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a b s t r a c t
We examined the spectral reﬂectance properties of 16 CO-type carbonaceous chondrites (CCs) in order to
better understand their range of spectral properties, develop spectral–compositional correlations, and
provide information that may aid in the search for CO parent bodies. As a group, our CO powder spectra
have some similarities and differences. COs have experienced varying degree of thermal metamorphism,
with petrologic subgrades ranging from CO3.0 to CO3.8. Their reﬂectance spectra are characterized by
a ubiquitous absorption feature in the 1 lm region, and a nearly ubiquitous feature in the 2 lm region
that appears in CO >3.1 spectra. The 1 lm region feature is attributable to abundant Fe-bearing amorphous phases (and Fe-poor olivine) in the lower petrologic subtypes, which gradually transforms to more
abundant and Fe-rich olivine with increasing metamorphism. The increase in depth and decrease in
wavelength position of this feature are consistent with this transformation.
All but the least-altered COs also exhibit an absorption feature in the 2 lm region whose depth also
generally increases with increasing metamorphic grade, resulting in increasingly blue-sloped spectra
and larger band area ratios. The wavelength position and change in depth of this feature (ranging from
0% to 12.2%) is consistent with increasing Fe2+ in spinel, which is present in calcium–aluminum and ameboid olivine inclusions. Reﬂectance of a local reﬂectance maximum near 0.8 lm increases with increasing
thermal metamorphism and this is likely due to the loss and aggregation of carbonaceous phases. The
increasing reﬂectance is negatively correlated with various measures of spectral slope (i.e., brighter =
bluer), and while this cannot be uniquely attributed to any one cause, it is consistent with increasing spinel Fe2+ content and decreasing carbonaceous material abundance or aggregation. With decreasing grain
size, CO spectra normally become brighter and more red-sloped. The 0.6/0.5 lm ratios of CO falls are consistently higher than CO ﬁnds, suggesting that terrestrial weathering has affected the visible wavelength
region spectral properties of ﬁnds.
Unmetamorphosed CO spectra may be difﬁcult to distinguish from the least altered CM chondrites.
However above petrologic grade 3.1, COs can be uniquely discriminated from CI, CM, metamorphosed
CI and CM, and CR chondrites, by the presence of both olivine and spinel absorption bands. Some K-class
asteroids exhibit olivine and spinel absorption bands, consistent with CO chondrites, although modeled
olivine:spinel ratios are generally lower in these asteroids than in CO chondrites.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
The carbonaceous chondrites (CCs) are a mineralogically diverse
group of meteorites that are important for understanding the origin and evolution of the Solar System. CCs were ﬁrst distinguished
from other meteorite groups by their low reﬂectance (Mason,
1962). Newer classiﬁcation schemes, based largely on elemental
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abundances and ratios have been developed to distinguish CCs
from other meteorite groups (e.g., van Schmus and Wood, 1967;
van Schmus and Hayes, 1974; Wasson, 1974, 1985; McSween,
1979; Dodd, 1981; Weisberg et al., 2006).
This paper is the ﬁfth in a series dealing with the spectral reﬂectance properties of CCs, focusing on the CO carbonaceous chondrites. We have undertaken this study for a number of reasons:
(1) to determine the range of spectral variability within and
between CC classes; (2) determine whether each class possesses
unique spectral properties; (3) relate spectral properties to CC mineralogy and petrology; and (4) develop guidelines for identiﬁcation
of CC parent bodies based on the spectral properties of different
CCs. This paper discusses the spectral characteristics of CO

E.A. Cloutis et al. / Icarus 220 (2012) 466–486

chondrites and relates these properties to mineralogy and
composition.
2. Overview of CO chondrites
The known CO chondrites are of petrologic grade 3 (McSween,
1977a, 1979; Barber, 1985; Brearley and Jones, 1998), although
petrologic differences within the COs have long been noted
(McSween, 1977a). Mineralogically, they are dominated by olivine
(of variable composition but generally Fa45–50) with little if any
phyllosilicates (Rubin et al., 1985; Zolensky et al., 1993). Some of
the major distinguishing characteristics of COs vs. other CCs are
provided in Table 1. Tentative links have also been suggested
between CO and CM meteorites (Kallemeyn and Wasson, 1982).
2.1. General characteristics
As a group, COs contain 34–45 vol.% chondrules, 10–18 vol.%
inclusions, 7–9 vol.% lithic/mineral fragments, 3–7 vol.% opaque
minerals, and 29–40 vol.% matrix (McSween, 1977a, 1979). Rubin
et al. (1985) give CO3 chondrite average component abundances
as: 19–53 vol.% chondrules, 7.4–16 vol.% ameboid olivine inclusions (AOIs), 0.9–3.5 vol.% refractory inclusions, 6.8–18.3 vol.%
lithic fragments, 28.7–44.2 vol.% matrix, 1.3–5.9 vol.% Fe–Ni-metal,
and 1.1–4.6 vol.% sulﬁdes. CO3 meteorites have less matrix and
less matrix phyllosilicates than CM2 chondrites (Barber, 1985).
2.2. Matrix
CO matrix is generally unaltered and consists largely of ﬁnegrained olivine and amorphous or poorly crystalline Fe–Si-bearing
materials, and lesser amounts of pyroxene (McSween, 1979; Brearley and Jones, 1998; Buseck and Hua, 1993) and occupies 29–
44 vol.% of COs (McSween, 1977a; Rubin et al., 1985). Zolensky
et al. (1993) described CO matrix as being composed of amorphous
material, olivine (the dominant phase, Fa30–60), kamacite, taenite,
chromite, ferrihydrite, and serpentine (minor). The matrix of the
least-equilibrated CO (ALHA 77307, CO3.0) consists of an unequilibrated assemblage of Si and Fe-rich amorphous silicate material,
with olivine (Fa0–93), low-Ca pyroxene, metal, magnetite, sulﬁdes,
anhydrite and mixed layer phyllosilicates (Brearley, 1993). The
matrices of more equilibrated CO3 chondrites (>CO3.1) are
dominated by ﬁne-grained FeO-rich olivine, which is largely equilibrated by CO3.4 at Fa45–50 (Brearley and Jones, 1998). While there
appears to be no change in matrix abundance with increasing
metamorphism, there is a progressive increase in matrix MgO
and decrease in matrix FeO (McSween, 1977a).
2.3. Inclusions
Inclusions in COs include AOIs and calcium–aluminum inclusions (CAIs). AOIs constitute a few vol.% of CO3 chondrites, and
Table 1
Petrographic characteristics of C-chondrite groups. Source: Brearley and Jones (1998).
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
70
30–50
34
40
75
5

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
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become more Fe-rich with increasing petrologic subtype, from
CO3.0 to CO3.8 (Chizmadia et al., 2002). The average areal abundance of CAIs in COs is 0.99% (Hezel et al., 2008). Perovskite (<1%
FeO), melilite (<2% FeO), spinel-hercynite (variable FeO), and diopside (<1% FeO) are the most common CAI phases (Brearley and
Jones, 1998). With increasing petrologic grade (from 3.0 to 3.7),
CAI spinel becomes more Fe-rich, perovskite converts to ilmenite,
and melilite-rich inclusions become rarer, probably replaced by
inclusions rich in feldspathoids, pyroxene, and Fe-rich spinel
(Russell et al., 1998). Spinel is also a common accessory in type I
chondrules, while chromian hercyinite is present in type II chondrules (McSween, 1977a).
2.4. Chondrules and lithic fragments
CO3s contain two types of chondrules: type I chondrules have
olivine with composition ranging from Fa0 to Fa10; type II chondrules
are more heterogeneous and Fe-rich (Fa10 to Fa48) (McSween,
1977b). Type I chondrules are more abundant (35 vol.%) than type
II chondrules (2 vol.%) (McSween, 1977b). Fe-rich type II chondrules also contain ﬁne-grained chromite (Johnson and Prinz,
1991). Isolated olivine crystals and fragments comprise 8 vol.% of
COs, and have compositions similar to types I and II chondrules, suggesting they are derived from these populations (McSween,
1977a,b). Olivine composition becomes increasingly homogeneous
and Fe-rich with increasing petrologic grade within the CO3 group
(Brearley, 1996), while pyroxene compositional changes are less,
ranging from Fs3.2 to Fs11.0 (McSween, 1977a; Scott and Jones, 1990).
Pyroxene:olivine ratios in CO chondrites are poorly constrained.
Jones (1999) reports that isolated pyroxene grains are ‘‘common’’
in ALH 77307, but FeO-rich pyroxenes are rare. They also appear
to be rare in ALH 77307 (Noguchi, 1989). Pyroxene-bearing chondrules, speciﬁcally radial pyroxene chondrules are rare, constituting
<1.6 vol.% of CO chondrites (McSween, 1977a; Rubin et al., 1985).
In Ornans, pyroxene abundances range from 0 to 9 vol.% in porphyritic olivine chondrules, 10–40 vol.% in porphyritic olivine–pyroxene chondrules, 45–85 vol.% in porphyritic pyroxene chondrules,
and 0% in one barred olivine chondrule that was examined (Rubin
and Wasson, 1988).
2.5. Phyllosilicates
Phyllosilicates are rare to minor in COs (Keller and Buseck,
1990a,b), and are largely present as alteration products derived
from pre-existing matrix olivine, and normally occur in association
with Fe3+-bearing oxyhydroxides (Kerridge, 1964; Michel-Lévy,
1969; van Schmus, 1969; Kurat, 1973; Kurat and Kracher, 1980;
Keller and Buseck, 1990a). Fe-rich serpentine is the dominant form
of these phyllosilicate (Keller and Buseck, 1990b), although phyllosilicates with both serpentine and chlorite structures have been
detected (Brearley and Jones, 1998).
2.6. Opaque phases
Opaque minerals in COs are generally various carbonaceous
phases, Fe–Ni-metal, and troilite; magnetite has only been reported
in low petrologic grade CO chondrites (Brearley and Jones, 1998;
Alexander et al., 2007). Carbon occurs in very dispersed and often
poorly crystalline forms (Barber, 1985), and carbonaceous matter
in COs shows variations in infrared spectral properties as a function
of petrologic subtype (Kebukawa et al., 2010, 2011).
2.7. Metamorphism of COs
Metamorphism seems to have affected many COs (Greenwood
and Franchi, 2004). Compositional and mineralogical data suggest
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the visible region absorption edge to shift to longer wavelengths,
as well as the appearance of an absorption feature near 0.9 lm
due to Fe3+ charge transfers (Sherman, 1985). The large number
of COs included in our study should allow us to determine whether
and how terrestrial weathering may be affecting the ﬁnds and older falls.

that this metamorphism involved an aqueous ﬂuid phase (Greenwood and Franchi, 2004). There are also indications of either local-scale redox differences on the CO3 parent body (Greenwood
and Franchi, 2004; Bunch et al., 2010), or that CO3s derive from
more than one parent body. With increasing metamorphic grade
(>3.1), phyllosilicate abundance may increase if aqueous ﬂuids
were present during metamorphism, and C content decreases
(Greenwood and Franchi, 2004). Chondrule silicates are progressively enriched in Fe due to solid state diffusion from the Fe-rich
matrix (Scott and Jones, 1990), and olivines in chondrules and as
isolated grains converge to a common higher-Fe composition
(Jones, 1993; Scott and Jones, 1990). McSween (1977a) noted that
with increasing petrologic grade, average olivine and pyroxene
iron content increases, from Fa12 and Fs3 in Ornans (weakly metamorphosed) to Fa34 and Fs11 in Warrenton (more highly metamorphosed). The increase in mean fayalite concentration in chondrule
olivines, especially along rims, with increasing metamorphic grade
is probably the result of metamorphic exchange between chondrule olivines and FeO-rich matrix olivines (Scott and Jones,
1990). CAIs in CO chondrites, speciﬁcally spinels, exhibit increasing
Fe content with increasing metamorphic grade (Brearley and Jones,
1998; Russell et al., 1998; Chizmadia et al., 2002). The CO3 chondrites ALH81003, ALH85003, LEW85332 all show mobile trace element evidence of thermal metamorphism (Lipschutz et al., 1999).
Thermoluminescence sensitivity also varies as a function of metamorphic grade (Keck and Sears, 1987; Sears et al., 1991).

