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a b s t r a c t
We have examined the spectral reﬂectance properties and available modal mineralogies of 39 CM carbonaceous chondrites to determine their range of spectral variability and to diagnose their spectral features.
We have also reviewed the published literature on CM mineralogy and subclassiﬁcation, surveyed the
published spectral literature and added new measurements of CM chondrites and relevant end members
and mineral mixtures, and measured 11 parameters and searched pair-wise for correlations between all
quantities. CM spectra are characterized by overall slopes that can range from modestly blue-sloped to
red-sloped, with brighter spectra being generally more red-sloped. Spectral slopes, as measured by the
2.4:0.56 lm and 2.4 lm:visible region peak reﬂectance ratios, range from 0.90 to 2.32, and 0.81 to
2.24, respectively, with values <1 indicating blue-sloped spectra. Matrix-enriched CM spectra can be even
more blue-sloped than bulk samples, with ratios as low as 0.85. There is no apparent correlation between
spectral slope and grain size for CM chondrite spectra – both ﬁne-grained powders and chips can exhibit
blue-sloped spectra. Maximum reﬂectance across the 0.3–2.5 lm interval ranges from 2.9% to 20.0%, and
from 2.8% to 14.0% at 0.56 lm. Matrix-enriched CM spectra can be darker than bulk samples, with maximum reﬂectance as low as 2.1%. CM spectra exhibit nearly ubiquitous absorption bands near 0.7, 0.9, and
1.1 lm, with depths up to 12%, and, less commonly, absorption bands in other wavelength regions (e.g.,
0.4–0.5, 0.65, 2.2 lm). The depths of the 0.7, 0.9, and 1.1 lm absorption features vary largely in tandem,
suggesting a single cause, speciﬁcally serpentine-group phyllosilicates. The generally high Fe content,
high phyllosilicate abundance relative to maﬁc silicates, and dual Fe valence state in CM phyllosilicates,
all suggest that the phyllosilicates will exhibit strong absorption bands in the 0.7 lm region (due to Fe3+–
Fe2+ charge transfers), and the 0.9–1.2 lm region (due to Fe2+ crystal ﬁeld transitions), and generally
dominate over maﬁc silicates. CM petrologic subtypes exhibit a positive correlation between degree of
aqueous alteration and depth of the 0.7 lm absorption band. This is consistent with the decrease in
ﬁne-grained opaques that accompanies aqueous alteration. There is no consistent relationship between
degree of aqueous alteration and evidence for a 0.65 lm region saponite-group phyllosilicate absorption
band. Spectra of different subsamples of a single CM can show large variations in absolute reﬂectance and
overall slope. This is probably due to petrologic variations that likely exist within a single CM chondrite,
as duplicate spectra for a single subsample show much less spectral variability. When the full suite of
available CM spectra is considered, few clear spectral–compositional trends emerge. This indicates that
multiple compositional and physical factors affect absolute reﬂectance, absorption band depths, and
absorption band wavelength positions. Asteroids with reﬂectance spectra that exhibit absorption features
consistent with CM spectra (i.e., absorption bands near 0.7 and 0.9 lm) include members from multiple
taxonomic groups. This suggests that on CM parent bodies, aqueous alteration resulted in the consistent
production of serpentine-group phyllosilicates, however resulting absolute reﬂectances and spectral
shapes seen in CM reﬂectance spectra are highly variable, accounting for the presence of phyllosilicate
features in reﬂectance spectra of asteroids across diverse taxonomic groups.
Ó 2011 Elsevier Inc. All rights reserved.
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1. Introduction
Carbonaceous chondrites (CCs) are important meteorites for
understanding the origin and evolution of the Solar System. This
arises from the fact that they are among the oldest and most prim-
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itive rocks in the Solar System. Their diverse mineralogy includes
particles that record different aspects of nebular history. They are
also hosts for interstellar grains that predate Solar System formation and survived subsequent processing. They also display a wide
diversity of isotopic compositions, including evidence for the existence of short-lived radionuclides in the early Solar System (e.g.,
Brearley and Jones, 1998). The CC family includes a number of subgroups with diverse and distinct mineralogies. CCs are generally
characterized by the presence of ﬁnely-dispersed carbonaceous
materials that impart an overall dark appearance (Mason, 1962;
Norton, 2002), but this criterion has been supplanted by classiﬁcation schemes that rely on other properties, such as elemental abundances and ratios (e.g., Brearley and Jones, 1998; also reviewed in
Cloutis et al. (2010)). These compositional criteria are complemented by others, such as oxygen isotopic variations, mineralogic
and petrologic differences, and oxidation state.
Efforts to link CCs to speciﬁc asteroids are hampered by the fact
that most CCs are spectrally dark and may be spectrally featureless
or exhibit only weak absorption bands. This characteristic extends
to many possible CC parent bodies, such as cometary nuclei and
dark asteroids (e.g., Abell et al., 2005; DeMeo et al., 2009; Clark
et al., 2010). As a result, many tentative CC-asteroid links are based
on similarities in overall spectral shape rather than potentially
diagnostic absorption bands, however weak, which may be present
(e.g., Carvano et al., 2003).
In an ongoing effort to improve CC-parent body linkages, we
have undertaken a comprehensive spectral reﬂectance study of
CCs. An earlier paper (Cloutis et al., 2010) examined the spectral
reﬂectance properties of CI chondrites. We found that they exhibit
a diversity of spectral shapes which could be related to the types
and abundances of their ﬁnely-dispersed opaques. A number also
exhibited weak absorption bands that could be attributed to the
presence of phyllosilicates (serpentine, saponite) and magnetite.
Here we extend our spectral reﬂectance study to CM chondrites.
While CM chondrites as a group are important in their own right,
CM-like clasts are also widespread within impact breccias of other
meteorite classes, suggesting that their parent bodies are or were
abundant in the main asteroid belt (e.g., Bischoff et al., 2006; Rubin
and Bottke, 2009, and references therein). Some CM chondrites
also contain inclusions of other meteorite types (e.g., Zhang et al.,
2010) further indicating some mixing of CMs with other meteorite
types subsequent to accretion and aqueous alteration. A number of
CM-type meteorites which have undergone thermal metamorphism subsequent to aqueous alteration are also known, and will
be discussed in a subsequent paper.
The available CM data allow us to address a number of questions. These include: what is the spectral variability of CMs as a
group? How much spectral diversity exists within a single CM?
How do grain size variations affect CM spectra? Do CM petrologic
subtypes show systematic spectral diversity? What are the spectral
effects associated with enrichment of speciﬁc CM fractions?

2. Review of CM chondrite mineralogy
A brief overview of the overall mineralogy and petrology of CMs
is necessary to provide context for analysis of their reﬂectance
spectra. CM chondrites are distinguished from other CC groups
on the basis of a number of criteria. These include an Fe–Ni metal/Si ratio of 0.1–0.5 (Wasson, 1985), and FeO/(FeO + MgO) ratios
of 0.4 (Wasson, 1985). Some petrographic characteristics of
CMs versus other CCs are provided in Table 1.
CM chondrites are generally of petrologic grade 2, and consequently have undergone some degree of aqueous alteration, but
not to the same degree as CI1 chondrites (e.g., Van Schmus and
Wood, 1967). CMs contain both unaltered olivine (usually 10–

Table 1
Selected petrographic characteristics of C-chondrite groups.
Group

Chondrule
abundance
(vol.%)

Matrix
abundance
(vol.%)

Refractory
inclusion
abundance
(vol.%)

Metal
abundance
(vol.%)

Chondrule
mean
diameter
(mm)

CI
CM
CR
CO
CV
CK
CH

<<1
20
50–60
48
45
15
’70

>99
60
30–50
34
35–40
50
0

<<1
5
0.5
13
10
4
0.1

0
0.1
5–8
1–5
0–5
<0.01
20

–
0.3
0.7
0.15
1.0
0.7
0.02

Source: Brearley and Jones (1998) and Rubin (2010).

20 vol.%, and largely Fa<1) and phyllosilicates-rich matrix (70–
80 vol.%) composed predominantly of serpentine, cronstedtite,
and tochilinite (McSween, 1979; Zolensky and McSween, 1988;
Howard et al., 2009). Thermal metamorphism of CM chondrites results in the progressive decomposition of tochilinite to troilite and
dehydration of phyllosilicates to olivine (Lipschutz et al., 1999;
Nakamura et al., 2006). There are also indications of genetic relationships between CM and CO chondrites (e.g., Weisberg et al.,
2006; Clayton and Mayeda, 1999; Bourot-Denise et al., 2010).
The CM group includes a few members that may have experienced more pervasive aqueous alteration than the rest, and which
have been tentatively classiﬁed as CM1 or CM1-2 (e.g., ALH 83100:
Righter, 2008; MET 01070: McBride et al., 2002; Y-82042: Grady
et al., 1987). These more altered CMs are dominated by serpentine-group phyllosilicates (SerGPs) in the groundmass and chondrules, and few if any remnant calcium–aluminum inclusions (CAIs).
Trigo-Rodriguez et al. (2006), Rubin et al. (2007), and de Leuw et al.
(2009) developed a classiﬁcation scheme for assigning petrologic
subtypes to CM2 chondrites. They arbitrarily assigned the most altered samples (previously assigned as CM1) to CM2.0 based on the
presence of phyllosilicate-bearing chondrule pseudomorphs,
which are absent in CI1 chondrites. These and other classiﬁcation
schemes are discussed in more detail below.

2.1. Overview
CM chondrites are aqueously altered rocks with an average H2O
content of 9 wt.% bound in phyllosilicates (Rubin et al., 2007).
They contain up to 20 vol.% chondrules, 1–11 vol.% inclusions, 4–
21 vol.% lithic/mineral fragments (largely olivine), 1–3 vol.% opaque minerals, and 57–85 vol.% phyllosilicate-rich matrix (Grossman and Olsen, 1974; McSween, 1979; Brearley and Jones, 1998).
Other minor components include sulﬁdes, and carbonates (Zolensky and McSween, 1988). Olivine compositions are similar to CO3
chondrites (McSween, 1977b): a pronounced peak at Fa1 and a
spread of more Fe-rich olivines to Fa55 (McSween, 1977b). Rarer
Fe-rich type II chondrules also contain ﬁne-grained chromite
(Johnson and Prinz, 1991). The majority of chondrule olivine is
Fa<5 (Brearley and Jones, 1998).
The products of aqueous alteration are ubiquitous and include
serpentine group phyllosilicates, saponite-group phyllosilicates,
tochilinite, tochilinite–serpentine intergrowths (initially dubbed
poorly characterized phases, or PCPs), and sulfates (Zolensky and
McSween, 1988). There is a strong negative correlation between
total phyllosilicate and maﬁc silicate abundances, a negative correlation between Mg-serpentine and Fe-cronstedtite abundances,
and a positive correlation between the relative proportion of Mgserpentine and total phyllosilicate abundance; the latter implying
that matrix olivine was more Fe-rich than chondrule olivine prior
to aqueous alteration (Howard et al., 2009).
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Table 2
Modal mineralogy of the Murchison CM2 chondrite (Bland et al., 2004).
Phase

wt.%

vol.%

Olivine (Fo 100)
Olivine (Fo 80)
Olivine (Fo 50)
Clinoenstatite (En 98)
Pyrrhotite
Pentlandite
Magnetite
Serpentine
Cronstedtite/tochilinite
Calcite

7.4
2.2
2.0
2.2
2.9
0.5
0.4
22.8
58.5
1.1

6.8
1.9
1.6
1.9
1.8
0.3
0.2
26.2
58.1
1.2

XRD modal analysis of Mighei, Murray, Murchison, Nogoya, and
Cold Bokkeveld (among the largest and least terrestrially altered
CMs) shows a narrow range of the combined modal volume of
the most abundant phases, Mg-serpentine (49–59 vol.%) and Fecronstedtite (43–50 vol.%); Cold Bokkeveld is anomalous in containing more Mg-serpentine (49–59 vol.%) than Fe-cronstedtite
(19–27 vol.%; Howard et al., 2009, 2010a). Other phases also show
a limited abundance range across these CM2 chondrites: olivine
(10.4–17.3 vol.%), pyroxene (3.3–8.4 vol.%), calcite (1.01–3 vol.%),
gypsum (0–1.6 vol.%), magnetite (1.1–2.4 vol.%), pentlandite (0–
2.1 vol.%), and pyrrhotite (0.7–3.1 vol.%; Howard et al., 2009). Analysis of the Murchison CM, one of the largest CM meteorites, and taken to represent a ‘‘typical’’ CM, is provided in Table 2.
2.2. Matrix
CMs contain between 57 and 85 vol.% matrix (McSween, 1979).
The matrix is a complex assemblage consisting mainly of phyllosilicates and tochilinite–serpentine intergrowths, with lesser
amounts of carbonates, sulﬁdes, magnetite, oxides, hydroxides,
anhydrous maﬁc silicates, alkali halides, organic matter, and occasionally rare Fe–Ni metal (McSween, 1979; Barber, 1981, 1985;
Akai and Kanno, 1986; Brearley and Jones, 1998; Buseck and
Hua, 1993; Palmer and Lauretta, 2010). Zolensky et al. (1990,
1993) described CM matrix and chondrule rims as composed of
serpentine (the dominant phase), clinochlore (minor), tochilinite,
coherently interstratiﬁed serpentine–tochilinite, olivine, kamacite,
taenite, magnetite (minor), pyrrhotite, pentlandite, Ca-phosphates
(minor), saponite (minor), and carbonates.
Scanning electron microscope imagery conﬁrms the generally
ﬁne-grained and intergrown nature of minerals making up the matrix (e.g., Hezel and Howard, 2010): largely complex interlayered
and intergrown hydrous minerals with ﬁnely divided sulﬁdes (Barber, 1981). The identiﬁable matrix phyllosilicates are principally
Fe-rich serpentine-group phyllosilicates, and intermediate more
Mg-rich chrysotile-like members (Barber, 1981). Serpentine is the
dominant matrix phase, and there appears to be an inverse relationship between modal serpentine abundance and its Fe content
(Zolensky et al., 1993). Buseck and Hua (1993) describe the dominant ﬁne-grained matrix phases as Fe-rich layer silicates such as
cronstedtite, ferroan antigorite, and greenalite. The second most
abundant material in CM matrix is the intergrowth of cronstedtite/serpentine and tochilinite (Brearley and Jones, 1998; Buseck
and Hua, 1993).
In addition to their presence in the matrix, phyllosilicates are
also present in other CM components, such as chondrules, CAIs,
and mineral aggregates (Brearley and Jones, 1998). Dark mantles
surround many chondrules, refractory inclusions, mineral fragments, pentlandite grains, carbonate grains, and serpentine- and
tochilinite-rich objects, and are composed of aqueously-produced
serpentine, tochilinite, sulﬁde and other secondary products (Trigo-Rodriguez et al., 2006).

To ﬁrst order the dominant phyllosilicates in CM chondrites are
Mg–Fe serpentine, Fe3+–Fe2+ cronstedtite and a tochilinite–serpentine–cronstedtite intergrowth, initially dubbed ‘‘spinach’’ or poorly
characterized phase (PCP). While this term is not generally used
anymore we retain it here for consistency with the older literature.
Because of the volumetric dominance of phyllosilicates in CMs and
the fact that the types of cations that are present in phyllosilicates
control its spectral properties, we brieﬂy review our knowledge of
CM phyllosilicates.
Akai and Kanno (1986) described CM phyllosilicates as consisting of 7, 11, and 17 Å platy phyllosilicates, including tochilinite
(Fe5.4S6(Fe,Mg)5(OH)2). Tochilinite consists of interstratiﬁed mackinawite-like sulﬁde sheets ((Fe,Ni,Cu)S) and brucite sheets (((Fe,Mg)(OH)2; Brearley and Jones, 1998). McSween (1987) characterized
the phyllosilicate portion of the matrix as consisting of a mixture of
25% tochilinite and 75% cronstedtite, (together PCP) and serpentine, with a PCP/(PCP + serpentine) ratio of 0.16–0.58 (McSween, 1987). Bunch and Chang (1980) described PCP as a ﬁnegrained (<1 lm) admixture of phyllosilicates, carbonaceous matter, and sulﬁdes. Brearley and Jones (1998) noted that Fe3+-rich
serpentine (cronstedtite) is the dominant phyllosilicate, while ferroan Mg-serpentine (Fe-bearing chrysotile (intermediate between
Mg-serpentine and greenalite)) is also common. Ciesla et al.
(2003) characterized CM phyllosilicates as having chrysotile as
the most abundant phyllosilicate phase followed by cronstedtite,
some of which is intergrown with tochilinite. McKay and Lee
(2003) determined that ﬁne-grained chondrule rim phyllosilicates
are generally much ﬁner-grained than chondrule phyllosilicates.
Brearley (1995) noted that saponite is rare in CM chondrites, but
is the dominant phase in Bells.
Mössbauer analysis of CMs indicates the presence of Fe3+-bearing serpentine (cronstedtite) in ALH 83100 (Fisher and Burns,
1991), and cronstedtite, tochilinite and serpentine in Cold Bokkeveld (Burns and Fisher, 1991). Fisher and Burns (1993) found
tochilinite and cronstedtite – containing Fe2+ in the octahedral site
and Fe3+ in both the octahedral and tetrahedral sites – in ALH
83100, Cold Bokkeveld, LEW 90500, Murchison, and Murray (Fisher
and Burns, 1993).
Browning et al. (1991) used serpentine composition to subdivide CMs into three compositional groups: high, intermediate,
and low Fe; they also found a direct correlation between serpentine Mg content and total modal serpentine amount. Velbel et al.
(2005) determined that replacement serpentine in Nogoya has a
different composition than replacement serpentine in ALHA81002
and QUE 93005.
2.3.1. Mixed Fe valence state phyllosilicates in CM chondrites
The presence of Fe3+–Fe2+-bearing phyllosilicates (i.e., cronstedtite) in CM chondrites is well established and worth reviewing because such phyllosilicates should give rise to an Fe2+–Fe3+ charge
transfer absorption in the 0.6–0.8 lm region when both Fe2+ and
Fe3+ are present in octahedrally-coordinated sites.
Tomeoka et al. (1989) found that CM phyllosilicates show a
wide range of Fe/Mg ratios but can be divided into two compositionally distinct groups: magnesian cronstedtite and ferroan serpentine. The magnesian cronstedtite has Fe3+ substituting for Si
in tetrahedral sites, in addition to Fe2+ and Fe3+ in the octahedral
sites, and they differ from ideal cronstedtite in containing less
Fe3+ and substantial Mg; the ferroan serpentine group is more
Mg-rich and has a composition intermediate between serpentine
and greenalite. Recent studies suggest that the relationship between serpentine Fe2+ content and degree of aqueous alteration,
and serpentine Fe3+ content versus Mg content are not clear cut
(Zolensky et al., 2010). Variations are also seen between different
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CM chondrites in terms of enrichment of Fe3+ and the amount of
tetrahedral Fe3+ (Beck et al., 2010b). Chondrules and aggregates
contain phyllosilicates (Fuchs et al., 1973), and while most of the
phyllosilicates consist of either magnesian cronstedtite or ferroan
serpentine, some contains up to 18 wt.% Al2O3 and is chemically
similar to berthierine, a ferroan aluminous serpentine (Tomeoka
et al., 1989). Zega et al. (2006) determined that approximately
70% of the Fe in CM polyhedral serpentine (the coarsest-grained
and most Mg-rich phase: 8 mol% Fe) occurs as Fe3+. Cronstedtite
in CM2 chondrites shows a narrow range of Fe3+/total Fe, ranging
from 0.45 to 0.54 (Zega et al., 2003).
Howard et al. (2009, 2010a) found an inverse relationship in
CM2 chondrites between the abundance of cronstedtite and Mgrich serpentine, reﬂecting the transition from Fe-rich to more
Mg-rich serpentines as aqueous alteration progresses (Howard
et al., 2009, 2010a). There is a positive correlation between the
modal abundance of cronstedtite and anhydrous pyroxene + olivine, which may indicate a preaccretionary origin for both phases
(Howard et al., 2008). For the CM2 chondrites Mighei, Murray,
Murchison, Nogoya, and Cold Bokkeveld there is a narrow range
of the combined modal volume of the most abundant phases:
Mg-serpentine (25–33 vol.%) and Fe-cronstedtite (43–50 vol.%;
Howard et al., 2009, 2010a); the presence of cronstedtite was identiﬁed by XRD (Howard et al., 2009). McSween (1987) used matrix
compositions and stoichiometric arguments to estimate cronstedtite, tochilinite, Mg-serpentine and Fe-serpentine abundances in a
number of CM2 chondrites; values range from 4 to 15 wt.% tochilinite, 12–43 wt.% cronstedtite, 0–63 wt.% Mg-serpentine, and 11–
66 wt.% Fe-serpentine. Zega and Buseck (2003) and Zega et al.
(2004) report the presence of an Fe3+- and Fe2+-bearing phyllosilicate with composition intermediate between chrysotile and cronstedtite in Mighei and ﬁne-grained rims in Cold Bokkeveld. The
phyllosilicates in Cold Bokkeveld, Mighei, and Murray include a
phase which contains both Fe2+ and Fe3+ (presumably cronstedtite;
DuFresne and Anders, 1962).
Bunch and Chang (1980) identiﬁed cronstedtite in both Murray
and Murchison on the basis of electron microprobe data, stoichiometry, and XRD. Mössbauer and chemical analysis was used by
Burns and Fisher (1994) to determine that cronstedtite and tochilinite are present in a number of CM chondrites; between 10.2% and
23.4% of the total Fe is present as cronstedtite, and between 5.8%
and 19.2% of the total Fe is present as tochilinite. Burns and Fisher
(1991) used Mossbauer analysis to demonstrate that Fe3+/Fe2+ ratios and cronstedtite proportions decrease in the order: Cold
Bokkeveld > Murchison > Murray > ALH 83100, while tochilinite is
present in comparable amounts in each of these meteorites.
Browning et al. (1996) used microprobe analysis and stoichiometry
to show that both Fe2+ and Fe3+ are present in CM phyllosilicates
and that the ratio of Fe2+/Fe3+ varies somewhat among different
CMs but is generally in the range 1.5–3.5. Barber (1977) identiﬁed
either chamosite or cronstedtite in the matrices of Murchison and
Nawapali (the method of identiﬁcation was not speciﬁed). Barber
(1981) used many of the same methods as Muller et al. (1977,
1979) to identify the presence of cronstedtite in four CM2 chondrites – Murchison, Cold Bokkeveld, Nawapali, and Cochabamba.
Tomeoka and Buseck (1985) mention cronstedtite as being intergrown with tochilinite to form PCP in CM2 chondrites, but provided no rationale for identifying the phyllosilicate as
cronstedtite. Tomeoka et al. (1989), in a review of CM chondrites,
report that one of the phyllosilicates in CM matrix is magnesian
cronstedtite, where Fe3+ substitutes for tetrahedral Si, and that it
is one of the major constituents of PCP.
Cronstedtite and polyhedral serpentine, where 70% of the Fe occurs as Fe3+, is present in the matrices and ﬁne-grained rims of
Murchison, Mighei, and Cold Bokkeveld; measurements of Fe3+/total Fe were also made, and the results fall between 0.45 and 0.54

