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Thermal metamorphism has affected most chondritic meteorites to some extent, and in most
ordinary chondrites, some carbonaceous chondrites, and many enstatite chondrites it has signifi-
cantly modified the primary characteristics of the meteorites. Metamorphic grade, as described by
the petrologic type, is one axis of the current two-dimensional system for classifying chondrites.
Many changes are produced during thermal metamorphism, including textural integration and
recrystallization, mineral equilibration, destruction of primary minerals, and growth of secondary
minerals. Understanding these changes is critical if one hopes to infer the conditions under which
chondrites originally formed. In addition to summarizing metamorphic changes, we also discuss
temperatures, oxidation states, and possible heat sources for metamorphism.

1. INTRODUCTION

Once the various chondrite components had formed, they
accreted into meteorite parent bodies. Starting with accretion
itself, secondary processes such as shock metamorphism,
thermal metamorphism, and aqueous alteration began to
modify the primary chondritic components. The nature and
pervasiveness of secondary processing must be understood
before currently observed properties of chondrites and their
components can be used to infer the nature of the solar neb-
ula. In this chapter, we discuss the effects of thermal meta-
morphism on chondritic meteorites and the conditions under
which it occurred. Thermal metamorphism affected most
chondrite classes, and its effects play a major role in the
classification schemes that have been developed for chon-
drites (see Weisberg et al., 2006).

Thermal metamorphism is a broad topic without sharp
boundaries. For example, heating due to the passage of a
shock wave potentially affects components of a meteorite
in the same way as heat provided by gravitational compres-
sion or radioactive decay. In addition, the style of thermal
metamorphism is affected by the presence of water, so it is
difficult to set a firm boundary between aqueous alteration
and thermal metamorphism. In this chapter, we will mainly
discuss the changes induced by heating on the meteorite par-
ent bodies over a long timescale. The pervasive aqueous al-
teration that affected CI and CM chondrites, and to a lesser
extent CR and other carbonaceous chondrites, is covered in
the next chapter. However, we will discuss the effects of

small amounts of water during the metamorphism of type 3
ordinary chondrites and CO3 chondrites. Although shock
metamorphism is not covered in detail, we will mention
some of its effects in order to distinguish them as far as
possible from the effects of thermal metamorphism.

The current classification system for chondrites is based
on the scheme proposed by Van Schmus and Wood (1967).
These authors divided chondrites into compositional groups
and divided the compositional groups into six petrologic
types. Petrologic types 3—6 were viewed as reflecting the
level of thermal metamorphism, whereas types 1 and 2 were
used to designate unmetamorphosed meteorites unrelated
to types 3—6. Types 1 and 2 have experienced different de-
grees of aqueous alteration (e.g., McSween, 1979). All well-
defined chondrite groups contain little-metamorphosed
members. However, many groups of carbonaceous chon-
drites have no known members of petrologic type >4 (e.g.,
CI, CM, CO, CV, CR, CH).

The petrologic types in the original Van Schmus and
Wood (1967) classification have been modified in several
ways in the nearly 40 years since they were proposed. A
few dozen meteorites have been classified as type 7 [e.g.,
Shaw (Dodd et al., 1975), Happy Canyon (Olsen et al.,
1976)]. Many of these meteorites probably are (or contain)
impact melts (e.g., Taylor et al., 1979; McCoy et al., 1995)
and thus are not part of the continuum of thermal metamor-
phism. For these meteorites, a type 7 designation is inappro-
priate, since shock stage is classified independently (Stoffler
et al., 1991, Scott et al., 1992). Other chondritic meteor-
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ites have been heated to the point of partial melting and are
possibly metamorphic rocks of higher grade than type 6.
These are known as “primitive achondrites,” and are beyond
the scope of this chapter. But there are a few highly meta-
morphosed chondrites, such as Lewis Cliff 88663, that sat-
isfy the Dodd et al. (1975) criteria for type 7 without evi-
dence for shock melting or partial melting (Mittlefehldt and
Lindstrom, 2001). These can conceivably be called type 7
chondrites, although they do fit comfortably within the Van
Schmus and Wood (1967) definition of type 6. We choose
not to make any distinction between these in the following
discussion.

A second extension of the Van Schmus and Wood (1967)
classification involves dividing type 3 into subtypes, 3.0 to
3.9, where type 3.0 designates meteorites that have experi-
enced very little metamorphism and 3.9 designates those
that have nearly reached the degree of chemical equilibrium
associated with type 4. This scheme was originally proposed
by for ordinary chondrites by Sears et al. (1980), and has
since been extended to several other chondrite groups, includ-
ing CO (Scott and Jones, 1990; Sears et al., 1991a; Chiz-
madia et al., 2002), CV (e.g., Guimon et al., 1995; Bonal et
al., 2004), and R (e.g., Rubin and Kallemeyn, 1989; Bischoff,
2000).

In this chapter, we discuss the chemical and mineralogi-
cal changes in chondrites of all groups, first during the early
stages of metamorphism from types 3.0 to 3.9, and then at
higher grades represented by types 4—6, as metamorphism
proceeds to near the point of partial melting. We conclude
with a discussion of the conditions and timescales of meta-
morphism and the processes responsible for the heating.

2. LOW-DEGREE METAMORPHISM
(TYPE 3 CHONDRITES)

2.1. Type 3 Ordinary Chondrites

Type 3 ordinary chondrites, although often considered
unmetamorphosed, show a wide range of metamorphic ef-
fects. Wood (1967) identified a population of primitive
chondrites, including several ordinary chondrites, that do
not show a coherent relationship between taenite composi-
tion and grain size (indicative of slow cooling). He con-
cluded that these were “more lightly touched by metamor-
phism than the other[s].” Dodd et al. (1967) and Dodd
(1969) described the characteristics of several ordinary
chondrites designated as type 3 by Van Schmus and Wood
(1967) that seemed less equilibrated than others. Huss et
al. (1978, 1981) attempted to arrange type 3 ordinary chon-
drites in a metamorphic sequence based on the degree of
recrystallization and homogenization of olivine composi-
tions in the fine-grained matrix. Shortly thereafter, Afiat-
talab and Wasson (1980) observed that the Co contents of
metal grains also vary systematically with degree of meta-
morphic heating. Sears et al. (1980) discovered that bulk
thermoluminescence (TL) sensitivity is an excellent indi-
cator of metamorphic grade in type 3 ordinary chondrites;

they used this parameter to define the modern petrologic
types, 3.0-3.9 (see also Sears et al., 1982a; Sears et al.,
1991b; Benoit et al., 2002). Grossman and Brearley (2005)
studied the effects of very low degrees of metamorphism
on olivine and glass composition, opaque mineralogy, and
matrix composition in order to define petrologic types 3.00—
3.15. A summary of the modern petrologic classification
scheme for ordinary chondrites and the characteristic prop-
erties of each type is given in Table 1.

2.1.1. Physical effects (thermoluminescence and catho-
doluminescence). Thermoluminescence sensitivity is the
amount of TL that is induced in a sample by irradiation
under standard conditions. Thermoluminescence sensitiv-
ity varies by ~3 orders of magnitude among type 3 ordinary
chondrites and is correlated with all metamorphic indica-
tors noted by earlier workers (Table 1), including degree of
matrix recrystallization, olivine heterogeneity, matrix and
metal compositions, and bulk volatile contents (C and 3¢Ar)
(Sears et al., 1980, 1982a). Differences in TL sensitivity
among type 3 ordinary chondrites are due mainly to crys-
tallization of feldspar during metamorphism, primarily via
devitrification of chondrule glass (Sears et al., 1980, 1982a),
but also via recrystallization of matrix (Huss et al., 1981).

The shape of the TL-sensitivity glow curve (TL sensi-
tivity plotted vs. the temperature of emission) varies as a
function of metamorphic grade in type 3 ordinary chondrites
(Sears et al., 1980, 1982a). Below type 3.3, the shape of
the glow curve is irregular. Between 3.3 and 3.5, a well-
defined peak develops. Between types 3.5 and 3.6, this peak
broadens and moves to higher temperature, probably due
to the order/disorder transition of feldspar that occurs at
500°-600°C (Guimon et al., 1985; Sears et al., 1991b). The
irregular shape of the glow curve below type 3.3 may re-
flect dominance of phosphors other than feldspar in mete-
orites whose metamorphic temperatures were too low for
extensive feldspar growth (e.g., Guimon et al., 1988).