3. CO subgroups
A number of researchers have determined that the available
suite of CO chondrites exhibit petrographic differences that indicate a metamorphic sequence (e.g., McSween, 1977a; Scott and
Jones, 1990; Sears et al., 1991; Chizmadia et al., 2002; Greenwood
and Franchi, 2004). The criteria used by different investigators are
summarized below and the results for individual COs are presented
in Table 2.
3.1. McSween (1977a)
On the basis of petrographic and compositional variations, McSween (1977a) subdivided the CO3 chondrites into three metamorphic subgroups (Table 2). The criteria included increasing Fa
content in olivine and decreasing compositional heterogeneity,
blurring of textural features, and Fe/Mg exchange between matrix
and inclusions.
3.2. Scott and Jones (1990)

2.8. Weathering of COs
Scott and Jones (1990) used compositional data and zoning patterns for olivines and pyroxenes in CO chondrules to determine relative degrees of metamorphism (Table 2). The characteristics used
to deﬁne a metamorphic sequence include enrichment of silicates
in FeO, particularly along grain rims and cracks (due to solid-state
diffusion), igneous zoning in silicates in the lowest petrographic
grades, and composition of Fe–Ni metal. This metamorphic sequence was investigated by Greenwood and Franchi (2004) from
the perspective of oxygen and carbon isotopes. They found that
oxygen and carbon isotopes have been disturbed by terrestrial
weathering, that aqueous ﬂuids were likely present during

A number of COs used in this study are ﬁnds or older falls. Spectrally signiﬁcant weathering effects have been documented for CR
chondrites (Cloutis et al., 2012), and it is possible that terrestrial
weathering of COs could lead to changes in their spectral properties. Perturbations in C and O isotopes, attributable to terrestrial
weathering, have been noted in COs by Newton et al. (1995) and
Greenwood and Franchi (2004). The most pervasive, spectrally signiﬁcant, and rapid effects of terrestrial weathering will be the
oxidation of metal and maﬁc silicates (Bland et al., 2006). This
would lead to an increase in ultraviolet region absorption, causing

Table 2
Classiﬁcation of CO3 chondrites by previous investigators (for samples for which reﬂectance spectra are available).
Meteorite

McSween
(1977a)

Scott and Jones
(1990)

Sears et al.
(1991)

Chizmadia et al.
(2002)

Chizmadia and Bendersky
(2006)

Bonal et al.
(2007)

Others

A-881632
ALHA 77003
ALHA 77307
ALH 82101
ALH 83108
ALH 85003
Felix
FRO 95002
FRO 99040
Kainsaz
Lancé
MET 00737
Ornans
Warrenton
Y-791717
Y-82050

–
–
–
–
–
–
II
–
–
I
II
–
II
III
–
–

–
3.5
3.0
3.3
–
–
3.2
–
–
3.1
3.4
–
3.3
3.6
–
–

–
3.4
3.1
3.4
–
3.5
3.4
–
–
3.2
3.4
–
3.4
3.6
–
3.3

–
3.6
3.0
–
–
–
3.3
–
–
3.2
3.5
–
3.4
3.7
–
3.2

3.1
–
–
3.3
–
3.4
–
–
–
–
–
–
–
–
3.6
–

–
–
3.03
–
–
–
3.6
–
–
3.6
3.6
–
3.6
3.7
–
–

–
–

Increasing metamorphic grade (McSween, 1977a).
Kainsaz < Felix < Ornans < Lancé < Warrenton.
Note: only CO chondrites for which spectral data are available have been included in this table.
a
Jones (1997).
b
Grossman (1997).
c
Grossman (2000).
d
McBride and McCoy (2003).
e
Kojima et al. (1995).

–
3.5a
–
–
3b
3c
–
–
3.6d
–
–
–
3.1e
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metamorphism, that local-scale redox differences likely existed on
the CO3 parent body, and that C abundance decreases with increasing metamorphic grade.
3.3. Sears et al. (1991)
Sears et al. (1991) developed a metamorphic sequence for a
number of CO chondrites based on petrographic and mineralogical
properties of previous investigators (e.g., McSween, 1977a; Scott
and Jones, 1990) and induced thermoluminescence (TL) properties.
Mineralogic variations incorporated into their classiﬁcation
scheme include increasing olivine Fa content and decreasing C content with increasing metamorphism. Sears et al. (1991) related TL
properties to metamorphic temperatures: 110–400 °C for their
samples. The petrologic grades assigned to their COs are provided
in Table 2.

Table 3
CO reﬂectance spectra included in this study.
Meteorite

Grain size (lm)

RELAB ﬁle ID

A-881632
ALH 77003

<125
<125
<180
<180
<125
<125
<75
<125
<180
<180
<125
<150
<75
<75
<150
<45
150–500
<75
<75
<150
<150
<75
75–150
<125
<125

bkr1mp104
c1mb80
camh55
cbmh55
c1mp117
bkr1mp102
c1ph34
c1mb79
camh56
cbmh56
c1mp116
mgp102
c1ph42
c1ph57
mgp104
s1rs41
mgp106
mgp108
c1ph50
mgp110
mgp116
mgp120
mgp122
c1mb93
bkr1mp103

<150
<150
Chip

PSF sample ID
90814c.013
90814c.014
90814c.015

ALH 77307
ALH 82101
ALH 83108

ALH 85003
Felix
FRO 95002
FRO 99040
Kainsaz
Lancé

3.4. Chizmadia et al. (2002) and Chizmadia and Bendersky (2006)
Chizmadia et al. (2002) and Chizmadia and Bendersky (2006)
utilized changes in the composition of olivine in CO AOIs to develop a sequence of metamorphism for a number of COs (Table 2).
Speciﬁc changes include conversion of forsteritic to fayaltic olivine,
the presence of diffusive haloes around low-Fe olivine, mobilization of various cations, and AOI textures.
3.5. Bonal et al. (2007)
Bonal et al. (2007) derived a metamorphic sequence and scale
based on the structure of organic material in CO3s (Table 2). They
felt that this was a more robust scale that is independent of mineralogic context and aqueous alteration.
4. Experimental procedure
Many of the details of our experimental procedure have been
discussed in previous papers in this series (Cloutis et al.,
2011a,b). A total of 16 COs, spanning a range of petrologic
subtypes, were included in this study (Table 3). Reﬂectance spectra
were measured at the RELAB facility at Brown University (0.3–
2.6 lm) or the PSF facility at the University of Winnipeg (0.35–
2.5 lm). Spectra were measured at i = 30° and e = 0°. It should be
noted that many of the CO spectra included in this study were
acquired by several different investigators over many years, with
possibly differences regarding sample preparation procedures.
Spectra acquired speciﬁcally for this study include <75 lm fractions of FRO 95002, FRO 99040, MET 00737, and three size fractions of Warrenton (previously measured by Gaffey (1974). As in
our previous studies of CCs, we have applied continuum removal
to the spectra to isolate absorption features of interest and use various metrics of spectral slope and overall reﬂectance to search for
systematic spectral–compositional trends (Cloutis et al., 2011a,b).
These metrics include absolute reﬂectance of the local maximum
near 0.8 lm, various measures of overall spectral slope, and band
centers, minima, and depths (Cloutis et al., 2011b). CO reﬂectance
spectra included in this study are available as an on-line supplement. Descriptions of the CO2 used in this study are provided in
Appendix A.
Band depths in the 1 lm region were calculated after ﬁtting a
straight line continuum that is tangent to the reﬂectance spectrum
on either side of this absorption feature. Band centers in this region
were determined using a combination of chords constructed across
the feature, visual examination, and polynomial ﬁtting. Band ‘‘centers’’ in the 2 lm region were calculated without continuum removal, and depths were calculated using the ratio of reﬂectance

MET 00737
Ornans
Warrenton

Y-791717
Y-82050
Warrenton

of the minimum in the 2 lm region to the local reﬂectance maximum near 1.5 lm, when available. Band area ratios (BARs) were
calculated using procedures ﬁrst outlined in Cloutis et al. (1986):
band IIA/IA and band II/band I. We also use the terms blue or bluer
and red or redder to refer to spectral slopes. Blue slopes are deﬁned
on the basis of a long:short wavelength reﬂectance ratio of <1,
while red slopes have a long:short wavelength ratio of >1 (ratios
are measured using reﬂectance at 2.5 lm and at either 1.5 lm or
the local reﬂectance maximum near 0.8 lm. When we refer to a
bluing or reddening of a slope we mean that the long:short wavelength reﬂectance ratio is decreasing (bluer) or more increasing
(redder).

5. Spectral properties of constituent phases
The major silicate in COs is olivine; low-Ca pyroxene is much
less abundant or absent. Olivine reﬂectance spectra are characterized by a major absorption feature in the 1 lm region that is attributable to crystal ﬁeld transitions in Fe2+. Fe2+ located in the M1 and
M2 sites gives rise to absorption bands near 0.85 and 1.25 lm (M1)
and 1.05 lm (M2) (Burns, 1970). The wavelength position of minimum reﬂectance of this feature (‘‘band center’’) moves to progressively longer wavelengths with increasing Fe2+ content, ranging
from 1.045 to 1.085 lm (King and Ridley, 1987).
Fe2+ in the M1 and M2 sites of pyroxene gives rise to crystal
ﬁeld transitions near 0.9 (band I) and 1.9 lm (band II), due to
Fe2+ in the M2 site, and 0.9 and 1.15 lm, due to Fe2+ in the M1 site
(Adams, 1974; Cloutis and Gaffey, 1991). M2 bands are more intense than M1 bands in low-calcium pyroxene spectra, and both
move to longer wavelengths with increasing Fe2+ (and Ca) contents
(Cloutis and Gaffey, 1991; Klima et al., 2007). Pyroxene is a more
intense absorber than olivine, and as a result a pyroxene:olivine ratio on the order of 1:6 is sufﬁcient for the combined band minimum to move out of the olivine ﬁeld to shorter wavelengths, i.e.,
<1.045 lm (Cloutis et al., 1986). Fig. 1 shows reﬂectance spectra

470

E.A. Cloutis et al. / Icarus 220 (2012) 466–486

of a number of olivines and low-Ca pyroxenes as a function of composition. It can be seen that even low abundances of Fe2+ are sufﬁcient to give rise to Fe2+-M2 absorption bands and that these bands
become more intense with increasing Fe2+ content. Overall reﬂectance also decreases with increasing Fe2+ content for a constant
grain size.
The generally low abundance of phyllosilicates in CO chondrites
(<few vol.%) suggests that they will not contribute signiﬁcantly to
CO spectra, particularly as their major absorption bands (Clark
et al., 1990) largely overlap those of the more abundant maﬁc silicates. In terms of CAIs, a previous investigation of a limited suite
of CO chondrite spectra (Cloutis and Gaffey, 1993) suggested that

CAI abundances in COs may be sufﬁciently high for them to contribute to at least some CO spectra. With increasing metamorphism, CO spinels become increasingly Fe-rich (Russell et al.,
1998). Spinels are characterized by a tetrahedrally coordinated
Fe2+ crystal ﬁeld transition band that is intense, even at low Fe2+
abundances (Cloutis et al., 2004) (Fig. 1).
The major opaque phases in COs, metal, troilite, and carbonaceous material will affect CO spectra largely in terms of reducing
overall reﬂectance and maﬁc silicate band depths, and perhaps
imparting a modest red slope (Cloutis et al., 2011a,b).

6. Previous spectral studies
CO chondrites have been spectrally characterized by a number
of previous investigators at facilities other than RELAB and the
PSF. Johnson and Fanale (1973) included three grain sizes of Lancé,
Ornans, and Warrenton in their study of CCs (Table 4). For all three
COs, the spectra became brighter and redder with decreasing grain
size. Visible region (near 0.56 lm) albedo ranged from 6.5% to 16%
and all the spectra exhibited broad absorption bands in the 1 and
2 lm regions.
Gaffey (1974) included 5 COs in his comprehensive study of
meteorite spectra (Table 4). He found that the <150 lm fractions
of Felix and Kainsaz are characterized by visible region albedo of
7.3–8.6%, a generally ﬂat spectra slope, and broad, weak absorption
bands in the 1 and possibly 2 lm regions. The <150 lm Ornans
spectra have visible region albedo of 8–12%, an overall blue slope
and broad, weak absorption bands near 1 and 2 lm. For Lancé,
the <200 lm powder spectra are more red sloped and have deeper
absorption bands in the 1 and 2 lm regions than the ﬁner (32–
100 lm) powder spectra; visible region albedos overlap: 7.7%
and 9.0% for the <200 lm powders, and 5.4% and 9.8% for the
32–100 lm powders. For Warrenton, the whole rock spectrum
exhibits the deepest absorption bands in the 1 and 2 lm regions
and the bluest slope. Visible region albedo ranges from 10.6% to
17.3%, with the whole rock spectrum being the brightest.
Salisbury et al. (1975) included <74 lm fractions of the Felix
and Lancé CO chondrites in their study of meteorite reﬂectance
spectra (Table 4). They found that both exhibit broad 1 and 2 lm
region absorption bands, with reﬂectance at 0.6 lm of 10–13%.
Overall slopes appear slightly red.