(Zega et al., 2003, 2006). The polyhedral serpentine likely formed
from alteration of cronstedtite under relatively oxidizing conditions and is the end member serpentine for CM chondrites (Zega
et al., 2006).
2.3.2. Individual CMs
ALH 81002: Fine-grained rims in ALHA81002 contain cronstedtite in three forms; as: (1) platy crystals, (2) partly altered to serpentine, and (3) intergrown with tochilinite; its presence was
determined stoichiometrically, and comprises 30% of the ﬁnegrained rims (Lauretta et al., 2000). Cochabamba: Kurat and Kracher
(1975) analyzed a dark green mineral in the matrix of Cochabamba
and identiﬁed it as cronstedtite on the basis of low elemental totals, very high Fe as FeO, and optical properties. Muller et al.
(1977, 1979) analyzed an abundant Fe-rich layer lattice silicate
in Cochabamba and argued that it is cronstedtite because the high
Fe content implies some Fe3+ partly substitutes for Si. Its optical
properties and electron diffraction pattern were also consistent
with cronstedtite. Cold Bokkeveld: Electron energy-loss spectroscopy (EELS) of cronstedtite in Cold Bokkeveld showed that it is a
mixed valence phase, and that the Fe3+/total Fe ratio is highest in
the matrix cronstedtite and lowest in the ﬁne-grained rim cronstedtite (Zega et al., 2002). Howardite CM inclusions: Bunch et al.
(1979) used electron microprobe analysis and stoichiometry to
determine that phyllosilicates in CM inclusions in the Jodzie
howardite contain both Fe2+ and Fe3+. The howardite PRA
04401 has also been found to contain CM-type inclusions (Herrin
et al., 2010). LEW 90500: Cronstedtite was identiﬁed in the ﬁnegrained rims of LEW90500 on the basis of lattice spacing in TEM
imagery (Li et al., 1999). Mighei: XRD analysis of Mighei indicates
the presence of 45% cronstedtite (Howard et al., 2008). Murchison:
Bland et al. (2004) detected cronstedtite in Murchison by XRD
analysis. Other meteorites: CMs are the most abundant variety of
foreign materials in H-chondrite regolith breccias, HED meteorites,
and CM-like materials are also present on the lunar surface (Rubin
and Bottke, 2009, and references therein).
2.4. Carbon, carbonates, sulfur, sulﬁdes, sulfates, oxides
The organic material in CMs is intimately associated with the
phyllosilicate-rich matrix (Pearson et al., 2002; Garvie and Buseck,
2004). Organic material and silicate phases are heterogeneous at
the 1 lm scale (Kebukawa et al., 2010b), and the scale of spatial
heterogeneity appears to be similar for different organic species
(Clemett et al., 2010). The fraction of aromatic carbon is higher in
CMs than in CIs (Cody and Alexander, 2005). Total carbon abundances in CMs are on the order of 2–4%, generally lower than in
CIs (Pearson et al., 2006), but the organic matter in both CIs and
CMs appears to be similar on the basis of infrared spectroscopy
(Kebukawa et al., 2010a). C-rich material in CMs seems to be relatively resistant to further alteration upon heating in vacuum (Orthous-Daunay et al., 2010). The nature of the insoluble organic
matter, at least in Murchison, suggests low-temperature
(<15 ± 12 °C) aqueous alteration (Kebukawa et al., 2010c) and/or
organosynthesis in the solar disk (Derenne and Robert, 2010).
A signiﬁcant component of the macromolecular carbon has a
genetic and spatial link to sulﬁdes (Brearley, 2004). Sulfur abundances in CMs range from 1.7 to 3.4 wt.% (Burgess et al., 1991). Sulfur is present largely as elemental, organic, sulﬁde, tochilinite, and
sulfates, with the sulﬁde and tochilinite forms dominating (Burgess
et al., 1991). The sulﬁde forms are commonly troilite, pyrrhotite,
pentlandite, and a troilite–pyrrhotite–pentlandite intermediate
phase (Brearley and Jones, 1998). Sulfates and magnetite are not
common in CMs (Brearley and Jones, 1998), with abundances ranging from 0 to 6 wt.% (Bland et al., 2008).
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Carbonates are widespread in CM chondrites, with calcite dominating; dolomite and aragonite may be present, but rare (Brearley
and Jones, 1998). The presence of carbonates implies ﬂuid ﬂow on
the CM parent body (Lindgren et al., 2010). The relative abundances of different carbonates seem to be correlated with degree
of aqueous alteration (de Leuw et al., 2010). Carbonate morphologies in the Pollen CM2 chondrite suggest a complex history of carbonate crystallization and contemporaneous phyllosilicate
formation (Sofe et al., 2010).
Studies of the morphologies and compositions of minor phases,
including magnetite and carbonate, can provide insights into parent body alteration processes (Johnson and Prinz, 1993; Petitat
and Gounelle, 2010). Petrologic evidence suggests that volatile release from CMs was heterogeneous, reﬂecting the fact that volatile
phases were produced by ﬂuid ﬂow through the parent body (Hartmetz and Gibson, 1989).
2.5. Inclusions
White inclusions constitute 14–23 vol.% of CMs (Grossman
and Olsen, 1974) and include maﬁc silicate (largely olivine) mineral grains and fragments, and rarer CAIs. CAIs in CMs are melilite-free, and contain hibonite (1–8% TiO2, <1% FeO), which is rare
in CV CAIs, and abundant spinel (<1% FeO; McSween, 1979; Brearley and Jones, 1998). Average areal abundance of CAIs in CMs is
1.21% (Hezel et al., 2008). CAI abundance appears to be inversely
proportional to degree of aqueous alteration (Rubin, 2007).
2.6. Effects of aqueous alteration
There is general agreement that aqueous alteration has resulted
in the conversion of anhydrous silicates, metal and sulﬁdes to produce the mixture of Fe–Mg serpentines, Fe–Ni–S–O (tochilinite),
and minor Fe-rich oxides and Fe–Ni sulﬁdes that dominates CMs
(Tomeoka et al., 1989; Browning et al., 1996), but the details,
including whether some of this alteration occurred prior to parent
body accretion, are not always consistent among different investigators (e.g., Browning et al., 1996; Howard et al., 2010a). With
increasing aqueous alteration, olivine and pyroxene convert to ferrous chlorite and/or berthierine and minor smectite, to intermediate chlorite and/or berthierine, and ﬁnally to magnesian
serpentine, while tochilinite in the matrix (which occurs with
cronstedtite) is consumed to produce cronstedtite, magnetite and
sulﬁdes (Ikeda, 1983; Tomeoka and Buseck, 1985; Browning
et al., 1996). Howard et al. (2010a, 2010b) suggest that as aqueous
alteration progresses, saponite formed from alteration of mesostasis inhibits the formation of crystalline low-Al serpentine, but that
increasing alteration leads to progressively more Mg-rich serpentine. Tomeoka and Buseck (1985) propose that the modal abundance of tochilinite peaks at an intermediate point during
alteration, being consumed at completion. Kojima et al. (1984) suggest that the matrix is more Fe-rich in the more intensely altered
samples, and that Fe/(Fe + Mg) ratios in the matrix vary between
0.3 and 0.6. Detailed studies of various CMs have shown that
the structure and composition of CM serpentine differs from that
of terrestrial serpentine, likely due to compositional differences,
such as Al enrichment (Howard et al., 2010a, 2010b). CM phyllosilicates are suggestive of formation in low-temperature conditions
(Day, 1976). What remains at issue is the relative importance of
nebular versus parent body alteration (e.g., Howard et al., 2010a).
The amount of matrix material seems to be proportional to petrographic grade (McSween, 1977a), with the most heavily altered
CMs containing the highest modal percentage of matrix (McSween,
1979). There is a positive correlation between Fe2+/(Fe2+ + Fe3+)
and volume percent chondrule alteration (Browning et al., 1996).
Fe/Si ratios in matrices decrease progressively with increasing

alteration due to the formation of new phyllosilicate phases with
higher Mg/Fe ratios and optically recognizable opaque minerals
that are not counted as matrix (McSween, 1979). CMs show a positive correlation between matrix abundance and H2O content, but
no apparent correlation between matrix abundance and C content
(Zanda et al., 2009). Beck et al. (2010a) used infrared spectroscopy
of room temperature and heated CM chondrites to determine that
the differences seen between different CM petrologic subtypes reﬂects differences in phyllosilicate composition, speciﬁcally phyllosilicates becoming more Mg-rich with progressive alteration and
their spectral distinctiveness compared to terrestrial serpentines.
2.7. CM subgroups and petrologic subtypes
Given that mineralogic and petrologic diversity exists among
CM chondrites, a number of investigators have developed various
schemes for discriminating CM subgroups and petrologic subtypes.
These schemes are based on different mineralogic–petrologic–
compositional parameters, and hence are not directly comparable.
There are also a number of CCs which show varying degrees of
afﬁnity to the CM group, but with different degrees of aqueous
alteration (Choe et al., 2010). Brecciation, which affects many
CMs (e.g., Bischoff et al., 2006), may result in the mixing of lithologies with different degrees of aqueous alteration, complicating
determinations of petrologic subtypes (e.g., Brearley, 2006; Zanda
et al., 2010).
McSween (1979) deﬁned progressive aqueous alteration as
being correlated with modal content of matrix minerals and categorized a number of CMs on this basis (Table 3).
Burns and Fisher (1991) used Mössbauer spectroscopy to determine that Fe3+/Fe2+ ratios and cronstedtite proportions decrease in
the order Cold Bokkeveld > Murchison > Murray  ALH 83100.
They also found that tochilinite occurs in comparable amounts in
these CM chondrites. This sequence does not correspond to petrographic subtypes determined by Trigo-Rodriguez et al. (2006), Rubin et al. (2007), and de Leuw et al. (2009), suggesting that
Mössbauer spectroscopy measures petrographic properties (phyllosilicate Fe oxidation state) that differ from those accessible by
standard petrographic analysis.
Browning et al. (1991) identiﬁed three CM compositional subgroups based on phyllosilicate abundance and Fe/(Fe + Mg) ratios
(Table 4). They found no correlation between serpentine composition and either modal matrix or tochilinite abundance, but did ﬁnd
a direct correlation between Mg content of serpentine and total
modal abundance of serpentine.
Browning et al. (1996) developed an index of relative alteration
based on three parameters: (1) progressive alteration of cronstedtite to Mg-serpentine with increasing alteration involving coupled
substitution of Si and divalent cations for Al and trivalent cations;
(2) volumetric abundance of isolated matrix silicates (which de-

Table 3
Progressive aqueous alteration for CM chondrites on the
basis of modal matrix abundance (McSween, 1979).
Degree of aqueous alteration increases with increasing
matrix content (i.e., from petrologic grade 3 toward 2).
Meteorite

Matrix abundance (vol.%)

Murray
Mighei
Murchison
Cold Bokkeveld
Boriskino
Pollen
Bells
Nogoya

58.8
60.7
63.6
74.2
75.8
80
81.7
85.4
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Table 4
CM subgroups based on serpentine Mg content and matrix + chondrule rims + phyllosilicate abundance (Browning et al., 1991) for CM chondrites included in this study.
Group and meteorite

Modal Fe content in
serpentine (range)

Modal % Matrix + rims
± phyllosilicates

High Fe serpentine
Mighei
Murray

45–77
45–77

70
74

Intermediate Fe serpentine
Murchison

17–60

75

Low Fe serpentine
ALH 84029
Nogoya

25–42
25–42

84
88

Table 5
Mineralogical alteration and various petrologic properties for CM chondrites included
in this study (Browning et al., 1996). Higher MAI corresponds to more aqueous
alteration.
Meteorite

Mineralogic
Alteration
Index (MAI)

Volume %
isolated
matrix
silicates

Volume %
chondrule
alteration

Bulk
H/ 100 Si

Cold Bokkeveld
Nogoya
Mighei
Boriskino
Murray
Bells
Murchison

0.97
1.03
1.23
1.27
1.43
1.54
1.57

1.6
2.1
2.8
3.2
3.2
5.3
6.1

53
45
38
42
13
5
7

375
360
310
290
295
250
230

Table 6
CM chondrite subtypes for samples included in this study from Trigo-Rodriguez et al.
(2006), Rubin et al. (2007), and de Leuw et al. (2009).
Petrologic grade

Meteorite

Trigo-Rodriguez et al. (2006)
CM2.0
CM2.1
CM2.6
CM2.6
CM2.7

MET 01070
QUE 93005
Murray
Y-791198
Murchison

Rubin et al. (2007) and de Leuw et al. (2009)
CM2.1
CM2.1
CM2.1
CM2.2
CM2.2
CM2.4
CM2.4/2.5
CM2.5

MET 01070
ALH 83100
QUE 93005
Cold Bokkeveld
Nogoya
Y-791198
Murray
Murchison

creases with progressive alteration); and (3) extent of chondrule
alteration as measured by volumetric abundance of chondrule
phyllosilicates (which increases with progressive alteration). These
parameters were used to deﬁne an alteration sequence based on a
mineralogical alteration index (MAI) which measures the coupled
substitutions in the phyllosilicates (Table 5). The MAI ranges from
0 for pure cronstedtite and a minimum degree of alteration to 2 for
pure serpentine and extensive alteration. The MAI was also found
to positively correlate with H/Si ratio.
Trigo-Rodriguez et al. (2006), Rubin et al. (2007), and de Leuw
et al. (2009) proposed a numerical alteration sequence for CM
chondrites, the least altered being arbitrarily assigned subtype
2.6, and the most altered samples, previously classiﬁed as CM1, assigned to subtype 2.0. Grade 2.0 CMs have essentially no maﬁc sil-

icates and contain chondrule pseudomorphs composed mainly of
phyllosilicates (Rubin et al., 2007) (Table 6). Progressive aqueous
alteration results in: (1) increased formation of phyllosilicates;
(2) destruction of isolated matrix silicate grains; (3) alteration of
chondrule mesostasis; (4) alteration of chondrule maﬁc silicate
phenocrysts; (5) oxidation of Fe–Ni-metal; (6) decreased abundance of large PCP clumps; (7) increased phyllosilicate/sulﬁde ratio
in PCP clumps; (8) increased uniformity in PCP composition; (9) increased PCP formation in the outer layers of ﬁne-grained mantles
around chondrules; (10) development of secondary sulﬁdes; and
(11) development of Ca-carbonates followed by their near-disappearance (Rubin et al., 2005). The sequence in which CM meteorites showing progressive aqueous alteration by Rubin et al.
(2007) is essentially identical to that identiﬁed by Howard et al.
(2010a, 2010b). Beck et al. (2010a) also found that changes in the
appearance of the 3 lm region absorption band in CM spectra follows trends expected for the alteration of phyllosilicates determined by Rubin et al. (2007) and Howard et al. (2010a).