Cathodoluminescence (CL) is visible light emitted by
minerals in response to an electron beam. The CL proper-
ties of type 3 ordinary chondrites also vary greatly in re-
sponse to metamorphism [see photomicrographs in Sears
et al. (1990)]. Low-FeO chondrules containing glass with
bright yellow CL are found only in the lowest petrologic
types, such as Semarkona (LL3.00), Bishunpur (LL3.15),
and Krymka (LL3.2) [petrologic types from Grossman and
Brearley (2005)]. By type 3.4, the mesostasis in low-FeO
chondrules shows only blue CL (DeHart et al., 1992; Sears
et al., 1995). With increasing petrologic type, the propor-
tion of chondrules showing blue CL increases, and the ma-
trix also begins to luminesce blue. This behavior parallels
that shown by TL and is due to the growth of blue-lumi-
nescing albitic plagioclase (Grossman and Brearley, 2005).
Olivine showing red CL (forsterite) is common in petro-
logic types <3.4, but disappears at higher grades, reflect-
ing the entry of FeO during metamorphism (Sears et al.,
1990). Fine-grained matrix forsterite is lost by type ~3.2,
while coarser chondrule forsterite is gone by type ~3.6. The
matrix of the least-metamorphosed ordinary chondrite,
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Semarkona, shows a pervasive smoky-red CL (DeHart et
al., 1992). This property is less pronounced in type 3.1
chondrites, and is absent in higher types.

2.1.2. Effects in fine-grained matrix. Evidence of post-
accretionary alteration in the matrix of type 3 ordinary
chondrites was found in the first detailed studies to utilize
the power of the scanning electron microscope (Christophe
Michel-Levy, 1976; Ashworth and Barber, 1976; Ashworth,
1977). Later studies identified a series of changes in optical
properties, mineralogy, and degree of chemical equilibra-
tion that could be confidently attributed to thermal meta-
morphism (Huss et al., 1981; Nagahara, 1984; Grossman
and Brearley, 2005). Recent work has also given us some
idea of what the original, unmetamorphosed matrix mate-
rial might have looked like.

In type 3.0-3.2 ordinary chondrites, matrix is opaque in
standard thin sections. The very mild thermal metamor-
phism experienced by these meteorites has proceeded in
the presence of varying amounts of water. In Semarkona
(LL3.00) matrix, most of the primary silicates and sulfides
have been converted to phyllosilicates and Ni-rich pyrrho-
tite (Hutchison et al., 1987, Alexander et al., 1989a). This
assemblage gives Semarkona matrix a translucent brown to
olive-green color in very thin (~10 um) sections (Hutchison
et al., 1987). In Bishunpur (LL3.15), the matrix contains
Na-, Al-, and Si-rich amorphous material instead of phyllo-
silicate (Alexander et al., 1989a). Such material is highly
susceptible to aqueous alteration and in Semarkona was
probably converted to phyllosilicates. It survives in Bishun-
pur because less water was present. Type 3.0-3.2 chondrites
contain micrometer-sized matrix olivine grains. In Semar-
kona, the compositions of these olivine grains range from
2 mol% fayalite [molar FeO/(FeO + MgO)] (Fa,) to Fa,,
whereas in Bishunpur and Krymka (LL3.2), matrix olivines
range from Fa,s to Fay, (Huss et al., 1981; Nagahara, 1984).
These olivines were probably produced in situ from amor-
phous material and phyllosilicate (Alexander et al., 1989a,b;
Scott and Krot, 2003), and the more-restricted range of
Semarkona matrix olivines may be a consequence of more-
extensive aqueous alteration. Semarkona matrix also exhib-
its pervasive red CL (Sears et al., 1990) that probably re-
flects a significant abundance of tiny forsterite grains. These
grains are much less abundant in Bishunpur and are appar-
ently absent in Krymka; they may have been converted to
Fe-rich olivine by mild thermal metamorphism.

In petrologic types above 3.2, thermal metamorphism
seems to have proceeded without the aid of significant
amounts of water. Amorphous material is not present, and
with increasing petrologic type, increasing proportions of
the originally opaque matrix appear translucent due to re-
crystallization; mineral grains have grown large enough to
make up a significant fraction of the thickness of the thin
section. Recrystallized matrix is less porous and contains
less C than opaque matrix (Huss et al., 1981). Furthermore,
as the recrystallized matrix becomes more abundant, the
remaining opaque matrix becomes coarser, less friable, and
increasingly depleted in minute metallic Fe-Ni and sulfide

grains (Huss et al., 1981). For example, matrix olivines in
Chainpur (LL3.4) have begun to coalesce to form a mesh-
like texture (Nagahara, 1984). By type 4, the matrix con-
sists entirely of translucent to transparent crystals, although
it can still be identified by grain size, morphology, and loca-
tion. These changes are illustrated in Fig. 1.

Accompanying the textural changes are major changes
in matrix mineralogy, composition, and mineral chemis-
try. As petrologic type increases, matrix olivine grains show
less compositional spread, until by type ~3.8, they have
largely equilibrated at the mean Fa content for the bulk
meteorite (Fig. 2). With increasing petrologic type, plagio-
clase, chromite, and chlorapatite nucleate and grow, and
minute sulfide and metallic Fe-Ni grains that are abundant
in the matrix of type 3.0 ordinary chondrites coalesce into
larger metal and sulfide grains (Dodd et al., 1967; Huss et
al., 1981; Grossman and Brearley, 2005). Low in the meta-
morphic sequence, the Na, S, and Ni contents of the matrix
decrease as alkalis enter chondrules, and sulfides and metal
grains recrystallize (Wood, 1967; Grossman and Brearley,
2005). Above petrologic type ~3.5, matrix begins to show
strong blue CL (Sears et al., 1990) and the alkali content
again rises, indicating that secondary feldspar grains have
begun to grow (Grossman and Brearley, 2005).

The matrix of type 3 ordinary chondrites is host to a vari-
ety of presolar materials, including diamond, graphite, sili-
con carbide, oxides, deuterium-rich organic compounds,
and crystalline and amorphous silicates (e.g., Nittler, 2003;
Mostefaoui et al., 2004). The abundances of presolar com-
ponents correlate strongly with the petrologic type of the
host meteorites (Fig. 3). Different presolar components have
different susceptibilities to metamorphic breakdown. For ex-
ample, presolar silicates and graphite have only been found
in type 3.0-3.1, whereas diamond persists up to type 3.7—
3.8 and the carrier of P1 noble gases (also known as Q
gases) survives into type 4 and beyond (Huss and Lewis,
1995; Huss et al., 1996; Mostefaoui et al, 2004).

2.1.3. Effects on silicate minerals in chondrules.

2.1.3.1. Mesostasis: Chondrule mesostasis in type 3 or-
dinary chondrites generally consists of feldspathic glass +
very small crystallites (<5 um) and is highly susceptible to
metamorphic alteration. Isotropic glass is common in low-
FeO chondrules in type 3.00 Semarkona, but has mostly
devitrified in related chondrules in type 3.6 Parnallee (Mc-
Coy et al., 1991). DeHart et al. (1992) observed that the
abundance of crystallites in the mesostasis also increases
with metamorphic grade, again consistent with progressive
devitrification.

The composition of chondrule mesostasis changes mark-
edly during metamorphism. FeO increases and TiO, de-
creases in mesostasis in FeO-poor type I chondrules be-
tween types 3.0 and 3.6, whereas FeO and MnO decrease
in mesostasis from FeO-rich type II chondrules along this
sequence (McCoy et al., 1991). In type I chondrules, the
abundances of Na and K increase as these elements diffuse
into the mesostasis and Ca is lost (Sears et al., 1990; Alex-
ander et al., 2000; J. N. Grossman, unpublished data, 2005).
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Fig. 1. Photomicrographs of the matrix in six chondrites. For each meteorite, the left image is in transmitted light and the right
image is the same area in reflected light. In Semarkona (LL3.0), the matrix is opaque in thin section and consists of very fine-grained
silicates, sulfides, and Fe-Ni metal. In Chainpur (LL3.4), the matrix is still largely opaque, but the matrix mineral grains are larger. In
Khohar (L3.6) and Parnallee (LLL3.6), the matrix is translucent in reflected light because the size of the mineral grains is approaching
the thickness of the section. Sulfides and metal have coalesced into larger grains. In Dhajala (H3.8), most matrix minerals are now
large enough to see in transmitted light. In Bjurbole (L4), the matrix is completely recrystallized and the grains are larger (note scale),
although matrix can still be recognized by its grain size and location between chondrules.

The entry of alkalis is followed by crystallization of albitic
feldspar by type ~3.4 (Grossman and Brearley, 2005). In
the mesostasis of type II chondrules, crystalline albite is
present even in type 3.00 Semarkona, but the abundance

increases with petrologic type. Development of albite is
responsible for the increase in blue CL shown by chondrules
in type 3 ordinary chondrites as a function of metamorphic
grade (see above) (Grossman and Brearley, 2005). As feld-
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Fig. 2. Histograms showing fayalite contents of matrix olivine
as a function of petrologic type. The distribution is widest in
type 3.1 chondrites, and becomes systematically narrower with
increasing petrologic type. By type 3.6 to 3.8, the matrix olivine
has equilibrated at the mean fayalite value for the bulk meteorite.
Chondrule olivine equilibrates by type 4. Data from Huss et al.
(1981).

spar crystallizes from chondrule mesostasis during meta-
morphism, K/Na in residual glass rises to several times the
solar ratio (Grossman and Brearley, 2005).