Table 4
Previous spectral reﬂectance studies of CCs (0.3 to 2.5 lm reﬂectance spectra).
CO chondrite

Grain size

Source

Lancé

147–495 lm
74–147 lm
<74 lm
147–495 lm
74–147 lm
<74 lm
147–495 lm
74–147 lm
<74 lm

Johnson
Johnson
Johnson
Johnson
Johnson
Johnson
Johnson
Johnson
Johnson

<150 lm (3 spectra)
<150 lm (2 spectra)
32–100 lm (2 spectra)
<200 lm (2 spectra)
<150 lm (5 spectra)
Whole rock (1 spectrum)
<150 lm (4 spectra)
<200 lm (1 spectrum)
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Fig. 1. Reﬂectance spectra of CO constituents. (a) Olivines of different Fe2+ (Fa)
content; (b) low-calcium pyroxenes of different Fe2+ (Fs) content; (b) spinels with
different Fe2+ (expressed as FeO) content.
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7. Results
The previous spectral studies suggest that CO chondrites can
range from blue- to red-sloped, with a range of visible region albedos, and resolvable absorption features in the 1 and 2 lm region.
Variations in spectral slope, albedo, and band depths are seen with
changes in grain size. The repeatability of CO spectra seems to be
very high (Gaffey, 1974). The overall spectral properties are
broadly consistent with the composition of COs: abundant olivine
(and spinel) mixed with ﬁne-grained opaques. In this section we
examine CO chondrites in a more systematic fashion and include
more samples than were available to previous investigators.
7.1. COs with limited petrographic information
Of the 16 CO chondrites included in this study (Table 4), only
two have not been examined in sufﬁcient detail to assign a petrologic grade (FRO 95002, FRO 99040). Their spectra are shown in
Fig. 2. With limited petrologic information (Appendix A) we are unable to make more than general observations concerning them.
Both spectra exhibit a well-resolved absorption feature centered
near 1.12 lm with a shape characteristic of olivine, as well as a second feature centered near 2.15 lm. Band depths are on the order of
6% in the 1 lm region and 4.3–5.2% in the 2 lm region. These two
major features are consistent with olivine + Fe-bearing glass
(1.12 lm feature) and Fe2+-bearing spinel (2.15 lm feature). We
have included A-881632 here because it also has limited petrographic information, although it was assigned to petrologic grade
3.1 by Chizmadia and Bendersky (2006).
7.2. Grain size effects
Grain size effects on CO reﬂectance spectra were ﬁrst investigated by Johnson and Fanale (1973). They included <74, 74–147,
and 147–495 lm fractions of Lancé, Ornans, and Warrenton in
their analysis. They found that with decreasing grain size, the spectra became brighter and more red-sloped. Visible region (near
0.56 lm) albedo ranged from 6.5% to 16% and all the spectra exhibited broad absorption bands in the 1 and 2 lm regions.
We can extend the results of Johnson and Fanale (1973) because
we have multiple grain size spectra for ALH77003, ALH 83108,
Kainsaz, Lancé, and Warrenton. Three ALH 77003 spectra of two
different grain sizes are shown in Fig. 3a. The <125 lm spectrum
is brighter than the <180 lm spectra, consistent with the results
of Johnson and Fanale (1973). The ﬁner fraction spectrum also
shows more apparent absorption features in the 1 and 2 lm region
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(also consistent with the spectra of Johnson and Fanale (1973)),
centered near 1.09–1.12 and 1.94–2.02 lm, respectively. Band
depths range from 6.4% to 7.1% (1 lm region), and 1.7–6.4%
(2 lm region). The three spectra of ALH 83108 (same sizes as for
ALH 77003) show similar behavior (Fig. 3b), with the ﬁnest fraction
being the brightest. Absorption features are centered near 1.10–
1.11 and 2.19–2.20 lm, with depths of 8.9–10.4% and 8.0–12.1%,
respectively.
Two spectra of Kainsaz for <45 and <150 lm fractions are
shown in Fig. 3c. The <150 lm spectrum is from Gaffey (1974)
which was scanned and archived at RELAB. It was measured using
an integrating sphere. These differences may explain why the coarser-sized sample spectrum is slightly brighter than the ﬁner-sized
sample. Both spectra exhibit absorption features in the 1 and 2 lm
region, but their apparent band positions differ signiﬁcantly (0.97
vs. 1.11 lm and 2.14 vs. 1.98 lm). The reason for these differing
values is unknown but is most likely due to differences in mineral
abundances between the different splits of Kainsaz that were analyzed as well as weathering effects or the possibility of inclusion of
fusion crust in the Gaffey (1974) sample. This is suggested by the
fact that the Gaffey (1974) sample exhibits absorption features
attributable to phyllosilicates and/or iron oxides, i.e., absorption
features near 0.68, 0.87, and 1.38 lm.
For two spectra of Lancé (<75 and 150–500 lm sizes), the ﬁner
grain-size spectrum is substantially brighter and redder (Fig. 3d),
as expected (Johnson and Fanale, 1973). The absorption features
are centered near 1.07 and 1.98 lm for the <75 lm spectrum vs.
1.12 and 2.26 lm for the 150–500 lm spectrum. The apparent
shift in the 2 lm region feature is understandable given the bluer
slope of the coarse-grained spectrum. Absolute reﬂectance values
are within 1% of comparably sized spectra from Johnson and Fanale (1973).
Three spectra of Warrenton (all digitized from Gaffey (1974))
show complex behavior (Fig. 3e). The <75 lm spectrum shows
the best resolved absorption bands and the <150 lm has the bluest
slope. In spite of these overall differences, absorption feature centers are comparable: 1.08 lm and 2.08–2.25 lm.
Newly acquired spectra of the Gaffey (1974) Warrenton sample
(Fig. 3f) show overall similarities in terms of 1 and 2 lm region
absorption bands and overall blue slopes. The three spectra show
differences in overall reﬂectance, slopes and band depths, likely
due to the fact that insufﬁcient sample was available to fully ﬁll
the ﬁeld of view of the spectrometer with a ﬂat surface (Cloutis
et al., 2011a). Band centers in the 1 lm region are similar (1.07–
1.08 lm), and all three spectra show absorption features in the 1
and 2 lm regions, attributable to olivine and spinel, respectively.
7.3. Duplicate spectra

Fig. 2. Reﬂectance spectra of CO chondrites with limited petrographic information:
A-881632, FRO 95002, and FRO 99040. Grain sizes for each spectrum are indicated.

Duplicate spectra of identical size fractions are available for
ALH 77003, ALH 77307, ALH 83108, and Warrenton. Duplicate
spectra are useful for assessing how variable a meteorite may
be (if separate splits are analyzed), or how signiﬁcant the effects
of differences in particle packing, surface roughness, and variations in the mineralogy of the uppermost surface of a sample that
is being interrogated by a spectrometer may be. The duplicate
spectra of a <180 lm fraction of ALH 77003 (Fig. 3a) differ
slightly (<1.5% absolute) in overall reﬂectance, exhibit differences
in overall spectral slope, and slight differences in 1 lm band
depth (7.1% vs. 6.4% and band I center (1.10 vs. 1.12 lm). It is unknown whether these samples were repacked between spectral
measurements.
The two spectra of a <125 lm sample of ALH 77307 (Fig. 4)
were measured using different viewing geometries beyond
2 lm. In addition, one of the spectra was acquired with a sample
on a spinning stage to average out any viewing geometry effects.
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Fig. 3. Reﬂectance spectra of CO chondrites for which multiple spectra are available. (a) ALH 77003; (b) ALH 83108; (c) Kainsaz; (d) Lancé; (e) Warrenton (measured by
Gaffey (1974)); (f) Warrenton (measured at PSF). Grain sizes for each spectrum are indicated.

As with the ALH 77003 spectra, there are differences in spectral
slope, and in this case, the band I center shows greater diversity
in depth (9.3% vs. 5.5%) and position (1.30 vs. 1.12 lm), even
though the broad 1 lm absorption band appears similar in both
spectra.
Duplicate spectra of ALH 83108 (<180 lm; Fig. 3b) are similar in
terms of overall shape and slope, differing only in terms of absolute
reﬂectance, up to 4% absolute in this case). Absorption band depths
differ slightly between the two spectra: 8.9% vs. 10.4% and 8.0% vs.
11.6% for the 1 and 2 lm region features, respectively. Band I center is unchanged: 1.11 lm in both cases.
The duplicate spectra of the <150 lm fraction of Warrenton
(Fig. 3f) show large differences in band depths (4% vs. 7%), overall

reﬂectance (18.2% vs. 14.0% at 0.7 lm region peak), and slopes (1.4/
0.7 lm peak ratios of 0.95 and 0.88). While some of these differences may be due to the experimental conditions, others may be
due to variations in the mineralogy or grain size of the uppermost
surface of the sample; the sample was emptied and repacked
between spectral measurements. These duplicate CO spectra demonstrate the spectral diversity that may be exhibited by COs for a
single sample.
7.4. Metamorphic sequence
As discussed above, and shown in Table 2, while all the CO
meteorites used in this study are of petrologic grade 3, a number
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petrologic subtype; changes in overall slope are not as clear cut. It
should also be noted that two different size samples are included
here (<75 and <150 lm). The apparent spectral–compositional
trends are discussed below.

Fig. 4. Duplicate reﬂectance spectra of ALH 77307.

of investigators have found differences in mineralogy and composition that they have used to deﬁne metamorphic sequences. These
systems do not always assign meteorites in the same sequence.
They can be investigated to determine whether petrologic subtypes result in systematic spectral differences and which mineralogic, petrologic, or compositional differences results in such
systematic changes. The various metamorphic sequences fall into
four main categories: (1) petrology-centered (McSween, 1977a),
(2) olivine composition-based (Scott and Jones, 1990; Chizmadia
et al., 2002; Chizmadia and Bendersky, 2006); (3) organic composition/structure (Greenwood and Franchi, 2004; Bonal et al.,
2007); and (4) a synthesis of criteria (Sears et al., 1991). For
simplicity, we have grouped together meteorites common to multiple studies to facilitate comparisons. Other studies of selected
components of COs, such as abundances of various Fe-bearing
phases, show little or no correlation with independently determined metamorphic grades (e.g., Bland et al., 2008).
7.4.1. Petrology-based classiﬁcation
McSween (1977a) categorized a number of CO3 chondrites into
three groups of increasing metamorphism (Table 2). Five CO spectra were available for comparison, all but one for <150 lm fractions (Fig. 5a). The group I (Kainsaz) and II spectra (Felix) overlap
in terms of overall reﬂectance, although the center of the 1 lm region absorption band of Kainsaz is at a shorter wavelength than the
other COs (0.97 vs. 1.06–1.10 lm). Band depths do not show any
systematic variations beyond the fact that Warrenton (group III)
has the shallowest 1 lm region feature. The group I and III spectra
are also the darkest and brightest, respectively.
7.4.2. Olivine composition-based classiﬁcation
Scott and Jones (1990), Chizmadia et al. (2002), and Chizmadia
and Bendersky (2006) based their petrologic subtype classiﬁcation
of COs to a large extent on olivine composition. Textural criteria,
which were also investigated, are not expected to be signiﬁcant
factors in affecting powdered CO reﬂectance spectra. We have
combined the classiﬁcation schemes of these investigators (whose
petrologic subtypes differ by <0.1) to derive two sequences of
increasing metamorphism, one for RELAB spectra (<75 and
<125 lm sized powders) and one for Gaffey (1974) samples (<75
and <150 lm sized powders).
The ‘‘RELAB’’ sequence of spectra is shown in Fig. 5b. The lowest
grade COs (3.0 and 3.1) have the lowest reﬂectance, reddest slopes,
and weakest 1 lm region absorption bands, but the change in
these parameters does not correspond exactly with metamorphic
subgrade. Similarly for the ‘‘Gaffey’’ spectra (Fig. 5c), we see a general increase in overall reﬂectance and band depths with increasing