3. Experimental procedure
The experimental procedure used in this study is described in
detail in Cloutis et al. (2010); here we brieﬂy describe the most
salient details. This study focuses on analysis of reﬂectance spectra
of powdered samples of various CMs and includes all the digitally
available databases that we identiﬁed and that were available at
the time of this study, including digital spectra from the RELAB
data base (http://www.planetary.brown.edu/relab/), many of
which have not been compared or analyzed in detail, new spectra
measured at RELAB and the University of Winnipeg Planetary Spectrophotometer Facility (PSF) for this study, and previously published spectra (Table 7). Our analysis is focused on the 0.3–
2.5 lm interval, as this region is available for the largest number
of CM spectra. Spectra from RELAB and PSF were measured at
i = 30° and e = 0°. Spectra scanned from Gaffey (1974) and archived
at RELAB (spectral ﬁle IDs: mgpxxx) were measured using an integrating sphere (Gaffey, 1974). A number of mineral samples were
included in this study to assist in interpretation of CM spectra.
Some of the mineral samples not included in our earlier study
(Cloutis et al., 2010) but included here are described in Table 8.
As part of our spectral analysis, we used continuum removal to
better characterize absorption bands in the 0.7 and 0.9–1.2 lm regions. Continuum removal was accomplished by manually ﬁtting
straight-line continua to mineral and CM spectra across the
0.6–0.8 lm and 0.6–1.4 lm regions and dividing them out of
the spectra. The continua were constructed to be tangent to the
reﬂectance spectra on either side of these regions of interest. The
wavelength positions of the continua tangents could vary among
different spectra. For many of the CM spectra, there was no consistently present optimum position to ﬁt the long wavelength wing of
a continuum beyond the 1.2 lm region of absorption. In this case,
the long wavelength side of the continuum was ﬁxed at 1.38–
1.39 lm to minimize the inﬂuence of occasional OH/H2O absorption bands near 1.4 lm. Most of the CM spectra exhibit absorption
bands near 0.7, 0.9, and 1.1 lm, and these three features were isolated for subsequent analysis. In the absence of well-deﬁned
absorption bands, we took band depths as the maximum deviation
from the continuum between 0.67–0.75, 0.85–0.95, and 1.05–
1.15 lm for the 0.7, 0.9, and 1.1 lm features, respectively. Band
depths of the continuum-removed features were calculated using
Eq. (32) of Clark and Roush (1984). The CM reﬂectance spectra
are available as an on-line supplement. In searching for spectral–
compositional correlations, we did not apply rigorous statistical
analysis to the data. This was done for a number of reasons,
primarily due to the fact that the data were of variable quality,
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Table 7
Available CM reﬂectance spectra included in this study.
Meteorite
1. RELAB
A-881280
A-881594
A-881955
ALHA81002
ALH 83100

ALH 84029
ALH 84033
ALH 84044
ALH 85013
Bells
Boriskino
Cold Bokkeveld

EET 83250
EET 83389
EET 90021
GRO 85202
LEW 87016
LEW 87022
LEW 87148
LEW 88001
LON 94101
MAC 88101
MAC 88176
MET 00639
MET 01070
Mighei

Murchison

Murray
Nogoya

Type/subtype
a

CM2
CM2a
CM2a
CM2b
CM2c
CM1/2d, CM2.1e

CM2f
CM2f
CM2f
CM2d
CM2g
CM2h
CM2i
CM2.2j

CM2d
CM2d
CM2d
CM2d
CM2d
CM2f
CM2d
CM2d
CM2k
CM2d
CM2d
CM2l
CM1m, CM2.1j, CM2.0n
CM2h

j

n

CM2.5 , CM2.7

CM2.4/2.5j, CM2.6n
CM2.2

j

PCA 02012
QUE 93005
QUE 97077
Y-74642
Y-74662

CM2o
CM2d, CM2.1j,n,p
CM2q
CM2a
CM2a

Y-791191

CM2a

Table 7 (continued)

Grain size (lm)

File #

<125
<125
<125
<125
<100
<500
<180
<180
<100
<125
<125
<125
<100
<45
<125
<75
75–150
150–500
<125
<125
<125
<125
<125
<125
<125
<125
<125
<125
<125
<75
<75
Sorted powder
<100
<75
<45
100–200
100–200
100–200A
100–200A
100–200B
100–200B
<40
<40A
<40B
<125
<63
63–125
<90
<90
<180
<150
<200 sep.
100–200A
100–200A
<40A
100–200B
100–200B
<40B
<45
100–200
100–200
<100
<150
<125
<63
63–125
<150
<75
<125
<75
<125
<125
<125
<125

c1mp56
c1mp57
c1mp37
c1mb50
c1mb51
c1mc01
camh59
cbmh59
c1mb52
c1mp14
c1mp15
c1mp23
c1mb53
s1rs46
c1mb61
mgp086
mgp088
mgp090
c1mp40
c1mp42
c1mp43
c1mp17
c1mp62
c1mp20
c1mp16
c1mp63
c1mp26
c1mp64
c1mp47
c1ph32
c1ph43
c1ma72
c1mb55
mgp092
s1rs42
cbms01
ccms01
cems01
cfms01
cmms01
cnms01
cdms01
cgms01
coms01
c2mb64
c3mb64
c4mb64
camh52
cbmh52
ccmh52
mgp094
cdms02
cems02
cfms02
cgms02
cmms02
cnms02
coms02
s1rs45
cbms02
ccms02
c1mb56
mgp098
c2mb62
c3mb62
c4mb62
mgp100
c1ph44
c1mp52
c1ph51
c1mb75
c1mb76
c1mp11
c1mp30

Meteorite

Type/subtype

Grain size (lm)

File #

Y-791198
Y-791824
Y-793595
Y-82042

CM2r, CM2.4j, CM2.6n
CM2a
CM2a
CM1s, CM2a

<125
<125
<125
<125

c1mp12
c1mp31
c1mp32
c1mp07

32–100
32–100C
<32
<32C
<150
<150C
ChipD
ChipC,D
<150
<1503
<150
<150C

90814c.001
90814c.002
90814c.003
90814c.004
90817b.004
90817b.005
091118a.001
091118a.002
90817b.006
90817b.007
90817b.008
90817b.009

<150v
<74y
74–147y
147–495y
<150v
<74y
<495y
74–147y
147–495y
<150v
Unknownt
<46w
<1190w
<100w
<74x
<74y
74–147y
147–495y
74–147y,E
74–147y,F
<150t
Unknownt
<150v
Powder
Powderu

6 Spectra

2. PSF (for this study)
Mighei
CM2

Murchison

CM2.5j, CM2.7n

Murray

CM2.4/2.5j, CM2.6n

Nogoya

CM2.2j

3. Previous studies
Cold Bokkeveld
CM2

A
B
C
D
E
F
a
b
c
d
e
f
g
h
i
j
k
l
m
n
o
p
q
r
s
t
u
v
w
x
y

Mighei

CM2

Murchison

CM2

Murray

CM2

Nogoya
Y-74642w
Y-74662w

CM2
CM2
CM2

Olivine-enriched fraction.
Matrix-enriched fraction.
Spectrum measured after repacking sample in sample cup.
Broken surface.
Sample enriched in colored or altered grains.
Sample picked relatively free of colored or altered grains.
Source of classiﬁcation: Yanai et al. (1995).
Source of classiﬁcation: Score and Mason (1983).
Source of classiﬁcation: Schwarz and Mason (1984).
Source of classiﬁcation: Righter (2008).
Source of classiﬁcation: de Leuw et al. (2006).
Source of classiﬁcation: Score and Lindstrom (1994).
Source of classiﬁcation: Brearley (1995).
Source of classiﬁcation: McSween (1979).
Source of classiﬁcation: Wood (1967).
Source of classiﬁcation: Rubin et al. (2007).
Source of classiﬁcation: Saylor et al. (2001).
Source of classiﬁcation: McBride et al. (2003).
Source of classiﬁcation: McBride et al. (2002).
Source of classiﬁcation: Trigo-Rodriguez et al. (2006).
Source of classiﬁcation: McBride et al. (2004).
Source of classiﬁcation: de Leuw et al. (2009).
Source of classiﬁcation: McBride et al. (2000).
Source of classiﬁcation: Akai and Kanno (1986).
Source of classiﬁcation: Grady et al. (1987).
Source of spectra: Calvin et al. (1999).
Source of spectra: McFadden et al. (1980).
Source of spectra: Gaffey (1974).
Source of spectra: Miyamoto et al. (1982).
Source of spectra: Miyamoto et al. (2000).
Source of spectra: Salisbury et al. (1975).

2 Spectra

3 Spectra

3 Spectra
2 Spectra

316

E.A. Cloutis et al. / Icarus 216 (2011) 309–346

Table 8
Composition of some of the minerals included in this study. Compositions of additional minerals can be found in Cloutis et al. (2010).
Wt.%
NMNH #

CHM102
R4558

CHM103

CLI103

CRO101
193910

SRP101

SRP105
147697

SRP109

SRP115

SRP118

VER103

SiO2
Al2O3
TiO2
Fe2O3
FeO
Fe2O3c
MnO
MgO
CaO
Na2O
K2O
P2O5
Totala
L.O.I.b
ppm
Sr
Zr
V
Cr
XRDd

21.77
5.62
0.23
25.92
29.09
(58.25)
0.51
4.06
6.36
0.77
0.06
1.71
99.34
20.87

66.77
15.65
0.72
2.82
1.91
(4.94)
0.45
2.92
3.04
3.25
1.68
0.17
99.59
4.07

38.04
15.77
0.01
5.37
24.45
(32.54)
0.20
11.79
1.29
0.23
0.00
0.02
99.89
9.61

16.15
0.24
0.00
63.51
15.96
(81.25)
0.16
0.22
0.56
0.72
0.00
0.12
99.42
8.64

44.51
10.26
0.71
2.05
1.36
(3.56)
0.86
39.46
0.23
0.25
0.06
0.05
99.17
13.59

48.66
0.04
0.00
0.71
1.34
(2.20)
0.02
48.75
0.06
0.11
0.00
0.01
99.85
13.89

45.87
2.04
0.07
4.23
3.70
(8.34)
0.14
42.23
0.32
0.05
0.00
0.02
99.08
12.51

41.12
1.82
0.04
6.70
2.63
(9.62)
0.16
45.72
0.13
0.01
0.00
0.06
98.68
16.33

46.31
0.13
0.01
3.23
0.58
(3.87)
0.08
48.93
0.06
0.00
0.00
0.02
99.41
14.57

41.74
13.63
1.24
4.52
5.02
10.10
0.10
22.51
0.25
0.36
9.39
0.02
99.34
2.92

242
130
717
439
Chamosite

184
186
66
37
Albite, quartz Mg-cham.

244
25
525
150
Clinochl., quartz

5
2
27
6
Cronst., cassit.

205
210
65
650
Serpent.

45
19
39
17
Serpen.

47
10
15
2185
Serpent. magnes.

44
10
25
2895
Serpent.

45
10
5
1225
Serpent.

57
32
110
1960

NMNH#: Smithsonian Institution National Museum of Natural History sample ID.
Abbreviations: cassit.: cassiterite; clinochl.: clinochlore; cronst: cronstedtite; magnes.: magnesite; Mg-cham.: magnesian chamosite; serpent.: serpentine.
a
Total expressed on a volatile free basis and assuming all Fe as Fe2O3.
b
Weight loss after heating sample to 950 °C.
c
All Fe as Fe2O3.
d
Phases identiﬁed by X-ray diffractometry.

spectrally and compositionally. Where visually apparent trends
were found, the data are shown in the appropriate ﬁgures.
4. Review of spectral properties of CM constituent phases
CM chondrites, because they are less aqueously altered than CI
chondrites, contain a higher proportion of anhydrous silicates
(olivine, pyroxene), and tochilinite, which is interlayered with
the dominant phyllosilicates (serpentine, cronstedtite; McSween,
1979; Zolensky and McSween, 1988; Howard et al., 2009).
4.1. Anhydrous silicates
Olivine is the predominant anhydrous maﬁc silicate in CMs
(present at up to the 10–20 vol.% level), followed by low-Ca orthopyroxene (at the few vol.% level). Spectrally, olivine exhibits a
broad absorption feature in the 1 lm region that consists of a
strong central band near 1.05 lm and two partially overlapping
side bands near 0.85 and 1.25 lm, attributable to crystal ﬁeld transitions in Fe2+ in the M2 (1.05 lm band) and the M1 (0.85 and
1.25 lm) crystallographic sites (Burns, 1970; King and Ridley,
1987). With increasing Fe2+ content, the composite band minimum
moves to longer wavelengths and the feature becomes deeper (for
a ﬁxed grain size) (Fig. 1a). With increasing grain size, overall
reﬂectance decreases and the composite band becomes deeper, until it becomes saturated, at which point the depth decreases and
the band bottom becomes ﬂatter and wider. This ﬂattening and
widening may be enhanced by the presence of opaques (Cloutis
et al., 1990). There is also an additional weaker, likely Fe2+ band,
near 0.62 lm (King and Ridley, 1987). Most of the olivine in CM
chondrites is very Mg-rich (Fa<1), with only a few grains of more
Fe-rich olivine. When coupled with the generally low abundance
of olivine in CMs, olivine absorption bands in CMs are expected
to be weak and somewhat broadened.
Low-Ca orthopyroxene is characterized by two absorption
bands in the 1 and 2 lm regions attributable to crystal ﬁeld transitions in Fe2+ located in the M2 crystallographic site (Burns,
1970; Adams, 1974). With increasing Fe2+ (and Ca) content, the

absorption bands move to longer wavelengths (Cloutis and Gaffey,
1991). Band depth behavior with increasing grain size is similar to
olivine. The 2 lm region band is generally weaker and wider (in
wavelength space) than the 1 lm region band (Fig. 1b).
Pyroxene abundances in CMs are a factor of 2–5 less than olivine. As measured by the wavelength position of the olivine–pyroxene absorption band in the 1 lm region, this abundance ratio falls
in the range where olivine is dominant ( J 1.05 lm), but also
where band position begins to move rapidly toward the ﬁeld occupied by pure pyroxene ([0.95 lm) (Cloutis et al., 1986). Thus, maﬁc silicate absorption bands may appear broadened relative to the
pure end members, and the combined absorption band minimum
may fall anywhere between 0.9 and 1.08 lm.
4.2. Tochilinite
Tochilinite, a Fe–Ni–S–O mineral with structural similarities to
brucite, is commonly intergrown with phyllosilicates in CM2 chondrites (Buseck and Hua, 1993; Brearley and Jones, 1998). Its reﬂectance spectrum is similar to iron sulﬁdes – low reﬂectance (<15%)
with a weak absorption band in the 0.5–1.0 lm interval, rising to a
plateau near 2 lm (Moroz et al., 1997). This is consistent with its
composition and structure (Harris and Vaughan, 1972; Zolensky
and Mackinnon, 1986). Comparison of the spectra of serpentine
to tochilinite intergrown with serpentine shows no signiﬁcant differences in absorption bands or overall spectral shape (Fig. 1c).
4.3. Calcium–aluminum inclusions
CAIs are present at up to a few wt.% in some CMs (McSween,
1979; Hezel et al., 2008), and are dominated by Fe-poor spinel
(Brearley and Jones, 1998). Such spinels exhibit a weak absorption
band near 0.55 lm due to crystal ﬁeld transitions in Fe2+ and/or
Cr3+, and a broad, more intense band centered near 2.1 lm due
to crystal ﬁeld transitions in tetrahedrally coordinated Fe2+
(Fig. 1d) (Cloutis et al., 2004). CAI abundances are too low to result
in resolvable absorption features in CM spectra.
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Fig. 1. Reﬂectance spectra of <45 lm size powders of various constituent minerals in CM chondrites. (a) Olivines (with Fa content indicated; RELAB); (b) low-Ca
orthopyroxenes (with Fs contents indicated; PSF); (c) serpentine and tochilinite + serpentine (RELAB); (d) spinels (FeO content indicated; RELAB); (e) various sulﬁdes (PSF); (f)
Fe-rich serpentine-group phyllosilicates (RELAB); (g) Low-Fe content serpentines (RELAB); (h) Fe-bearing saponite-group phyllosilicates (RELAB); (i) Chlorite-group
phyllosilicates (RELAB). Continuum-removed reﬂectance spectra: (j) berthierine BER102; (k) saponite SAP103; (l) chamosite CHM102. (m) Reﬂectance spectrum of a <125 lm
fraction of the insoluble organic matter in Murchison (RELAB). (n) reﬂectance spectrum of synthetic cementite/cohenite (Fe3C; RELAB). Some compositions are provided in
Cloutis et al. (2010) and Table 8. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to 0.8 lm, and the thinner line represents
the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal and causes of absorption bands.
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Fig. 1 (continued)

4.4. Sulﬁdes
The dominant sulﬁde minerals in CMs are pentlandite and pyrrhotite, but are present at the <5% level (Howard et al., 2009,
2010a). Spectrally, they are red-sloped, like many other sulﬁdes.
Pyrrhotite shows no absorption bands, while pentlandite has a
weak absorption feature near 1 lm (Fig. 1e). Sulﬁde abundances
are too low to result in resolvable absorption bands, but will likely
lower overall reﬂectance.
4.5. Phyllosilicates
Given the abundance of Fe-phyllosilicates in CMs, we can distinguish different species that should give rise to unique spectral
properties on the basis of cation types and their locations. We distinguish the two main structural types of phyllosilicates in CMs:
serpentine-group phyllosilicates (SerGPs) and saponite-group

phyllosilicates (SapGPs). SerGPs include species with the following
site occupancies: serpentine – Mg in the octahedral sites; minnesotatite (or Fe2+-bearing serpentine) – both Mg and Fe2+ occupying
the octahedral sites; greenalite – both Fe2+ and Fe3+ occupying
the octahedral sites; berthierine – Mg, Fe2+, and Fe3+ occupying
the octahedral sites; and, cronstedtite – Fe2+ and Fe3+ in the octahedral sites and Fe3+ in the tetrahedral site. The presence of octahedrally-coordinated Fe2+ will lead to crystal ﬁeld absorption
bands near 0.9 and 1.1 lm (Clark et al., 1990). The additional presence of octahedrally coordinated Fe3+ will result in an Fe2+–Fe3+
charge transfer band near 0.7 lm. To better distinguish these phyllosilicates in the ensuing discussion we refer to Fe2+- and Fe3+bearing SerGPs as mixed-valence SerGPs (or MVSs). Tetrahedrally-coordinated Fe3+ will result in a series of spin-forbidden
crystal ﬁeld transitions between 0.38 and 0.46 lm (Burns,
1993). It likely also contributes an absorption feature near 1 lm
(Sherman, 1985; Burns, 1993). The presence of OH will result in
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an absorption feature near 1.4 lm due to O–H stretching, and metal-OH combination bands in the 2.3–2.4 lm region (Clark et al.
1990). The depths of the various absorption bands generally increase with increasing grain size (King and Clark, 1989).
The major SapGPs include saponite: Mg- and Fe2+-bearing; nontronite: Fe3+-bearing; vermiculite: Mg-, Fe2+, and Al-bearing; and
beidellite: Al-bearing. Chlorite-group phyllosilicates (ChlGPs),
which may be present in small amounts in CMs, include clinochlore: Mg- and Fe2+-bearing; chamosite: Mg-, Fe2+- and Fe3+-bearing; and thuringite: a very Fe-rich variety of chamosite. Some Febearing phyllosilicates also exhibit an occasional Fe3+ band near
0.48 lm.
CM chondrites are dominated by ﬁne-grained matrix which
consists largely of SerGPs, speciﬁcally subequal amounts of ﬁnegrained Fe2+-bearing serpentine and cronstedtite, plus SerGPtochilinite intergrowths (e.g., Zolensky and McSween, 1988; Burns
and Fisher, 1994; see also Section 2). ChlGPs and SapGPs are rare,
except in the Bells chondrite which contains abundant saponite
and amorphous or poorly crystalline material (Brearley, 1995).
The phyllosilicates are generally more Fe-rich in CMs than CIs,
and with increasing aqueous alteration, the phyllosilicates gradually transform from Fe-rich cronstedtite to Fe-poor serpentine
(Browning et al., 1996; Howard et al., 2009, 2010a). Structural
and compositional differences between terrestrial and CM phyllosilicates are suggested by differences in their 3 lm region spectra
(Beck et al., 2010a).
The intensity of phyllosilicate absorption bands will be a function of their abundance, composition, and the band depth-reducing
effects of any associated opaques. Matrix phyllosilicates in CMs
span a wide range of Fe/(Fe + Mg) – from 0.35 to 0.8 – with most
falling between 0.4 and 0.5 (Brearley, 1989, 1995; Zolensky et al.,
1993; Browning et al., 1996; Velbel et al., 2002), and with both
Fe3+- and Fe2+-bearing species present. The generally high Fe content, high phyllosilicate abundance relative to maﬁc silicates, and
dual Fe valence state, all suggest that the phyllosilicates will exhibit strong absorption bands in the 0.7 lm region (due to Fe3+–Fe2+
charge transfers), and the 0.9–1.2 lm region (due to Fe2+ crystal
ﬁeld transitions), and generally dominate over maﬁc silicates.
Fig. 1f–h shows reﬂectance spectra of various Fe-rich and Fe3+
and Fe2+-bearing SerGPs (Fig. 1f), Fe-poor SerGPs (Fig. 1g), Fe-bearing SapGPs (Fig. 1h), and ChlGPs (Fig. 1i). The Fe-rich and Fe3+- and
Fe2+-bearing SerGPs are characterized by an Fe2+–Fe3+ charge
transfer absorption centered near 0.7 lm, and a broad region of
Fe absorptions in the 0.9–1.1 lm region, with two absorption
bands often resolvable near 0.9 and 1.1 lm. The presence of abundant Fe results in low overall reﬂectance at shorter wavelengths,
and a weak or absent OH absorption feature in the 1.4 lm region.
The Fe-poor SerGPs are characterized by generally higher overall
reﬂectance, and weaker but better-resolved absorption bands in
the 0.7 and 0.9–1.1 lm regions. The 1.4 lm region OH absorption
feature is also more evident. Both groups exhibit metal-OH absorption bands in the 2.3–2.4 lm region.
The SapGPs are spectrally more diverse: nontronite exhibits
what appears to be a single absorption band in the 0.9 lm region,
the Fe-poor saponite spectra have no well-deﬁned absorption
bands in the 0.9–1.1 lm region, while the Fe-rich saponite, chlorite, and vermiculite exhibit resolvable absorption bands in the
0.7 and 0.9–1.1 lm region.
It was found that the absorption band ‘‘centers’’ determined
after continuum removal are located between 0.70–0.75, 0.90–
0.94, and 1.07–1.13 lm for the SerGPs (e.g., Fig. 1j), although some
of the spectra, such as the cronstedtite CRO102, do not exhibit
well-deﬁned band minima in all areas. For the SapGPs, band centers are located at 0.59–0.67, 0.89–0.90, and 1.10–1.12 lm (e.g.,
Fig. 1k). The nontronite exhibits bands at 0.67 and 0.95 lm (with
no apparent longer wavelength band in the 1.1 lm region), and
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vermiculite exhibits bands at 0.71–0.72, 0.92–0.93, and 1.10–
1.12 lm. The ChlGP spectra exhibit bands at 0.71–0.72 lm, 0.89–
0.92 lm, and 1.08–1.10 lm (e.g., Fig. 1l).
If we restrict ourselves to the major phyllosilicates in CM chondrites – SerGPs/MVS and SapGPs – it appears that these two classes
of phyllosilicates can best be discriminated on the basis of the
wavelength position of the Fe2+–Fe3+ charge transfer absorption
band: 0.70–0.75 lm in SerGPs versus 0.59–0.67 lm in SapGPs;
positions of the longer wavelength absorption bands in the 0.9–
1.1 lm region overlap somewhat between the two groups: 0.90–
0.94 lm in SerGP versus 0.89–0.90 lm in SapGPs; 1.07–1.13 lm
versus 1.10–1.12 lm in SapGPs.
4.6. Opaques and minor phases
In CI chondrites, the dominant opaque phases are ﬁne-grained
and ﬁnely dispersed ferrihydrite, carbonaceous phases, and magnetite, while in CM chondrites, the volumetrically dominant opaque phase is tochilinite. Other opaque phases that are present in
CIs, such as sulﬁdes and magnetite, are present in much lower
abundances in CMs. Their spectral reﬂectance properties were discussed in Cloutis et al. (2010). Magnetite exhibits a weak absorption band near 0.5 lm, and a broad Fe2+ absorption feature
centered near 1.1 lm. Thermal metamorphism of CMs leads to
the disappearance of tochilinite (Ivanova et al., 2005).
C-bearing opaques can be spectrally diverse, but the insoluble
organic matter in the Murchison CM chondrite is dark (<2% reﬂectance), spectrally ﬂat or slightly blue-sloped, with a weak absorption feature near 0.45 lm (Fig. 1m). Some of the carbon in CMs is
present as metal carbides (cohenite; Brearley, 2003), which are
spectrally red-sloped and featureless (Fig. 1n). CM matrices also include accessory ﬁne-grained, ﬁnely-dispersed magnetite, ferrihydrite, calcite, and gypsum, but in general their abundances are
not expected to be high enough to be expressed spectrally.
4.7. Effect of opaques
Cloutis et al. (2010) found that various opaque phases relevant
to CCs intimately mixed with different phyllosilicates resulted in
lowering of overall reﬂectance, while overall spectral slopes became redder or bluer depending on the type and abundance of
the opaque phase. Bluing of spectral slopes was found to result
from the presence of magnetite and graphite. With the exception
of Bells, CM chondrites generally contain only a few wt.% magnetite (Watson et al., 1975; Brearley, 1995) and other opaques. Thus
we do not expect ﬁne-grained CM chondrite powders to exhibit the
occasional strongly blue-sloped spectra seen for some CI chondrites, and which appear to be attributable to speciﬁc opaques that
must be abundant, ﬁne-grained, and ﬁnely disseminated (Cloutis
et al., 2010).
While olivine is less abundant than phyllosilicates in CMs, its
abundance may be high enough to be detectable in CM spectra.
The effect of different opaque phases on the spectral properties
of olivine is expected to be similar to that seen for phyllosilicates:
reduction in overall reﬂectance and band depths (Milliken and
Mustard, 2007; Cloutis et al., 2010). Fig. 2a and b shows reﬂectance
spectra of olivine + lampblack. The lampblack spectrum is bluesloped overall; adding small amounts of lampblack to olivine
causes large decreases in overall reﬂectance. With increasing lampblack abundance, the spectra initially become red-sloped, followed
by a gradual ﬂattening of overall spectral slope as lampblack content increases to values comparable to the total C content in CMs
(2 wt.%).
Lampblack reduces the overall reﬂectance of larger-grained
olivine more than ﬁne-grained olivine (Fig. 2c). This spectral
behavior is expected, as ﬁne-grained olivine has more surface area
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Fig. 2. Reﬂectance spectra of various silicate + opaque intimate mixtures. (a) olivine (45–90 lm) + lampblack (<0.021 lm size); (b) same as (a) normalized at 0.56 lm; (c)
same as (a) for <45 lm size olivine); (d) same as (c) normalized at 0.56 lm; (e) olivine (<45 lm) + poorly crystalline synthetic graphite (<45 lm); (f) same as (e) normalized at
0.56 lm; (g) olivine (<45 and 45–90 lm) + coal tar extract (CTE, <37 lm); (h) same as (g) normalized at 0.56 lm; (i) olivine (45–90 lm) + magnetite (<45 and 45–90 lm); (j)
same as (i) normalized at 0.56 lm. End member abundances are indicated on the ﬁgures. The inclusion of opaques reduces overall reﬂectance and silicate band depths, while
the effects on overall spectral slope are variable. The size of the silicates also affects how the spectra are modiﬁed with the inclusion of opaques.

