant proportions of larger par- 

ticles, and their spectral influence would be minimal compared 

to the (perhaps volumetrically minor) fines. The metrics for the 

coarse + fine mixtures show how ∼60–70 wt% coarse particles are 

required to appreciable affect spectral slope, how slab spectra 

have similar slopes to coarse particles, and how saw-cut fines are 

appreciable redder than the < 45 μm powder ( Fig. 6 c). Reflectance 

at 0.56 μm ( Fig. 6 d) indicates that saw-cut fines are brighter 

than < 45 μm powders as expected, that slab spectra may also be 

brighter, although reflectance depends on surface texture, and that 

increasing fine fraction causes an increase in reflectance. Band 

depth in both the 0.7 and 0.9 μm regions show an initial decrease 

and then increase in band depth with increasing fraction of fine- 

grained particles ( Fig. 6 e); saw-cut fines have lower band depths 

than the < 45 μm fraction but comparable to the 50–80 wt% coarse 

particle mixtures, while slab spectra band depths are intermediate 

between the end members. The 0.7 and 0.9 μm region band depth 

data for the progressively crushed sample ( Fig. 5 i), by comparison, 

show no clear systematic trends – band depths are comparable to 

the 0 wt% and 80–90 wt% coarse particle spectra band depth. 

3.5. Particle packing 

We attempted to isolate the effects of microporosity (i.e., 

porosity between individual grains) by measuring reflectance 

spectra of the same < 90 μm powder as a regularly packed powder 

(“regular”), the sample surface fluffed with a needle (“fluffy”), 

tamped with the face of a glass slide (“dense” ), and the densely- 

packed powder with a thin and thicker coating of airfall powder. 

The spectra were measured at i = 30 °/ e = 0 ° and i = 45 °/ e = 45 °. 

The spectra of the i = 30 °/ e = 0 ° samples are shown in Fig. 7 a. They 

all show the same overall behavior: evident 0.7–1.1 μm absorption 

bands, and an overall red slope. Reflectance is highest for the 

densely-packed sample and the densely-packed sample with a 

light coating of airfall dust, followed by the densely-packed sam- 

ple with the heavier coating of airfall dust, the regularly packed 

sample, and finally the fluffy sample. Reflectance varies from 3.0% 

to 4.3% at 0.56 μm (a 43% relative variation). 

The spectra of the same samples measured at i = 45 °/ e = 45 °

( Fig. 7 b) show the same consistent red slope and sequence of 

changes in absolute reflectance, with the fluffy sample spectrum 

showing the lowest overall reflectance. However, the range of 

albedos is higher, varying between 1.1% and 4.9% at 0.56 μm. 

These data suggest that viewing geometry will influence overall 

reflectance, in the sense that spectra acquired at higher phase 

angles could have a wider range of values due to differences in 

porosity, including lower lows and higher highs than reflectance 

spectra measured at lower phase angles. In all cases, spectral 

slope, as measured by the 1.8/0.6 μm reflectance ratio, is higher 

for the i = 45 °/ e = 45 ° spectra as compared to the i = 30 °/ e = 0 °

spectra ( Fig. 7 c, d); it also decreases with decreasing porosity for 

both sets of phase angle measurements. This is the well-known 

phase-reddening effect that is also seen in other meteorites and 

for asteroids (e.g., Cloutis et al., 2011a, 2011b; Sanchez et al., 2012; 

Ciarniello et al., 2017; Schröder et al., 2017 ). 

The data also indicate that while absolute reflectance correlates 

with porosity, porosity has little effect on spectra slope for the 

spectra measured at i = 30 °/ e = 0 °: 1.8/0.6 μm reflectance ratio 

varies from 1.25 to 1.28. However, for the i = 45 °/ e = 45 ° spectra, 

the 1.8/0.6 μm reflectance ratio varies more widely and systemati- 

cally: it is lowest for the densely-packed sample (1.36) and highest 

for the fluffy sample (1.73) with the other samples intermediate 

between these end members ( on-line supplement ). 

The ‘fluffy’ samples consistently show larger 0.7 μm band 

depths than regular or ‘packed’ samples. These spectra and de- 

rived parameters demonstrate the complexity of the interaction 

between viewing geometry and aggregation state. Previous studies 

(e.g., Hapke et al., 1998; Kar et al., 2016 ) have found that changes 

in absolute reflectance are a function of both porosity and surface 

roughness. Kar et al. (2016) reflectance spectra show increasing 

reflectance (at 632.8 nm) with decreasing porosity for a number of 

geological materials, similar to our results. 