7.4.3. Organic composition and structure-based classiﬁcation
Greenwood and Franchi (2004), Alexander et al. (2007), and Bonal et al. (2007) examined the structure and composition of organic
and carbonaceous phases in CO3s as a function of metamorphic
grade. Greenwood and Franchi (2004) and Alexander et al. (2007)
retained the subtypes of Scott and Jones (1990), Bonal et al.
(2007) derived a new metamorphic sequence. There are some differences between the metamorphic sequences of Scott and Jones
(1990) and Bonal et al. (2007) (i.e., Kainsaz), and a number of lower
grade COs (Felix, Lancé, and Ornans) have been assigned to higher
grades by Bonal et al. (2007) than by Scott and Jones (1990), whose
assignments were based on mineralogic and petrologic criteria (Table 2). Samples from Alexander et al. (2007) for which reﬂectance
spectra of comparable grain sizes are available are shown in
Fig. 5d. The meteorites in this sequence do not exhibit clear differences in terms of major spectral properties as a function of grade
suggesting that, at least for this subset, the metamorphic sequence
of Scott and Jones (1990) does not correlate well with spectral
changes.
Greenwood and Franchi (2004) found that their COs deﬁned a
general trend of decreasing C content with increasing grade. The
spectral sequence for their samples (using Gaffey (1974) spectra)
is shown in Fig. 5c, and was discussed above; i.e., a general increase
in overall reﬂectance and band depths with increasing petrologic
subtype, but changes in overall slope are not as clear cut; also
two different size samples were included (<75 and <150 lm).
The three COs (for which <125 lm size spectra are available) from
their classiﬁcation (Fig. 5b) show non-systematic variations in
their spectral properties.
7.4.4. Multiple criteria-based classiﬁcations
Sears et al. (1991) attempted to synthesize previous studies of
CO metamorphism into a consistent classiﬁcation system, and
incorporating induced thermoluminescence (Table 2). The sequence of ‘‘RELAB’’ spectra (<45, <75, and <125 lm size samples;
Fig. 5e) and ‘‘Gaffey’’ spectra (<75 and <150 lm size samples;
Fig. 5f) both show good correspondence of petrologic subtype with
overall reﬂectance and apparent absorption band depths.
8. Discussion
The CO chondrites included in this study show variations in a
number of spectral properties. Variations are seen in duplicate
spectra of either the same sample or different subsamples, as a
function of grain size, and of composition. Here we discuss possible
causes of spectral variations, spectral properties common to COs,
the range of CO spectral properties, and how CO compositional
variations track with spectral changes.
8.1. Duplicate spectra and CO variability
Duplicate CO spectra and spectra involving samples of the same
CO with no minimum grain size (e.g., ALH 83108), suggest that
ﬁne-grained CO spectra can exhibit variations in absolute reﬂectance of up to a few percent absolute, which are likely attributable
to variations in mineralogy between different splits (as seen by the
spectrometer), and differences in grain size distribution and surface texture. Such variations have been seen in duplicate CI and
CM spectra (Cloutis et al., 2011a,b). Additional variations are seen
when comparing spectra acquired using different viewing
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Fig. 5. CO spectra as a function of metamorphic grade as determined by various investigators. (a) McSween (1977a) – spectra from Gaffey (1974); (b) Scott and Jones (1990),
Chizmadia et al. (2002) and Chizmadia and Bendersky (2006) for RELAB spectra; (c) same as (b) for Gaffey (1974) spectra; (d) Alexander et al. (2007) – Felix spectrum from
Gaffey (1974), all others from RELAB; (e) Sears et al. (1991) for RELAB spectra; (f) same as (e) for Gaffey (1974) spectra.

geometries (e.g., Warrenton), a characteristic that has been noted
for other CCs (Gradie and Veverka, 1986).
8.2. Metamorphic effects on COs
The petrographic and compositional changes accompanying
metamorphism provides insights into how CO3 reﬂectance spectra
are expected to change with increasing thermal metamorphism.
8.2.1. Olivine abundance and composition
Average Fa content in resolvable (>5 lm diameter) olivine
grains increases with increasing metamorphism (e.g., Scott and

Jones, 1990). The source of the Fe is the surrounding ﬁne-grained
matrix (e.g., Scott and Jones, 1990), as various whole rock elemental ratios (e.g., Si/Fe, Fe/Mg) are essentially constant (McSween,
1977a). Pyroxene, due to lower diffusion rates, shows no strong
correlation between its Fe content and metamorphic grade (Scott
and Jones, 1990), and in any case is a minor component of COs.
The nature of the matrix is not fully known but includes various
ﬁne-grained opaque phases, ﬁne-grained Fe-rich olivine, and abundant amorphous material (Brearley, 1990; Scott and Jones, 1990).
With increasing metamorphism, interstitial glass also devitriﬁes
(McSween, 1977a). Thus, with increasing metamorphism we see
increasing olivine abundance and olivine Fe2+ content.

E.A. Cloutis et al. / Icarus 220 (2012) 466–486

8.2.2. Opaque abundance and composition/structure
With increasing metamorphism, the abundance of carbon decreases, suggesting mobilization of carbonaceous material, which
is the most abundant form of C in COs (Sears et al., 1991; Greenwood and Franchi, 2004), loss of mobile fractions, and increasing
aromatization (Sephton, 2002; Sephton et al., 2003; Alexander
et al., 2007; Bonal et al., 2007). Other non-organic opaque components, such as metal and troilite, aggregate into larger grains at
higher metamorphic grades (Bonal et al., 2007). Visually, the
matrix transforms from opaque to turbid with increasing metamorphism, suggesting aggregation of opaques (McSween, 1977a).
8.2.3. Spinel Fe2+ content
Spinel is a common accessory in both types I and II chondrules
(McSween, 1977a). Both AOIs and CAIs contain spinel, it being a
major component in CAIs, while melilite is rare (McSween,
1977a). With increasing metamorphism, CAI boundaries blur
(McSween, 1977a), and the Fe concentration in spinels in both CAIs
and AOIs increases (Russell et al., 1998; Chizmadia et al., 2002).
8.3. Expected spectral changes with metamorphism
The relevant petrographic, mineralogical, and compositional
changes seen in COs with increasing metamorphism can be translated into expected spectral changes. It should be noted that in
some cases, these petrologic changes may result in opposing spectral changes. It may be possible to assess the relative importance of
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petrologic changes that act in opposite directions on CO spectra. As
an example, with increasing metamorphism, olivine Fa content increases, which would result in lower overall reﬂectance; however,
the decrease in carbonaceous material content and aggregation of
carbonaceous particles would result in higher overall reﬂectance.
8.3.1. Olivine abundance and composition
The increase in Fe2+ content in chondrule olivine at the expense
of Fe in ﬁner-grained (<5 lm) matrix olivine and amorphous Fe–Si
precursors is expected to lead to: (1) deeper olivine Fe2+ absorption
bands, as coarser and more crystalline olivines have deeper absorption bands than ﬁne-grained and amorphous precursors (e.g., King
and Ridley, 1987; Sunshine and Pieters, 1998), and increasing olivine Fe2+ content also leads to deeper absorption bands (Fig. 1); (2)
movement of the 1 lm region absorption band to shorter wavelengths, as glassy Fe-bearing materials exhibit their shorter-wavelength absorption band beyond 1.1 lm (Fig. 6a and b); (3) decrease
in overall reﬂectance, as increasing olivine Fe2+ content reduces
overall reﬂectance for a ﬁxed grain size (Fig. 1); and (4) a likely decrease in overall slope, as Fe2+-bearing glasses are commonly more
red-sloped than olivine (Fig. 6a and b).
8.3.2. Opaque abundance and composition/structure
The metamorphic alteration of carbonaceous materials leads to
aromatization, decrease in overall C content, and aggregation. Aromatization should lead to a reduction in overall reﬂectance and
bluer spectral slopes (Moroz et al., 1998; Cloutis, 2003). The

Fig. 6. (a) Reﬂectance spectra of <45 lm powders of glassy Fe-bearing tektites and obsidian that exhibit absorption bands centered longward of the range for olivine (i.e.,
>1.08 lm). FeO contents for the samples are indicated. (b) Reﬂectance spectra of intimate mixtures of <45 lm olivine (Fa10) and a tektite (indochinite) (FeO = 0.35 wt.%);
tektite abundance increases from top to bottom in the sequence 0, 20, 40, 60, 80, 100 wt.%. (c) <45 lm intimate mixtures of <45 lm olivine and amorphous carbon (<0.021 lm
grain size); wt.% carbon is indicated for each spectrum. (d) Intimate mixtures of 45–90 lm olivine plus 10% <45 or 45–90 lm size magnetite.
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progressive reduction in C content (Sears et al., 1991), and probable aggregation of carbonaceous grains (McSween, 1977a) should
both lead to an increase in overall reﬂectance. Thus, there should
be competing effects on overall reﬂectance from the metamorphic
alteration of carbonaceous phases. Heating experiments on coal
and naturally-occurring coals of increasing rank (Cloutis, 2003)
demonstrate that with increasing temperature, spectral slopes become ﬂatter (due to loss of heteroatoms and bridging structures,
increasing aromatization and structural rearrangements) and mineral absorption bands become more apparent and open system
heated samples become brighter (due to loss of C). The aggregation
of other opaques, such as troilite and metal, should also lead to an
increase in overall reﬂectance; the conversion between sulﬁdes
and metal (Bonal et al., 2007) should have no measurable effect,
as troilite and metal are both dark and red-sloped (Britt et al.,
1992; Cloutis and Gaffey, 1994).
The effects of opaques on olivine spectra is shown in Fig. 6c and
d. As carbonaceous abundance increases, overall reﬂectance and
olivine band depth decrease (Fig. 6c), and these changes can be
quite large even for C abundances equivalent to the values found
in COs (generally a few tenths of a percent). More generally, the
spectrum-altering effects of the aggregation of opaques with
increasing metamorphism can be assessed from the spectra in
Fig. 6d. It can be seen that increasing the opaque grain size results
in higher overall reﬂectance and a deeper olivine absorption band.
8.3.3. Spinel Fe2+ content
Finally, the increase in spinel Fe content with increasing metamorphism (Russell et al., 1998; Chizmadia et al., 2002) should lead
to an increase in the depth of 2 lm region absorption bands, as tetrahedrally coordinated Fe2+ in spinel is an intense absorber in this
region (Cloutis et al., 2004).
8.4. Metamorphic-spectral–compositional correlations
The mineralogic, petrologic and compositional changes documented in COs, and expected spectral changes, can be assessed
against how the CO spectra vary with metamorphic grade.
8.4.1. Olivine abundance and composition
We focused on the Scott and Jones (1990) metamorphic sequence here because it is mineralogy-based and we are examining
olivine spectral features. The CO spectral data show a generally
positive correlation (r = 0.43) between 1 lm band depth and olivine Fe2+ content (Fig. 7a) and mineralogy-based measures of metamorphic grade (Fig. 7b) (the r value for this correlation is 0.14
because of the two ‘‘outliers’’ at metamorphic grades of 3.0 and
3.6). Unfortunately, olivine content is poorly constrained in COs,
so we are unable to determine if this parameter is also correlated
with band depth. It has been noted that olivine is least abundant
in the least metamorphosed CO, ALH 77307 (CO3.0–3.1), which instead contains abundant amorphous silicates (Buseck and Hua,
1993). This material seems to convert to spectrally dominant
amounts of olivine at even low levels of metamorphism (e.g.,
Kaisaz: CO3.1; Keller and Buseck, 1990a).
The positive correlation of 1 lm band depth and olivine Fa content is expected, and it suggests that changes in C content, structure and composition are of lesser importance in affecting 1 lm
band depth. However, this and variations in olivine abundance
may account for some of the scatter in the data. As mentioned,
olivine abundance in COs is poorly constrained but likely increases
most dramatically for the lowest grades where amorphous materials are converted to olivine. This is supported by the fact that the
two reﬂectance spectra of the least metamorphosed CO (ALH
773037; CO3.0–3.1) have either a very weak olivine absorption
band or an absorption feature very unlike olivine (Fig. 4). C content