that needs to be covered by lampblack to reduce overall reﬂectance. When normalized, the coarse-grained olivine-bearing mixture is redder sloped and has a shallower absorption band than
the ﬁne-grained olivine-bearing mixture (Fig. 2d). The cause of
red slope is not certain, but is likely due to decreasing optical density of carbon black toward longer wavelengths (Beeman et al.,
1984; Colangeli et al., 1986; Bussoletti et al., 1987; Rouleau and
Martin, 1991). In contrast, spectrally ﬂat serpentine mixed with
lampblack shows no signiﬁcant change in overall slope (Cloutis
et al., 2010).
The presence of graphite (as another possible proxy for the organic matter in CMs) causes a reduction in overall reﬂectance, as
expected, and a slight reddening of overall spectral slope (Fig. 2e

and f). When coal tar extract is used as a proxy for CM carbonaceous matter, it reduces overall olivine reﬂectance, being more
effective in this regard for coarser- versus ﬁner-grained olivine
(Fig. 2g and h). The overall spectral slopes generally fall between
the red slope of the coal tar extract and the overall ﬂat slope of
the olivine, although the 5 wt.% coal tar extract-containing mixture
is slightly more blue-sloped overall than the pure olivine.
For olivine + magnetite mixtures (Fig. 2i and j), ﬁne-grained
magnetite is less red-sloped than coarser magnetite (Morris et al.
1985). When mixed with olivine, the ﬁner-grained magnetite
causes a greater reduction in olivine band depth than coarser magnetite, and the mixture spectra are generally slightly more bluesloped than the olivine.
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Overall, it appears that blue-sloped spectra would not be expected for most CM chondrites as CM opaque types and abundances are not consistent with imparting overall blue slopes. The
various opaques in CMs can however ﬂatten overall red slopes
and reduce silicate absorption band depths, even at low abundances. Thus, to ﬁrst order, we expect CM spectra to exhibit
absorption bands attributable to the main silicate phases (phyllosilicates ± olivine) but with subdued band depths and lower overall
reﬂectance.
4.8. Weathering effects
As with CI and other carbonaceous chondrite groups, CMs are
susceptible to terrestrial weathering (e.g., Cloutis et al., 2010 and
references therein). Weathering can result in the formation of various iron oxyhydroxides (Bland et al., 2006) and phyllosilicates
(e.g., Gooding, 1986a, 1986b) and other more subtle or less apparent effects. Thus, spectroscopic analysis of CM chondrites should
keep these potential spectrum-altering effects in mind.
5. Results
A large number of reﬂectance spectra of CM chondrites are
available for this study (Table 7), with variable amounts of associated petrologic information and reﬂectance spectra. The ensuing
discussion is subdivided on the basis of the quality of associated
petrographic information, initially discussing samples with limited
petrographic information, followed by discussion of samples with
multiple spectra, then paired samples, followed by the suite of
CMs with determined petrographic subtypes, then grain size comparisons, and ﬁnally ‘‘enriched’’ splits. The digital spectral data and

descriptions of the CM meteorites included in this study are available as on-line supplements.
5.1. Samples with limited petrographic information
In this section we can begin to address the question: what is the
approximate range of CM spectral diversity? CMs with limited petrographic information and only single spectra are useful for beginning to address this question, as most of the CMs for which spectra
exist have only limited petrographic information. The 23 CMs in
this group have roughly comparable particle size distributions,
i.e., <75, <100, and <125 lm (Table 7), and some are also discussed
in subsequent sections.
Spectral slopes for this group range from red-sloped (e.g., EET
83389) to slightly blue-sloped (e.g., A-881594) (Fig. 3a–f). The
red slope may be attributable to terrestrial weathering in some
cases. For example, LEW 88001 is red-sloped and extensively
weathered (Marlow and Mason, 1990). The most dominant and
common characteristic is the presence of absorption features in
the 0.7 and 0.9–1.1 lm regions. The 0.7 lm absorption feature is
almost always centered between 0.70 and 0.75 lm (e.g., Fig. 3g),
consistent with spectral contributions from the abundant MVSs
in CM2s. None of the spectra show evidence for a saponite- or olivine-associated absorption band in the 0.65 lm region (King and
Ridley, 1987), suggesting that MVSs are spectrally dominant in this
region for the vast majority of CMs.
The 0.9–1.1 lm region shows more diversity. The majority of
the spectra are characterized by two absorption bands centered
near 0.9–0.95 and 1.1–1.12 lm (e.g., Fig. 3g). Band positions are
most consistent with SerGPs/MVSs; this is also compatible with
the predominance of SerGPs, their Fe-rich composition, and the
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Fig. 3. Reﬂectance spectra of CM chondrites for which only limited petrographic information is available. (a-f): Meteorite IDs and grain sizes are indicated on each ﬁgure.
Continuum-removed spectra of: (g) QUE 97077 (<75 lm); (h) A-881280 (<125 lm), EET 83389 (<125 lm), cronstedtite (CRO101, <45 lm), and greenalite (GRE001, <45 lm);
(i) LEW 87016 (<125 lm), LEW 88001 (<125 lm); (j) PCA 02012 (<75 lm), Y-74642 (<125 lm). The value of vertical linear offsets applied to some of the spectra for clarity are
indicated in brackets beside the relevant spectra. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to 0.8 lm, and the
thinner line represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal.

associated 0.7 lm region MVS absorption feature. Thus it is likely
that these absorption features are attributable entirely or in large
part to MVSs.
Occasional evidence for serpentine spectral contributions is also
seen in the 2.3 lm region. A number of the CM spectra (e.g., EET
83250, EET 83389, GRO 85202, LEW 87148, and Y-793595) exhibit
an absorption band near 2.32 lm, most consistent with Mg-bearing SerGPs (Clark et al., 1990). These spectra also all exhibit the
0.7–0.75, 0.90–0.94 and 1.07–1.13 lm SerGP/MVS absorption
bands and have among the highest band depths in these regions.
A few of the spectra exhibit deviations from this general picture.
A-881280 and EET 83389 appear to exhibit a second absorption
band near 1.22 lm, but this may be partially an artifact arising

from where the continuum has been ﬁxed. Similar features are also
seen in cronstedtite and greenalite spectra with continua that have
been constructed in the same way (Fig. 3h).
LEW 88001 does not exhibit a well-deﬁned 0.7 lm region
absorption band; rather such a band, if present, may be superimposed on a reﬂectance decline to a minimum near 0.83 lm
(Fig. 3i). It was noted as having pervasive ‘‘rusty’’ inclusions and
evaporites (Marlow and Mason, 1990). It is possible that the presence of iron oxides/hydroxides (e.g., Morris et al., 1985), which
have an absorption band in the 0.9 lm region, could cause a composite of the 0.7 lm MVS band and the iron oxide/hydroxide
band to appear near 0.83 lm. LEW 87016 exhibits both a
0.72 lm MVS band as well as a 0.60 lm SapGP absorption band
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(Fig. 3i), suggesting that SapGPs are present at spectrally signiﬁcant levels.
PCA 02012 exhibits a weak (3% band depth) absorption feature centered near 1.04 lm with side lobes near 0.9 and 1.25 lm
that more closely resembles olivine than SerGPs (Fig. 3j). McBride
et al. (2004) noted that its chondrules are relatively unaltered. If
the chondrules and unaltered matrix mineral grains are largely
olivine, they may be abundant enough to dominate the spectrum
in this region. The lack of spectral contribution by serpentine is
also suggested by the near absence of an absorption band in the
0.70–0.75 and 1.10 lm regions. Y-74642 is similar in the lack of
a well-deﬁned 0.7 lm region absorption feature (Fig. 3j). It is likely
that olivine is also contributing to the 0.9–1.1 lm region, but to a
lesser extent than in PCA 02012, as the point of lowest reﬂectance
is near 0.97 lm, between the expected band positions for olivine
and serpentine, and there are suggestions of absorption features
near both 1.1 lm (serpentine) and 1.25 lm (olivine).
5.2. Duplicate CM spectra
Duplicate CM spectra are useful for assessing the spectral variability inherent within a single CM. A number of CM spectra (Table 7) are available in which either the same split (after
repacking) or different split of the same meteorite have been
measured.
Two spectra of a <180 lm sample of ALH 83100 are nearly identical with only a slight difference in overall slope at longer wavelengths (Fig. 4a). Whether the sample was repacked between
measurements is unknown.
Duplicate samples of 100–200 lm grain size powders of Mighei
involving bulk, matrix-enriched, and olivine-enriched fractions,
have also been measured, with some of the results discussed in

Moroz and Pieters (1991). Once again, whether the samples were
repacked between measurements is unknown. The two bulk sample spectra (Fig. 4b) have similar overall shapes and differ by 0.2%
absolute in overall reﬂectance. There appear to be differences in
the shape and position of some weak absorption bands in the
0.7–1.1 lm region, but these differences may be insigniﬁcant as
the spectra are somewhat noisy. Duplicate spectra of olivine-enriched 100–200 lm size fractions of Mighei (Fig. 4c) differ greatly
in terms of overall reﬂectance and slope. The brighter spectrum
is more olivine-like by virtue of a broad absorption band in the
1 lm region. However neither spectrum has an overall band minimum near 1.05 lm, as is expected for olivine, and both show an
absorption feature in the 0.7 lm region as well as near 0.9 lm,
suggesting that MVSs still contribute signiﬁcantly to these spectra.
The matrix-enriched 100–200 lm Mighei spectra (Fig. 4d) are
darker than the bulk and olivine-rich fractions and more bluesloped. As discussed in Cloutis et al. (2010), there are a number
of opaque materials that could contribute to an overall blue slope,
including some organic components and ﬁne-grained magnetite.
These components are likely enriched in these samples. More
blue-sloped spectra are also expected for coarse-grained samples
(Johnson and Fanale, 1973; Cloutis et al., 2010). Both magnetite
and organic content (likely enriched beyond their 4 wt.% abundances) are probably sufﬁcient to account for, at least in part, the
overall blue slope (Cloutis et al., 2010).
The low overall reﬂectance and blue slope of matrix-enriched
Mighei are also similar to the spectrum of thuringite, a very Fe-rich
phyllosilicate (Calvin and King, 1997). Mighei contains among the
most Fe-rich phyllosilicates found in CM chondrites (Browning
et al., 1991). The most prominent absorption feature in the matrix-enriched Mighei spectra is located near 0.73 lm and is attributable to the MVSs that dominate this meteorite. However,
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Fig. 4. Duplicate spectra of: (a) ALH 83100 (<180 lm); (b) Mighei (bulk sample, 100–200 lm); (c) Mighei (olivine-enriched, 100–200 lm); (d) Mighei (matrix-enriched, 100–
200 lm); (e) Murchison (<90 lm); (f) same as (e) after continuum removal; (g) Murchison (bulk sample, 100–200 lm); (h) same as (g) after continuum removal; (i)
Murchison (olivine-enriched, 100–200 lm); (j) same as (i) after continuum removal; (k) Murchison (matrix-enriched, 100–200 lm); (l) same as (k) after continuum removal;
(m) Y-74662 (<125 lm); (n) same as (m) after continuum removal. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to
0.8 lm, and the thinner line represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal. Spectral differences can range from
minor (e.g., ALH 83100) to major and includes changes in shapes and depths of absorption bands (e.g., Murchsion, <90 lm).
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expected SerGP absorption bands near 0.9 and 1.1 lm are not
apparent, similar to how this region appears in some high-Fe SerGPs such as cronstedtite (Fig. 1f).
Duplicate spectra of a <90 lm fraction of Murchison (Fig. 4e
and f) differ in almost all respects: overall slope, absolute
reﬂectance, and apparent absorption band depths and positions.
One of the spectra (cbmh52) has a well-resolved 0.7 lm MVS
absorption band, but the region of broad absorption from 0.8
to 1.3 lm does not exhibit resolvable phyllosilicate absorption
bands. The other spectrum (camh52) is more olivine-like: it
lacks a 0.7 lm band and the 0.8–1.3 lm region has a band minimum near the position expected for olivine (1.07 lm) as well
as inﬂections in the 1.17–1.30 lm region, which are consistent
with olivine.
As with Mighei, 100–200 lm bulk, olivine-, and matrix-enriched spectra of Murchison are available. The two bulk spectra

(Fig. 4g) have an overall blue slope, similar to some CI chondrites
and unlike Mighei. Both exhibit a broad region of absorption in
the 1 lm region with minima at 0.9 lm and near 1.1 lm after continuum removal (Fig. 4h), and an absorption band near 0.75 lm, all
features consistent with SerGPs/MVSs. Duplicates of the 100–
200 lm olivine-enriched fractions are spectrally neutral to slightly
blue-sloped (Fig. 4i). The continuum-removed spectra (Fig. 4j)
show no clear evidence for olivine beyond a general broadening
and ﬂattening of the spectrum in the 1 lm region; SerGP/MVS
spectral contributions are evident from the 0.75, 0.9, and possible
1.1 lm region absorption features. The matrix-enriched 100–
200 lm Murchison spectra (Fig. 4k) are darker than the other
100–200 lm size Murchison spectra. They both exhibit overall
blue-sloped spectra, as expected for coarse-grained opaque-rich
phyllosilicates (Cloutis et al., 2010). As with Mighei, the matrix-enriched spectra both exhibit an MVS absorption band near 0.73 lm,
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Fig. 5. Duplicate reﬂectance spectra of various CM chondrites after repacking the sample prior to the second measurement. (a) Mighei (<32 and 32–100 lm fractions); (b) 32–
100 lm spectra from (a) after continuum removal; (c) <32 lm spectra from (a) after continuum removal; (d) Murchison (<150 lm); (e) same as (d) after continuum removal;
(f) Murchison (chip – 2 different rough faces); (g) same as (f) after continuum removal; (h) Murray (<150 lm); (i) same as (h) after continuum removal; (j) Nogoya (<150 lm);
(k) same as (j) after continuum removal. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to 0.8 lm, and the thinner line
represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal. Differences in duplicate spectra of the same sample are generally
restricted to differences in overall reﬂectance; chips can show larger differences, due to measurements on different facets.