2.1.3.2. Olivine: Olivine compositional variability is a
strong indicator of metamorphic grade (Van Schmus and
Wood, 1967; Dodd et al., 1967). Chondrule olivine from
highly unequilibrated ordinary chondrites has a wide range
of Fa contents (e.g., Fig. 1 of Dodd et al., 1967). With in-

creasing petrologic type, the Fa content becomes increas-
ingly uniform and converges on the value for equilibrated
chondrites of the same group. The traditional measure of
olivine heterogeneity (defined by Dodd et al., 1967) is per-
cent mean deviation (PMD, see notes for Table 1). Percent
mean deviation remains high between types 3.0 and 3.4
(Sears et al., 1980), but drops systematically as metamor-
phism proceeds from type 3.4 to type 4 (defined by PMD
<5%). During this process, igneous zoning profiles in chon-
drule olivine are erased and FeO from the matrix diffuses
into forsteritic chondrule olivine along grain boundaries and
cracks (McCoy et al., 1991). In a similar way, the MnO and
P,05 contents of olivine homogenize during metamorphism
(DeHart et al., 1992).

Although the PMD of chondrule olivine is not sensitive
to metamorphic changes between types 3.0 and 3.4, there
are profound changes in olivine chemistry within this range.
Olivine in low-FeO chondrules begins to take up FeO by
type 3.1, and by type 3.3 many type I chondrules contain
significant FeO in olivine (DeHart et al., 1992; Scott et al.,
1994). High CaO contents (>0.3 wt%) are common in oli-
vine from types 3.0-3.1 chondrites, but by types 3.3-3.4
these concentrations occur less frequently, and by type 3.8
converge to near the equilibrated value of <0.05 wt%. Simi-
lar CaO losses occur in olivine from FeO-rich type II chon-
drules during metamorphism, although compositions with
>0.2 wt% CaO are rare in these chondrules even in type 3.0.
Like CaO, both TiO, and Al,O; are enriched in some low-
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Fig. 3. Abundances of several presolar components found in
primitive chondrites as a function of petrologic type of the host
meteorites. The abundances have been normalized to vol% ma-
trix (the grains are sited in the matrix) and are plotted as ratios to
the abundances in CI chondrites (absolute abundances vary by
several orders of magnitude). Although the absolute resistance to
metamorphism varies dramatically among the plotted phases, all
components decrease with increasing petrologic type. Most are
effectively gone by type 3.8, where the matrix is almost completely
recrystallized. Data from Huss and Lewis (1994, 1995) and Huss
et al. (1996).



FeO chondrule olivines in type 3.0, but these compositions
are lost during metamorphism (DeHart et al., 1992; Scott
et al., 1994).

One of the most sensitive indicators of metamorphism in
type 3 ordinary chondrites is the Cr,0; content of olivine
in type II chondrules. The Cr,O; contents of these olivine
grains decrease from ~0.5 wt% in type 3.0 chondrites to
0.15-0.2 wt% in type 3.2-3.3 to below detection limit in
type 3.6-3.8 (McCoy et al., 1991; DeHart et al., 1992).
Grossman and Brearley (2005) showed that in type 3.0-3.2
ordinary chondrites the distribution of Cr,O; within FeO-
rich olivine grains changes systematically and may be used
to differentiate among the types. Experimental data confirm
the extreme sensitivity of Cr,0O; in olivine to loss during
heating (Jones and Lofgren, 1993).

2.1.3.3. Pyroxene: Pyroxene is relatively resistant to
metamorphic alteration compared to other silicate miner-
als in chondrules. Whereas olivine begins equilibrating in
the lowest petrologic types, and the PMD of its Fa content
begins to decrease by type 3.4, the PMD of the ferrosilite
(Fs) content of low-Ca pyroxene remains high until at least
type 3.6-3.8 and is still relatively high into type 4 (Dodd
et al., 1967). During metamorphism of FeO-poor type I
chondrules, FeO and MnO increase and Cr,0O5 and Al,O,
decrease in low-Ca pyroxene (McCoy et al., 1991). DeHart
et al. (1992) observed that the CaO content of high-Ca py-
roxene decreases somewhat with increasing petrologic type.

2.1.4. Effects on nonsilicate minerals. In type 3.0 or-
dinary chondrites, P, Si, and Cr occur in solid solution in
some metallic Fe-Ni grains in type I chondrules (Zanda et
al., 1994); phosphides and silicides may also be present as
inclusions in metal. By petrologic type 3.1, these elements
leave the metal, reacting with atomic species from elsewhere
in the meteorite (e.g., Ca, Fe, O, Cl). Even in type 3.00
Semarkona, Cr has been oxidized from metal grains in many
type I chondrules. In some metal grains from type 3.15
Bishunpur, Na and Fe phosphates, chromite, and silica are
present as inclusions; reduced P-, Si-, and Cr-bearing phases
are absent (B. Zanda, personal communication, 2003). At or
above type 3.1, Ca-phosphate becomes the dominant P-rich
phase associated with chondrule metal, and phosphates form
at the edges of metal grains (Rambaldi and Wasson, 1981;
B. Zanda, personal communication, 2003), forming mantles
(Rubin and Grossman, 1985). Large phosphates >20 um in
diameter found in the matrix of Parnallee (LL3.6), Bremer-
vorde (H/L3.9), and Dhajala (H3.8) are presumably of meta-
morphic origin (Huss et al., 1981).

Kamacite in type 3.0 ordinary chondrites is heterogene-
ous with respect to Ni and Co (e.g., Fig. 163 of Brearley
and Jones, 1998). With increasing metamorphism, the con-
centrations of Ni and Co become more uniform, and the
mean concentrations tend to increase (Rubin, 1990). Nickel
in taenite grains is unzoned in type 3.0-3.1 ordinary chon-
drites, whereas zoned taenite is present at type 3.4 and
above (Wood, 1967; Afiattalab and Wasson, 1980). During
metamorphism, Ni diffuses out of kamacite and into taen-
ite. With cooling, diffusion becomes more sluggish. At the
kamacite-taenite interface, Ni becomes depleted at the edges
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of kamacite grains (the so-called Agrell dip) and enriched
at the edges of taenite grains, leaving “M-shaped” Ni pro-
files in the taenite. These frozen-in diffusion profiles have
been used to estimate cooling rates of chondrites (e.g., Wood,
1967; Willis and Goldstein, 1981).

In the most primitive type 3 ordinary chondrites, much
of the low-Ni metal has been replaced by a complex mix-
ture of carbides, magnetite, Ni-rich metal, and Ni-rich sul-
fides (Huss, 1979; Taylor et al., 1981). These assemblages
occur as large millimeter-sized masses between chondrules
in Semarkona (LL3.00) and Ngawi (LL3.0-3.6 breccia),
and they probably originated through hydrothermal alter-
ation of metallic iron by a C-O-H fluid on the parent body
(Krot et al., 1997). Less complex but similar magnetite-
sulfide assemblages surround chondrules, particularly in
Semarkona. These assemblages exhibit structures consistent
with fluid deposition and grade into the matrix; they appear
to have formed in place during fluid-assisted metamorphism
(Huss, 1979).

2.1.5. Bulk effects. The bulk compositions of ordi-
nary chondrites are largely unaffected by metamorphism
(e.g., Kallemeyn et al., 1989). However, the abundances of
some volatile and mobile elements decrease with increas-
ing petrologic type (Table 1). Much of this variation occurs
among the type 3 ordinary chondrites, although some pa-
rameters continue to decrease right through type 6. Bulk
contents of C, H,O, and primordial (=P1 or Q) noble gases
decrease with increasing petrologic type in ordinary chon-
drites (Table 1) (Van Schmus and Wood, 1967; Zihringer,
1968; Alaerts et al., 1979). Whereas water is truly mobile,
much of the C in type 3 ordinary chondrites is in relatively
refractory organic compounds, some of which are the noble-
gas carriers (e.g., Huss et al., 1996). These compounds are
easily oxidized to CO and CO,, releasing the noble gases
and producing the observed correlation between C and no-
ble gases. Among true volatile elements, the Cs, Cd, Bi, Tl,
and In contents of type 4—6 chondrites are lower by 1-2
orders of magnitude than those in type 3 [first shown for In
by Tandon and Wasson (1968); see reviews by Dodd (1969)
and Lipschutz and Woolum (1988)].

2.2. CO3 Chondrites

McSween (1977a) presented the first strong case that
CO3 chondrites represent a metamorphic sequence. The
CO3 chondrites are now subdivided using a scheme analo-
gous to that of type 3 ordinary chondrites [3.0-3.7, Scott and
Jones (1990); 3.0-3.8, Chizmadia et al. (2002); or 3.0-3.9,
Sears et al. (1991a)]. In the following discussions, we use the
classification of Chizmadia et al. (2002) because it seems to
correlate better with that of type 3 ordinary chondrites. This
system adds 0.1 to the classifications of Scott and Jones
(1990) for all CO3 chondrites at or above type 3.1.