3.6. Viewing geometry effects 

We measured reflectance spectra of a regularly-packed < 90 μm 

powder of Murchison at multiple phase angles, including forward- 

scatter and back-scatter geometries, all in the principal plane, and 

all relative to our Spectralon standard measured at i = 15 °/ e = 0 °. 

Spectral metrics are provided in the on-line supplement , and 

selected results are discussed below. 

3.6.1. Fixed incidence angles 

Reflectance spectra acquired at a fixed i of 0 ° ( Fig. 8 a), show 

an expected drop in overall reflectance with increasing e . Spectral 

slope varies slightly (1.04 to 1.17 for the 1.8/0.6 μm reflectance ra- 

tio) but the change is not systematic. With increasing e , the spectra 

appear more concave down and with the peak reflectance shifting 

to shorter wavelengths. The 0.7 μm band shows a slight increase 

in depth (from 2.2% to 2.6%), while the 0.9 and 1.1 μm band depths 

show non-systematic changes. The highest phase angle spectrum 

in this series ( i = 0 °/ e = 60 °) shows shifts in the position of the Fe 

triplet band set minima to longer wavelengths (by ∼30–60 nm). 

Reflectance spectra acquired at a fixed i of 15 ° ( Fig. 8 b) show 

variable spectral slopes ranging from overall red to slightly blue 

with a concave down profile, but all are red-sloped over the 0.6 

to 1.8 μm interval. The characteristic absorption features in the 

0.7–1.1 μm region are evident in all cases (when the vertical scale 

is reduced), with the 0.7 μm band being the deepest, ranging from 

1.1–3.2% deep. Visible region albedo varies widely (from 1.3% to 

5.2% at 0.56 μm). The highest albedo and reddest slope is seen 

in the smallest angle backscatter geometry ( i = 15 °/ e = −30 °

( p = 15 °)), followed by the smallest near-normal geometry 

( i = 15 °/ e = 0 ° ( p = 15 °)), and the second smallest backscatter ge- 

ometry ( i = 15 °/ e = 45 ° ( p = 30 °)). The lowest reflectance and bluest 

spectral slopes are seen in the larger angle backscatter and forward 

scatter spectra ( i = 15 °/ e = −60 ° ( p = 45 °)), ( i = 15 °/ e = 60 ° ( p = 75 °)). 

When the incidence angle is increased to 30 ° ( Fig. 8 c), the 

spectra can be more red-sloped than the i = 15 ° spectra (1.8/0.6 μm 

reflectance ratio up to 1.27 versus a maximum of 1.22 for the 

i = 15 ° spectra, and 1.17 for the i = 0 ° spectra). The range of visible 

albedos is somewhat less, and the 0.7–1.1 μm absorption feature 

is still evident but generally shallower. As with the i = 15 ° spectra, 

the highest albedos are seen in the forward scatter spectra and 

lowest phase angles, while the larger phase angle spectra are 

darkest and most blue-sloped. 

When the incidence angle is further increased to 45 ° ( Fig. 8 d), 

the spectra continue to exhibit red 0.6–1.8 μm slopes, some being 

overall concave down, as well as the 0.7–1.1 μm region absorption 

features. As before, the spectra acquired with backscattering ge- 

ometry have the highest overall reflectance, which decreases from 

the highest emission angle (60 °) to lowest emission angle (15 °) in 

backscatter, and hence from lowest phase angle (15 °) to highest 

phase angle (30 °). As before, the highest phase angle spectra in 

forward scatter mode have the lowest overall reflectance. Contin- 

uing the trend seen with increasing i , the range of reflectance at 

0.56 μm is further decreased (1.5–4.0%). 

Finally, when i is increased to 60 ° ( Fig. 8 e), we see a further 

decrease in the range of albedo (1.1–2.4% at 0.56 μm), including 

a decrease in the lowest values. The backscatter geometry mea- 

surements have, as before, the generally highest albedos, and 

12



Fig. 7. Reflectance spectra of a < 90 μm fraction of the JFB Murchison powders as a function of particle packing. (a) Spectra acquired at i = 30 ° and e = 0 ° (b) Spectra acquired 

at i = 45 ° and e = 45 ° (b) 1.8/0.6 μm reflectance ratio versus reflectance at 0.56 μm; squares: i = 30 °, e = 0 ° spectra; circles: i = 45 °, e = 45 °. R: regular packed, F: fluffy; D: 

dense pack; LA: light airfall; HA: heavy airfall. See text for definition of these terms. (d) Same as (c) versus band depth in the 0.9 μm region. (For interpretation of the

references to color in this figure, the reader is referred to the web version of this article).

which again decreases from the highest to the lowest emission 

angle in backscatter (the i = 15 °/ e = 60 °spectrum shows evidence 

of some incident light entering the pick-up fiber, which can be 

an issue with high phase angle measurement using our current 

configuration). The 0.7–1.1 μm absorption features are still present 

in the spectra, but generally of reduced depth relative to the lower 

incidence angle spectra. 