Fig. 7. (a) Olivine Fa content vs. 1 lm region band depth of powdered CO
reﬂectance spectra. (b) Metamorphic grade of CO chondrites of Scott and Jones
(1990) vs. 1 lm region band depth. (c) Metamorphic grade of CO chondrites of Scott
and Jones (1990) vs. 1 lm region band center.

does not vary dramatically among different COs, only ranging from
0.1 to 1.3 wt.% and shows no correlation with 1 lm region band
depth.
The wavelength position of the 1 lm band, which is expected to
move to shorter wavelengths with increasing metamorphism, is
not correlated with some expected parameters such as olivine Fa
content, and only weakly negatively correlated with metamorphic
grade (Fig. 7c; r = 0.29). The majority of the band positions that
fall in the olivine ﬁeld are for the highest metamorphic grade samples (>CO3.3), and Warrenton, the most metamorphosed CO
(CO3.6–3.7) falls well within the olivine ﬁeld (near 1.06 lm). The
reason for the 1 lm region band center occurring at longer-than-
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expected wavelengths for many of the CO spectra is likely due to
the presence of amorphous Fe-bearing glass which, as shown in
Fig. 6a, has absorption features longward of the olivine ﬁeld (i.e.,
>1.08 lm).
8.4.2. Opaques and absolute reﬂectance and slope
We have found that absolute reﬂectance, measured at the peak
near 0.8 lm, ranges from 5.3% to 19.5%, being lowest for the least
metamorphosed CO, ALH 77307. Absolute reﬂectance is positively
correlated with all measures of metamorphic grade (e.g., Fig. 8a),
and negatively correlated with spectral slope (Fig. 8b and c; i.e.,
brighter = bluer). Correlation coefﬁcients (r) are 0.87, 0.80, and
0.89, respectively. Interestingly, when CO grain size is the variable, there is a positive correlation between peak reﬂectance and
spectral slope (i.e., brighter = redder; Johnson and Fanale, 1973).
Absolute reﬂectance also correlates with 1 and 2 lm region
band depths and IIA/IA band area ratio. The likeliest explanation
of these multiple trends is a reduction in the darkening effects of
opaques with increasing grade (loss of C and/or aggregation of opaque grains); it may also be attributable in part to increasing spinel
Fe content with increasing grade (at least for the 2 lm region band
depth and IIA/IA band area ratio). There is also a positive correlation of absolute reﬂectance with olivine Fa content, but this is
likely fortuitous, as increasing olivine Fa should lead to lower
reﬂectance, suggesting that the metamorphic effects on opaques
(overall brightening) override the modest darkening effects of
increasing olivine Fa content. There are also grain size effects on
absolute reﬂectance and slope (Johnson and Fanale, 1973) that
we have tried to minimize by restricting comparisons to ﬁnegrained powders.
The effect that (carbonaceous) opaques can have on silicates
absolute reﬂectance (and band depths) were shown in Fig. 6c
and d. When opaque abundance decreases (Fig. 6c) or opaque grain
size increases relative to silicate grain size (Fig. 6d), we see large
increases in overall reﬂectance. In terms of other opaque phases,
we see no correlation between FeS and Fe–Ni metal abundances,
nor between these opaque abundances and metamorphic grade.
However, we do expect the aggregation of opaques that occurs
with increasing metamorphism to reduce the darkening effects of
these phases. While troilite, the major sulﬁde in COs, is red-sloped
(Britt et al., 1992; Cloutis and Gaffey, 1994) and CO metal may be
neutral or red-sloped (Gaffey, 1986; Cloutis et al., 2010), the most
troilite-rich (Y-82050) and metal-rich (Kainsaz) COs are not appreciably more red- or blue-sloped compared to other COs of similar
grade, suggesting that sulﬁdes and metal are not as important as
carbonaceous phases in controlling overall reﬂectance and slope.
We conclude that the negative correlation between overall
reﬂectance and spectral slope is not attributable to the changes
that occur in opaque phases with increasing metamorphism; instead is most likely attributable to the effects of increasing spinel
Fe content, as discussed in the next section.
8.4.3. Spinels and band II
The possibility that spinel has a measurable effect on CO spectra, particularly in the 2 lm region, seems reasonable. Spinel
exhibits an absorption band near 2.1 lm when even trace amounts
of Fe2+ are present, and its depth can reach 80% with as little as
3 wt.% FeO (Cloutis et al., 2004). A number of lines of evidence suggest that spinel is the major contributor to the absorption feature
in this region. We see a positive trend between depth of the
2 lm absorption feature and AOI and AOI + CAI abundance
(Fig. 9a); AOIs and CAIs are the major carriers of spinel in COs. CAIs
show a strong 2 lm region absorption band, which is attributable
to Fe-bearing spinel (Rajan and Gaffey, 1984; Cloutis and Gaffey,
1993; Sunshine et al., 2007) (e.g., Fig. 9b).

Fig. 8. (a) Metamorphic grade of CO chondrites of Sears et al. (1991) vs. absolute
reﬂectance of the 0.8 lm region local reﬂectance maximum. (b) Absolute reﬂectance of the 0.8 lm region local reﬂectance maximum vs. reﬂectance ratio of
reﬂectance at 2.5 to the 0.8 lm region local reﬂectance maximum. (c) Absolute
reﬂectance of the 0.8 lm region local reﬂectance maximum vs. 2.5/1.5 lm
reﬂectance ratio. The arrows show the direction of movement of these parameters
with increasing grain size (<74, 74–147, 147–495 lm) for three COs from Johnson
and Fanale (1973).

It is also worth noting that the COs of metamorphic grade 63.1,
as determined by at least one investigator (A-881632, ALHA 77307,
Kainsaz, and Y-82050; Table 2) have the weakest 2 lm region
absorption bands, with depths always <2%. This is consistent with
the low abundance of Fe-rich spinel in the least metamorphosed
COs. We can also use BARs to ascertain the presence of spinels.
The IIA/IA BAR for pure olivine is 0 and ranges up to between
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istics are consistent with the properties of the lowest metamorphic
grade COs: ﬁne-grained dispersed opaques, abundant amorphous
Fe-bearing silicates, low abundance of olivine and low Fa olivine,
and Fe-poor CAI spinels. By approximately grade CO3.2 (e.g., Felix
or Y-791717 – Fig. 5d), the spectra are brighter, have a more olivine-like 1 lm region absorption, and show evidence of a 2 lm region spinel absorption band.
8.6. CM vs. CO (and ATCCs)

Fig. 9. (a) Depth of the 2 lm region absorption feature vs. minimum AOI + CAI
abundance (ﬁlled squares), maximum AOI + CAI abundance (ﬁlled circles), and AOI
abundance (open squares). CAI contents vary among different investigators. The
consistent trends strongly suggest that CAI or CAI + AOI abundance are correlated
with 2 lm region band depth. (b) Reﬂectance spectra of powdered CAI inclusions
from the Allende CV3 chondrite.

0.9 and 1.1 for pure orthopyroxene; clinopyroxene BARs are
generally intermediate between these extremes (Cloutis et al.,
1986; Cloutis and Gaffey, 1991). Even though the pyroxene:olivine
ratio in COs is not well-constrained, a number of the more metamorphosed COs (ALH 83108: CO3.5, ALH 85003: CO3.4–3.5,
Ornans: CO3.3–3.6, and Warrenton: CO3.6–3.7) have IIA/IA BARs
that exceed the value for pure pyroxene (i.e., >1.1). Since spinels
have no 1 lm region absorption, their BARs are 1. The high CO
IIA/IA BAR values is strong evidence for the fact that spinels are
contributing to this spectral region. In addition, the band minima
in the 2 lm region occur in the spinel ﬁeld and outside the range
for low-Ca pyroxenes. The last piece of evidence for contributions
by spinel rather than pyroxene to the 2 lm region is the fact that
a pyroxene: olivine ratio of >1:6 would cause the band I center
to move to wavelengths shortward of the olivine ﬁeld, which is
not observed.
8.5. ALH 77307 (CO3.0–3.1)
The least metamorphosed CO, ALH 77307, provides insights into
the spectral properties of low petrologic grade COs, as well as how
metamorphism affects COs. Its spectra (Fig. 4) are unlike the other,
more metamorphosed CO spectra in many respects. They are the
darkest, and are characterized by a broad absorption band with a
minimum near 1.1 or 1.3 lm, very unlike olivine, and have a nearly
non-existent absorption band in the 2 lm region. These character-

The question of whether COs form a compositional group distinct from CMs is uncertain. CM and CO chondrites have some similarities,
including
chondrule
size,
anhydrous
mineral
compositions, refractory lithophile element abundances, and Oisotopic compositions of high-temperature minerals (Kallemeyn
and Wasson, 1982). Other properties, such as infrared spectra of
organic phases (e.g., Kebukawa et al., 2011), and types and abundances of Fe-bearing phases (e.g., Bland et al., 2008) show differences between CMs, heated CMs, and COs. Some meteorites have
been suggested as transitional between CM and CO, or having
afﬁnities to both groups. However, many of the characteristics that
lead to such uncertain assignments seem to be the result of alteration rather than provenance. As an example, Acfer 094 is a primitive CC that has been characterized as transitional between CM
and CO chondrites. Its textural properties are more similar to
CO3.0 type chondrites than to CM type chondrites (which do not
have petrologic grades as high as 3.0 (e.g., Choe et al., 2010; Konrad
et al., 2010).
Textural differences that may exist between different CC groups
will generally not lead to spectral differences that can be exploited
to identify parent bodies, as asteroid surfaces are expected to consist of ﬁne-grained regolith that will obliterate textural information. However, compositional/mineralogical differences that exist
could potentially be exploited for this purpose if they lead to measurable spectral differences.
As an example, we can compare reﬂectance spectra of the least
aqueously-altered CM chondrite (Murchison, CM2.7; Trigo-Rodriguez et al., 2006) and the least-altered CO chondrite (ALH 77307;
CO3.0–3.1). Interestingly, one of the Murchison spectra shows an
olivine-like absorption band in the 1 lm region (camh52), as does
one of the ALH 77307 spectra (bkr1mp102; Fig. 10a), suggesting
that, at least for this case, spectral similarities exist between
CO3.0 and CM2.7 CCs. The 1 lm continuum-removed spectra
(Fig. 10b) are similar, and the Murchison spectrum actually shows
a more olivine-like absorption band (i.e., inﬂection near 1.3 lm).
The shape of this band would vary depending on where we construct the continuum – we chose 1.395 lm as the continuum end
point based on the Murchison spectrum and desire to avoid any
hydration bands; however the ALH 77307 spectrum has a very
broad 1 lm region feature, so the selection of the continuum end
point for this spectrum is rather arbitrary. A longer wavelength
end point would shift the apparent band center to even longer
wavelengths.
The low degree of apparent aqueous alteration in Murchison allows the olivine absorption bands to dominate the spectrum; the
serpentine bands that are common in most CM spectra (Cloutis
et al., 2011b) do not appear. In the case of ALH 77307, olivine also
dominates the spectrum, the contribution of the abundant Fe-rich
glass seems to be limited to a broadening of the long wavelength
wing of the olivine band and suppression of the 1.25 lm inﬂection
point. The 2 lm region spinel band is not yet apparent (due to the
low degree of spinel Fe-enrichment).
The other ALH 77307 spectrum (c1mp117) and another Murchison spectrum (cbmh52) do differ (Fig. 10c). The ALH 77307 spectrum has a much more glass-like spectrum (broad absorption
feature centered near 1.25 lm), while Murchison shows the
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Fig. 10. (a) Reﬂectance spectra of <90 lm powder of the Murchison CM2.7 chondrite (camh52) and <125 lm powder of the ALH 77307 CO3.0 chondrite (bkr1mp102). (b)
Same as (a) after removal of straight line continua (ﬁxed at 1.38 lm); linear vertical offset applied to the ALH 77307 spectrum for clarity is indicated. (c) Same as (a) for
cbmh52 spectrum of Murchison and c1mp117 spectrum of ALH 77307. (d) Reﬂectance spectra of ALH 77307 and various intensely thermally metamorphosed CM chondrites
(see text for details). (e) Same as (d) after removal of straight line continua (ﬁxed at 1.38 lm); linear vertical offset applied to some spectra for clarity are indicated. (f)
Reﬂectance spectra of ALH 77307, Murchison heated to 1000 °C and laser-irradiated and re-ground Mighei CM2 chondrite (see text for details). (g) Same as (f) after removal of
straight line continua (ﬁxed at 1.38 lm); linear vertical offset applied to some spectra for clarity are indicated.

expected serpentine absorption features, most noticeably near
0.7 lm. These spectra are considered to be more representative
of the respective meteorites’ expected spectral behavior and, based
on these spectra, can be distinguished based on absorption band
shapes and positions. The broad absorption feature of ALH 77307
is consistent with its mixture of low-Fe olivine and glass, while
the Murchison spectrum is consistent with a serpentine–olivine
mixture and abundant, unaltered, ﬁnely-dispersed organics. Interestingly, they have similar average reﬂectance.