while the expected 0.9 and 1.1 lm SerGP bands are not well resolved (Fig. 4l). One of the spectra has a probable additional weak
absorption band near 0.66 lm that may be indicative of olivine, as
saponite has not been detected in Murchison and its olivine is both
relatively abundant (15 vol.%) and Fe-rich (Fuchs et al., 1973; Vali
et al., 1998; Bland et al., 2004).
Two spectra of <125 lm fractions of Y-74662 are both redsloped but differ in overall reﬂectance (Fig. 4m). They both exhibit
absorption bands near 0.73 and 0.9–0.93 lm; they differ in the
1.1–1.3 lm region, possibly due to different relative contributions
from the major anhydrous silicate phases (Fig. 4n). The c1mp11
spectrum may have a greater contribution from olivine as evi-

denced by the ﬂatness of the spectrum between 0.9 and
1.1 lm and the inﬂection near 1.25 lm.
A number of CM sample spectra were measured at the PSF with
the sample cup emptied and repacked between measurements.
This allows us to better examine spectral heterogeneity within a
single CM chondrite. The samples included sorted powders of Mighei (<32 and 32–100 lm), <150 lm powders of Murchison, Murray, and Nogoya, and a chip of Murchison.
The <32 lm spectra of Mighei are both less red-sloped than the
two 32–100 lm spectra, and overall spectral shapes are similar
within each pair of spectra (Fig. 5a). However, overall reﬂectance
does vary within each pair of spectra by up to 0.6% absolute. Spec-
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Fig. 5 (continued)

tral similarities within pairs of spectra are evident in the continuum-removed spectra (Fig. 5b and c). The 32–100 lm size spectra
both show clear evidence of SerGPs/MVSs: a prominent absorption
band near 0.73 lm (3% deep), and two bands near 0.93 and
1.13 lm. The presence of olivine is not apparent but may be contributing to a broadening of the absorption feature in the 1.2 lm
region. They differ in the 1.1 lm region in terms of how well a distinct absorption feature can be resolved. The <32 lm spectra are
more ‘‘olivine-like’’ in terms of exhibiting a broad absorption feature near 1.0 lm and less apparent absorption features near 0.9
and 1.1 lm, but still exhibit a well-resolved SerGP/MVS absorption
band near 0.72 lm.
Two <150 lm powder spectra of Murchison are essentially
identical with similar overall reﬂectance (Fig. 5d), and SerGP/
MVS features: an absorption band (2% deep) near 0.73 lm,
and additional bands near 0.95 and 1.1 lm (Fig. 5e). Olivine
may also be contributing to this region as evidenced by a

broadening of the band near 1.2 lm and ﬂattening in the
1 lm region.
The two Murchison chip spectra (Fig. 5f) show differences in
spectral shape, overall reﬂectance, and apparent band depths. This
is attributable to the fact that the chip does not have a smooth, ﬂat
surface and differences in the orientation and roughness of the
chip (two different faces were measured) can translate into larger
differences in absolute reﬂectance than would be the case for a
powder. Both spectra exhibit absorption bands attributable to
SerGPs/MVSs near 0.75, 0.94 and 1.1 lm (Fig. 5g). Band depths
and minima positions appear to differ between the two spectra
in the 0.8–1.2 lm region. This can be attributed, at least in part,
to the broad, shallow nature of the absorption bands wherein small
variations in overall spectral slope may translate into measurable
differences in apparent absorption band positions.
The two Murray <150 lm powder spectra are nearly identical,
suggesting that this particular sample is homogeneous at the
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1 g level (Fig. 5h). The continuum-removed spectra (Fig. 5i) exhibit the familiar SerGP/MVS features: an 3% deep band near
0.73 lm and additional bands near 0.95 and 1.15 lm.
The two Nogoya <150 lm spectra are also nearly identical, with
only a small difference in overall reﬂectance, again suggesting
sample homogeneity at the 1 g level (Fig. 5j). Again, the expected
SerGP/MVS features are present (Fig. 5k): absorption bands near
0.73 (5% deep), 0.95, and 1.1 lm. Band depths are higher than
in the other CMs included in this section. Being among the most altered CM chondrite (Rubin et al., 2007; Howard et al., 2008), it contains a higher proportion of phyllosilicates, speciﬁcally serpentine.
5.3. Paired CM chondrites
CMs that are presumably paired on the basis of petrology, can
also be assessed spectroscopically. These spectra are also useful
for examining possible spectral variability within a single CM.
For our CM suite, four have been suggested as being paired due
to petrologic similarities: ALH 83100, ALH 84029, ALH 84033,
and ALH 84044 (Schwarz and MacPherson, 1985a, 1985b; Score
and Lindstrom, 1994). Despite differences in overall reﬂectance
(Fig. 6a), ALH 83100, ALH 84029, and ALH 84044 have similar
SerGP/MVS features near 0.73, 0.93, 1.1, and 2.32 lm (Fig. 6b).
Their differences are consistent with the range of differences found
between duplicates of a single CM chondrite, such as Y-74662 (discussed above). ALH 84033, by contrast has what appears to be a
more olivine-dominated spectrum, with no evidence of a 0.7 lm
region band, and the 0.9–1.1 lm region has what may be a broad

composite absorption band with a minimum near 0.95 lm; it also
lacks the 2.32 lm region serpentine band that the other three
spectra exhibit. These results suggest that, at least on the basis of
these spectra, ALH 84033 may not be paired with the other three.
However, as noted above, duplicates within a single meteorite (e.g.,
Murchison bulk, Y-74662) can exhibit differences in the appearance of the 0.9–1.1 lm region.

5.4. Petrologic subtypes
By comparing the available CM reﬂectance spectra in the context of the various classiﬁcation schemes, we can assess whether
these classiﬁcation systems translate into measurable spectral differences. As discussed above, detailed petrologic studies of CM
chondrites by a number of investigators (e.g., Burns and Fisher,
1991; Browning et al., 1991; Trigo-Rodriguez et al., 2006; Rubin
et al., 2007; de Leuw et al., 2009) have led to the development of
various petrologic subtype classiﬁcation schemes.

5.4.1. McSween (1979)
McSween (1979) suggested a correlation between matrix abundance and degree of aqueous alteration in CMs. Seven CMs from
McSween (1979) have been spectrally characterized: six have
either <100 or <125 lm size powder spectra measured, and we
have a <45 lm size powder spectrum of Boriskino. We found no
apparent correlations of matrix abundance with absolute reﬂectance or the positions or depths of the 0.7, 0.9, or 1.1 lm absorption bands. This suggests that factors other than just matrix
abundance control these parameters.

5.4.2. Browning et al. (1991)
In the Browning et al. (1991) classiﬁcation system, the CMs
were divided into low, intermediate and high Fe-content serpentine subgroups. Spectra of <100 and <125 lm of six members of
this classiﬁcation system are available for comparison (Fig. 7; Table 4). There is no systematic difference between these groups in
terms of overall reﬂectance or spectral slope. The 0.7 lm band is
slightly deeper (4–5%) in the low Fe group versus the other two
groups (3–4%), consistent with a decrease in opaque abundance,
greater SerGP abundance and SerGP Fe content, but the spectra
show no systematic difference in wavelength position, or in the position and depths of the 0.9 and 1.1 lm absorption bands. These results suggest that the changes in serpentine Fe content, which
should lead to measurable changes in band depth, may be present,
but are likely overprinted by other differences between the samples, possibly opaque abundances and their degree of dispersion.

Fig. 6. (a) Reﬂectance spectra of <100 and <125 lm spectra of four tentatively
paired CM chondrites; (b) same as (a) after continuum removal. For the continuumremoved spectra the thick line represents the ﬁt using a continuum from 0.6 to
0.8 lm, and the thinner line represents the ﬁt using a continuum from 0.6 to
1.38 lm. See text for details of continuum removal. Spectral measurements may
serve as an aid in determining pairings.

5.4.3. Burns and Fisher (1991) petrologic sequence
Burns and Fisher (1991) determined that Fe3+/Fe2+ ratios and
cronstedtite proportions decrease in the order Cold Bokkeveld > Murchison > Murray  ALH 83100 (Fig. 8). On this basis,
we would expect the 0.73 lm band depth to decrease in the same
order, but Cold Bokkeveld and ALH 83100 have comparable band
depths (6% for the <100 and <125 lm grain size spectra) versus
2–3% for Murchison and Murray. ALH 83100 has the highest 0.9
and 1.1 lm region band depths (6–8%) compared to the other
CMs (<4%), which is expected for increasing SerGP abundance.
Other potential diagnostic spectral parameters, such as overall
reﬂectance or wavelength position of the SerGP absorption bands
do not exhibit systematic trends, although ALH 83100 is brighter
and more red-sloped than Cold Bokkeveld. The increase in overall
reﬂectance with decreasing cronstedtite abundance is expected,
as cronstedtite is darker than Mg-rich serpentine.
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Fig. 7. (a and b) Reﬂectance spectra of <100 and <125 lm spectra of representatives of CM subgroups of Browning et al. (1991). See text for details. (c and d): same as (a) and
(b), respectively, after continuum removal. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to 0.8 lm, and the thinner line
represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal. The 0.7 lm band is slightly deeper in the low-Fe group. Changes in
serpentine Fe content, which should lead to measurable changes in band depth, may be present, but are likely overprinted by other differences between the samples.

5.4.4. Browning et al. (1996) and TRD group
Browning et al. (1996), Trigo-Rodriguez et al. (2006), Rubin
et al. (2007), and de Leuw et al. (2009) (hereafter referred to as
the TRD group) have assigned petrologic subtypes to a number of
CM chondrites included in this study (Tables 4 and 5). CM spectral
parameters were evaluated against their petrologic subtype criteria, and mineralogical alteration index of Browning et al. (1996)
(hereafter referred to as MAI). While the number of meteorites
and their assigned petrologic subgrades differ between these studies, the alteration sequence is the same for common samples,
therefore they are combined here for the purpose of analysis. From
the perspective of potential spectral variations, the most important
petrologic characteristics identiﬁed in these studies are the progressive destruction of maﬁc silicates and increased formation of
phyllosilicates. Other studies suggest that this progressive aqueous
alteration is accompanied by tochilinite destruction and conversion of cronstedtite to Mg-rich serpentine (Ikeda, 1983; Howard
et al., 2009, 2010a), although some of these changes are disputed
(Zolensky et al., 2010).
The CM chondrites that were examined are all <75, <100, or
<125 lm powders, plus one <45 lm powder (Boriskino). As mentioned, a constrained grain size suite which includes the ﬁnest fraction (down to 0 lm) helps to minimize grain size effects on the
spectra, and is probably the most realistic representation of regolith-bearing asteroid surfaces. While the presence of trends can
provide insights into responsible mechanism, the lack of expected
trends can also be useful for elucidating different mechanisms that
can affect CM spectra and their signiﬁcance. As an example, if an
expected positive trend between 0.7 lm band depth and phyllosi-

licate abundance is not found, it would indicate that other factors,
such as opaque abundance variations, may also be affecting this
spectral parameter.
Overall reﬂectance shows no obvious correlation with petrologic subtype; reﬂectance at 0.56 lm varies between 3.8% and
7.1%. This lack of a correlation is not surprising given spectral differences seen in some duplicate CM spectra discussed above, differences in subsamples of a single CM, and the possible
spectrum-altering effects associated with different approaches to
sample comminution, or differences in maximum grain size. Duplicate sample spectra can also readily show differences on the order
of 1% absolute.
The depth of the 0.7 lm region MVS band shows a rough positive correlation with the degree of aqueous alteration using both
the TRD criteria and MAI (Fig. 9a and b). With increasing aqueous
alteration, more Mg-serpentine is produced at the expense of cronstedtite and tochilinite. This is expected to have competing effects
on the expected depth of the 0.7 lm feature. Band depth would increase as serpentine is produced from alteration of maﬁc silicates
(which do not have a 0.7 lm band). The decrease in abundance
of tochilinite and other ﬁne-grained opaques should also lead to
a deeper band. Working against this increase in band depth is
the fact that as Fe3+–Fe2+-bearing cronstedtite is converted to
Mg-rich serpentine, the depth of the 0.7 lm Fe band should decrease. However, we have found that the very Fe-rich SerGPs, such
as cronstedtite and greenalite have small 0.7 lm band depths,
likely due to the fact that high Fe abundance is accompanied by
a lowering of overall reﬂectance and hence a decrease in apparent
0.7 lm band depth. Nevertheless, it appears that 0.7 lm band
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(ALH 83100, MET 01070, and Y-82042) with three of the least altered CM chondrites (Murchison, Murray, and Y-791198). It is expected that aqueous alteration would lead to better deﬁned SerGP
bands and possibly higher reﬂectance due to the decomposition
of tochilinite. Whether the 0.7, 0.9, and 1.1 lm region absorption
bands would be deeper was uncertain because of the competing
effects of more SerGPs versus lower SerGP Fe content. Comparison of their reﬂectance spectra, all for <75, <100, or <125 lm
sizes, shows no apparent differences in any usable spectral
parameters. The two groups overlap in terms of absolute reﬂectance, spectral slope, absorption band positions, absorption band
depths, and resolvability of individual absorption bands. In contrast to the results presented in the previous section, these results
suggest that CM subgroups cannot be reliably distinguished using
spectral parameters.
5.5. Grain size variations

Fig. 8. (a) Reﬂectance spectra of <100 and <125 lm spectra of CM chondrites from
phyllosilicate variation sequence of Burns and Fisher (1991); (b) same as (a) after
continuum removal. For the continuum-removed spectra the thick line represents
the ﬁt using a continuum from 0.6 to 0.8 lm, and the thinner line represents the
ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum
removal. There is no systematic trend in absorption band parameters for the full
suite of samples, suggesting that multiple CM properties affect band depths, band
positions, overall reﬂectance, and slopes.

depth could potentially be used to constrain both TRD petrologic
subtype and Browning et al. (1996) MAI.
The depths and wavelength positions of the 0.9 and 1.1 lm region absorption bands do not show a correlation with degree of
aqueous alteration. As a number of phases could contribute to
absorption in this region, the lack of trend with band depths is
not surprising, and suggests that additional CM components do express themselves in this wavelength region.
We also ﬁnd that there is a rough positive correlation between
the 2.4/0.56 lm reﬂectance ratio and absolute reﬂectance at
0.56 lm (Fig. 9c), indicating that, at least for these spectra, brighter
spectra are usually more red-sloped. However, the trend does not
correlate with TRD petrologic subtype or MAI, suggesting that
the apparent relationship may be fortuitous. We also ﬁnd a rough
negative correlation between C content and absolute reﬂectance at
0.56 lm (Fig. 9d). These results suggest that increasing C content
results in darker spectra, consistent with the results for many phyllosilicate + opaque mixture spectra (Milliken and Mustard, 2007;
Cloutis et al., 2010). However, once again the trend does not correlate with TRD petrologic subtype or MAI.
5.4.5. ‘‘CM1’’ versus ‘‘CM3’’
To better constrain whether spectral differences exist between
the least and most aqueously altered CM chondrites, we compared the reﬂectance spectra of three of the most altered CM
chondrites, which had been previously classiﬁed as CM1-like

Comparison of spectra of different size fractions of a single
meteorite provides insights into how grain size affects CM spectra,
as well as techniques for characterizing the physical properties of
possible parent bodies. For example, to ﬁrst order, older surfaces
should have a more comminuted regolith. The laboratory data also
help constrain the range and types of spectral diversity associated
with grain size variations.
One factor that must be taken into account when comparing
meteorite to asteroid spectra is that laboratory crushing of meteorites may not reproduce how comminution associated with regolith
formation processes operates on asteroid surfaces. Differences may
include changes in the mechanical strength of various materials
with temperature, and the relative importance of various spectral
modiﬁcation processes that are collectively termed ‘‘space weathering’’ and which are as yet incompletely understood (e.g., Clark
et al., 2002; Gaffey, 2010), and possible regolith grain-sorting processes. These factors are generally outside the scope of the current
investigation.
One area of uncertainty inherent in the ensuing discussion relates to the comparability of different size fractions of a single
meteorite. Size separates can be prepared in different ways by
different investigators, and this issue is most acute for size separates with a minimum grain size >0 lm. It is expected that different phases will have variable resistance to mechanical
comminution so that larger size fractions could be enriched in
more mechanically-resistant components. When a sample is
crushed to be entirely smaller than a certain size, this is less of
an issue. A related issue involves the use of different splits of a
meteorite for spectral measurements. Carbonaceous chondrites
are composed of different components that are visible and hence
heterogeneous at the few mm scale (e.g., Score and Mason, 1983;
Martinez and Mason, 1986; Zolensky et al., 1997), and some may
be heterogeneous at larger scales (e.g., Fuchs et al., 1973; Olsen
et al., 1988; Saylor et al., 2001; Morlok et al., 2006). Given this
and the generally small size of splits that are used for spectral
measurements, usually on the order of 1–2 g or less, compositional heterogeneity between different subsamples could be an issue. This is in addition to sample heterogeneity within a
subsample in terms of how much of each component mineral
or phase may be present in the uppermost part of the sample that
is being interrogated by the spectrometer; this may account for
some of the spectral variability seen in some of the repacked
duplicate measurements discussed above.
A number of the CM chondrite spectra used in this study are
available in multiple size ranges. In order to try and minimize spectral variability that may be due to sample heterogeneity and other
possible effects, whenever possible we group size fractions by
investigator.
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Fig. 9. (a) Depth of 0.7 lm region absorption feature versus petrologic subtypes of Rubin et al. (2007). Mighei and Boriskino were assigned to subtype 2.6 and Bells was
assigned to subtype 2.7 (these three meteorites were not included in the Rubin et al. (2007) classiﬁcation scheme, but are among the least altered CMs; (b) depth of 0.7 lm
region absorption feature versus Mineralogical Alteration Index (MAI) of Browning et al. (1996); 2.4/0.56 lm reﬂectance ratio versus absolute reﬂectance at 0.56 lm for these
same CMs; (d) C content versus absolute reﬂectance at 0.56 lm for these same CMs. The presence of some correlations indicates that the Rubin et al. (2007) classiﬁcation
system captures petrologic parameters that are expressed in CM reﬂectance spectra.

5.5.1. RELAB spectra
Spectra of ALH 83100 are available for <100, <180, and <500 lm
fractions (Table 7). They can potentially provide insights into how
different degrees of comminution may affect spectral properties.
Mustard and Hays (1997) found that powdered sample spectra
are dominated by the ﬁnest fraction, likely due to the fact that
the ﬁnest grains can coat coarser grains, dominating the interactions with incident light. Given this, the ALH 83100 sample spectra,
which differ only in maximum grain size, can reasonably be expected to be similar to ﬁrst order. The spectra of the three size fractions are shown in Fig. 10a. There is a gradual decrease in overall
reﬂectance with increasing maximum grain size, suggesting that
either the ﬁnest fraction is not as spectrally dominant as expected
or that the act of comminution disaggregates and disperses lightcolored components (Johnson and Fanale, 1973). With increasing
average grain size, the depth of the 0.7 lm feature decreases systematically from 6% to 4% (Fig. 10b). The wavelength position of
the reﬂectance maximum at 0.56 lm is largely unaffected by grain
size variations. The positions of the 0.9 and 1.1 lm region bands
appear relatively unaffected by the change in grain size range,
although their depths do differ, but not systematically.
The four available spectra of Cold Bokkeveld are shown in
Fig. 10c. The larger grain size spectra are less red and darker than
the ﬁne-grained sample spectra, consistent with the ﬁndings of
Johnson and Fanale (1973). Noise in some of the spectra precludes
more than a general overview of the spectra. The 0.7 lm absorption feature is present but not well-deﬁned in most of the spectra
and its depth does not vary systematically with grain size. The 0.9–
1.1 lm region absorption feature is also not well deﬁned, but overall depth in this region increases with increasing grain size.

For Mighei, six grain size separates spectra are available,
excluding duplicates (Fig. 10d). All exhibit a local reﬂectance maximum near 0.56 lm, whose absolute reﬂectance varies by 50%
relative, from 3.5% to 5.0%, but is not correlated with average grain
size. The largest grain size fraction spectrum (100–200 lm) has the
lowest overall reﬂectance and the ﬂattest overall spectral slope.
Decreasing overall reﬂectance and bluing of the spectral slope with
increasing grain size were also found for sorted samples of Mighei
by Johnson and Fanale (1973). Again, we can invoke the comminution and dispersal of non-opaque materials during sample crushing
to account for the increase in reﬂectance with decreasing grain
size. The 0.56 lm region reﬂectance maximum becomes ﬂatter
with increasing grain size and its position does not change
appreciably.
The position of the 0.7 lm MVS band is relatively constant, near
0.74 lm for most of the spectra (Fig. 10e and f). Systematic trends
are absent for the depths or positions of the 0.9 and 1.1 lm region
bands: most occur near 0.92 and 1.10 lm, but some deviate significantly from these values. The lack of systematic trends is possibly
due to mineralogic differences between the various subsamples.
For Murchison, nine different size separates are available,
excluding duplicates (Fig. 10g and h). General observations include
lower reﬂectance and ﬂatter spectral slopes for the largest grain
size samples, particularly those with a minimum grain size
>0 lm. Absolute reﬂectance in the 0.6 lm region varies between
4% and 7%. Most of the spectra exhibit a resolvable absorption feature near 0.7 lm. Its depth shows no apparent trends with grain
size (Fig. 10i and j). The wavelength position of the reﬂectance
maximum near 0.56 lm does not vary systematically with albedo,
average grain size, or overall spectral slope.
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Fig. 10. Reﬂectance spectra of different size fractions of individual CM chondrites. (a) ALH 83100 (RELAB); (b) same as (a) after continuum removal; (c) Cold Bokkeveld
(RELAB); (d) Mighei (RELAB); (e and f) same as (d) after continuum removal; (g and h) Murchison; (i and j) same as (e) and (f), respectively after continuum removal; (k)
Murray; (l) same as (k) after continuum removal; (m) Nogoya; (n) same as (m) after continuum removal. For the continuum-removed spectra the thick line represents the ﬁt
using a continuum from 0.6 to 0.8 lm, and the thinner line represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal. In
general, larger grain sizes result in ﬂatter and darker spectra.