3.6.2. Fixed emission angles 

When we examine the spectra on the basis of a single emission 

angle, many of the same trends seen with a single incidence angle 

are present. When e is fixed at 0 ° ( Fig. 9 a), albedo decreases 

with increasing i , as expected (from 4.4% to 1.1% at 0.56 μm) and 

the spectra become slightly less red sloped, while the 0.7–1.1 μm 

region absorption bands remain apparent. 

Reflectance spectra acquired at a fixed e of 15 ° ( Fig. 9 b) are 

all red-sloped, and the characteristic absorption features in the 

0.7–1.1 μm region are evident. Visible region albedo varies from 

∼1.1% to 4.3% at 0.56 μm. The two highest-albedo spectra are those

measured at the smallest phase angle (15 °), and albedo decreases 

with increasing phase angle, for both the forward and backscatter 

geometries. For identical phase angles, those acquired in backscat- 

ter geometry have higher albedo than those acquired in forward 

scatter geometry. The 0.7 μm band depth appears to be largely in- 

sensitive to i for e = 15 °, ranging from 2.9% to 3.2%. The 1.8/0.6 μm 

reflectance ratio increases slightly with increasing phase angle. 

When e is increased to 30 °( Fig. 9 c), the spectra are generally 

less red sloped, while the range of visible albedos is largely 

unchanged (and highest for the lowest phase angle spectra). As 

with the e = 15 ° spectra, the highest albedos are seen in the 

backscatter and lowest phase angle spectra, while the larger phase 

angle spectra are darkest. The 0.7–1.1 μm absorption bands are still 

evident, being deepest for the smallest phase angle spectra. 

When the emission angle is further increased to 45 ° ( Fig. 9 d), 

the spectra become less red-sloped and more concave-down, 

and the 0.7–1.1 μm absorption features become less distinct in 

many of the spectra, with 0.7 μm band depths < 1% in the highest 

phase angle spectra. As before, the spectra acquired in backscat- 

tering geometry and lowest phase angle have the highest overall 

reflectance, while the highest phase angle spectra are the dark- 

est. Continuing the trend seen with increasing e , the range of 

reflectance at 0.56 μm is further reduced (1.2–4.9%). 

Finally, when e is increased to 60 ° ( Fig. 9 e), we see a further 

decrease in the range of albedo, including a decrease in the lower 

limit. The backscatter geometry measurements have, as before, 

the generally highest albedos, although the specular i = e = 60 °

spectrum is present in the higher albedo group. The 0.7–1.1 μm 

absorption features are still present in the spectra, but reduced in 

depth, many being < 1% deep. 

13



Fig. 8. Reflectance spectra of a < 90 μm fraction of the JFB Murchison powder as a function of incidence angle ( i ). (a) i = 0 °. (b) i = 15 °. (c) i = 30 °. (d) i = 45 °. (e) i = 60 °. (For 

interpretation of the references to color in this figure, the reader is referred to the web version of this article).

3.6.3. Fixed phase angles 

Reflectance spectra acquired at a fixed phase angle ( p ) of 15 °

( Fig. 10 a), show variable spectral slopes, all being red over the 

0.6–1.8 μm range but some being blue-sloped beyond 1.8 μm, and 

showing generally evident 0.7–1.1 μm absorption bands. Albedos 

are all > 2.4% at 0.56 μm. As with the results for a constant i or 

e , the spectra acquired in backscatter mode and close to normal 

incidence have the highest reflectance. The 0.7–1.1 μm Fe triplet 

absorption band set is evident in all the spectra, with 0.7 μm band 

depth ranging from 2.2% to 5.3%. 

Reflectance spectra acquired at a fixed p of 30 ° ( Fig. 10 b) also 

show variable spectral slopes, all being red over the 0.6–1.8 μm 

interval, but some having an overall concave-down profile. The 

characteristic absorption features in the 0.7–1.1 μm region are 

evident in all cases. The range of visible region albedo is shifted 

downward from the p = 15 ° values (1.7–4.6% at 0.56 μm versus 
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Fig. 9. Reflectance spectra of a < 90 μm fraction of the JFB Murchison powder as a function of emission angle ( e ). (a) e = 0 °. (b) e = 15 °. (c) e = 30 °. (d) e = 45 °. (e) e = 60 °. 