We can also compare naturally-metamorphosed, laboratoryheated and laser-irradiated CMs to ALH77307 and more metamorphosed COs to see if spectral differences exist. While these altered
CMs are similar to COs in overall reﬂectance and spectral slope in
one case (ALH 77307 vs. B-7904), they differ in their UV–visible
spectral slopes (Fig. 10d). When examined in detail, the altered
CMs also fail to exhibit a well-resolved olivine absorption band,
being characterized instead by a region of weak, broad absorption,
normally centered near 0.9–1.0 lm (Fig. 10e). This is consistent
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ranges from 5% to 21% and is negatively correlated with the 2.5/
0.8 lm peak reﬂectance ratio (Fig. 8b). The position of the peak
ranges from 0.68 to 0.92 lm, mostly from 0.77 to 0.84 lm. Band
area ratios range from 0 to 16 (all but one <1.5) for band II/I, and
0–35 (all but one <2.1) for band IIA/IA (Cloutis et al., 1986). Band
IIA/IA is a better indicator of a strong 2 lm band which does not
have a pronounced upturn shortward of 2.5 lm (i.e., spinel).
8.8. Weathering effects

Fig. 10 (continued)

with our observations that the metamorphic temperatures experienced by thermally metamorphosed CMs (<1000 °C) are inadequate to result in the production of well-crystallized olivine in
abundances sufﬁcient to give rise to well-deﬁned or deep olivinelike absorption bands in the 1 lm region.
We see similar effects in laboratory-heated and laser-irradiated
CMs (Fig. 10f). The Murchison CM2.7 chondrite heated to 1000 °C
(<63 lm) is slightly brighter than ALH 77307 (<125 lm), has a ﬂatter spectral slope and steeper UV dropoff, and a broad 1 lm region
absorption feature (unlike olivine) similar to ALH 77307. A laserirradiated sample of the Mighei CM2 chondrite (intended to simulate micrometeoritic bombardment, and with the larger irradiated
particles ground to <45 lm) has a much more glass-like spectrum
(red-sloped) and 1 lm region absorption feature. When continuum
removal is applied to the spectra (Fig. 10g), the Murchison absorption band is at a shorter wavelength than expected for olivine and
does not exhibit the expected olivine side lobes near 0.9 and
1.25 lm, suggesting that it has not crystallized spectrally-abundant amounts of olivine. The Mighei continuum-removed spectrum is more olivine-like, suggesting that laser irradiation can
potentially produce olivine. The wavelength position of the band
and the overall red slope of the Mighei spectrum indicate that laser-irradiation also results in the production of amorphous or
poorly crystalline Fe-bearing glass (Moroz et al., 2004).
8.7. Range of CO spectral properties
The CO chondrites included in this study range from petrologic
grade 3.0 to 3.7 (Table 2). These samples allow us to place rough
constraints on CO spectral properties as a whole, while keeping in
mind that many of these properties vary as a function of petrologic
grade, thereby allowing constraints to also be placed on petrologic
subtype. We largely conﬁne ourselves to powdered samples with
no minimum size constraint, as we expect CO parent bodies to possess ﬁne-grained regoliths. With increasing grain size with the ﬁnest portion removed, absolute reﬂectance decreases, spectral slope
becomes redder (less blue), and silicate absorption bands become
deeper (Johnson and Fanale, 1973).
Our CO powder spectra are characterized by 1 lm region band
depths of 2.6–10.4%, and 2 lm region band depths of 0–18%. The
1 lm region absorption feature is usually centered near 1.1 lm,
and the 2 lm band is usually located between 2.0 and 2.3 lm.
Spectral slope as measured by the reﬂectance ratio at 2.5 lm to
the local reﬂectance maximum near 0.8 lm ranges from 0.82 to
1.19. The 2.5/2.5 lm reﬂectance ratio, a measure of infrared slope,
ranges from 0.86 to 1.14. Reﬂectance of the 0.8 lm region peak

CO chondrites show evidence of terrestrial weathering, manifested most noticeably as perturbation in C and O isotopes (Newton et al., 1995; Greenwood and Franchi, 2004). We also expect
terrestrial weathering to result in the production of ferric oxyhydroxides (Bland et al., 2006), which would lead to absorption features near 0.5 and 0.9 lm and a steep reﬂectance dropoff toward
the UV (Sherman, 1985). The 0.9 lm feature will not be readily
identiﬁable because it overlaps with the short wavelength absorption of olivine, and of low-Ca pyroxene. Salisbury and Hunt (1974)
used the 0.6/0.5 lm reﬂectance ratio as a measure of terrestrial
weathering in a variety of meteorites, with higher values associated with fresher meteorites; they also cautioned against its use
for assessing CC weathering, due to various confounding effects.
The 0.6/0.5 lm ratio was found to be >1.24 for the CO ﬁnds, and
<1.14 for the CO falls, with the exception of Lancé. However, Lancé
differs from other COs in having abundant hydrous phases and a
material similar to ferrihydrite (Keller and Buseck, 1990a), as well
as a higher paramagnetic component (mostly Fe3+-bearing phases)
than other falls (Bland et al., 2008).
8.9. Summary
The variation in some spectral properties with increasing metamorphic grade (i.e., increasing reﬂectance, bluer slopes, and stronger 1 and 2 lm region absorption features), are all or partly
consistent with: (1) a decrease in carbonaceous material abundance (higher reﬂectance and deeper 1 and 2 lm region absorption
features); (2) increasing olivine Fa content (deeper 1 lm region
absorption feature); and (3) increasing spinel Fe content (stronger
2 lm region absorption feature and bluer slope). These compositional changes with increasing subgrade have been noted by a
number of investigators (e.g., McSween, 1977a; Scott and Jones,
1990; Sears et al., 1991; Chizmadia et al., 2002; Bonal et al.,
2007). What we have demonstrated is that a number of these compositional changes are expressed in CO reﬂectance spectra.
9. CO chondrites and K asteroids
Burbine et al. (1992) determined that the 0.35–2.5 lm reﬂectance spectra of two K-class asteroids (387 Aquitania and 980 Anacostia) exhibit spectral features consistent with Fe-bearing spinels,
speciﬁcally a broad absorption band centered beyond 2 lm and a
weak to non-existent 1 lm region band. However, their published
spectra do exhibit a weak 1 lm absorption feature centered near
1.05 lm, indicating that some olivine is present. Modeling of the
asteroid spectra suggested the presence of 5–10% Allende white
inclusions (speciﬁcally Fe-bearing spinels), which is above their
abundance in Allende.
Burbine et al. (2001) found spectral matches between two Eos
family K-class asteroids (221 Eos and 653 Berenike) and the Warrenton CO3 chondrite. These matches were based on overall spectral shapes from 0.44 to 1.65 lm, including an olivine-dominated
1 lm region, and similar albedos. Observational data beyond
1.6 lm were too noisy to enable a good spectral match to CO
spectra.
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Sunshine et al. (2007, 2008) identiﬁed a number of asteroids
that possess spectral features consistent with Fe-spinel-containing
inclusions, speciﬁcally ﬂuffy type A. They determined that the 1
and 2 lm region absorption features required variable amounts
of olivine and Fe-bearing spinels, for the latter, beyond the abundances recorded in CO and CV chondrites.
Metamorphism of COs leads to an increase in olivine abundance
(from pre-existing glass), olivine Fa content, and spinel Fe content.
From this, we would expect 1 and 2 lm region band depths to be
positively correlated with each other and metamorphic grade.
While there is a weak positive correlation between these two band
depths (Fig. 11a), there is also signiﬁcant scatter. This indicates
that this spectral metric has some limited applicability to identifying CO parent bodies. The presence of both olivine and spinel bands
seems to be characteristic of metamorphosed CO chondrites
( J CO3.1), as such features have not been seen in other CCs (CI,
CM, CR, thermally metamorphosed CCs) examined in detail to date.
Using the 1 lm vs. 2 lm region band depth metric, we ﬁnd that
the K-class asteroids identiﬁed by Burbine et al. (1992) and

Fig. 11. (a) Depths of 1 and 2 lm region absorption bands of CO spectra with points
for a number of K-class asteroids superimposed (from Burbine et al. (1992) and
Sunshine et al. (2008)). Pure spinels and olivines plot off the ﬁgures toward the top
(spinels have a strong 2 lm region absorption band and no 1 lm band; olivines
have a strong 1 lm region absorption band and no 2 lm band). (b) 1.4/0.7 lm local
peaks reﬂectance ratio vs. 0.6/0.5 lm reﬂectance ratio for CO chondrite powders
(ﬁnds: ﬁlled squares; falls: open squares), and K-asteroids (open circles; from
Burbine et al. (1992) and Sunshine et al., 2008). ‘‘L’’ and ‘‘W’’ indicates data for Lancé
and Warrenton, respectively, with lines connecting points for each meteorite as a
function of change in grain size (grain size range for data points indicated on the
ﬁgure). Data points for a low-Fe spinel and olivines (with Fa content indicated) are
denoted by a ﬁlled triangle and ﬁlled circles, respectively, and directions of
movement of the spectral parameters with increasing Fe content are indicated by
arrows.
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Sunshine et al. (2008) plot to the left of the general CO trend
(Fig. 11a), suggesting that they are generally less olivine-rich for
a given spinel abundance (i.e., spinel band depth) than COs. We
do not ﬁnd that these asteroids are necessarily more spinel-rich
than many CO chondrites, but that they are relatively depleted in
olivine. While this result appears at odds with the spectral modeling interpretations of Sunshine et al. (2008), their modeling was
based largely on CV chondrites. Our results are consistent with
their interpretation that the spinel:olivine ratio in these asteroids
appears to be greater than COs.
The visible region red slope that is seen in some K-class asteroid
spectra (e.g., Sunshine et al., 2008) could be attributable to space
weathering as exempliﬁed by the laser-irradiation experiments
of Moroz et al. (2004), although other spinel-bearing asteroids
(Burbine et al., 2001) do not require additional reddening to match
CO spectra. Sunshine et al. (2008) were able to reasonably model
various K-asteroid spectra using a combination of Allende bulk
powder and ﬂuffy type A inclusions, although the model spectra
were generally less red-sloped than the asteroid spectra. Plotting
the 0.6/0.5 lm vs. 1.4/0.7 lm peak reﬂectance ratios (Fig. 11b)
we ﬁnd that the visible region slopes of CO falls are generally bluer
than ﬁnds, as expected (Salisbury and Hunt, 1974). All of the Kasteroid spectra have visible region slopes that are equal to or
bluer than the reddest CO ﬁnd, suggesting that space weathering
involving reddening of the visible region is not required to match
K-asteroids and CO spectra in this wavelength region. It also suggests that CO CAIs may be different than CV CAIs.
Using the 1.4/0.7 lm peak ratios as a measure of near-infrared slope, we ﬁnd that most of the asteroids are more red-sloped
than the CO chondrites (Fig. 11b). If the asteroids were coarser
grained than the CO powders, they would be less red-sloped than
the powders. While pure Fe-bearing spinels can have 1.4/0.7 lm
ratios that are redder than the COs, they are bluer-sloped in the
0.5–0.6 lm region (Cloutis et al., 2004). Olivine, with increasing
Fe2+ content shows increasing 0.6/0.5 lm and 1.4/0.7 lm ratios,
passing through the K-asteroid ‘‘ﬁeld’’ in Fig. 11b; olivine with Fa
content similar to COs (Fa30–40) lies in the middle of the K-asteroid
ﬁeld.
These spectral parameters suggest that spinel + olivine mixtures can account for the slopes, and absorption bands of K-asteroids, as also demonstrated by Sunshine et al. (2008), and that
opaques, similar to those in Allende, are required to reduce band
depths of spinels and olivine. The inclusions in CV CAIs may not
be as suitable as CO CAIs, however, for matching visible region
slopes. Most opaques also have no appreciable effect on 0.6/
0.5 lm reﬂectance ratio of olivine.