2.2.1. Matrix. The matrix of CO3 chondrites changes
markedly during metamorphism. The matrix of Allan Hills
(ALH) A77307 (CO3.0) is highly unequilibrated and con-
sists of an amorphous silicate component, olivine, pyrox-
ene, magnetite, kamacite, pentlandite, pyrrhotite, anhydrite,
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and disordered mixed-layer phyllosilicates (Brearley, 1993).
There are two populations of olivine and pyroxene in ALH
A77307 matrix. One consists submicrometer-sized grains of
nearly pure forsterite and enstatite grains that are probably
primary. A more-abundant type of poorly crystalline olivine
has compositions ranging from Fa,; to Fa,, and is probably
secondary (Brearley, 1993). The matrix of ALH A77307
also contains relatively high abundances of presolar grains,
including presolar silicates (Huss et al., 2003; Kobayashi
et al., 2005). Matrix in type 3.1-3.8 CO chondrites appar-
ently does not contain tiny forsterite and enstatite grains and
is dominated by fine-grained FeO-rich olivine (Brearley,
1995). With increasing petrologic type, the range of olivine
compositions decreases (Brearley and Jones, 1998), and the
mean Fa content of matrix Fe-rich olivine decreases sys-
tematically from ~Faq¢ ¢ in ALH A77307 (CO3.0) to ~Fa,,
in Warrenton (CO3.7) (Scott and Jones, 1990, and refer-
ences therein). Abundances of presolar grains also decrease
systematically with increasing petrologic type (Huss, 1990;
Huss et al., 2003). Matrix texture changes only slightly with
increasing petrologic type, appearing somewhat turbid in
Warrenton (CO3.7) and Isna (CO3.8) (McSween, 1977a)
rather than opaque as in lower types.

Water played a role in the alteration history of some CO3
matrix. Allan Hills A77307 contains phyllosilicates and an-
hydrite that were probably produced in situ, although they
might be weathering products from Antarctica (Brearley,
1993). The matrix of Lancé (CO3.4), a witnessed fall, also
contains phyllosilicates that partially replace matrix olivine,
but matrix in Kainsaz (CO3.2) and Warrenton (CO3.7) ap-
parently does not contain phyllosilicates (Keller and Buseck,
1990).

2.2.2. Chondrules, calcium-aluminum-rich inclusions,
and amoeboid olivine inclusions. Type IA chondrules in
CO chondrites show systematic increases in the Fa content
of olivine and the Fs content of low-Ca pyroxene and a sys-
tematic decrease in the CaO content of olivine from type
3.0 to type 3.8 (Scott and Jones, 1990). Type II chondrules
show a similar trend for CaO content, but not for mean Fa
content because the olivine in type II chondrules started out
close to the equilibrium Fa content for CO3 chondrites.
These changes are best understood in terms of diffusional
exchange between matrix and chondrules, with equilibration
approached, but not reached, by type CO3.8 (e.g., Scott and
Jones, 1990).

Chondrule mesostases show increasing degrees of alter-
ation that correlate with petrologic type. Itoh and Tomeoka
(2003) found that chondrules in Yamato (Y) 81020 (C0O3.0)
have unaltered mesostases with little nepheline. In contrast,
60% of the chondrules in CO3.2 chondrites and >90% of
the chondrules in CO3.3-3.5 chondrites have minor to mod-
erate degrees of mesostasis alteration and abundant nephe-
line. The chondrule mesostases in Warrenton (CO3.7) have
been nearly completely replaced by nepheline or nepheline-
rich aggregates.

Calcium-aluminum-rich inclusions (CAls) have experi-
enced considerable secondary alteration, both before and
after accretion (Russell et al., 1998). Probable metamorphic

alteration on the parent body can be identified by correla-
tions between CAI characteristics and petrologic type. For
example, melilite-rich inclusions are abundant in CO3.0—
3.4 meteorites, rare in CO3.5 meteorites, and absent in
C0O3.6-3.8. Melilite in CAls is probably replaced by feld-
spathoids, pyroxene, and Fe-rich spinel. Spinel in melilite-
rich and coarse-grained spinel-pyroxene inclusions becomes
more Fe-rich, with development of nearly homogenous her-
cynitic spinel (~50-60 mol% hercynite) in types >3.5. Per-
ovskite has been converted to ilmenite in types >3.5 (Russell
et al., 1998).

Amoeboid olivine inclusions (AOIs) (also called amoe-
boid olivine aggregates, AOAs) in CO3 chondrites are sen-
sitive to parent-body aqueous alteration and thermal meta-
morphism (Rubin, 1998; Chizmadia et al., 2002). Between
types 3.0 and 3.2, forsterite grains in AOIs acquire thin fer-
roan olivine (Fagq, ,5) rims. By type 3.4-3.5, the fayalitic
rims have thickened, and the olivine compositional distri-
butions of individual AOIs have broadened and become
bimodal. At type 3.6-3.7, the compositions of AOI olivine
become unimodal at ~Fays although there is still a low-Fe
tail. The high-Fe peaks are rather broad, extending from
Fas,_s5 to Fagg 4. By type 3.8, the forsteritic tails disappear
and only ferroan olivine remains in a relatively narrow peak
at ~Fags. In addition to changes in FeO/(FeO + MgO), the
abundances and variability of Mn, Cr, and Ca in AOI olivine
grains decrease as equilibrium is approached (Chizmadia,
2000).

Although matrix and AOIs in CO3.8 meteorites each
approach equilibration, they are not equilibrated with each
other (Methot et al., 1975; Scott and Jones, 1990; Chiz-
madia et al., 2002). In addition, chondrule silicates are far
from equilibrated (Scott and Jones, 1990), showing olivine
and pyroxene distributions similar to type <3.5 ordinary
chondrites (cf. Dodd et al., 1967; Huss et al., 1981). Thus,
even the highest-grade CO3 meteorites in our collections
are not equilibrated chondrites.

2.2.3. Metal. Kamacite grains in CO3.0 chondrites con-
tain high concentrations of Cr, P, and Si, as do metal grains
from the least-metamorphosed LL chondrites (see above).
Kamacite shows systematic increases in the mean concen-
trations of Ni and Co from CO3.0 to CO3.8, while Cr con-
tent (and presumably P and Si content) in metal decreases
(McSween, 1977a; Scott and Jones, 1990).

2.3. CV3 Chondrites

The CV3 chondrites and their constituents have been
heavily affected by secondary processes, including alkali-
halogen-Fe metasomatism, aqueous alteration, thermal meta-
morphism, and shock metamorphism (e.g., Krot et al., 1995).
As a result, attempts to divide CV3 chondrites into petro-
logic subtypes (e.g., Guimon et al., 1995) have not been
particularly successful (e.g., Krot et al., 1995). CV3 chon-
drites have been divided into oxidized and reduced sub-
groups, and the oxidized subgroup has been subdivided into
CV3,, 4 and CV3_ . largely based on the style of second-
ary-alteration features (McSween, 1977b; Weisberg et al.,



1997). In this section, we discuss the secondary features of
each subgroup of CV3 chondrites that have been attributed
to parent-body metamorphism.

2.3.1. CV3,p chondrites. Oxidized CV3 chondrites of
the Bali type (Bali, Kaba, portions of Mokoia, Grosnaja,
and ALH 85006) have experienced significant secondary
processing (Krot et al., 1995, 1998a). In Kaba, alteration
of chondrule mesostasis (Keller and Buseck, 1990) and
associated redistribution of Ca, Si, Al, Mg, Fe, Mn, and Na
(Krot et al., 1998a) is best understood in terms of aqueous
alteration on the parent body. A similar origin is likely for
phyllosilicate, tetrataenite, awaruite, and pentlandite in the
matrix of Kaba and Mokoia (Keller and Buseck, 1990; Krot
et al., 1995). Other features in Kaba, including Fe-rich halos
around some opaque nodules and veins of fayalitic olivine
within forsterite grains, are more likely due to high-temper-
ature processing (e.g., Hua et al., 2005). Similar features in
other CV3 chondrites have been linked to processing prior
to the final accretion of the parent body (Peck and Wood,
1987; Krot et al., 1995). However, the decreasing spread
of matrix-olivine Fa compositions going from Fa;—Fa,, in
Kaba to Fa;;—Fa,5 in Mokoia to Fajs—Fas5 in Grosnaja ap-
pears to be a metamorphic sequence (e.g., Krot et al., 1995).