E.A. Cloutis et al. / Icarus 216 (2011) 309–346

333

Fig. 10 (continued)

The <63, <125, and 63–125 lm samples are from a common
investigator. In these samples the depth of the 0.7 and 0.95 lm
bands increase with increasing grain size, being deepest for the
63–125 lm spectrum. The position of the 0.7 lm band is relatively
constant near 0.74 lm. Also with increasing grain size, the local
maximum between the 0.7 and 0.95 lm bands becomes shallower,
leading to less well-deﬁned minima in these regions.
The <90 and <180 lm spectra are also from a common investigator. For both of these spectra, the 0.7 lm band is essentially absent, reinforcing the notion that different subsamples of a CM
chondrite can have unique spectral properties. The two spectra
show differences in relative depths of the 0.9 versus 1.1 lm bands,
and there is likely an enhanced contribution from olivine to the
<90 lm spectrum as it also exhibits a distinct inﬂection in the
1.2–1.3 lm region.
The <200 and 100–200 lm spectra are from a common investigator as well. These two spectra differ in almost all respects, such

as overall slope and depth of the 0.7 lm band. These differences
may be due to some of the factors associated with sample comminution mentioned above, and reinforces the notion that sample
preparation may have an effect on many spectral properties of
CM chondrites.
Reﬂectance spectra of <100 and <150 lm fractions of Murray
are available (Fig. 10k and l). One of the samples is digitized from
Gaffey (1974), which was acquired with an integrating sphere versus the 30° phase angle measurements for the RELAB spectrum;
therefore, comparisons for grain size differences are less reliable
than for spectra acquired with common viewing geometry. Both
spectra are red-sloped with absorption features in the 0.7–
1.2 lm region. While both exhibit absorption bands near 0.9 and
1.1 lm, their positions, shapes and relative intensities differ. Both
display an absorption band near 0.73 lm, but one has an additional
feature near 0.65 lm. It could be attributable to SapGPs, however
they have not been identiﬁed as a major component in this mete-
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Fig. 11. Reﬂectance spectra of bulk, matrix-enriched, and olivine-enriched fractions of CMs measured at RELAB, (a) <40 lm size fractions of Mighei and (b) continuum
removed; (c) 100–200 lm size fractions of Mighei and (d) continuum removed; (e) <40 lm size fractions of Murchison and (f) continuum removed; (g) 100–200 lm size
fractions of Murchison and (h) continuum removed. For the continuum-removed spectra the thick line represents the ﬁt using a continuum from 0.6 to 0.8 lm, and the
thinner line represents the ﬁt using a continuum from 0.6 to 1.38 lm. See text for details of continuum removal. Bulk and matrix-enriched fractions exhibit more
resolvable mixed valence serpentine-type absorption bands. Matrix-enriched samples are also invariably darker than bulk and olivine-enriched samples, consistent with the
concentration of opaque phases in the matrix.
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orite. It could also be attributable to olivine as Murray is among the
least altered CM chondrites (Rubin et al., 2007), but a contribution
by olivine to the 1.05 lm region is only weakly indicated, if at all.
In both spectra, absorption bands in the 0.7 lm region are weak
(<3% deep), consistent with the relatively high abundance of dark
phases, such as cronstedtite and tochilinite, that are associated
with less-altered CM chondrites (Browning et al., 1996).
Four different grain size spectra of Nogoya are available: <63,
<125, 63–125, and <150 lm (Fig. 10m). The spectra of the samples
with an unconstrained minimum grain size are all red sloped. The
larger, constrained fraction (63–125 lm) spectrum has the lowest
overall reﬂectance and a blue overall spectral slope, similar to the
behavior seen in other CM chondrites where the ﬁnest fraction is
absent. The continuum-removed spectra (Fig. 10n) all exhibit an
absorption feature in the 0.71–0.75 lm region. The <150 lm spectrum measured by Gaffey (1974), and thus likely a different subsample of Nogoya, shows an additional absorption feature near
0.65 lm that is not apparent in the other spectra; it could be attributable to a poorly crystalline phyllosilicate (McKee and Moore,
1979), olivine, or a SapGP. All four spectra show evidence for phyllosilicates by virtue of absorption features near 0.9 and 1.1 lm. The
position of the local reﬂectance maximum near 0.55 lm does not
vary appreciably or systematically with grain size.
5.5.2. PSF spectra
As part of this study, two different size fractions of Mighei (<32
and 32–100 lm) and Murchison (<150 lm and chip) were spectrally characterized. The <32 lm Mighei spectra are less red-sloped
than the 32–100 lm spectra, likely due to a greater contribution
from spectrally ﬂat opaques or opaques that impart a blue slope
(Fig. 5a). This is somewhat at odds with the results of Johnson
and Fanale (1973) who found that the ﬁnest size fraction
(<74 lm) of Mighei had the reddest spectrum. Absolute reﬂectance
in the visible region overlaps between the two size fractions. The
continuum-removed spectra (Fig. 5b and c) show differences between the two grain size fractions. The 32–100 lm size spectra
show clear evidence of SerGPs/MVSs: a prominent absorption band
near 0.73 lm (3% deep), and two bands near 0.93 and 1.13 lm.
The presence of olivine is not apparent but may be contributing
to a broadening of the absorption feature in the 1.2 lm region.
The <32 lm spectra are more ‘‘olivine-like’’ in terms of exhibiting
a broad absorption feature centered in the 1.0–1.05 lm region.
SerGP/MVS bands are also less evident: the 0.73 lm feature is shallower (2% deep) and expected bands near 0.93 and 1.13 lm are
less apparent as distinct absorption bands. Two explanations can
be advanced to explain this behavior: (1) the coarser fraction is enriched in olivine relative to the ﬁner fraction, which would be consistent with the ﬁne-grained nature of CM phyllosilicates; and/or
(2) the coarser fraction retains more intact opaque-free or opaque-poor grains that would be destroyed and mixed with the
ﬁne-grained opaques during production of ﬁner-grained fractions
(Johnson and Fanale, 1973).
For Murchison, the <150 lm powders are red sloped while the
chip spectra are blue-sloped (Fig. 5d and f), similar to how other
CC spectra become bluer with increasing grain size (Johnson and
Fanale, 1973; Cloutis et al., 2010). The continuum-removed powder spectra show features attributable to SerGPs/MVSs (Fig. 5e):
an absorption band (2% deep) near 0.73 lm, and additional bands
near 0.95 and 1.1 lm. Olivine may also be contributing to this region as evidenced by a broadening of the band near 1.2 lm and a
possible additional feature near 1.02 lm. The continuum-removed
chip spectra (Fig. 5g) have many similarities to the powder spectra:
an 2% deep MVS absorption band near 0.73 lm, and SerGP/MVS
bands near 0.95 and 1.13 lm with depths similar to the powder
spectra. The spectral evidence for olivine is stronger in the chip
spectra in terms of a more apparent inﬂection or band broadening
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in the 1.2 lm region. These results suggest that while grain size
variations have an effect on overall reﬂectance and slope, characteristic absorption bands should persist, even in unpowdered sample spectra.

5.6. Enrichment of speciﬁc fractions
It is possible that asteroidal regolith forming processes may enhance or deplete certain minerals (e.g., Moroz and Pieters, 1991).
CMs enriched in certain fractions can be used to assess how wuch
processes are expressed spectrally. Moroz and Pieters (1991) spectrally characterized splits of Mighei and Murchison that were enriched in matrix or olivine to gain insights into possible causes of
spectral reddening in CIs versus CMs, and in asteroids. Reﬂectance
spectra of the <40 lm fractions of the bulk, olivine-, and matrixenriched fractions of Mighei (Fig. 11a) are all red-sloped, the matrix-rich fraction least so. The continuum-removed spectra
(Fig. 11b) exhibit some differences that may be related to mineral
abundance variations. The bulk and matrix-rich spectra have the
deepest and best deﬁned MVS band near 0.75 lm, while the olivine-rich spectrum has a more concave shape than the other two
spectra and a shallower MVS 0.7 lm band, consistent with a greater contribution from olivine.
For the 100–200 lm size Mighei spectra, the highest overall
reﬂectance is exhibited by the bulk sample, lowest by the matrix-rich fraction (Fig. 11c), and all have lower reﬂectance than
the <40 lm grain size spectra. The matrix-rich spectrum is the
least red-sloped and most featureless in the 0.9–1.1 lm region.
The continuum-removed spectra (Fig. 11d) also exhibit signiﬁcant spectral differences between the three fractions. All three
spectra exhibit an MVS feature in the 0.68–0.77 lm region.
The shorter wavelength side of this feature may be attributable
to poorly crystalline and disordered Mg-rich phyllosilicates
present in Mighei (Howard et al., 2008). The 0.9–1.1 lm region
is not particularly diagnostic of speciﬁc phyllosilicates. Band
depths in this region are highest in the olivine-rich fraction
but there is no well-deﬁned olivine band near 1.05 lm. The matrix-rich fraction has the shallowest and most featureless
absorption in this region, perhaps due to enhanced contributions from opaques.
The same types of samples were available for Murchison. For
the <40 lm size spectra, the olivine-rich fraction has the reddest
slope, while the bulk and matrix-rich sample spectra have nearly
identical overall slopes (Moroz and Pieters, 1991) (Fig. 11e). Unlike
Mighei, the bulk sample has the highest overall reﬂectance. The
continuum-removed spectra (Fig. 11f) are broadly similar: all exhibit an MVS absorption band near 0.73 lm, deepest in the matrixrich spectrum, and an additional absorption feature near 0.9 lm.
The expected absorption feature near 1.1 lm is most evident in
the bulk sample spectrum. Expected spectral differences due to
olivine and phyllosilicate enrichments in the respective subsamples are not particularly evident.
For the 100–200 lm Murchison spectra, the bulk and olivineenriched spectra have approximately the same overall brightness,
while the matrix-enriched sample is darker and spectrally ﬂatter
(Fig. 11g) (Moroz and Pieters, 1991). After continuum removal
(Fig. 11h), all three spectra display an absorption feature in the
0.7 lm region. The enhanced presence of olivine in the olivine-enriched fraction is evident from the more concave shape of the composite absorption feature in the 1 lm region. Expected SerGP
absorption bands near 0.9 and 1.1 lm are not well deﬁned. The
best evidence for SerGPs in this wavelength region comes from
an inﬂection near 0.9 lm in the olivine-enriched sample spectrum
and a weak band near 1.1 lm in the matrix-enriched sample
spectrum.
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Table 9
Spectral features of CM chondrites and possible attributions.
Mineral

Absorption band positions (lm)

Olivine
MVSs
SapGPs
Magnetite

0.85a, 1.05, 1.25a
0.70–0.75, 0.90–0.94, 1.07–1.13, 1.4, 2.32
0.59–0.67, 0.89–0.90, 1.10–1.12, 1.4, 1.9, 2.3
’0.5, ’1.1

Abbreviations: MVSs: mixed valence Fe-bearing serpentine group phyllosilicates;
SapGPs: saponite group phyllosilicates.
a
Generally present as a shoulder on a more intense band.

6. Discussion
6.1. CM spectral properties
The major constituent silicates in CMs exhibit measurable spectral differences as discussed above. Major absorption band positions are summarized in Table 9. Finely-dispersed opaques that
are present at the few percent level, equivalent to their abundances
in CM chondrites, can dramatically reduce silicate absorption band
depths. Opaques such as lampblack, graphite, and coal tar extract
generally cause a reddening of spectral slopes (Cloutis et al.,
2010), while other opaques, such as magnetite, can cause bluing
of spectral slopes. However, for CM chondrites, the types of opaque
minerals and their abundances are expected to cause either no
change or modest reddening of spectral slopes.
The absolute reﬂectance of the available CM spectra spans a
wide range. Maximum reﬂectance across the 0.3–2.5 lm region
(for i = 30° and e = 0°) ranges from 2.9% to 20.0%, while reﬂectance
at 0.56 lm (a rough proxy for visible region albedo) ranges from
2.8% to 14.0%. This suggests that possible parent bodies of CM
chondrites may not necessarily be restricted to ‘‘dark’’ asteroids.
The spectral properties of the constituent phases in CM chondrites, coupled to their abundances and physical disposition, provide a check on the actual spectral properties of CM chondrites.
As Fe3+/Fe2+-bearing phyllosilicates are the most volumetrically
abundant phase, they are expected to dominate CM spectra in
terms of diagnostic absorption bands. Various mixtures of silicates
with opaque materials (Cloutis et al., 2010) indicate that ﬁnegrained, ﬁnely-dispersed opaques will dramatically reduce silicate
absorption band depths and can also affect spectral slopes, causing
increased reddening, ﬂattening, or bluing of spectral slopes.
Overall, the most widespread characteristics of CM spectra are a
modestly blue-, ﬂat or red-sloped proﬁle, a nearly ubiquitous
absorption band in the 0.70–0.75 lm region, and a broader region
of absorption between 0.9 and 1.2 lm, which is often resolvable
as two (or more) absorption bands located near 0.9 and 1.1 lm.
These absorption bands are generally <10% deep, similar in value
to many opaque-free Mg-rich serpentine spectra. The wavelength
position of the 0.7 lm absorption band in CM spectra is consistent
with MVSs rather than SapGPs, and with the known mineralogy of
CMs. The 0.9–1.15 lm region in some CM spectra is suggestive of
contributions from both olivine and phyllosilicates, although in
most CM spectra, only phyllosilicate absorption bands are apparent. Magnetite may also contribute to absorption in the 0.9–
1.2 lm region, but its abundance is likely too low for its contribution to be clearly seen.
A few of the CM spectra exhibit a weak absorption band near
0.85 lm, most prominently in the LEW 88001 spectrum (Fig. 3i),
and less so in one spectrum each of Murray (mgp098: Fig. 10l)
and Murchison (cbms02: Fig. 4h). This band is most likely attributable to an iron oxyhydroxide, such as ferrihydrite or hematite
(Sherman et al., 1982; Morris et al., 1985). However, these minerals
are accompanied by an intense Fe–O charge transfer band that
manifests itself as a steep absorption edge near 0.55 lm, and this

feature is not apparent in the aforementioned meteorite reﬂectance spectra. Therefore, this assignment is not deﬁnitive.
A total of 39 different CM chondrites (89 reﬂectance spectra)
were included in this study. Of these, ALH 84033, Y-74642, and
Bells show the least evidence for phyllosilicates absorption bands.
ALH 84033 and Y-74642 show no 0.6–0.7 lm region MVS absorption band, although the presence of phyllosilicates is suggested by
inﬂections on the broad absorption feature at 0.73, 0.9, and 1.1 lm
in both meteorite spectra. The available description for ALH 84033
is insufﬁcient to determine why phyllosilicate absorption bands
are so poorly deﬁned, but could be attributable in part to the
‘‘abundant’’ olivine and pyroxene (Schwarz and MacPherson,
1985c). For Y-74642, the lack of well-deﬁned phyllosilicates
absorption bands may be attributable to a lack of crystalline phyllosilicates; it may also have been thermally altered (Fujimura et al.,
1982). Bells shows possible weak absorption bands near 0.9 and
1.1 lm, but no well-deﬁned absorption band below 0.75 lm. It is
distinguished from other CM chondrites by its high abundance of
magnetite (13 wt.%; Watson et al., 1975; Brearley, 1995) and Ferich, amorphous/poorly crystalline matrix (Brearley, 1989). This
may account for the lack of well-deﬁned phyllosilicate-associated
absorption bands in its spectrum.
6.2. Visible region absorption bands
The 0.35–0.5 lm region is also potentially diagnostic for characterizing CM mineralogy. Of the major CM components, some serpentines exhibit a series of narrow absorption bands near 0.385,
0.405, 0.435, and 0.455 lm. Serpentine spectra exhibit some diver-