Fig. 12. Reﬂectance spectra of <125 lm powders of two CV chondrites (ALH 84026
and Y-86751) and two CO chondrites (ALH 77003 and Y-791717). All the spectra
have similarities in terms of 1 and 2 lm region absorption features.
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10. CO vs. CV chondrites
Detailed analysis of CV chondrites is ongoing and will be the
subject of a future paper in this series; however our preliminary
interpretations suggest that some COs and CVs are spectrally very
similar. This is not surprising as these two groups share many characteristics, including similar matrix:chondrule abundances, presence of Fe-bearing olivine (although CV olivine is generally more
Mg-rich), and abundant CAIs (Brearley and Jones, 1998). Fig. 12
shows reﬂectance spectra of some CO and CV chondrites that have
some spectral similarities, particularly absorption features in the 1
and 2 lm region and similar overall reﬂectance for similar grain
sizes.

11. Summary and conclusions
The number of CO spectra included in this study (ranging from
CO3.0 to CO3.7) and the available petrologic information, enables us to interpret the spectral properties of COs. As a group,
our CO powder spectra have some similarities and differences.
They all exhibit an absorption feature in the 1 lm region, and an
absorption band in the 2 lm region in COs >3.1 The depth of the
1 lm absorption feature generally increases with increasing metamorphic grade, and ranges from 3.5% to 10.4%. Its band center
ranges from 1.06 to 1.31 lm (0.97 lm in one case). Most of the
band centers occur at >1.08 lm, indicative of an additional contribution besides olivine, likely Fe-bearing glass. With increasing
thermal metamorphism, olivine forms at the expense of Fe-bearing
amorphous phases. The olivine becomes increasingly Fe2+-rich and
coarser grained, while ﬁne-grained opaques aggregate. These effects collectively lead to the progressive appearance of an olivine
absorption band in the 1 lm region whose intensity increases with
increasing thermal metamorphism.
The depth of the 2 lm absorption feature also generally increases with increasing metamorphic grade (ranging from 0% to
12.2%). Its wavelength position is consistent with that of spinel.
Its increasing depth with increasing grade, and the fact that the
most metamorphosed COs have the bluest spectral slopes, are consistent with increasing spinel Fe2+ content. Band area ratios vary
widely, and most COs have ratios requiring an additional spectral
contribution besides olivine; a number of the higher ratios are outside the range of olivine–pyroxene mixtures and are again consistent with the presence of Fe-bearing spinel.
The loss or aggregation of carbonaceous material is the likeliest
explanation for the increase in overall reﬂectance with increasing
metamorphic grade. The concomitant bluing of spectral slope with
increasing overall reﬂectance can be attributed to the increasing
inﬂuence of Fe2+-bearing spinel.
The least-metamorphosed COs are the most difﬁcult to separate
from other CC groups, particularly the least metamorphosed CMs,
as both are dark and have weak absorption bands. CMs that have
been thermally metamorphosed subsequent to aqueous alteration
do not exhibit the well-deﬁned olivine absorption band that is
characteristic of COs of grade J 3.1.
With decreasing grain size, CO spectra normally become brighter and more red-sloped. The 0.6/0.5 lm ratios of CO falls are consistently higher than CO ﬁnds, suggesting that terrestrial
weathering has affected the visible wavelength region of ﬁnds;
however, there is no consistent difference in other spectral parameters between falls and ﬁnds.
The nearly ubiquitous presence of a spinel absorption band is
one of the most characteristic features of COs. The presence of such
a feature in a number of asteroid spectra provides a possible link
between COs and possible parent bodies, although enhancement
of a spinel spectral contribution seems to be required. This may

be possible if these objects are metamorphosed beyond the level
experienced by the COs included in this study or if there is some
mechanism that can concentrate spinel on their surfaces.
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Appendix A. Composition of individual CCs included in this
study
A.1. (CO3.1)
This meteorite has been classiﬁed as a CO3.1 meteorite (Chizmadia and Bendersky, 2006). The olivine averages Fa1.4, and it contains some ferroan olivine veins.
A.2. ALH 77003 (CO3.4/3.5/3.6)
ALH 77003 contains CAIs, AOIs, chondrules, devitriﬁed glass
fragments, silicate and opaque mineral fragments, and matrix (Ikeda, 1982). It contains 4.8 wt.% FeS, 6.6 wt.% Fe–Ni metal and
2.0 wt.% H2O; olivine composition is Fa0.2–46 (average Fa18.8), and
pyroxene composition is Fs0.5–42 (averages are Fs4.1; Fs6.2 Wo5.4)
(Yanai et al., 1995). The matrix consists of a mixture mainly of ferrous olivine (Fa35–45) and Fe-bearing minerals (sulﬁdes, Fe–Ni metal or Fe-oxides) and small amounts of nepheline, spinel, and/or
high-Ca pyroxene (Ikeda, 1982; Housley, 1984). Both the olivine
(Fa4–48) and pyroxene (Fs2–25) are compositionally heterogeneous
in this meteorite (Mason, 1981). Olivine compositions are variously
given as Fa4–48 (average Fa25) (Mason, 1981; Sears et al., 1991), Fa0–
40 (most Fa35–40), and Fs0–11 (most Fs0–6) (Scott and Jones, 1990).
Pyroxene compositions are variously given as Fs0–25 (Mason,
1981), or Fs0–11 (most Fs0–6) (Scott and Jones, 1990). Chondrule
olivine compositions cluster near Fa12–16 for type IA chondrules
and Fa36–42 for type II chondrules (Scott and Jones, 1990). Olivine
is the main constituent of chondrules and ranges from Fa0 to Fa35
(Ikeda, 1982). Scott and Jones (1990) give mean olivine and pyroxene compositions of Fa17 and Fs1.4 in type IA chondrules, and Fa39
in type II chondrules. It has 0.92 area % CAIs (Russell et al., 1998).
Matrix Fe/(Fe + Mg) is fairly constant at 0.43 (Ikeda, 1982); Sears
et al. (1991) give the average matrix FeO/(FeO + MgO) as 0.63. C
contents are variously given as 0.16 wt.% (Alexander et al., 2007),
0.2 wt.% (Gibson and Andrawes, 1980), 0.29 wt.% (Shimoyama
et al., 1993), 0.18 wt.% (Newton et al., 1992), or 0.28 wt.% (Jarosewich, 1990). S content is 2.0 wt.% (Gibson and Andrawes, 1980).
A.3. ALHA 77307 (CO3.0/3.03/3.1)
It was initially classiﬁed as a CO3 chondrite (Yanai et al., 1995).
It is very unequilibrated (subtype CO3.0) and consists of an
unequilibrated assemblage of olivine, pyroxene, amorphous material, sulﬁdes, oxides, and Fe–Ni-metal (Brearley, 1996). This
meteorite has a typical CO3 matrix:chondrule ratio of 0.5 (Brearley,
1990). It contains 30.5 vol.% chondrules (most being metal-rich),
4.9 vol.% AOIs, 1.2 vol.% refractory inclusions, 18.7 vol.% lithic
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fragments, 43.1 vol.% matrix, and 1.2 vol.% metal (Rubin et al.,
1985), or 33.7 vol.% matrix (Alexander et al., 2007).
Nagahara and Kushiro (1982) describe this meteorite as containing abundant chondrules, both Fe-poor (Fa0–2, and containing
both olivine and pyroxene) and Fe-rich (Fa30–40, containing no
pyroxene), AOIs, rarer CAIs, and isolated olivine grains (both Fepoor (generally Fa0–3) and Fe-rich (generally Fa20–60). It contains
5.4 wt.% FeS, 0 wt.% Fe–Ni metal and 9.7 wt.% H2O (Yanai et al.,
1995). Its matrix contains much more Si-, Fe-rich amorphous
material than more equilibrated CO3 chondrites (Buseck and
Hua, 1993). It differs in some ways from a ‘‘typical’’ CO chondrite
in its thermoluminescence properties, and it contains Fe-carbides
and no pentlandite (Sears and Ross, 1983). It has 1.10% (May
et al., 1999), or 0.9% CAIs by area in thin section (Russell et al.,
1998). Olivine and pyroxene compositions are variously reported
as Fa0–47 (most Fa<2), and Fs0–17 (most Fs2) (Scott and Jones,
1990); average Fa13 (Sears et al., 1991); Fa0–70 (Brearley, 1996);
Fa0.2–45.7 (average Fa8.9), and Fs0.6–7.5 (average Fs2.0) (Yanai et al.,
1995). Chondrule olivine compositions cluster near Fa0–3 (average
Fa1.1) for type IA chondrules and Fa26–33 (average Fa31) for type II
chondrules (Scott and Jones, 1990). Mean pyroxene composition
is Fs1.0 in type IA chondrules (Scott and Jones, 1990). Its matrix
FeO/(FeO + MgO) ratio averages 0.71 (Sears et al., 1991). Carbon
content is variously reported as 0.8 wt.% (Gibson and Andrawes,
1980; Jarosewich, 1990), 1.3 wt.% (Gibson and Yanai, 1979),
0.78 wt.% (Newton et al., 1992), 0.79 wt.% (Shimoyama et al.,
1993), 0.48 wt.% (Alexander et al., 2007), or 0.74 or 1.17 wt.%
(duplicate analyses) (Murae et al., 1986). S content is 1.5 wt.% (Gibson and Andrawes, 1980) or 3.9 wt.% (Gibson and Yanai, 1979).
A.4. ALH 82101 (CO3.3/3.4)
It was initially classiﬁed as a CO3 chondrite (Schwarz and Mason, 1983). The interior is a gray-beige color, some metal is present
and the matrix is dark gray with a few white and darker gray inclusions (Schwarz and Mason, 1983). A thin section shows an aggregate of chondrules, chondrule fragments and mineral grains set
in a translucent yellow–brown isotropic matrix; minor amounts
of Fe–Ni metal and sulﬁde are present within chondrules and concentrated on chondrule margins (Schwarz and Mason, 1983). CAI
abundance is 1.3% by area in thin section (Russell et al., 1998).
Olivine composition is Fa1–50 (mean Fa22), and only a few pyroxene
grains were found (Fs1–10) (Schwarz and Mason, 1983). Gooding
(1986) reports that olivine and pyroxene are heterogeneous: Fa1–
50 and Fs1–10, Chizmadia and Bendersky (2006) report that its olivine composition is concentrated near Fa3–5 but ranges as high as
Fa40. Scott and Jones (1990) give values of Fa0–55 (most Fa<7), and
Fs0–17 (most Fs<2), and Sears et al. (1991) give an average olivine
composition of Fa17. Chondrule olivine compositions cluster near
Fa3–12 (mean Fa7.3), and mean pyroxene of Fs2.2 for type IA chondrules and Fa37–40 (mean Fa38) for type II chondrules (Scott and
Jones, 1990). It contains 0.06 wt.% C (Jarosewich, 1990).
A.5. ALH 83108 (CO3.5)
This meteorite was initially classiﬁed as a CO3 chondrite (Schwarz and Mason, 1986). The interior is medium gray, containing
minute ﬂecks (Schwarz and Mason, 1986). In thin section it shows
numerous chondrules, chondrule fragments, and mineral aggregates in a turbid brown matrix that contains minor subequal
amounts of Fe–Ni metal and sulﬁde; most of the chondrules consist
of olivine, and pyroxene is rare (Schwarz and Mason, 1986). Olivine
composition ranges from Fa0.9 to Fa38 with a marked peak at the
high-Fe end; pyroxene composition ranges from near Fs0 to Fs17
and Wo0–5, with a mean of Fs6Wo2 (Schwarz and Mason, 1986).
It contains 0.04 wt.% C (Alexander et al., 2007).