2.3.2. CV3,, chondrites. Oxidized CV3 chondrites of
the Allende type (e.g., Allende, Axtell, Lewis Cliff 86006,
and ALH A81258) have experienced considerable alkali-
halogen-Fe metasomatism (Krot et al., 1995). Metasomatic
effects include replacement of primary minerals in CAls and
their Wark-Lovering rims by secondary nepheline, sodalite,
grossular, anorthite, hedenbergite, and other phases, and
entry of Fe into spinel. Metasomatism of chondrules in
Allende and Axtell has resulted in replacement of meso-
stasis with secondary minerals (Kimura and Ikeda, 1995;
Srinivasan et al., 2000), enrichment of olivine and pyroxene
in Fe, and replacement of low-Ca pyroxene by fayalitic oli-
vine (Housley and Cirlin, 1983; Krot et al., 1995; Srinivasan
et al., 2000). Many coarse-grained igneous rims around
chondrules contain secondary nepheline and sodalite (Rubin,
1984). Matrix has also been extensively affected by alkali-
halogen-Fe metasomatism. The site of this metasomatism
is still unknown. Earlier workers favored alteration prior
to accretion (Peck and Wood, 1987, Palme and Wark, 1988;
Kimura and Ikeda, 1995), but in a series of papers, Krot
and co-workers have made a case for parent-body alteration
(Krot et al., 1995, 1998a, 1998b).

Thermal metamorphism also affected CV3_,, chondrites.
In Axtell and Allende, matrix olivine has a restricted range
of compositions (~Fa,,_s,), suggesting a higher metamor-
phic grade than in other oxidized and reduced CV3s (e.g.,
Krot et al., 1995). Abundances of presolar grains suggest
that Allende is somewhat more metamorphosed than Axtell
and that both are significantly more metamorphosed than
Mokoia, Leoville, and Vigarano (Huss et al., 2003). This
sequence is consistent with that derived from olivine data,
but is inconsistent with the one based on TL sensitivity
(Guimon et al., 1995).

2.3.3. CV3,, chondrites. In many ways, the CV3,_,
chondrites (Leoville, Efremovka, Vigarano, Arch) show the
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least evidence of secondary processing. Reduced CV3s have
primary metal and troilite as their main opaque phases (Krot
et al., 1995, 1998a). Their CAls show little evidence for
alkali-halogen-Fe metasomatism (Krot et al., 1995), and
secondary phases are rare or absent from their matrix (e.g.,
Krot et al., 1998a). However, the presence in matrix of
abundant fayalitic olivine with a restricted range of com-
position and absence of amorphous material and forsterites
that are common in matrix of the most primitive chondrites
suggest that even the least-altered CV3, chondrites have
experienced some alteration (Krot et al., 1998a). Abun-
dances of presolar diamond and SiC indicate that Leoville
is less metamorphosed than Vigarano (Huss and Lewis,
1995), consistent with the order obtained from TL sensitiv-
ity (Guimon et al., 1995).

2.3.4. Comparing CV3,,, CV3, 5 and CV3, ., chon-
drites. The three subclasses of CV3 chondrites have ex-
perienced different levels of aqueous alteration, metasoma-
tism, and thermal metamorphism. The CV3_ ; meteorites
experienced significant aqueous processing, while CV3__,
meteorites primarily show evidence of metasomatism; few
meteorites show evidence of both, perhaps implying that
metasomatism actually represents aqueous alteration fol-
lowed quickly by thermal metamorphism. The CV3,_; me-
teorites show little evidence of either aqueous alteration or
metasomatism (e.g., Krot et al., 1995). Spreads in matrix
olivine compositions indicate that Kaba (CV3,,) is among
the least metamorphosed, followed by Leoville (CV3, ;) and
Mokoia (CV3,,), followed in turn by Vigarano (CV3,,)
and Grosnaja (CV3,g), and then by Axtell and Allende
(both CV3_ ) (Fig. 8 of Krot et al., 1995; Fig. 10.2.6 of
Scott et al., 1988). Abundances of presolar grains imply that
Leoville is slightly less metamorphosed than Mokoia, fol-
lowed in turn by Vigarano, Axtell, and Allende (Huss et al.,
2003). Raman spectroscopy of organic material indicates
that Leoville is the least altered, followed by Vigarano =
Kaba = Efremovka < Grosnaja < Mokoia < Axtell < Allende
(Bonal et al., 2004). These studies give a similar order, but
this order is not consistent with that inferred from TL sen-
sitivity (Guimon et al., 1995), except perhaps among CV3, 4
meteorites.

24. Other Chondrite Groups

2.4.1. Carbonaceous chondrites. Most other carbon-
aceous chondrite groups consist of nearly unmetamor-
phosed meteorites. There is little evidence that CH, CB, and
CR chondrites have experienced any metamorphic heating
(Weisberg et al., 2001; Krot et al., 2002). In most CI and
CM chondrites, the effects of severe aqueous alteration
obscure any metamorphic history they might have had.
However, a small group of CI and CM chondrites do show
metamorphic effects (Zolensky et al., 2005). Tonui et al.
(2001) describe blurring of chondrule boundaries and other
effects of significant heating in some of these chondrites,
implying metamorphic conditions above type 3. However,
highly unequilibrated olivine compositions seem to be more
consistent with petrologic types below 3.2 (Grossman et al.,
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2005). The CK group has metamorphosed and unmetamor-
phosed members (Kallemeyn et al., 1991), but CK and
Kakangari-like chondrites have too few type 3 representa-
tives to permit systematic studies of their metamorphic
properties. Further study is clearly required to deduce the
thermal histories of these meteorites.

2.4.2. Enstatite chondrites. Type 3 members are well
described in both the EH and EL groups. EH3 and EL3
chondrites are texturally similar, having well-delineated
chondrules and containing minor olivine (<1% to 5% by
volume), but EL chondrites have larger chondrules on aver-
age than EH chondrites and their mineral chemistries dif-
fer somewhat (Binns, 1967; Prinz et al., 1984; Rubin et al.,
1997). The matrix in type 3 enstatite chondrites is not well
characterized. It is typically not opaque, as it is in type 3
ordinary chondrites, but is fine-grained and recognizable by
its grain size, morphology, and location. The matrix of EH3
chondrites (and presumably EL3 chondrites, although no
data are yet available) acquired abundances of presolar dia-
mond and SiC similar to other chondrite classes (Huss and
Lewis, 1995).

In general, we know little about the metamorphic his-
tory of type 3 enstatite chondrites. Although they display
considerable mineralogical variation, they cannot easily be
put into a metamorphic sequence because they have had
complex thermal and shock histories compared to ordinary
and carbonaceous chondrites (Zhang et al., 1995).

2.4.3. R chondrites. Rumuruti (R) chondrites resemble
ordinary chondrites in many ways: They have large chon-
drules, A170 > 0, and similar chondrule types. They show a
similar range of petrologic types as well, although most R3
chondrites have experienced metamorphism equivalent to
at least type 3.6 in ordinary chondrites (Rubin and Kalle-
meyn, 1989; Bischoff et al., 1994). The only highly unequili-
brated material described in the literature consists of clasts
of petrologic type <3.5, possibly as low as 3.2, in some R
chondrite breccias (Bischoff, 2000). Matrix in the R3.8 chon-
drites shows evidence of recrystallization; it is a low-poros-
ity, translucent material that consists primarily of olivine
accompanied by minor 2-3-ym pyroxene grains micrometer-
sized sulfide grains, and, in some cases, 10-um patches of
plagioclase (Kallemeyn et al., 1996). Again, little is known
about the metamorphic effects in R3 chondrites, although
matrix material and chondrule olivine clearly underwent Fe-
Mg exchange similar to that in ordinary chondrites.

3. HIGHER-TEMPERATURE EFFECTS
(TYPES 4-6)

Metamorphic changes in type 4—6 chondrites have been
significant, but many of the criteria used to classify type
3.00-3.9 chondrites do not help to classify these “equili-
brated” chondrites. Criteria used to classify type 4-6 ordi-
nary chondrites are summarized in Table 1. Because the
most useful ones tend to be somewhat subjective, the bound-
aries between types 4, 5, and 6 are rather poorly defined.
Classification can also be difficult if a meteorite is a breccia

containing material of different petrographic types. In such
a meteorite, the current assemblage has never been heated
above the temperature experienced by the lowest-grade
material.

3.1. Ordinary Chondrites

3.1.1. Textural integration. Textural differences be-
tween type 3 chondrites and type 4—6 chondrites are signi-
ficant and well documented (Dodd et al., 1967, Van Schmus
and Wood, 1967). Textural integration of matrix, chondrules,
chondrule fragments, and inclusions proceeds up the meta-
morphic scale (Fig. 4), and is observable in chondrites of
high petrologic type 3 and above. The opaque, fine-grained
matrix found in primitive type 3 ordinary chondrites has
completely recrystallized by type 4, but is still recognizable
as matrix. By type 5, matrix is no longer recognizable, and
textural integration between chondrules and matrix has
begun. In type 6, small chondrules have lost their identity
and only large chondrules are readily recognizable (Fig. 4).
The mean modal abundance of recognizable chondrules
decreases from 65-75 vol% in H3 chondrites (Table 1 of
Rubin, 2000) to 22 vol% in HS5 and 11 vol% in H6 (Table 2
of Rubin et al., 2001).