(For interpretation of the references to color in this figure, the reader is referred to the web version of this article).

2.2–5.3% for p = 15 °). The highest albedos are seen in the spec- 

tra acquired in backscatter mode and closest to near-normal 

geometry. 

When the phase angle is further increased to 45 ° ( Fig. 10 c), 

the spectra continue to exhibit red slopes and more concave-down 

shapes at higher emission angles, and the range of albedos con- 

tinues to decrease (ranging from 1.1% to 2.8% at 0.56 μm). There 

are less systematic trends in the data, although the spectra with 

i or e of 60 ° are the darkest. The 0.7–1.1 μm region absorption 

bands are generally more subdued than the lower phase angle 

spectra. 

For the spectra acquired with p = 60 ° ( Fig. 10 d), we see a fur- 

ther decrease in the range of albedo, including a decrease in the 

lowest value. Spectral slopes are red or overall concave-down. The 

measurements with i or e < 60 ° are the brightest. The 0.7–1.1 μm 

absorption features are still detectable in the spectra but subdued: 

0.7 μm band depths are all < 1%. 
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Fig. 10. Reflectance spectra of a < 90 μm fraction of the JFB Murchison powder as a function of phase angle ( p ). (a) p = 15 °. (b) p = 30 °. (c) p = 45 °. (d) p = 60 °. (e) p = 75 or 

90 °. (f) p = 105 or 120 °. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article). 

The trend of decreasing albedo with increasing phase angle 

continues for spectra acquired at p = 75 or 90 ° ( Fig. 10 e). Most 

of the spectra are concave-down over the 0.6–2.5 μm range, and 

0.7–1.1 μm region absorption bands are subdued, many being < 1% 

deep (ranging from 0.2% to 2.2% deep). As before, the brightest 

spectra are those for which i or e is < 60 °. 

At the highest phase angles, p = 105 ° or 120 ° ( Fig. 10 f), the 

spectra are decidedly concave down over the 0.6–2.5 μm range 

and reflectance is low. The brightest spectrum is for the specular 

geometry ( i = e = 60 °). The 0.7–1.1 μm region absorption bands are 

very subdued ( < 1% deep). 

3.6.4. Viewing geometry effects summary 

When various spectral metrics are examined for all the phase 

angle data, certain general trends emerge. For spectra acquired 

in backscattering geometry ( Fig. 11 a), there is a general decrease 

in spectral slope (1.8/0.6 μm reflectance ratio) with increasing 

reflectance. Points that fall off the trend are associated with the 

highest emission angles ( i = 60 °). The forward scatter geometry 

spectra are generally flatter and show no obvious correlation 

between spectral slope and reflectance at 0.56 μm. There is a 

weak positive correlation of band depth in the 0.9 μm region as 

a function of reflectance at 0.56 μm ( Fig. 11 b). The points that fall 
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Fig. 11. Various spectral metrics as a function of viewing geometry. (a) Reflectance

at 0.56 μm versus 1.8/0.6 μm reflectance ratio. (b) Reflectance at 0.56 μm versus

0.9 μm region absorption band depth. (c) 1.8/0.6 μm reflectance ratio versus 0.7 μm

region absorption band depth. Black squares: forward scatter geometry; red circles:

backscatter geometry. (For interpretation of the references to color in this figure,

the reader is referred to the web version of this article).

of the general trend are mostly those associated with the highest 

incidence angle ( i = 60 °). There is no obvious correlation between 

the 1.8/0.6 μm reflectance ratio and 0.9 μm region absorption band 

depth, but a negative correlation appears for the 0.7 μm absorption 

band depth for the forward scatter geometry data ( Fig. 11 c). 

The qualitative phase angle observations discussed above are 

shown in Fig. 12 a–c. It can be seen that the 1.8/06 μm reflectance 

ratio generally reddens with increasing emission angle up to 

between 30 ° and 60 ° emission angle, and decreases toward the 

highest emission angle ( Fig. 12 a). The backscatter measurements 

are generally the least red-sloped. 

Reflectance at 0.56 μm shows less systematic trends ( Fig. 

12 b). In the forward scattering regime ( e > 0 °), the decrease in 

reflectance with increasing e becomes flatter with increasing i , and 

at i = 60 °, this decrease is no longer present. In the backscattering 

regime ( e < 0 °), the point at which reflectance at 0.56 μm decreases 

with increasingly negative e moves to more negative values with 

increasing i . 