Fig. 12. (a) Visible region spectra of some serpentines; (b) Visible region spectra of
some CM chondrites that show possible evidence of absorption bands in the visible
region. Serpentine compositions are provided in Table 8. Only a few CM spectra
show some evidence for serpentine-like absorption bands, likely due to their being
obscured by opaque phases.
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sity in the appearance of these absorption bands. The narrow
bands near 0.385 and 0.405 lm normally appear together. Some
serpentine spectra exhibit additional absorption features near
0.435 and 0.455 lm, which are always accompanied by the 0.385
and 0.405 lm bands. The strengths of these bands generally vary
in lockstep with each other but not with the appearance or
strength of Fe3+–Fe2+ intervalence charge transfer bands or octahedrally-coordinated Fe2+ crystal ﬁeld transitions (e.g., Fig. 12a).
Examination of serpentine reﬂectance spectra available in-house
along with associated compositional and structural data suggests
that they are attributable to spin-forbidden crystal ﬁeld transitions
in Fe3+ located in the tetrahedral site, by analogy with similar features in other minerals (Burns, 1993). This is at odds with previous
assignment of absorption in this region to Fe2+ spin-forbidden transitions (King and Clark, 1989). The attribution of these features to
Fe3+ is consistent with the high Mg content and low Fe2+ content of
the samples that exhibit this feature most prominently. These
bands are not evident in cronstedtite spectra, where tetrahedrally
coordinated Fe3+ should be most abundant, but this may be due to
the low overall reﬂectance of cronstedtite in this wavelength
region.
Other feasible contributors to an absorption feature in the 0.38–
0.45 lm region include: (1) the insoluble organic matter, which
exhibits a broad absorption feature centered near 0.45 lm; and
(2) magnetite, which can also exhibit a weak composite absorption
feature spanning the range from 0.45 to 0.52 lm. This feature can
be attributed to spin-forbidden crystal ﬁeld transitions in Fe3+ located in the tetrahedral site (Sherman, 1985). However, even in
pure magnetites this band is weak and is invariably accompanied
by a much stronger band near 1 lm.
Inspection of the available CM spectra reveals a number which
exhibit possible absorption bands in this wavelength region
(Fig. 12b). The validity of these bands may be questionable in some
cases because of low overall reﬂectance. The most common features in this region are a narrow band centered near 0.41 lm and
an inﬂection near 0.45 lm. Both appear to be more prevalent in
larger grain size sample spectra. Their common association and
similarity to comparable absorption bands in serpentine, suggests
that they are likely associated with serpentine. A possible association of the 0.41 lm band to the insoluble organic matter or magnetite cannot be ruled out, however.
We also searched for evidence of an olivine-associated absorption band near 0.62 lm, speciﬁcally in the spectra of the olivineenriched fractions of Mighei (Figs. 4c and 11a) and Murchison
(Figs. 4i and 11e), but no band was detected. This lack of detection
is consistent with its weak nature. A few of the CM spectra do show
an absorption band in the 0.65 lm region (e.g., Mighei 32–100 lm
– Fig. 5b; Mighei <32 lm – Fig. 5c; Murray <150 lm – Fig. 10l) but
this feature is not accompanied by an expected strong olivine band
near 1.05 lm, suggesting that the 0.65 lm region band is likely
attributable to phyllosilicates rather than olivine, speciﬁcally SapGPs. The spectra that exhibit this 0.65 lm feature also exhibit welldeﬁned phyllosilicate absorption bands near 0.9 and 1.1 lm.
6.3. Duplicate spectra and reproducibility
Duplicate spectra of CM chondrites can exhibit differences in all
important parameters: spectral slope, and appearance of phyllosilicate absorption bands. There are a number of possible explanations. Carbonaceous chondrites are known to be heterogeneous
at various scales (e.g., Bischoff et al., 2006; Morlok et al., 2006),
and even in the case where sufﬁcient sample may be available to
minimize this heterogeneity, the spectrometer interrogates only
the upper surface of the sample. Where the same sample powder
is measured multiple times, after emptying and repacking the sample, the spectral differences are generally conﬁned to small varia-
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tions in overall reﬂectance, while diagnostic absorption bands
generally remain unaffected. This suggests that CM chondrites
have petrologic heterogeneities that vary on the scale of the
amount of sample used for spectral measurements (generally <1–
2 grams). This is consistent with heterogeneity scales observed
for CI chondrites (Morlok et al., 2006) and inferred or observed
for CMs (Saylor et al., 2001; Bischoff et al., 2006).
6.4. CM petrologic subtypes
The petrologic differences that accompany aqueous alteration
are expected to result in measurable spectral variations, and the
results of relating CM spectra to different petrologic sequences
and classiﬁcation schemes have been presented above. At the
broadest level, increasing aqueous alteration leads to the formation
of Mg-rich serpentine at the expense of tochilinite and saponiteand cronstedtite-type phyllosilicates. From this perspective, we
would expect phyllosilicate absorption bands to become shallower
on the one hand (due to the loss of Fe in phyllosilicates), or deeper
(due to destruction of the opaque tochilinite and increase in overall
phyllosilicate content). The 0.7 lm absorption band should move
to longer wavelengths (as SapGPs are gradually replaced by SerGPs). The generally restricted range of phyllosilicate band depths in
the full CM spectral suite suggests that alteration processes do not
strongly affect this property.
Using the classiﬁcation scheme of Browning et al. (1991), it appears that low Fe content CMs may have slightly greater 0.7 lm region band depths than higher-Fe groups. However the sample size
is too small to draw ﬁrm conclusions. It is also worth noting that
these groupings do not map directly into mineralogic alteration sequences or CM petrologic subtype schemes developed by other
investigators (McSween, 1979; Browning et al., 1996; Trigo-Rodriguez et al., 2006; Rubin et al., 2007; de Leuw et al., 2009).
A similar situation applies to the petrologic sequence developed
by Burns and Fisher (1991) for four CM chondrites. The most aqueously altered CM chondrite in their study (ALH 83100) has the
highest overall reﬂectance and deepest phyllosilicate absorption
bands. This is expected, as aqueous alteration leads to a decrease
in tochilinite abundance, and should result in higher overall reﬂectance. However, as alteration also leads to a decrease in phyllosilicate Fe content, we would also expect phyllosilicate band depths to
decrease with increasing alteration. It appears that the decrease in
tochilinite abundance likely dominates the decrease in phyllosilicate Fe content as expressed in phyllosilicate band depths, at least
in this case.
The more comprehensive petrologic subtype classiﬁcation
schemes of Browning et al. (1996), Trigo-Rodriguez et al. (2006),
Rubin et al. (2007), and de Leuw et al. (2009) include a larger number of samples than the earlier studies, as well as a greater number
of petrologic parameters and hence can potentially provide more
robust results. The correlation that was found between depth of
the 0.7 lm band and degree of aqueous alteration (Fig. 9a) is consistent with the expected trend and results of Browning et al.
(1991) and Burns and Fisher (1991), as discussed above.
The lack of a trend between depths of the 0.9 and 1.1 lm region
phyllosilicate bands and degree of aqueous alteration is likely due
to a number of factors. This wavelength region can contain spectral
contributions from olivine, pyroxene, and magnetite, all of which
are present at abundances where they may make modest spectral
contributions. Fe-bearing terrestrial alteration phases can also
have absorption bands in this region. We might expect a correlation between wavelength position of the 0.9 lm region absorption
feature and degree of aqueous alteration since in other Fe2+-bearing silicates, such as pyroxene, olivine, and actinolite (King and
Ridley, 1987; Mustard et al., 1989; Cloutis and Gaffey, 1991), the
wavelength position of Fe2+ crystal ﬁeld absorption bands moves
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to longer wavelengths with increasing Fe2+ content. In CM chondrites, increasing aqueous alteration is associated with a decrease
in overall phyllosilicate Fe content (e.g. Tomeoka and Buseck,
1985), and hence we would expect the absorption band position
to decrease with increasing aqueous alteration by analogy with
these other silicates. However, the search for such a trend in CM
chondrites is complicated by a number of factors such as: the difﬁculty in measuring band centers accurately for many CM chondrites; possible confounding effects due to how a continuum is
constructed; contributions to this feature from other CM phases;
and differences in band position between different CM phyllosilicates which are independent of Fe2+ content (e.g., cronstedtite versus Fe2+-bearing serpentine).
The expectation that less altered CM chondrites should exhibit
more evidence of SapGP-type absorption bands in the 0.7 lm region (i.e., bands shortward of 0.7 lm) is somewhat supported by
the spectral data. Only a few CM spectra show clear evidence of
SapGP-type absorption features (Cold Bokkeveld, LEW 87022,
MET0639, Nogoya, Y-74662, Y-791198, Y-82042, and at least one
spectrum of Mighei, Murchison, and Murray). Most of the spectra
that do show evidence for a SapGP-type absorption feature are
for CMs that are among the less altered according to the TRD classiﬁcation scheme.
6.5. Grain size variations
Grain size variations have long been known to lead to differences in various CM spectral parameters (e.g., Johnson and Fanale,
1973). With decreasing average grain size, CM spectra become
brighter and more red-sloped, and coarse-grained CM spectra can
exhibit overall blue-sloped spectra (Johnson and Fanale, 1973).
The reason that has been advanced to explain this behavior is that
CM chondrites can be thought of as two-component mixtures of
matrix plus chondrules. In the coarser fractions, the chondrules
(which contain less opaques than the matrix) have not been extensively fractured and hence contribute to the spectrum in the same
approximate proportion as the surface area they represent. As the
sample is crushed, these brighter materials become more dispersed
and contribute more to the spectrum (Johnson and Fanale, 1973).
This interpretation is supported by the spectra for the olivineand matrix-enriched fractions of Mighei and Murchison ﬁrst analyzed by Moroz and Pieters (1991). The olivine-enriched <40 lm
sample spectra of Mighei are brighter and redder than the bulk
sample, while the matrix-enriched sample spectrum is darker
and bluer-sloped than the bulk sample spectrum. The results are,
however, less clear-cut for Murchison and larger grain size fraction
spectra. An enhanced spectral contribution from olivine near
1.05 lm is also not apparent in most of the olivine-enriched Mighei and Murchison spectra, suggesting that simple phase enrichment could be overridden by other factors.
For the much larger suite of CM spectra included in this study,
the results of Johnson and Fanale (1973) are largely validated:
smaller grain size fractions generally exhibit deeper silicate
absorption bands than larger fractions, and are also generally more
red-sloped and brighter. Complicating this interpretation is the fact
that what are likely different subsamples of a single CM can exhibit
large spectral variations that may be due to differences in mineral
abundances. In addition, comminution of opaque-poor or opaquefree enclaves (such as chondrules) which may have different mineralogy than the matrix may also lead to variations in the types of
absorption bands that appear in the spectra. This may be the case,
for example, for the <32 and 32–100 lm spectra of Mighei shown
in Fig. 5a–c. For different grain size fractions known to come from a
common subsample, the spectral variations with grain size generally follow the trend of increasing band depth, higher overall
reﬂectance, and redder slope with decreasing grain size, and show

less variability than samples whose provenance is less certain.
While absorption bands generally tend to weaken with decreasing
grain size, it appears that diagnostic phyllosilicate/silicate absorption bands persist from the ﬁnest fractions to chips.

6.6. Spectral metrics
In order to gain insights into the factors controlling the spectral
properties and diversity of CMs, we conducted comprehensive
pairwise comparisons of a number of CM spectral parameters
and compositional information. The spectral and compositional
parameters used in this analysis are listed in Table 10, and our
analysis resulted in over 400 pairwise relationships being generated. Spectral metrics included different measures of absolute
reﬂectance, reﬂectance ratios (as measures of overall slope), band
depths and band center positions. The pairwise comparisons were
undertaken in three ways: (1) including only spectra for samples
which were sieved to constrain only maximum grain size (i.e., minimum grain size is 0 lm); (2) including only spectra for samples
which were sieved to a minimum grain size >0 lm, and (3) the entire sample suite. This allowed us to better isolate any grain size effects in our analysis and search for grain size-independent trends.
Given the large number of possible pairings, surprisngly few
strong correlations emerged from this analysis. We found a rough
positive correlation between absolute reﬂectance at 0.56 lm to the
2.4/0.56 lm and 2.4 lm/visible region peak reﬂectance ratios, similar to the relationship found by Johnson and Fanale (1973). In
addition, the largest grain size samples were consistently among
the most blue-sloped spectra (Fig. 13a). The lack of strong correlations between absolute reﬂectance at 0.56 lm, 2.4/0.56 lm or
2.4 lm/visible region peak reﬂectance ratios and various compositional parameters suggests that multiple factors affect these spectral metrics.
Positive correlations were found between depths of the 0.7–0.9,
0.7–1.1, and 0.9–1.1 lm absorption features (Fig. 13b–d). This is

Table 10
Spectral and non-spectral/compositional parameters used for pairwise comparisons.
Spectral parameters
Maximum reﬂectance
Reﬂectance at 0.56 lm
0.6/0.5 lm reﬂectance ratio
2.4/0.56 lm reﬂectance ratio
2.4/Visible peak reﬂectance ratioa
0.7 lm band depthb
0.9 lm band depthb
1.1 lm band depthb
0.7 lm band center positionc
0.9 lm band center positionc
1.1 lm band center positionc
Non-spectral parameters
Carbon content (wt.%)
H2O content (wt.%)
Phyllosilicate Fe/(Fe + Mg)
Matrix Fe/(Fe + Mg)
Matrix abundance (vol.%)
Magnetite content (wt.%)
Minimum grain sized
Average grain size
Maximum grain size
a
Peak position is where a distinct peak occurs in the 0.5–0.7 lm region. In the
absence of a distinct peak we used the point where reﬂectance ﬂattens out in this
wavelength region.
b
Maximum depth of absorption feature in this region (if present) after continuum removal. See text for description of continuum removal procedure.
c
Band position after continuum removal. See text for description of continuum
removal procedure.
d
Minimum grain size set to 0 for samples for which only a maximum grain size is
speciﬁed.
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Fig. 13. Various correlations found for the full suite of CM spectra. (a) Absolute reﬂectance at 0.56 lm versus 2.4/0.56 lm reﬂectance ratio; (b) 0.7 versus 0.9 lm region band
depths; (c) 0.7 versus 1.1 lm region band depths; (d) 0.9 versus 1.1 lm region band depths. Squares indicate data points for spectra of CM samples which were sieved with no
minimum grain size; circles indicate data points for spectra of CM samples which were sieved to have a minimum grain size >0 lm. The strongest correlations were found for
band depths in the 0.7, 0.9, and 1.1 lm region, consistent with their being attributable to a single cause, speciﬁcally Fe2+–Fe3+-bearing serpentine group phyllosilicates.

strong evidence that these bands are attributable largely to a single
mechanism, and are consistent with the spectral properties of
SerGPs/MVSs, the major phyllosilicate type in CMs. Depths of these
absorption bands show no obvious trends with phyllosilicate-related compositional metrics such as phyllosilicate or matrix Fe/
(Fe + Mg), H2O content, or vol.% matrix, indicating that their depths
(although correlated with each other) are affected by multiple
factors.
The wavelength position of the 0.7 lm region absorption band
shows no strong correlations with any compositional parameter.
This is not unexpected, as it is attributable to MVS Fe2+–Fe3+ charge
transfers whose position appears to be largely insensitive to MVS
Fe2+ and Fe3+ abundances. However, the wavelength position of
this band seems to differ between SerGPs/MVSs and SapGPs, and
the position of this band in CM spectra is consistent with SerGPs
being spectrally dominant.
The lack of numerous and strong spectral–compositional correlations suggests that a number of CM spectral properties, such as
absolute reﬂectance, overall spectral slopes, and band depths are
affected by multiple parameters. What does emerge from this analysis is that variations in CM spectral properties can generally not
be reliably assigned to a speciﬁc mechanism.
Referring back to the trends found for the limited suite of samples for which MAI or petrologic subtypes have been assigned
(Fig. 9), the apparent correlations become less robust when the full
suite of CM spectra is examined. The rough positive correlation
found between absolute reﬂectance at 0.56 lm and the 2.4/
0.56 lm reﬂectance ratio (Fig. 9c), which we use as a measure of
spectral slope seems to persist for the full CM spectral suite
(Fig. 13a). However, other apparent correlations found for the lim-

ited sample suite, speciﬁcally the negative correlations between C
content and absolute reﬂectance at 0.56 lm (Fig. 9d) is not apparent for the full CM spectral suite. This can be interpreted in many
ways: grouping CM spectra on the basis of minimum, average, or
maximum grain size for comparative purposes may not be valid;
other phases, such as opaques other than carbon, have a measurable impact on absolute reﬂectance and spectral slope.
6.7. Terrestrial weathering effects
The available CM spectral suite includes samples ranging from
falls to weathering grade C. This allowed us to search for spectral
effects of weathering. This search included assessing the spectral
metrics described above in terms of weathering grade, such as
the 0.6/0.5 lm reﬂectance ratio (Salisbury and Hunt, 1974). We expect the most noticeable weathering effect to be due to the formation of Fe oxyhydroxides (Buchwald and Clarke, 1989) which
would result in the appearance of an absorption band near
0.9 lm, as well as an absorption edge in the 0.5–0.6 lm interval.
This latter parameter was used by Salisbury and Hunt (1974) to assess terrestrial weathering effects in ordinary chondrites. We
found no consistent trend between weathering grade and 0.6/
0.5 lm reﬂectance ratio.
In the case of the 0.9 lm band, which could be attributable, at
least in part, to the presence of Fe oxyhydroxides, the Fe-bearing
phyllosilicates in CMs have approximately the same depths for
the 0.9 and 1.1 lm regions absorption bands. Some deviations exist
which are dependent on how the continuum over this region is
constructed. Taking these factors into account, we again found no
consistent relationship between weathering grade and 0.9 lm
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band depth or 0.9 versus 1.1 lm band depths, or signiﬁcant differences between these metrics as a function of weathering grade.
These results suggest that the production of Fe oxyhydroxides,
which should lead to an increase in 0.6/0.5 lm reﬂectance ratio
and a deepening of the 0.9 lm absorption feature, are possibly
present, but are ‘‘overridden’’ by the spectral variability of CM
chondrites.

7. CM parent body implications
A number of tentative carbonaceous chondrite-asteroid parent
body links have been proposed by previous investigators, and here
we brieﬂy review these studies in light of our CM spectral data. In
the following discussion we use the Tholen (1984) taxonomic classiﬁcation scheme. We assume a tentative association can be made
between CM2 chondrites and asteroids on the presence of an
absorption band centered in the 0.7–0.75 lm region and absorption features near 0.9 lm and 1.1 lm (if spectral coverage of this
wavelength region is available). Additional evidence of phyllosilicates can derive from the presence of absorption bands in the
0.38–0.46 lm region that are indicative of tetrahedrally-coordinated Fe3+ spin-forbidden crystal ﬁeld transitions (Burns, 1993);
however, these are not uniquely associated with phyllosilicates.
In the absence of data beyond 0.9 lm, we use a downturn in
reﬂectance toward 0.9 lm as indicative of an absorption band in
this region. Detection of absorption bands in the 0.7 and 0.9–
1.2 lm regions of many asteroid spectra is hampered by a number
of issues, including incomplete or sparse wavelength coverage and
noisy data. We have restricted our analysis to published asteroid
spectra. A more complete analysis of all available asteroid spectra
will be the subject of a future paper. Asteroids meeting some or all
of the spectral criteria consistent with CM chondrites are listed in
Table 11.
Vilas and Gaffey (1989) identiﬁed absorption features in a number of dark asteroids in the main belt and the Cybele and Hilda
groups that they matched to similar features in CM meteorite spectra. Reanalysis of the asteroid spectra suggests that the absorption
bands (located at 0.71 and 0.88 lm) in the spectrum of the P class
main belt Asteroid 102 Miriam are consistent with MVSs and CM2
chondrites, the absorption bands in the spectrum of 877 Walkure
(F class) are more consistent with SapGPs, while those of 368 Haidea (D class) are not consistent with SerGPs, MVSs, SapGPs, or
CM2s. The available Cybele group asteroid spectra can be divided
into three spectral groups: (1) those that exhibit only SerGPMVS/CM2 absorption features across the available wavelength
range: 466 Tisiphone (C class), 1467 Mashona (CG class); (2) those
that exhibit SerGP/CM2 plus additional (possibly SapGP) absorption bands: 65 Cybele (P class), 121 Hermione (C class), 940 Kordula (FC class); and (3) those that exhibit absorption features only
partially consistent with SerGPs-MVSs/SapGPs/CM2s: 225 Henrietta (F class), 528 Rezia, 570 Kythera (ST class). The available Hilda
group asteroid spectra (153 Hilda, 748 Simeisa, 1162 Larissa, 1512
Oulu (all P class) exhibit features consistent with SerGPs-MVSs/
CM2s plus additional spectral features. Vilas and Gaffey (1989)
concluded that this spectral diversity likely reﬂects differences in
degree of aqueous alteration. Our analysis tends to support this
interpretation since we see evidence for SerGPs, SapGPs, and additional components in this asteroid group as a whole.
Hiroi et al. (1993) examined a number of C, G, B, and F asteroids
in relation to how well they match various carbonaceous chondrite
spectra. Reexamination of these spectra reveals that a number of
them appear to exhibit absorption bands near 0.7 and 0.9–
1.2 lm, including 13 Egeria (G class), 31 Euphrosyne (C class),
356 Liguria (C class), 511 Davida (C class), and 554 Peraga (C class).
Some other asteroid spectra from this study may also exhibit

absorption bands in these regions, but the data are too noisy to
conﬁdently identify them.
Jarvis et al. (1993) examined high resolution reﬂectance spectra
of a large number of dark asteroids and identiﬁed a number with
an absorption feature near 0.65 lm. They also found that in some
cases a peak may be present near 0.63 lm, suggesting absorption
bands near 0.60 and 0.66 lm, as well as a 0.7 lm absorption band.
Vilas et al. (1993a) identiﬁed the presence of an absorption
band at 0.43 lm in a number of dark asteroids, which they attributed to an Fe3+ spin-forbidden band, indicative of aqueous alteration. Based on our review of serpentine spectra, the
tetrahedrally coordinated spin-forbidden Fe3+ absorption band in
serpentine is strongest at 0.430–0.435 lm (often with additional
weaker bands at 0.385, 0.405–0.41, and 0.455 lm). It should also
be noted that an absorption band near 0.43 lm is also present in
Fe3+-bearing hydrated sulfates (Cloutis et al., 2006) for which it is
attributed to Fe3+ spin-forbidden ligand ﬁeld transitions. The presence of this band in sulfates is also accompanied by an additional
stronger Fe3+-associated absorption band in the 0.8–0.9 lm region,
and sometimes a weaker band in the 0.50–0.55 lm region (Cloutis
et al. 2006). Consequently, an absorption feature at 0.43 lm in
asteroid spectra is consistent with, but not necessarily uniquely
associated with, the presence of phyllosilicates containing tetrahedrally coordinated Fe3+. If an Fe2+- and Fe3+-bearing SerGP is
responsible for this feature, it should be accompanied by the additional expected absorption bands near 0.7 and 0.9 lm. Most of the
asteroid spectra presented by Vilas et al. (1993a) are restricted to
the 0.4–0.65 lm region, and hence the presence of possibly diagnostic longer wavelength absorption bands cannot be ascertained.
Of the asteroids included in their study, only 130 Elektra (G-class)
shows an absorption feature in the 0.7 lm region, consistent with
MVSs. Some of the asteroids included in this study had higher
wavelength coverage, but some exhibited the 0.43 lm absorption
feature without exhibiting expected longer wavelength phyllosilicate bands (e.g., 181 Eucharis (C class) and 559 Nanon (C class)).
Examination of narrowband CCD observations of dark asteroids
(Vilas et al. 1993b) has found a number of asteroids meeting the
spectral criteria of SerGPs-MVSs/CM2s; i.e., absorption bands near
0.7 and 0.9 lm: 19 Fortuna (G class), 54 Alexandra (C class), 134
Sophrosyne (C class), and 409 Aspasia (CX class).
Vilas (1994) found a strong correlation between the presence of
absorption features near 0.7 and 3 lm in a number of asteroid
spectra. These features were attributed to the effects of aqueous
alteration, speciﬁcally the presence of water of hydration (3 lm
feature) and Fe2+–Fe3+ charge transfers (0.7 lm feature). Asteroids
from this study exhibiting a 0.7 lm feature, as well as a 0.9 lm feature, include 134 Sophrosyne (C class), 187 Lamberta (C class), and
407 Arachne (C class).
Vilas et al. (1994) identiﬁed a number of dark asteroids with
what are interpreted to be Fe3+ crystal ﬁeld transition bands near
0.60–0.65 and 0.80–0.90 lm. A number exhibit the former feature
in addition to an absorption band near 0.7 lm, consistent with
mixed SapGP-MVS similar to some CM chondrites. Asteroids meeting these criteria include 19 Fortuna (G class), 54 Alexandra (C
class), 102 Miriam (P class), 187 Lamberta (C class), 407 Arachne
(C class), and 940 Kordula (FC class).
Hiroi and Vilas (1995) conducted spectral deconvolution on
0.5–0.95 lm reﬂectance spectra of 10 primitive asteroids (C, G, F,
and P classes). They were shown to have absorption features at
0.6, 0.7, and 0.9 lm, with consistent band centers and widths.
The 0.7 and 0.9 lm bands were found to be similar to CM2 chondrites, while the 0.6 lm band was attributed to some other phase.
The band near 0.7 lm varied in position between 0.68 and
0.74 lm. These asteroids have not been included in Table 11 because band positions for individual asteroids were not provided
in this study.
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Table 11
Asteroid spectra showing some similarities to CM2 chondrites and/or phyllosilicates.
Asteroid