483

A.6. ALH 85003 (CO3.4/3.5)
It was initially classiﬁed as a CO3 chondrite (Martinez and Mason, 1987). The interior is light gray, and chondrules and clasts are
not distinguishable (Martinez and Mason, 1987). A thin section
shows an aggregate of small chondrules, chondrule fragments,
and irregular aggregates set in a translucent yellow–brown matrix
(Martinez and Mason, 1987). Chondrules are mainly olivine; minor
amounts of Ni–Fe metal and sulﬁdes are present as small scattered
grains. Olivine composition ranges from Fa1–56, mean Fa17; only a
few grains of pyroxene were found (Fs0.5–23) (Martinez and Mason,
1987); Chizmadia and Bendersky (2006) report that its olivine
composition is concentrated near Fa5 but ranges as high as Fa50,
while Sears et al. (1991) give an average olivine composition of
Fa17. It shows mobile trace element evidence of thermal metamorphism (Lipschutz et al., 1999) and other features consistent with
thermal metamorphism (Wang and Lipschutz, 1998). C and S contents are 0.09 and 2.41 wt.%, respectively (Hartmetz et al., 1989). It
is very similar to, and possibly paired with, ALH 82101 (Martinez
and Mason, 1987).
A.7. Felix (CO3.2/3.3/3.4/3.6)
Overall and chondrule olivine compositions cluster around Fa18
(van Schmus, 1969; Sears et al., 1991). CAI abundance is 1.5% by
area in thin section (Russell et al., 1998). It contains 25.7% Fe in
its matrix (Wood, 1967). Matrix phyllosilicate Fe/(Fe + Mg) ranges
from 47 to 65 and averages 0.51 (Zolensky et al., 1993); bulk matrix FeO/(FeO + MgO) averages 0.64 (Sears et al., 1991) and matrix
Fe/(Fe + Mg) averages 0.51 (Zolensky et al., 1993). C content is given as 0.83 wt.% (Pearson et al., 2006), 0.45 wt.% (Wood, 1967),
or 0.42 wt.% (Newton et al., 1992), and S content as 0.08 wt.% (Zolensky et al., 1993).
A.8. FRO 95002 (CO3)
This is a CO3 meteorite (Grossman, 1997) that contains
0.14 wt.% H (Pearson et al., 2001). It contains olivine and pyroxene
with Fa4.6–44.2 (average Fa21.3) and Fs1.5–7.9 (average Fs2.4), respectively (Grossman, 1997).
A.9. FRO 99040 (CO3)
This meteorite is classiﬁed as a CO3 chondrite and contains
abundant
chondrules
(45 vol.%),
refractory
inclusions
(10 vol.%), and metal (5 vol.%), set in a ﬁne-grained matrix
(Grossman, 2000). Olivine and pyroxene compositions are Fa1–49
and Fs1–7, respectively (Grossman, 2000).
A.10. Kainsaz (CO3.1/3.2/3.6)
It contains 6.6 vol.% (14.6 wt.%) Fe–Ni-metal, 4.0 vol.% (5.3 wt.%)
sulﬁdes, and 89.4 vol.% (80.2 wt.%) silicates (Rubin et al., 1985). An
older analysis (Chirvinsky and Ushakova, 1946) gives 47.3 vol.%
(39.9 wt.%) matrix, 10.7 vol.% (22.6 wt.%) Fe–Ni-metal, 0.93 vol.%
(1.21 wt.%) sulﬁdes, 11.6 vol.% (10.5 wt.%) olivine, and 29.4 vol.%
(25.7 wt.%) pyroxene. It contains 5.9 vol.% metal (McSween,
1977a), or 19 wt.% metal (Rubin et al., 1985). CAI abundance is
0.7% (Russell et al., 1998), or 0.47% by area in thin section (Hezel
et al., 2008). Overall olivine composition ranges from Fa48to Fa72,
with a mean of Fa56 (Brearley, 1996). It has 30 vol.% matrix (Alexander et al., 2007) that consists of ﬁne-grained compositionally
heterogeneous olivine (Fa20–50) and pyroxene (Keller and Buseck,
1990a). Its matrix FeO/(FeO + MgO) averages 0.64 (Sears et al.,
1991). Kainsaz matrix is essentially unaltered and consists of compositionally heterogeneous, ﬁne-grained olivine (Fa20–50) and
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pyroxene (enstatite and hedenbergite); ﬁne-grained Fe–Ni-metal is
also present (Keller and Buseck, 1990a). Chondrule olivines cluster
around Fa12 (van Schmus, 1969; Brearley, 1996). More speciﬁc
analyses indicate that chondrule olivine compositions cluster near
Fa2–7 for type IA chondrules and Fa26–31 for type II chondrules
(Scott and Jones, 1990). Sears et al. (1991) give mean olivine and
pyroxene compositions as Fa3.6 and Fs1.0 for type IA chondrules,
and Fa27 for type II chondrules (Scott and Jones, 1990). Its C content
is given as 0.22 wt.% (Ahrens et al., 1973), 0.61 wt.% (Newton et al.,
1992), 0.79 wt.% (Pearson et al., 2006), or 0.43 wt.% (Alexander
et al., 2007). Its S content is 2.06 wt.% (Ahrens et al., 1973),
A.11. Lancé (CO3.4/3.5/3.6)
In contrast to other CO3 chondrites, Lancé contains signiﬁcant
amounts of hydrous phases (Keller and Buseck, 1990a). CAI abundance is 1% (Russell et al., 1998), or 1.38% by area (May et al.,
1999). Olivine composition ranges from Fa10 to Fa50 (Mason,
1963), and averages Fa21 (Sears et al., 1991). The matrix is composed predominantly of ﬁne-grained olivine (<10 lm, Fa40–50) with
variable amounts of Fe-rich phyllosilicates (probably serpentine)
resulting from alteration of the ﬁnest-grain olivine, and a poorly
crystalline Fe3+-bearing phase similar to ferrihydrite (Keller and
Buseck, 1990a). The phyllosilicates have a serpentine layer spacing
(Kerridge, 1964). Its matrix FeO/(FeO + MgO) averages 0.64 (Sears
et al., 1991), and contains 27.6% Fe (Wood, 1967). Chondrule olivines cluster around Fa21 (van Schmus, 1969). More speciﬁcally,
chondrule olivine compositions cluster near Fa2–11 (mean Fa4.9)
for type IA chondrules and Fa32–42 (mean Fa36) for type II chondrules (Scott and Jones, 1990). C content is given as 0.46 wt.%
(Wood, 1967), 0.65 wt.% (Pearson et al., 2006), or 0.52 wt.% (Newton et al., 1992).
A.12. MET 00737 (CO3.6)
The interior shows small chondrules of various light-colored
shades; it is ﬁne-grained with a high metal content (McBride and
McCoy, 2003). A thin section shows abundant chondrules, chondrule fragments, and mineral grains in a dark matrix; metal and
sulﬁde occur within and rimming chondrules (McBride and McCoy,
2003). Olivine ranges in composition from Fa0 to Fa33, with a clustering near Fa30; orthopyroxene is Fs1–8 (McBride and McCoy,
2003).
A.13. Ornans (CO3.3/3.4/3.6)
Olivine composition ranges from Fa25 to Fa60 (Mason, 1963), or
Fa48 to Fa60 (Brearley, 1996), and averages Fa19 (Sears et al., 1991)
or Fa53 (Brearley, 1996). It contains a phyllosilicate with a serpentine layer spacing (Kerridge, 1964). CAI abundance is 0.6% by area
in thin section (Russell et al., 1998). Matrix FeO/(FeO + MgO)
averages 0.66 (Sears et al., 1991). It contains 25.6% Fe in its matrix (Wood, 1967). Chondrule olivines are generally Fa-poor
(Fa<7), as are chondrule pyroxenes (Fs<6) (Rubin and Wasson,
1988). Chondrule olivines cluster around Fa19 (van Schmus,
1969). More speciﬁc analyses indicate that chondrule olivine
compositions cluster near Fa2–7 for type IA chondrules and Fa26–
42 for type II chondrules (Scott and Jones, 1990). Scott and Jones
(1990) give mean olivine and pyroxene compositions as Fa4.7
and Fs1.3 in type IA chondrules, and Fa34 in type II chondrules.
Bulk C content is 0.35 wt.% (Wood, 1967), 0.24 wt.% (Pearson
et al., 2006), or 0.13 wt.% (Newton et al., 1992). Ornans seems
to deviate from a number of metamorphic sequences due to some
‘‘discrepancies’’ between compositional and petrographic characteristics (McSween, 1977a).

A.14. Warrenton (CO3.6/3.7)
Olivine composition ranges from Fa25 to Fa55 (Mason, 1963).
Scott and Jones (1990) give olivine and pyroxene compositional
ranges of Fa0–41 (most Fa40), and Fs0–10 (most Fs2), while Brearley
(1996) gives a range of Fa36–46 (mean Fa40). Sears et al. (1991)
give average olivine composition of Fa28. It has 0.97% (Russell
et al., 1998), or 1.01% CAIs by area in thin section (Hezel et al.,
2008). Its matrix consist mainly of Fe-rich olivine, with a narrow
range of composition (Fa45–50); it also contains some ﬁne-grained
taenite and the matrix minerals have undergone some oxidation
as evidenced by the presence of poorly crystalline ferric oxide
(Keller and Buseck, 1990a). It has 20% Fe in its matrix (Wood,
1967). Matrix FeO/(FeO + MgO) averages 0.54 (Sears et al.,
1991). and Fe/(Fe + Mg) of 0.46 (Zolensky et al., 1993). The matrix
contains 0.08 wt.% S (Zolensky et al., 1993). Matrix phyllosilicate
Fe/(Fe + Mg) ranges from 45 to 65 (Zolensky et al., 1993). Chondrule olivines cluster around Fa34 (van Schmus, 1969). Scott and
Jones (1990) determined chondrule olivine compositions to cluster near Fa14–20 (mean Fa18) for type IA chondrules and Fa24–36
(mean Fa31) for type II chondrules. Bulk C content is 0.29 wt.%
(Newton et al., 1992), 0.44 wt.% (Pearson et al., 2006), or
0.30 wt.% (Wood, 1967).
A.15. Y-791717 (CO3.3/3.6)
It contains various types of chondrules, minor CAIs, AOIs, mineral fragments, opaque mineral clasts and fragments, and ﬁnegrained matrix (Kojima et al., 1984; Lin et al., 1998). It contains
5.1 wt.% FeS and 0 wt.% Fe–Ni metal (Yanai et al., 1995). Olivine
composition is Fa0.2–65.6 (average Fa14.6), and pyroxene composition is Fs0.6–14.2 (average Fs2.6, Fs1.4 Wo9.8) (Yanai et al., 1995).
Chizmadia and Bendersky (2006) describe its olivine composition
as concentrated near Fa47 but ranging from Fa5 to Fa52. Opaque
minerals include magnetite (2.9 wt.%) and kamacite, and less
abundant tetrataenite; the sulﬁde that is present is troilite (Nagata
and Carleton, 1990). Many of the chondrules contain grains of troilite and Fe–Ni metal and groundmass glass, and the chondrule
minerals seem to have suffered no alteration (Kojima et al.,
1984). Groundmass phyllosilicates and matrix Fe/(Fe + Mg) ratios
are 0–0.15 and 0.4–0.55 (Kojima et al., 1984). Y-791717 contains 1.9 wt.% H2O (Haramura et al., 1983; Yanai et al., 1995). Its
C content is given as 0.10 wt.% (Alexander et al., 2007), 0.21 wt.%
(Shimoyama et al., 1993), or 0.12 or 0.22 wt.% (duplicate analyses)
(Murae et al., 1986). Fe-rich mantles (30–60 lm thick) on olivines suggests that this meteorite was thermally metamorphosed
(Kaiden et al., 1997).
A.16. Y-82050 (CO3.1)
This meteorite contains abundant CAIs and was classiﬁed as a
CO3.1 chondrite (Kojima et al., 1995). Bulk olivine averages Fa15.4
(Kojima et al., 1995). Yanai et al. (1995) give olivine composition
as Fa0.2–57.7 (average Fa15.0), and pyroxene composition as
Fs0.4–28.1 (average Fs3.5). Type IA chondrules have Fa6.4 (range
Fa1–26), and the matrix has an Fe/(Fe + Mg) ratio of 0.71 (Kojima
et al., 1995). It contains 7.8 wt.% FeS, 2.6 wt.% Fe–Ni metal and
2.3 wt.% H2O (Yanai et al., 1995).

Appendix B. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.icarus.2012.
05.019.
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