Band depth data also show general but not rigorously system- 

atic variations as a function of incidence angle. The depth of the 

0.7 μm region absorption band ( Fig. 12 c) decreases with increasing 

emission angle in the forward scattering regime, with the mag- 

nitude of the decrease becoming larger with increasing incidence 

angle. Band depth is fairly constant at e = 0 °regardless of i . In 

the backscattering regime (i.e., negative e ), band depth seems to 

decrease the most at lower incidence angles, but the magnitude of 

the change is less than for the forward scattering spectra. Trends 

are less apparent for the depth of the 0.9 μm region absorption 

band ( Fig. 12 d). The highest emission angle spectra again show 

the largest decrease in band depth with increasing emission angle, 

but the lower incidence angle spectra show significant scatter. 

There is also a higher degree of scatter in the backscatter regime 

data for i = 60 ° data, but the other incidence angle series show 

a progressively smaller decrease in band depth with increasing 

e . The relationship between absorption band depths and viewing 

geometry is complex. Both increases and decrease can be observed 

for a single sample (e.g., Gradie et al., 1980 ), and this behavior is 

likely a function of composition and sample type. The trends we 

observe for Murchison indicate that, overall, band depths decrease 

with increasing phase angle ( Fig. 12 c and d), but there are often 

exceptions, such as the increase in band depth in backscatter 

geometry for the i = 45 ° spectra. 

The general reddening that is observed with increasing emis- 

sion angle and phase angle has also been observed for other 

CCs ( Beck et al., 2012 ) and other types of meteorites/asteroids 

(e.g., Cloutis et al., 2011a, 2011b; Sanchez et al., 2012; Ciarniello 

et al., 2017; Schröder et al., 2017 ). Decreases in reflectance with 

increasing phase angle for many geological materials have been 

observed by a number of researchers (e.g., Gradie et al., 1980; 

Capaccioni et al., 1990 ). 

4. Discussion

The various parameters, physical and observational, that have 

been isolated in this study allow us to discern trends and identify 

any unique spectral metrics that can relate to these parameters. 

While Murchison is only one of many CM2 chondrites, our results 

are generally applicable to CM2 chondrites, as they share many 

common spectral characteristics ( Cloutis et al., 2011b ), and are 

likely also applicable to other CC groups that are characterized by 

low reflectance and subdued absorption features. 

Some level of spectral diversity is seen within the CM group 

( Cloutis et al., 2011b ). As a group, reflectance spectra of CM 

powders range from blue to red, likely due to compositional 

differences. It has also been found that brighter spectra are also 

generally more red-sloped ( Cloutis et al., 2011b ). Absolute re- 

flectance also varies, which also is likely related to compositional 

differences among CMs. The most ubiquitous spectral property of 

CM chondrites is the presence of three absorption bands near 0.7, 

0.9, and 1.1 μm, whose depths vary largely in tandem (because 

they are associated with Fe-bearing serpentine) and generally 
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Fig. 12. Spectral metrics as a function of emission angle for the different incidence angle series of measurements. (a) e versus 1.8/06 μm reflectance ratio. (b) e versus

reflectance at 0.56 μm. (c) e versus depth of the 0.7 μm region absorption band. (d) e versus depth of the 0.9 μm region absorption band. (For interpretation of the references

to color in this figure, the reader is referred to the web version of this article).

increase with increasing aqueous alteration. This absorption band 

triplet is the most distinguishing feature of CM2 chondrites; as 

mentioned, similar, but weaker, features are present in spectra of 

some CI1 chondrites ( Cloutis et al., 2011a ) and thermally metamor- 

phosed CM-like chondrites ( Cloutis et al., 2012b ). This absorption 

feature is also a distinguishing characteristic of the Cgh/Ch asteroid 

taxonomic groups ( Bus and Binzel, 2002; DeMeo et al., 2009 ). 

Because the results of this study and derived spectral variations 

as a function of the parameters we examined are strictly only 

relevant to our samples of Murchison, they are best utilized in 

a qualitative rather than quantitative manner. In other words, 

spectral trends rather than absolute values are more reliable for 

constraining what compositional, physical or observational param- 

eters are varying. The observed variations in spectral metrics from 

this study are summarized in Table 2 . 

From this table it can be seen that the various parameters 

we examined, and their effects on reflectance spectral metrics, 

are sometime unique, but not always. In addition, we have not 

included the fact that CM chondrites show variability in all spec- 

tral metrics (absorption band depths, absorption band positions, 

slopes, and albedo) ( Cloutis et al., 2011b ), suggesting that assigning 

spectral differences to physical and observational properties rather 

than compositional differences may not be possible. However, 

constraining the cause of spectral variations across the surface of 

a single asteroid (rather than between different asteroids) may 

be more tractable, particularly if spectral variations are combined 

with geomorphological analysis. 

