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Introduction: Dark asteroids form a significant 

fraction of the main asteroid belt and the near-Earth 
asteroid population [1,2]. Their compositions are as yet 
incompletely understood, but likely include members 
with diverse mineralogies. Uncertainty between their 
spectral properties and composition is one of the main 
drivers of asteroid sample return missions, such as the 
JAXA Hayabusa2 and NASA OSIRIS-REx missions 
[3, 4]. The target asteroids of both missions appear to 
be linked to hydrated carbonaceous chondrite (CC) 
meteorites [5, 6]. By unraveling the spectrum-altering 
effects of physical properties from compositional varia-
tions, we can inform sample return in terms of identify-
ing regions with material properties suitable for sam-
pling as well as science value.  

To this end, we examine how variations in physical 
properties (i.e., grain size) of the Murchison CM2 car-
bonaceous chondrite affect their 0.35-2.5 µm reflec-
tance spectra, specifically albedo and spectral slope. 

Experimental Procedure: Our spectroscopic stud-
ies involve a 10 gram sample of Murchison cut from an 
~1 kg main mass from the Royal Ontario Museum. 
This subsample consisted of three smaller fragments, as 
well as fines (<99% less than 5 µm grain size). Reflec-
tance spectra were acquired using an ASD FieldSpec 4 
HR spectrometer which has a spectral resolution of 
between 2 and 7 nm. Spectra were acquired relative to 
a calibrated Spectralon standard and corrected for dark 
current and occasional minor offsets at detector 
changeovers (at 1000 and 1830 nm). Reflectance spec-
tra reported here were acquired at i=30° and e=0°, and 
500 spectra of sample, standard, and dark current were 
collected and averaged to improve signal-to-noise ra-
tio, unless otherwise noted. Powders were prepared by 
hand-crushing in an alumina mortar and pestle and dry-
sieving by brushing the powder through steel-mesh 
sieves – this removed the vast majority of clinging 
fines from the coarser grains. We studied the effects of 
grain size variations in different ways: (1) as a powder 
progressively crushed to reduce maximum grain size, 
(2) as mixtures of different proportions of coarse (500-
1000 µm) and fine (<45 µm) powders, (3) variations in 
powder porosity, and (4) different thicknesses of pow-
der (<45 µm) on slabs. We used the 1800/600 nm re-
flectance ratio as a measure of slope, and report albedo 
as the bidirectional reflectance at 560 nm. 

Results (1): Progressively crushed sample: A 1 g 
subsample of Murchison was initially crushed to <1000 

µm and spectrally characterized. It was then crushed to 
progressively smaller maximum grain size (<500, 
<250, <150, <90, <45 µm) and spectrally characterized 
at each interval. Progressive crushing led to an increase 
in reflectance across the entire 350-2500 nm interval, 
and an increasingly red spectral slope, as expected [7] 
(Figure 1). The largest changes in albedo (increases) 
were seen going from the <1000 µm to <500 µm pow-
der, with smaller increases going from <500 µm to 
<250 µm, and from <90 µm to <45 µm. The increase 
in spectral slope (reddening) was generally the same 
for each grain size interval. 

Results (2): Coarse + fine powders: Mixtures of 
coarse (500-1000 µm) plus fine (<45 µm) powders also 
showed systematic changes in spectral properties. The 
pure coarse powder had a blue-sloped spectrum and 
lowest overall reflectance. With increasing content of 
fines, albedo generally systematically increased (from 
~3.7 to ~4.3%) and the spectra became more red-
sloped (Figure 2), with the largest changes occurring 
from 0-20 wt.% fines. Beyond ~30 wt.% fines there 
was almost no additional change in spectral slope, even 
though albedo continued to increase. 

Results (3): Variations in powder porosity:  We 
measured reflectance spectra of a <90 µm-size powder 
of Murchison under different packing conditions: a 
regular powder, a fluffed powder, a tamped powder, 
and a tamped powder with a think or thick loose airfall 
deposit on top. Increasing packing density or thicker 
airfall deposit led to a decrease in albedo but no change 
in spectral slope. However at a viewing geometry of 
i=e=45°, albedo decreased (as for the i=30°/e=0° pow-
ders), but spectral slope also increased (Figure 3). 

 
Figure 1. 0.56 µm reflectance vs. 1.8/0.6 µm reflec-

tance ratio for progressively crushed Murchison. 
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Figure 2. 0.56 µm reflectance vs. 1.8/0.6 µm reflec-

tance ratio for mixtures of coarse (500-1000 µm)+ fine 
(<45 µm) powders of Murchison. 

 
Figure 3. Relationship between 0.56 µm reflectance 

and 1.8/0.6 µm reflectance ratio for densely-packed 
(D), regularly-packed (R), fluffy (F), light airfall (LA) 
and heavy airfall on densely packed powder of  <90 
µm powders of Murchison. ■: i=30°, e=0°; ●: i=e=45°. 

________________________________________ 
Results (4): Powder on slab: We measured reflec-

tance spectra of one of the Murchison slabs with pro-
gressively thicker layers of airfall <5 µm dust (ranging 
from 113 to 321 µm in thickness). We found that with 
increasing dust thickness albedo generally decreased 
and the spectra became redder (not shown). 

Discussion: One point to note is that the 0.7-1.1 
µm absorption bands of Murchison were ubiquitous – 
they appeared in all of the reflectance spectra. This 
indicates that these absorption features can be used as 
diagnostic indicators of a CM2-like target, unless they 
are suppressed by other factors, such as enhanced 
opaque abundances or space weathering processes such 
as amorphization of Fe-bearing phyllosilicates [8]. 

The various sample runs indicate that changes to 
albedo and slope can arise due to changes in physical 
properties. In comparison to “end members” (slabs and 
<5 µm powders), the slab spectra are always more 

blue-sloped than the powders, and their albedos are 
toward the higher end: i.e., closer to or above the val-
ues for finer powders. However, the albedo of spots on 
a slab is sensitive to surface roughness, and saw-cut 
slabs do show reflectance “hot spots”. The saw-cut 
fines are, as expected, brighter and more red-sloped 
than the coarser powders, continuing the trends seen 
for the powder series. 

In this study we attempted to account for, or mini-
mize sample heterogeneity by using a single multi-
gram homogenized powdered sample of Murchison. 
Murchison has been extensively studied by many in-
vestigator, and powder spectra of Murchison subsam-
ples can range from blue- to red-sloped, and albedo can 
range between 2.5 and 7%. We suspect that some of 
this variation is due to heterogeneities within Murchi-
son [9] which likely requires gram-plus quantities of 
sample to minimize its effect [10].  

In general, we find that decreasing average grain 
size, regardless of how it is achieved, leads to brighter 
and redder spectra, consistent with previous studies 
such as [7]. The best discriminator of solid versus 
powdered samples is spectral slope, with solid samples 
being uniformly blue-sloped. The effect of surface 
roughness on solid sample spectra is currently being 
more intensively investigated. 

Unless Murchison or some other meteorite is found 
to be an appropriate analogue for a particular asteroid, 
we suggest that variations in spectral parameters, rather 
than absolute values, be used for analysis of asteroid 
observational data. Such a relative comparative analy-
sis could be used to determine whether and what kinds 
of changes in physical properties could account for 
observed spectral variations. 

When combined with other information, such as ab-
sorption band presence or absence, or changes in band 
positions, shapes, and depths, and geomorphology, 
further insights into the relative contributions of physi-
cal versus compositional properties or changes to spec-
tral variations could be gleaned. 
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