Tholen
class

Available
wavelength
range (lm)

Tetra. Fe3+
bands
(0.38–0.46lm)

11 Parthenope
13 Egeria
13 Egeria
19 Fortuna
19 Fortuna
19 Fortuna
19 Fortuna
31 Euphrosyne
34 Circe
38 Leda
51 Nemausa
54 Alexandra
54 Alexandra
62 Erato
65 Cybele
70 Panopaea
70 Panopaea
75 Eurydike
102 Miriam
102 Miriam
105 Artemis
121 Hermione
130 Elektra
130 Elektra
134 Sophrosyne
134 Sophrosyne
142 Polana
144 Vibilia
146 Lucina
153 Hilda
156 Xanthippe
161 Athor
171 Ophelia
187 Lamberta
187 Lamberta
194 Prokne
198 Ampella
201 Penelope
211 Isolda
225 Henrietta
356 Liguria
373 Melusina
404 Arsinoe
407 Arachne
407 Arachne
409 Aspasia
410 Chloris
431 Nephele
466 Tisophone
488 Kreusa
490 Veritas
497 Iva
511 Davida
511 Davida
526 Jena
528 Rezia
554 Peraga
570 Kythera
570 Kythera
624 Hector
735 Marghanna
748 Simeisa
751 Faina
804 Hispania
877 Walkure
877 Walkure
940 Kordula
940 Kardula
1162 Larissa
1162 Larissa
1467 Mashona
1512 Oulu

S
G
G
G
G
G
G
C
C
C
C
C
C
BU
P
C
C
M
P
P
C
C
G
G
C
C
F
C
C
P
C
M
C
C
C
C
S
M
C
F
C
C
C
C
C
CX
C
B
C
C
C
M
C
C
B
NA
C
ST
ST
D
C
P
C
C
F
F
FC
FC
P
P
CG
P

0.33–0.77
0.35–2.4
0.43–2.5
0.5–0.95
0.5–0.93
0.43–2.5
0.47–0.93
0.35–2.6
0.50–0.90
0.50–0.90
0.43–0.86
0.5–0.92
0.51–0.90
0.5–0.9
0.53–0.98
0.5–0.9
0.47–0.92
0.33–0.77
0.58–0.93
0.55–0.95
0.5–0.9
0.51–0.90
0.4–0.85
0.50–0.90
0.5–0.93
0.5–0.95
0.5–0.93
0.47–0.92
0.46–0.94
0.59–0.98
0.5–0.9
0.38–0.94
0.5–0.9
0.5–0.95
0.5–0.9
0.5–0.9
0.4–0.87
0.33–0.78
0.47–0.90
0.47–0.98
0.35–2.5
0.5–0.9
0.5–0.9
0.5–0.95
0.5–0.9
0.5–0.92
0.47–0.90
0.5–0.9
0.58–0.98
0.47–0.90
0.5–0.9
0.37–0.97
0.35–2.4
0.5–0.9
0.5–0.9
0.59–0.81
0.35–2.4
0.52–0.91
0.5–0.91
0.5–0.97
0.5–0.9
0.52–0.91
0.5–0.9
0.38–0.95
0.58–0.93
0.55–0.98
0.51–0.93
0.5–0.93
0.52–0.91
0.5–0.92
0.53–0.93
0.51–0.92

0.38, 0.43

SapGP band
near 0.65 lm
0.63d
0.67
0.67
0.67

0.66c
0.67
0.66
0.66

0.38d

0.63
0.67c
0.67
0.67c

0.41, 0.44
0.65c
0.66
0.6a

0.65c
0.43
0.68
0.66
0.67
0.43
0.43

0.61d
0.62
0.65c

MVS band
near 0.7 lm
0.68d, 0.73d
0.71a
0.7c, d
0.7a
0.73
0.71c,d
0.70
0.72a
0.7a
0.7a
0.7a
0.7a
0.71
0.7c
0.73
0.69
0.7a
0.69
0.71
0.70
0.71
0.71
0.7a
0.72a
0.7a
0.7c
0.72d
0.7a
0.7a
0.72
0.70
0.72d
0.72c
0.73c
0.72c
0.69
0.74d
0.69
0.7a
0.73
0.7a
0.68
0.7a
0.69

0.68
0.71
0.72a
0.69
0.67
0.67a
0.69d

0.68
0.68
0.66
0.67
0.60
0.65
0.43
0.65
0.65
0.66c
0.67c
0.68
0.68
0.68

0.7d
0.7a
0.72a
0.73a
0.71a
0.71c
0.7a
0.71c
0.75
0.70
0.69
0.74a
0.7a
0.75
0.7c
0.70
0.70
0.71
0.71d
0.7
0.72

SerGP band
near 0.9 lm

SerGP band
near 1.1 lm

0.91a
0.9a,d
0.9a,d
0.88b
0.9d
0.9b
0.9a
0.9b
0.9b
0.9b
0.9b
0.9b
0.89b
0.90
0.9b
0.9b

1.15a

0.88, 0.91
0.87
0.9b
>0.9b

Other bands
present (lm)

Source
of data

0.51

12
2
7
4
6
7
10
2
10
10
10
4
6
8
1
9
10
12
1
6
9
1
3
10
4
5
11
10
10
1
9
12
8
5
6
9
12
12
10
1
2
9
9
5
6
4
10
8
1
10
9
12
2

0.6c

0.6c
0.6c
0.94

0.51d
0.6c
0.6c, 0.77c
0.6, 0.76

b

0.9
0.9a
0.89
>0.93
0.9b
0.9b
0.90c
0.9b

0.6
0.59

0.79c
0.51d, 0.59d, 0.81d

0.9b
0.89a
0.90
0.9b
>0.87

0.6c
0.6c

0.48d
0.9b
0.88
0.9a
0.9b
0.9b
0.89
0.90
0.9b
0.9b
0.9b
0.90
0.9b
0.9b
0.93
0.9a
0.9b
0.9b
0.92a
0.88
0.9b
0.9d
0.9b
0.88
0.9b
0.93
0.89
0.9
0.87, >0.91
0.88
0.90
0.90
0.89
0.88c

0.5, 0.55c, 0.6, 0.8

0.6c
0.6c, 0.8c
0.6, 0.81
0.51
0.79

0.82d
0.51, 0.57, 0.83
0.55c, 0.83c
0.55, 0.6, 0.82
0.53, 0.61, 0.78a
0.53, 0.61, 0.78a
0.8d
0.84
0.6, 0.77
0.81d
0.60c, 0.78
0.75
0.60, 0.75c
0.6, 0.78c
0.6, 0.82
0.6, 0.82
0.6c, 0.82c
0.6, 0.78

8
1
2
1
11
11
9
1
9
12
1
11
1
6
1
11
1
1

(continued on next page)

342

E.A. Cloutis et al. / Icarus 216 (2011) 309–346

Table 11 (continued)
Asteroid

Tholen
class

Available
wavelength
range (lm)

1615 Bardwell
1963 Bezovec
2525 O’Steen

B
C
NA

0.5–0.9
0.5–0.9
0.5–0.9

Tetra. Fe3+
bands
(0.38–0.46lm)

SapGP band
near 0.65 lm

MVS band
near 0.7 lm

SerGP band
near 0.9 lm

0.71

0.9b
0.9b
0.9b

0.69
0.66

SerGP band
near 1.1 lm

Other bands
present (lm)

0.6c

Source
of data
8
9
8

Sources of data: 1. Vilas and Gaffey (1989); 2: Hiroi et al. (1993); 3: Vilas et al. (1993a); 4: Vilas et al. (1993b); 5: Vilas (1994); 6: Vilas et al. (1994); 7: Burbine (1998); 8:
Florczak et al. (1999). 9: Barucci et al. (1998). 10: Fornasier et al. (1999). 11: Jarvis et al. (1993). 12: Busarev (2002).
NA: not available.
a
Broad band, position approximate.
b
Band likely present outside the wavelength range of coverage – suggested by reﬂectance downturn toward longer wavelength.
c
Band is expressed as an inﬂection on the wing of a stronger band.
d
Weak and broad band – position approximate.

Lazzarin et al. (1995) identiﬁed a C asteroid, 238 Hypatia, whose
spectrum exhibited an absorption band near 0.6 lm. This band is
broad and shallow (5% deep) and appears to be centered near
0.62 lm, shorter than the values found for SerGPs/MVSs, but consistent with some SapGPs. Their spectrum does not extend beyond
0.89 lm; consequently any longer wavelength SapGP bands that
may be present cannot be identiﬁed.
Hiroi et al. (1996) compared a number of C, G, B, and F asteroid
spectra to various carbonaceous chondrites, including CMs. They
found that CM chondrites did not show a strong correlation between 0.7 and 3 lm band strengths, while UV absorption strength
was somewhat positively correlated with 3 lm band strength. One
CU-class asteroid, 51 Nemausa, matched some CM2 chondrites in
terms of 0.7 and 3 lm band strengths.
Burbine (1998) proposed that G-class asteroids may be parent
bodies of CM chondrites largely on the basis of a 0.7 lm feature
in some G-class asteroid spectra. He also noted, however, that
many C-class asteroids exhibit such a feature. G-class asteroids
that exhibit 0.7 and 0.9–1.2 lm bands from Burbine (1998) include
13 Egeria and 19 Fortuna. Burbine (1998) also noted that these
asteroids did not match candidate CM2 spectra in all respects.
Barucci et al. (1998) in a survey of selected C-class asteroids
found a number that exhibited an absorption feature in the
0.70 lm region, and a downturn in reﬂectance toward 0.9 lm
(70 Panopaea, 105 Artemis, 156 Xanthippe, 194 Prokne, 373 Melusina, 404 Arsinoe, 751 Faina. Some exhibited a 0.7 lm region
absorption band more consistent with SapGPs (i.e., band shortward
of 0.68 lm): 490 Veritas, 735 Marghanna, 1963 Bezovec. Others
exhibited a 0.7 lm region absorption band but no evidence of a
reﬂectance downturn toward 0.9 lm: 238 Hypatia, 350 Ornamenta, 521 Brixia, 1031 Arctica. A number exhibited more complex
absorption features, in addition to a 0.7 lm region feature and
0.9 lm downturn: 47 Aglaja, 85 Io, 511 Davida.
Florczak et al. (1999) measured reﬂectance spectra (0.49–
0.92 lm) of numerous members of the Themis family. A number exhibit absorption features in this region that were interpreted as being indicative of aqueous alteration. Some have
absorption features consistent with CM chondrites: an absorption band in the 0.65–0.75 lm region and an indication of a
downturn in the 0.9 lm region. Themis family member satisfying these criteria include 62 Erato (BU class), 171 Ophelia (C
class), 431 Nephele (B class), 526 Jena (B class), 1615 Bardwell
(B class), and 2525 O’Steen. The diversity of spectral shapes for
this family suggests that they contain objects on which aqueous alteration has operated differently, resulting in diverse
mineral assemblages that still contain spectral contributions
from MVSs.
Fornasier et al. (1999) surveyed dark asteroids between 2.2 and
3.6 AU to speciﬁcally search for objects with spectral similarities to
CM2 chondrites. Over half of the 34 surveyed objects exhibit a

0.7 lm region absorption feature (consistent with MVSs)
(Table 11).
Busarev (2002) has found absorption bands in the 0.6–0.8 lm
region, as well as at other visible region wavelengths, for ﬁve Mand two S-class asteroids. Only some of these asteroids, however,
display all of the features that are characteristic of SerGPs
(Table 11).
In a general study, Carvano et al. (2003) proposed a link between CM chondrites and asteroids exhibiting a 0.7 lm region
absorption band. They found that asteroids exhibiting a 0.7 lm
feature represent 10% of all asteroids between 2.3 and 3 AU. They
also noted that an earlier study (Gaffey and McCord, 1979) suggested two spectral subtypes of CM chondrites: those that exhibit
weaker 0.62, 0.85, and 1.38 lm features (group A), and those with
a broad 0.7 lm feature (group B). This current study suggests that
such a subdivision is probably not real and may reﬂect the lower
quality spectra of earlier studies.
Of note in this rapid scan of published asteroid spectra (summarized in Table 11) is that the detection of CM-type absorption features extends across different Tholen (1984) taxonomic classes: B,
BU, C, FC, G, GC, P. It also veriﬁes that the Tholen (1984) taxonomy
does not utilize the presence of weak absorption bands as diagnostic features. The number of dark asteroid spectra that seem to possess CM-type features suggests that aqueous alteration that can
produce CM-type phyllosilicate assemblages may have been widespread in the asteroid belt (Vilas and Gaffey, 1989; Vilas et al.,
1993a, 1993b; Carvano et al., 2003). In addition, these absorption
bands are present in asteroids with diverse spectral shapes.
Finally, it should be noted that the presence of CM-type xenoliths in howardite meteorites such as Jodzie (Bunch et al., 1979)
and PRA 04401 (Herrin et al., 2010) suggests that CM-type spectral
features may be detectable in reﬂectance spectra of Vesta. This presumes that Vesta is the parent body of howardites (e.g., Gaffey,
1997) that contain CM xenoliths, and that they are present in
abundances sufﬁcient to produce detectable absorption bands.

8. Summary and conclusions
The available spectral data base for CM chondrites (including
the newly measured spectra) is extensive enough to demonstrate
the degree of spectral heterogeneity exhibited by this class of
meteorites, particularly overall slopes and absolute reﬂectance. It
is also useful for potentially providing insights into the causes of
spectral variability, and the effects of grain size variations on spectral properties. Reﬂectance spectra of constituent CM phases provide further insights into the factors that contribute to the
spectral properties of CM chondrites.
CM spectra are generally characterized by modestly blue- to
red-sloped spectra with superimposed (up to 10% deep) Fe-bear-
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Table 12
Range of values for CM spectral parameters and possible causes or contributing factors.
Spectral parameter
Maximum reﬂectance
Reﬂectance at 0.56 lm
0.6/0.5 lm reﬂectance ratio
2.4/0.56 lm reﬂectance ratio
2.4/Visible peak reﬂectance ratioa
0.7 lm band depthb
0.9 lm band depthb
1.1 lm band depthb
0.7 lm band center positionc
0.9 lm band center positionc
1.1 lm band center positionc

Range for CMs
d

2.9–20.0%
2.8–14.0%e
0.99–1.43
0.90–2.32
0.81–2.24
0.2–6.3%
0–12.0%
0.9–10.6%
0.67–0.76 lmf
0.88–0.97 lmf
1.06–1.17 lmf

Possible or expected causes
Decreases with increasing opaque content
Decreases with increasing opaque content
Increases with increasing terrestrial weathering and Fe-rich phyllosilicates
No obvious correlation with non-spectral properties
No obvious correlation with non-spectral properties
Increases with increasing Fe2+ + Fe3+-bearing phyllosilicate content
Increases with increasing Fe2+-bearing phyllosilicate, magnetite, and olivine contents
Increases with increasing Fe2+-bearing phyllosilicate, magnetite, (and olivine) contents
No obvious correlation with non-spectral properties
No obvious correlation with non-spectral properties
No obvious correlation with non-spectral properties

a
Peak position is where a distinct peak occurs in the 0.5–0.7 lm region. In the absence of a distinct peak we used the point where reﬂectance ﬂattens out in this
wavelength region.
b
Maximum depth of absorption feature in this region (if present) after continuum removal. See text for description of continuum removal procedure.
c
Band position after continuum removal. See text for description of continuum removal procedure.
d
Matrix enriched samples have maximum reﬂectance as low as 2.1%. The vast majority of the CM spectra have maximum reﬂectance of <10%.
e
Matrix enriched samples have 0.56 lm absolute reﬂectance as low as 2.1%. The vast majority of the CM spectra have 0.56 lm reﬂectance of <7%.
f
Band positions are approximate for many of the CM spectra.

ing phyllosilicate absorption bands in the 0.7 and 0.9–1.2 lm regions. Maximum reﬂectance across the 0.3–2.5 lm region varies
from 2.9% to 20.0%, while matrix-enriched CM fractions have maximum reﬂectance as low as 2.1%. Visible region reﬂectance (as
measured at 0.56 lm) ranges from 2.8% to 14.0%, and as low as
2.1% for matrix-enriched fractions. Spectral slopes, as measured
by the 2.4:0.56 lm ratio and 2.4:visible region peak, range from
0.90 to 2.32, and 0.81 to 2.24, respectively; values <1 indicate
blue-sloped spectra. The 0.6:0.5 lm reﬂectance ratio, which could
be indicative of terrestrial weathering, although no strong correlation was found with degree of weathering, ranges from 0.99 to
1.43, and 1.02 to 1.24 for falls. The range of values for various spectral parameters found for CM chondrites are summarized in
Table 12.
The 0.7 and 0.9–1.2 lm region absorption bands are associated
with Fe2+–Fe3+ charge transfers in Fe2+/Fe3+-bearing SerGPs (for the
0.7 lm region band) and Fe2+ crystal ﬁeld transitions in Fe2+-bearing SerGPs or SapGPs (for the 0.9–1.1 lm region). The generally
high Fe content, high phyllosilicate abundance relative to maﬁc silicates, and dual Fe valence state, all suggest that the phyllosilicates
will exhibit strong absorption bands in the 0.7 lm region (due to
Fe3+–Fe2+ charge transfers), and the 0.9–1.2 lm region (due to
Fe2+ crystal ﬁeld transitions), and generally dominate over maﬁc
silicates. The 0.7, 0.9, and 1.1 lm region band depths range from
0.2% to 6.3%, 0% to 12.0%, and 0.9% to 10.6%, respectively. CM spectra that lack an absorption band in the 0.7 lm region also lack
associated well-deﬁned bands near 0.9 and 1.1 lm. While the
depth of these absorption bands varies as a function of grain size,
these bands are the most persistent feature in CM spectra and
are present in both powdered and solid sample spectra. SerGPs/
MVSs can be discriminated from SapGPs on the basis of the wavelength position and overall shape of the 0.6–0.7 lm region absorption feature, and to a lesser extent the wavelength position of the
0.9 lm region feature. An absorption feature shortward of 0.7 lm
is indicative of greater SapGP abundance and hence less aqueous
alteration. Decreases in the wavelength position of the 0.9 lm
absorption feature can be related to increasing SapGP content,
and indirectly to increasing aqueous alteration. This feature can
also be inﬂuenced by the presence of other CM minerals, such as
olivine, pyroxene, and magnetite. For constant grain size, an increase in the depth of the 0.7 lm absorption band is indicative of
decreasing opaque abundance, and indirectly to increasing aqueous alteration.
The overall shape of CM spectra is inﬂuenced by the types and
abundances of opaque phases, as well as the composition of the
phyllosilicates. As mentioned, visible region reﬂectance varies

widely for CMs, and is probably attributable in part to terrestrial
weathering products. Blue-sloped spectra are found for both chips
and powders, suggesting that this property is not particularly useful for constraining grain size.
The paucity of spectral–compositional trends and metrics for
CM chondrites is likely attributable to a number of factors: the
spectrum-altering effects of different opaques; spectral changes
accompanying grain size variations; and compositional heterogeneities within a single CM. It is also worth reiterating that CM
chondrites are not a homogenous group – petrologic subtypes have
been identiﬁed that are based on numerous petrologic criteria (e.g.,
McSween, 1979; Trigo-Rodriguez et al., 2006; Rubin et al., 2007; de
Leuw et al., 2009). However, while spectral–compositional relationships have been found for a subset of CMs, they do not always
correspond to expected trends for various petrologic classiﬁcation
schemes, nor to the full suite of CM spectra.
Of the major carbonaceous chondrite groups identiﬁed, only the
CM class contains abundant SerGPs. The presence and persistence
of SerGP/MVS absorption bands in CM spectra suggests that CM
parent bodies should be most readily, and perhaps uniquely, identiﬁable on the basis of these bands. Further rough discrimination of
the degree of aqueous alteration may be possible from metrics
such as the wavelength position of the 0.7 lm region absorption
feature. Other absorption features are affected by multiple factors,
and their relative importance is not fully constrained.
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