We can examine the results in Table 2 in two ways: their 

relationship to the different factors examined in this study, or as 

ensembles of possibly unique combinations. Here we look at the 

different combinations of spectral metrics that show correlations 

with some physical or observational parameter. 

1. Increasing absolute reflectance at 0.56 μm (no other trends):

this trend is most associated with a decrease in porosity for 

spectra measured at i = 30 ° and e = 0 °. 

2. Decrease in band depths at 0.7 and/or 0.9 μm (no other trends):

this is most associated with porous dust overlying a more com- 

pacted layer, and seems to be independent of viewing geometry 

( i = 30 °/ e = 0 °, and i = 45 °/ e = 45 °). 

3. Bluer slopes (decreasing 1.8/0.6 μm reflectance ratio) AND

decreasing absolute reflectance at 0.56 μm (no other trends): this 

paired trend is most associated with grain size, specifically with 

slabs as compared to powders, increasing maximum grain size for 

a powder, and a decreasing abundance of fine-grained ( < 45 μm) 

material. 

4. Redder slopes (increasing 1.8/0.6 μm reflectance ratio) AND de- 

creasing absolute reflectance at 0.56 μm (no other trends): this paired 

trend is most associated, and seen most clearly, with increasing 

incidence angle for low emission angles ( e = 0 ° and 15 °). 
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Table 2

Spectral trends of Murchison spectra measured in this study.

Reflectance ratios

Parameter Band depths a Band positions a 1.8/0.6 and 0.56/0.40 μm Absolute reflectance b Other/notes

Slab versus powder c No clear trends No differences Bluer (decrease) Same or darker

Intra-sample splits No differences No differences No difference No differences Differences on the order of duplicate spectra
Decreasing maximum grain size Slight increase No trend Redder (increase) Increase

Increasing fine-grained component Decrease No trend Redder (increase) Increase

Decreasing porosity See text for details
( i = 30 °, e = 0 °) No change or trend No change No change/trend Increase

Decreasing porosity See text for details

( i = 45 °, e = 45 °) Increase No change Bluer (decrease) Increase

Thicker airfall dust c See text for details

( i = 30 °, e = 0 °) Decrease No change No change/trend No change or trend

Thicker airfall dust d See text for details

( i = 45 °, e = 45 °) Decrease No change No trend No trend

Increasing e °e (all i °) Decrease No change General increase Decrease f

Increasing i °
e = 0 ° or 15 ° No trend No change Redder (increase) Decrease g

e = 30 ° General decrease Possible increase Redder (increase) Decrease

e = 45 ° General decrease Possible decrease Redder (increase) h Decrease h

e = 60 ° General decrease Possible decrease Redder (increase) General increase h

Increasing p °i Decrease j No trend No trend Decrease j

Increasing p °k Decrease j No trend General increase Decrease

Symbols: i °= incidence angle; e °= emission angle; p °= phase angle. 
a Refers to depths of absorption bands in the 0.7 and/or 0.9 μm regions. The 1.1 μm band shows similar behavior to the 0.9 μm band, but was not rigorously quantified.
b Refers to absolute reflectance at 0.56 μm.
c Relative to regularly packed < 45 μm powder measured at i = 30 ° and e = 0 °. 
d Relative to regularly packed < 45 μm powder measured at i = 45 ° and e = 45 °. 
e Same trends seen when i ° and e ° are on the same side of the surface normal (i.e., backscatter geometry).
f Increases for i = 60 ° when i ° and e ° are on opposite sides of the surface normal (i.e., forward scatter geometry). 
g Increase for e = 15 ° when i ° and e ° are on the same side of the surface normal (i.e., backscatter geometry). 
h Trends not apparent when i ° and e ° are on the same side of the surface normal (i.e., backscatter geometry).
i e ° and i ° are on the same side of the surface normal (i.e., backscatter geometry).
j No discernible trend below p = 45 °; decrease most evident for p > 45 °. 
k e ° and i ° are on opposite sides of the surface normal (i.e., forward scatter geometry).

5. Decreasing band depths at 0.7 and/or 0.9 μm AND decreasing

absolute reflectance at 0.56 μm (no other trends): this pairing was 

most evident for increasing phase angle when p > 45 °. 