3.1.2. Grain growth and appearance of new phases.
Coarse-grained plagioclase is essentially absent from type 3
ordinary chondrites, except for anorthitic phenocrysts in rare
Al-rich chondrules (e.g., Russell et al., 2000). Small primary
plagioclase grains also occur in coarse-grained, igneous rims
around chondrules (Rubin, 1984). The clear, Na- and Al-
rich chondrule mesostasis observed in type 3 chondrules has
begun to devitrify in high type 3s, as albitic plagioclase nu-
cleates and begins to grow. By type 4, chondrules have tur-
bid mesostasis. Type 5 ordinary chondrites contain mainly
microcrystalline (~2-10 pm) plagioclase grains, whereas
type 6s contain abundant plagioclase grains 250 pm in size
(e.g., Van Schmus and Wood, 1967).

Diopside occurs as small, commonly skeletal, crystallites
in the mesostases of some chondrules in type 3 ordinary
chondrites, but it is rare to absent in the fine-grained sili-
cate matrix. Diopside is typically of submicrometer size in
type 4s; it occurs as 2-5-pm grains in type 5s and as coarser
grains (up to tens of micrometers) in type 6s.

Phosphate minerals and chromite occur as tiny grains
(<5-10 ym) in type II chondrules, and nucleate as submi-
crometer secondary minerals in type I chondrules in the ear-
liest stages of metamorphism (Grossman and Brearley,
2005). By type 5 and 6, grains of merrillite and chlorapatite
have grown to tens of micrometers in size (Van Schmus and
Ribbe, 1969). Chromite grains in unshocked type 4—6 chon-
drites can be as large as 200 um (Rubin, 2003). Metallic Fe-
Ni and troilite coarsen significantly between types 3 and 6.
For example, metal and troilite in H3.4 Sharps have mean
particle sizes of ~65 um and ~30 um, respectively (Benoit
et al., 1998), whereas these phases have grown to ~120 pm
and ~80 um, respectively, in H5 and 6 chondrites (Rubin
et al., 2001). By type 6, many metal grains are no longer
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Fig. 4. Transmitted-light photomicrographs of representatives of type 3, 4, 5, and 6. Note the clearly defined chondrules and black,
opaque matrix in Tieschitz (H/L3.6), the well-defined chondrules and recrystallized matrix in Sete Lagoas (H4), the integration of the
chondrules with surrounding material and large metal grains in Richardton (H5), and the almost complete lack of identifiable chon-
drules in Tomatlan (H6). The black phases in the H4, H5, and H6 chondrites are metal and sulfide grains.

relatively compact, but have taken on irregular shapes de-
fined by surrounding mafic-silicate grains (Dodd, 1969).

3.1.3. Phase transformation. Low-calcium clinopy-
roxene exhibiting polysynthetic twinning and inclined ex-
tinction commonly occurs as phenocrysts in chondrules in
type 3 and 4 ordinary chondrites (e.g., Fig. 4.5 of Dodd,
1981). Low-calcium clinopyroxene transforms to orthopy-
roxene at ~630°C (Boyd and England, 1965) and thus is
largely absent in types 5 and 6 (Van Schmus and Wood,
1967). However, low-Ca clinopyroxene can form by shock
heating and quenching in chondrites of any petrologic type
[stage =S3 (Stoffler et al., 1991)].

3.1.4. Changes in mineral compositions. Many of the
most striking compositional changes occur in type 3 chon-
drites as major silicate phases equilibrate. Olivine is equili-
brated by type 4, but pyroxene equilibration is not com-
pleted until type 5 (Van Schmus and Wood, 1967; Dodd et
al., 1967). In the most metamorphosed members of type 6,
classified by some workers as type 7, the CaO content of
low-Ca pyroxene may be somewhat higher (>1 wt%) than
in members that have experienced lower peak temperatures
(Dodd et al., 1975; Mittlefehldt and Lindstrom, 2001).

Metal grains do not equilibrate during metamorphism in
ordinary chondrites due to sluggish diffusion. Instead, taen-
ite grains exhibit a characteristic “M-shaped” Ni profile.
These frozen-in diffusion profiles provide one means of
estimating cooling rates of chondrites (e.g., Wood, 1967;
Willis and Goldstein, 1981).

3.2. Carbonaceous Chondrites

3.2.1. CK chondrites. The CK chondrites are the only
carbonaceous chondrites that exhibit the full range of pet-
rologic types, CK3-CK®6. Kallemeyn et al. (1991) described
a number of metamorphic effects in CK chondrites that are
analogous to those of ordinary chondrites. Homogeneity
of olivine composition increases from type 3 to types 4—6.
The mean diameter of plagioclase grains increases from
CK3, where plagioclase is absent or microcrystalline, to
CK4, where grains are <4 um, to CK5 (4-50 um) to CK6
(=50 pm). Primary glass is found only in CK3 chondrules.
Chondrule borders are sharply delineated in CK3, well de-
fined in CK4, readily discernable in CKS5, and poorly de-
fined in CK6. The mean grain size of interchondrule mate-
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rial coarsens from CK3 (<0.1-10 um) to CK4 (5-50 um)
to CKS5 (50-200 um) to CK6 (50-300 pm). This parameter
is the most diagnostic feature of petrologic type in CK chon-
drites.

3.2.2. Other metamorphosed carbonaceous chondrites.
Coolidge and Loongana 001 constitute a distinct grouplet
of carbonaceous chondrites (Kallemeyn and Rubin, 1995).
They have relatively uniform olivine and heterogeneous
low-Ca pyroxene compositional distributions, characteristic
of petrologic types 3.8 to 4. Several other metamorphosed
carbonaceous chondrites have been described [e.g., Mulga
(west)] but they are not yet sufficiently well characterized
to determine if they are CK chondrites, members of the
Coolidge-Loongana-001 subgroup, ungrouped individuals,
or members of new grouplets.

3.3. Enstatite Chondrites

Enstatite chondrites comprise two distinct groups, EH
and EL, that formed under highly reducing conditions (e.g.,
Sears et al., 1982b). Both groups include meteorites from
petrologic types 3—6. As in ordinary and carbonaceous
chondrites, the texture and mineralogy of EH and EL chon-
drites change during progressive thermal metamorphism.
Chondrules are sharply defined in type 3, well-defined in
type 4, readily delineated in type 5, and poorly defined,
recrystallized, or, in some cases, absent in type 6. Low-Ca
pyroxene exhibits significant compositional heterogeneity
in type 3 (Fs, to Fs;5), minor heterogeneity in type 4, and
uniformity in types 5 and 6. Monoclinic low-Ca pyroxene
is predominant in type 3 enstatite chondrites, abundant in
type 4, and essentially absent in types 5 and 6 (which in-
stead contain orthopyroxene). Crystalline plagioclase is ab-
sent or fine-grained in type 3, coarser-grained (5-50 pm) in
types 4 and 5, and very coarse-grained (=50 um) in type 6.
Olivine decreases in abundance from 0.2 to 5 vol% in E3
chondrites to 0 to 1 vol% in E4; olivine is absent in E5 and
E6. The nickel silicide, perryite [(Ni,Fe)s(S1,P),], is rela-
tively abundant in EH3 chondrites (e.g., perryite constitutes
15% of the total opaque phases in Kota-Kota), but it is rare
in EH4 and EHS chondrites (e.g., Reed, 1968; Prinz et al.,
1984). As perryite disappears during metamorphism, its
elemental constituents are partitioned mainly into kamacite.

The abundances of presolar diamond and SiC also cor-
relate with petrologic type in EH chondrites. Unlike in other
chondrite groups, these phases persist in EH4 and perhaps
even EHS chondrites, probably because the reduced com-
positions of the host meteorites allow the presolar grains to
survive to higher metamorphic temperatures without under-
going oxidation (Huss and Lewis, 1995).

Enstatite chondrites also exhibit properties that, although
they correlate with petrologic type, cannot be explained by
thermal metamorphism. For example, EH5 and EL6 chon-
drites contain high abundances of a “subsolar” noble gas
component in their silicates that is either absent or present
in only very low abundance in EH3 and EH4 chondrites

(Crabb and Anders, 1981, 1982). These gases have a less-
severe elemental fractionation relative to solar-system abun-
dances than do planetary gases, and neither the fractionation
nor the abundances can be produced by thermal metamor-
phism of more primitive material. This implies that these
gases were acquired prior to accretion, which presents an
interesting problem for models attempting to explain the
range of properties of EH or EL chondrites strictly in terms
of metamorphism.