6. Increasing band depths at 0.7 and/or 0.9 μm AND bluer slopes

(decreasing 1.8/0.6 μm reflectance ratio) AND increasing absolute 

reflectance at 0.56 μm: the simultaneous change in these three 

trends is associated with decreasing porosity at high phase angle 

( i = 45 °/ e = 45 °), as well as when emission angle or phase angle is 

decreasing (with the exception of i = 60 ° and p > 60 °). 

7. Decreasing band depths at 0.7 and/or 0.9 μm AND possibly

increasing 0.7 and/or 0.9 μm band position(s) AND redder slope 

(increasing 1.8/0.6 μm reflectance ratio) AND changing reflectance at 

0.56 μm: simultaneous change in all four of these spectral metrics 

is associated with increasing incidence angle when e ≥30 °. In 

all cases, increasing incidence angle leads to the same kinds of 

changes in band depths, band positions, and slope. However, it 

should be noted that the changes in band position are not entirely 

systematic and are usually on the order of 10–20 nm. The trends 

in slope and reflectance are not apparent for e = 45 ° in backscatter 

geometry, and the trend in slope is not apparent for e = 60 ° in 

backscatter geometry. Absolute reflectance decreases with increas- 

ing i for e = 0 °, 15 °, 30 °, or 45 °, but increases with increasing i for 

e = 60 °. 

We found that the positions of the 0.7, 0.9, and 1.1 μm ab- 

sorption bands are the most invariant features; they do not show 

systematic variations except a possible increase with increasing i °

for e ≥∼30 ° A previous study ( Cloutis et al., 2011b ) of CM spectra 

measured at i = 30 ° and e = 0 °, found no variations in band posi- 

tions as a function of composition or petrologic grade. Thus, for 

observational data where a range of phase angles are available (for 

a single target), any observed changes in band positions would 

likely be attributable to viewing geometry effects, specifically 

changes in emission angle. 

This study investigated phase angle effects in some detail. 

If phase angle can be independently determined, it would be 

possible to reduce ambiguities in the potential causes of variations 

in spectral metrics seen on a potential CM parent body. 

The band depth parameters investigated here appear to be less 

sensitive to non-compositional effects than spectral slopes; how- 

ever, some important variations do occur. For example, at some 

viewing geometries, especially those with large phase angles, band 

depths can vary dramatically. Even though viewing geometry and 

local topography can be accounted for during data processing, 

local topography (at a scale below that derivable from a shape 

model or topographic variations at the sub-pixel scale), could 

affect a single pixel reflectance spectrum. The fact that sub-pixel 

(or local) topography can affect reflectance spectra has long been 

known (see Pilorget et al., 2016 for an excellent discussion of this 

topic). Apparent spectrally-derived compositional variations which 

show strong correlations with topography should be interpreted 

with caution, particularly if highly variable or extreme topography 

is observed or suspected. 

Non-compositional effects can produce spectral changes that 

are similar to those due to intra-sample variability. An analysis 

combining slope and absorption band parameters minimizes the 

ambiguities while interpreting the spectra. But given the unknown 

surface composition along with the observational limits and 

also the geometry/physical effects, removing ambiguities while 

analyzing and interpreting the spectra is likely impractical. 

Our data also suggest that spectral variations within a single 

CC exist (in this case Murchison) that are due to compositional 

heterogeneities, are on the order of hundreds of milligrams. This 

is comparable to scales of heterogeneity seen in CMs and other 

CCs (e.g., Fuchs et al., 1973; Bischoff et al., 2006; Morlok et al., 

2006; Herd et al., 2011; Jenniskens et al., 2012 ). However, on an 

asteroid surface we expect regolith gardening to rapidly obscure 

such fine-scale heterogeneities (e.g., Shestopalov et al., 2013 ). 
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The effectiveness of such processes will depend on many factors 

however, such as size of the body, its location, age, and geological 

history and conditions. 

5. CM chondrites and asteroids

There are a number of scenarios that we envision for how 

spectroscopic variations derived from this study could be applied 

to analysis of observational data of possible CM parent bodies. For 

example, comparison of the spectra of different possible CM parent 

bodies (most likely present in the Cgh/Ch taxonomic group; Bus 

and Binzel, 2002; DeMeo et al., 2009 ) or the older Tholen (1984) G 

class ( Burbine, 1998 ), could allow factors such as relative ages to 

be constrained, if a relationship exists between surface age and re- 

golith physical properties, such as grain size ( Vernazza et al., 2016 ). 

A spectral metrics approach could be applicable to comparison 

of, for example, different terrains on a single CC parent body, 

where spatially resolved spectroscopic data are available (e.g., 

spectroscopic data from the Dawn, OSIRIS-REx and Hayabusa 2 

missions). Such an approach could allow compositional differences 

to be discriminated from physical properties such as grain size. 

This also has implications for determining the sampleability of 

target areas on asteroids for sample return missions. 

Many tens of asteroids have been tentatively proposed as par- 

ent bodies for CM2 chondrites ( Burbine, 1998; Cloutis et al., 2011b , 

and references therein; Vernazza et al., 2016 ). A previous review of 

these associations ( Cloutis et al., 2011b ) found that possible parent 

bodies fell into a number of Tholen (1984) taxonomic classes, 

including B, BU, C, CG, CX, D, F, FC, G, M, P, S, and ST. The asteroid 

spectra were examined in terms of whether they exhibited the 

most ubiquitous diagnostic spectral feature: absorption features in 

the 0.7, 0.9, and 1.1 μm regions, as well as a less specifically diag- 

nostic Fe 3 + spin-forbidden absorption band in the 0.4 μm region. It 

was found that ∼95% of the considered asteroid spectra exhibited 

one or both of the 0.7 and 0.9 μm region absorption features (as 

compiled in Cloutis et al., 2011b ). The largely diagnostic nature of 

these absorption features is strong evidence for a linkage of these 

asteroids to CM2 chondrites. 

Asteroid taxonomic classifiers based on spectral shapes and 

absorption features are available for the ∼0.4–0.95 μm region 

( Bus and Binzel, 2002 ) and 0.45–2.45 μm interval ( DeMeo et al., 

2009 ). In both classification schemes, the Ch and Cgh classes are 

distinguished by a 0.7 μm region absorption feature, and hence 

most akin to CM chondrites. Our laboratory spectra show large 

variations in the depths of these absorption bands, but they 

appear to be very persistent. Previous research has also shown 

that the 0.7 μm feature can disappear with modest increases in 

temperature ( Hiroi et al., 1993 ) that could arise from parent body 

metamorphism or close passage by the Sun. 

The asteroid classification schemes of Bus and 

Binzel (2002) and DeMeo et al. (2009) use principal components 

analysis for taxonomic classification. While it is difficult to relate 

principal components to changes in specific spectral features, 

DeMeo et al. (2009) noted that the first few principal components 

relate mostly to differences in slope and presence/absence of 1 

and 2 μm region absorption bands. They also noted that identifica- 

tion of Ch/Cgh class asteroids is best done visually, by examining 

whether a spectrum exhibits a 0.7 μm region absorption band, as 

such identifications are not captured well by principal components 

analysis. 

6. Summary and conclusions

Viewing geometry, porosity, and grain size variations for a 

single CM2 chondrite can cause variations in a variety of spectral 

metrics, including absorption band depths, slopes, and absolute 

reflectance. The direction of changes and number of systematic 

spectral changes seen is often uniquely associated with changes 

in a particular variable. The 0.7, 0.9, and 1.1 μm absorption bands, 

which characterize CM2 chondrites, remain detectable, although 

can become nearly indistinguishable in some cases, particularly 

for high phase angle measurements. Our results also indicate that 

the relationship between absorption band depths and phase angle 

is not straightforward and depends on incidence and emission 

angles as well as whether the spectra are acquired in forward- or 

back-scatter geometry. The results of this study suggest that the 

causes of spectral variations that may be seen in disk-resolved 

(or rotationally resolved) spectra of possible CM2 parent bodies 

can be uniquely assigned to one mechanism. The relationships 

that have been found between changes in various spectral metrics 

and physical properties may help to determine sampleability of 

terrains on CM2 parent bodies. 

The findings from this study include: 

• Reflectance spectra of slabs are more blue-sloped and generally

darker than powder spectra.
• Decreasing grain size leads to brighter and redder spectra, and

a decrease in absorption band depths.
• The spectral properties of powdered samples are most affected

by minimum grain size.
• Increasing thickness of fine-grained dust leads to a decrease in

absorption band depths.
• Decreasing porosity of powdered samples leads to spectral

changes that are a function of viewing geometry.
• Increasing phase angle leads to a decrease in reflectance and

absorption band depths.
• Changes in viewing geometry (incidence, emission, phase an- 

gle), and whether spectra are acquired in forward or backscat- 

ter geometry all have measurable effects on reflectance,

spectral slope, and absorption band depths.
• The diagnostic 0.7, 0.9, and 1.1 μm region absorption bands

are remarkably persistent regardless of changes in viewing

geometry and physical properties of the sample.
• On asteroids, apparent compositional variations that show

strong correlations with topography, or that are acquired at

high phase angles should be interpreted with caution.
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