3.4. R Chondrites

Many R chondrites are petrologic type 3.8—-4 (e.g., Ru-
muruti, Carlisle Lakes, NWA 2198), and some are regolith
breccias containing clasts with a diverse array of petrologic
types (e.g., PCA 91002, R3.8-6) (Kallemeyn et al., 1996).
The RS and R6 clasts are moderately to highly recrystallized,
and matrix material is not recognizable. Highly recrystal-
lized chondrules occur in R5 clasts, but discernable chon-
drules are absent in R6 clasts. A few RS chondrites have
been described (including the possibly paired NWA 830,
1585, 1668, 3098, and the unrelated find Sahara 99527). No
individual R6 chondrites have been described.

4. TEMPERATURES OF METAMORPHISM

Two types of metamorphic temperatures are discussed
in the literature. Peak metamorphic temperature, the high-
est temperature reached during metamorphism, is typically
estimated from phase changes or reactions that occur at spe-
cific temperatures. Peak temperatures are particularly rele-
vant for unequilibrated chondrites. Equilibration tempera-
tures are determined from coexisting mineral phases and
typically reflect the lowest temperature during the cooling of
the system at which minerals remained in diffusive equilib-
rium. To accurately reflect metamorphism, the temperature
must have been high enough to erase partitioning estab-
lished during chondrule formation or other earlier high-tem-
perature events. Temperatures given for equilibrated chon-
drites are typically equilibration temperatures, and in some
cases they may approach the peak temperature. Typically,
pressure is not an issue because metamorphism in chon-
drites probably occurred at pressures of <1 kb (e.g., Dodd,
1981; McSween and Patchen, 1989).

4.1. Ordinary Chondrites

Dodd (1981) estimated that type 3 ordinary chondrites
reached temperatures of 400°-600°C, but these tempera-
tures are clearly too high for the lowest petrologic types.
Alexander et al. (1989a) set an upper limit of ~260°C for
the alteration temperature of Semarkona (LLL.3.00) based on
matrix clay mineralogy. Rambaldi and Wasson (1981) used
the Ni content of matrix metal to estimate a metamorphic
temperature of 300°-350°C for Bishunpur (LL3.15). Brear-
ley (1990) used a thermometer based on the degree of or-



dering of poorly graphitized C (Reitmeijer and MacKinnon,
1985) to derive temperatures of 350°-400°C for type 3.4—
3.6 chondrites. On the other hand, Sears et al. (1991b) in-
ferred temperatures of 500°-600°C for type 3.5 chondrites
based on the order/disorder transition of feldspar. Wiotzka
(1985, 1987) used the Cr-spinel/olivine thermometer to esti-
mate equilibration temperatures of 600°~700°C for Dha-
jala (H3.8), Study Butte (H3.7), and Clovis (no. 1) (H3.7),
whereas McCoy et al. (1991) estimated peak temperatures
for type 3.7-3.8 ordinary chondrites of 525°-600°C. Huss
and Lewis (1994) used these data and the amounts of P3
noble gases in presolar diamonds to construct a temperature
scale for type 3 ordinary chondrites (and other primitive
meteorites) ranging from ~200°C for Semarkona (LL3.00)
to ~600°C for Parnallee (LL3.6). This temperature scale is a
smooth (but probably not linear) function of petrologic type
within a meteorite class.

Type 4—6 ordinary chondrites have reached higher tem-
peratures than type 3s, with an upper limit defined by the
onset of melting at ~950°C (Dodd, 1981). Some partially
melted chondrites (i.e., primitive achondrites) may have
reached as much as 1150°C (McSween and Patchen, 1989).
Equilibration temperatures for type 6 chondrites based on
Ca-Mg partitioning between coexisting high-Ca pyroxenes
are systematically 50°-150°C higher than those based on
similar partitioning in low-Ca pyroxene (McSween and
Patchen, 1989; Harvey et al., 1993) and ~200°C higher than
those based on olivine-spinel equilibrium (Kessel et al.,
2002). These temperatures reflect differences in closure tem-
peratures for the three systems (Kessel et al., 2002). High-
Ca pyroxene probably gives the best estimate for peak meta-
morphic temperature in type 6 chondrites: 900°-960°C for
LL6, 850°-950°C for L6, and 800°-950°C for H6 (Mc-
Sween and Patchen, 1989; Harvey et al., 1993). Tempera-
tures for LL6 chondrites seem to be the best determined.
Several studies have shown evidence for decreasing peak
temperature from LL6 to L6 to H6 (Dodd, 1981; Olsen and
Bunch, 1984; Harvey et al., 1993), but equilibration temper-
atures reflect cooling rate as well as peak temperature. Tem-
peratures for types 4 and 5 chondrites are hard to estimate
because some mineral thermometers have not equilibrated
(McSween and Patchen, 1989).

The widely used temperature scale given by Dodd (1981)
implies that peak temperatures increase from type 4 to 5 to 6.
However, there is some evidence from mineral-equilibra-
tion thermometers that type 4 and 5 chondrites may have
reached peak temperatures similar to those for type 6 chon-
drites, but then cooled more quickly (Harvey et al., 1993;
Kessel et al., 2002). Additional work to separate peak tem-
perature from cooling profile is clearly needed.

4.2. CO3 Chondrites
The least-metamorphosed CO3 chondrites, ALH A77307

(C0O3.0) and Colony (C0O3.0), probably experienced meta-
morphic temperatures of ~200°C, based on the absence of
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metamorphic effects on a micrometer scale in their silicates
and on the abundances and characteristics of presolar grains
(Brearley, 1993; Huss et al., 2003; Kobayashi et al., 2005).
Kainsaz (C0O3.2) may have been as hot as ~300°C (Huss
and Lewis, 1994), similar to ordinary chondrites like Bish-
unpur (LL3.15). Sears et al. (1991a) argued on the basis
of TL glow curves that the CO3 chondrites were heated to
lower temperatures than type 3 ordinary chondrites, but for
longer times. However, this conclusion is based in part on
higher temperatures for type 3 ordinary chondrites (400°C
for type 3.0-3.1 and 600°-700°C for type 3.6-3.8) than are
currently favored (see above).

4.3. CV3 Chondrites

Assigning absolute temperatures to CV3 metamorphism
is difficult because of their complex histories before and
after accretion (see above). Precursor materials for matrix,
the component where most temperature indicators are
found, may have been heated significantly prior to accre-
tion (Huss et al., 2003). Despite these complications, Huss
and Lewis (1994) used gas-release profiles from presolar
diamonds and several methods of estimating temperature
to infer maximum metamorphic temperatures of ~300°C for
Leoville and Vigarano, two of the most primitive CV3, 4
meteorites. Mokoia (CO3, breccia) may have experienced a
similar metamorphic temperature (Huss et al., 2003). Bonal
et al. (2004) placed the CV3 chondrites into a metamorphic
sequence based on Raman spectroscopy of organic material
and tied the resulting sequence to that for type 3 ordinary
chondrites. Using the Bonal et al. (2004) sequence, the char-
acteristics of presolar grains, and temperatures derived by
Huss and Lewis (1994), the following approximate temper-
atures can be assigned to the CV3 chondrites: Leoville,
~250°C; Vigarano, Mokoia, Kaba, Efremovka, 300°-400°C;
Grosnaja, ~500°C; Axtell, Allende, 550°-600°C.

4.4. Enstatite Chondrites

Enstatite chondrites in general seem to have experienced
more-severe thermal and shock metamorphism than most
other meteorites. Huss and Lewis (1994) used noble gases
in presolar diamonds to estimate maximum temperatures for
Qingzhen (EH3) and Indarch (EH4) of ~525°C and ~640°C,
respectively. Disturbed 20Al1-26Mg, 33Mn->3Cr, and %0Fe-%0Ni
systematics in E3 chondrules and sulfides (Guan et al., 2004,
2005) also indicate that E3 chondrites experienced higher
metamorphic temperatures than type 3.0-3.5 ordinary chon-
drites. Maximum metamorphic temperatures for ES and E6
chondrites are poorly constrained. Various thermometers
suggest that E6 chondrites reached temperatures similar to
or somewhat higher than type 6 ordinary chondrites (Dodd,
1981). Equilibration temperatures for EH5 and EH6 chon-
drites were in the range of 800°-1000°C, but ELS and EL6
chondrites may have equilibrated at 600°-800°C (Zhang et
al., 1996). Many enstatite chondrites exhibit evidence of
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moderate to severe shock, which may have heated them to
temperatures equal to or higher than their metamorphic tem-
peratures after which they were rapidly quenched (Rubin
and Scott, 1997). Separating effects of static and shock meta-
morphism is particularly difficult for enstatite chondrites.

4.5. Other Classes

Temperatures of metamorphism for other chondrite
classes are poorly determined. Renazzo (CR2) apparently
was heated to ~150°-300°C on its parent body (Huss et al.,
2003, and references therein). CH and CB chondrites show
little if any evidence of parent-body metamorphism (Weis-
berg et al., 2001; Krot et al., 2002), which implies simi-
larly low temperatures. The metamorphic sequence shown
by the CK chondrites suggests temperatures similar to those
of ordinary chondrites (Geiger and Bischoff, 1991).

5. OXIDATION STATE DURING
METAMORPHISM

5.1. Ordinary Chondrites

There is disagreement in the literature about the extent
to which oxygen fugacity (f,,) may have changed as a func-
tion of metamorphic grade in ordinary chondrites. Obser-
vations relevant to this issue are (1) the amount of metal
appears to increase from type 3 to 4 [e.g., ~11 vol% in H3 to
~16 vol% in H4—6 (Lux et al., 1980)]; (2) the C abundance
decreases from type 3 to 4 (Table 1); (3) the FeO content
of olivine and pyroxene increases slightly but systematically
from type 4 to 6 (Scott et al., 1986; Rubin, 1990); (4) metal
abundance decreases slightly from type 4 to 6 (McSween
and Labotka, 1993); and (5) the Ni and Co content of metal
increases slightly from type 4 to 6 (Rubin, 1990; McSween
and Labotka, 1993).

Observations 1 and 2 imply that type 3 material was
reduced by reactions with C as it was metamorphosed to
type 4 (e.g., Lux et al., 1980). However, the data are not as
clear-cut as they first appear. Among H3 chondrite falls,
Sharps has an anomalously low metal content (cf. Jaro-
sewich, 1990) and is primarily responsible for the trend in
H chondrites. Among L-chondrite falls, there is only a hint
of a trend, and among LL falls, the type 3s seem to have
higher metal contents than types 4—6 (Jarosewich, 1990).
Thus, while reduction by C is reasonable, the data support-
ing the idea are not convincing.

Observations 3-5 have been interpreted to indicate oxi-
dation during metamorphism from type 4—6 (McSween and
Labotka, 1993). These authors also calculated oxygen fu-
gacities from chondrite mineral equilibria and found that
Jfo, increases slightly between types 4 and 6. Their results
are at odds with earlier intrinsic f, measurements, which
appear to show reduction during metamorphism (Brett and
Sato, 1984), and with earlier calculated oxygen fugacities
(McSween and Labotka, 1993, and references therein).
More recently, Kessel et al. (2004) found no evidence for

major shifts in f,, among type 4-6 H chondrites using oli-
vine-orthopyroxene-metal assemblages, and they suggest
that apparent changes in calculated f, from type 4-6 might
reflect higher peak temperatures for type 4 and 5 chondrites
during metamorphism than are currently favored.

5.2. Other Classes

Other chondrite classes were formed and metamorphosed
under very different conditions. The R and CK chondrites
are highly oxidized. They contain olivine that is enriched
in FeO and NiO, they have low modal metal abundances,
and the metal that is present tends to be Ni rich (Rubin and
Kallemeyn, 1989; Bischoff et al., 1994; Geiger and Bischoff,
1991). At the other extreme, enstatite chondrites are highly
reduced and consist of FeO-free silicates and have high
metal contents and a wide variety of exotic sulfides (e.g.,
Dodd, 1981). However, details of the metamorphic environ-
ments for these and other meteorite classes are not under-
stood.

6. HEAT SOURCES

Two fundamentally different scenarios have been pro-
posed to explain the sequence of textural and compositional
changes among chondritic meteorites. In the autometamor-
phism model (also known as “hot accretion”), batches of
hot (~700°-900°C) material accreted to a parent body and
began to cool (Anders, 1964; Larimer and Anders, 1967,
Hutchison et al., 1980; Hutchison, 1996). In this model,
rapidly cooled material developed into type 3 chondrites,
while very slowly cooled material became type 6 chondrites.
Rubin and Brearley (1996) evaluated the arguments for hot
accretion and concluded that this model is untenable. There
is now a consensus that chondrites experienced prograde
thermal metamorphism. In the prograde-metamorphism
model, cold, unequilibrated material was progressively
heated on a parent body (Merrill, 1921; Wood, 1962; Van
Schmus and Koffiman, 1967; Dodd, 1969; Lux et al., 1980).
The heat sources that have been proposed to drive prograde
metamorphism in chondrites include energy from collisions,
radioactive decay (2°Al and 90Fe), electromagnetic induc-
tion, and FU-Orionis-type events. The heat source(s) that
metamorphosed chondrites may also have been responsible
for melting some asteroids, producing differentiated mete-
orites (HEDs, mesosiderites, pallasites, angrites, and mag-
matic irons).

6.1. Accretional or Collisional Heating

The accretion process that built asteroids from smaller
planetesimals converted kinetic energy into heat. However,
the amount of energy released during the gentle impacts that
permitted asteroids to grow rather than disrupt is too small
to have resulted in significant heating (Wood and Pellas,
1991). Once an asteroid formed, higher-velocity impacts
could have deposited significant energy without disrupting



the body. There is a positive correlation between petrologic
type and shock stage among ordinary chondrites (Stoffler et
al., 1991; Rubin, 1995, 2003), and there is also a correspon-
dence among chondrite groups between those with many
metamorphosed members and those with many shocked
members (Rubin, 2004). Moreover, many type 5—6 ordinary
chondrites of apparently low shock stage (S1) show evi-
dence for annealing after an earlier episode of more intense
shock (Rubin, 2004). These observations suggest that shock
heating has played a significant role in metamorphism of
ordinary chondrites.

6.2. Short-lived Radionuclides

Two short-lived radionuclides may have been significant
heat sources: 26Al and 0Fe. Other radionuclides were also
present, but either they were incorporated into parent bod-
ies with abundances too low to produce significant heating
(#1Ca, 10Be), or because of long half-lives, heat generation
was too slow to overcome heat loss (53Mn).

6.2.1. Aluminum-26. The presence in the early solar
system of live 26Al (t,, = 0.72 m.y.) has been inferred from
a wide variety of chondritic materials (e.g., Lee et al., 1976;
MacPherson et al., 1995). The highest inferred initial 20Al/
27Al ratios [(20A1/27Al),] are from CAls, and the canonical
initial ratio for the solar system (~5 x 10-5) has been de-
rived from CAI data. Advocates of 26Al heating generally
assume that this isotope was homogeneously distributed in
the solar system. Chondrules in ordinary chondrites have
lower inferred (26A1/27Al), ratios (~1 x 10-5), indicating that
they formed ~2 m.y. after CAls (Kita et al., 2000, 2005).
Accretion of chondritic asteroids probably postdated chon-
drule formation. Asteroid thermal evolution models based
on these assumptions show that an asteroid of ~100 km in
diameter could have reached a maximum temperature of
>1000°C at its center and sustained it for more than 10 m.y.
(Miyamoto et al., 1981; Bennett and McSween, 1996; Mc-
Sween et al., 2002). This is ample heating to account for
metamorphism in ordinary chondrites.

6.2.2. Iron-60. Recent work has shown that %Fe (t,, =
1.5 m.y.) was incorporated into chondritic meteorites with
inferred (60Fe/6Fe),, ratios of between ~3 x 10-7 and ~1 x
10-6 (Tachibana and Huss, 2003; Tachibana et al., 2005;
Mostefaoui et al., 2003). If incorporated into chondrites at
this level, ©OFe would have been able to raise the internal
temperatures of asteroids with LL and CV compositions by
140°C and 170°C, respectively (Kunihiro et al., 2004).
Thus, %0Fe would have been a significant secondary heat
source for metamorphism.

6.3. Electromagnetic Induction

The active pre-main-sequence Sun emitted an intense,
high-density, at least partly ionized solar wind at an outflow
velocity of several hundred kilometers per second. Such a
wind would have carried an embedded magnetic field and
might have been capable of driving electrical currents in
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asteroids that were sufficiently conductive (e.g., Herbert
and Sonett, 1979; Herbert, 1989). Heating would have oc-
curred in the asteroid interior where heat is more efficiently
retained. However, T Tauri stars blow off much of their
mass at their poles, not at the midplane where asteroids
would reside, and induction-heating models typically as-
sume unrealistically high outflow velocities and solar wind
fluxes (Wood and Pellas, 1991). Most workers do not cur-
rently believe that electromagnetic induction was a signifi-
cant source of asteroidal heating.

6.4. FU-Orionis-type Events

Pre-main-sequence stars apparently experience periodic
outbursts during which brightness increases dramatically
(up to a factor of 250) over periods as short as 1 year and
then decreases to pre-outburst levels over 10-100 years
(Herbig, 1978; Bell et al., 2000). T Tauri stars may be in
an outburst state ~10% of the time. Wasson (1992) sug-
gested that these outbursts could have heated the outer
~100 m of planetesimals at a distance of ~3 AU to >1200°C
for several hundred years. This type of heating would oc-
cur only if the nebula had largely cleared between the Sun
and the asteroids. However, the outbursts primarily occur
when stars have massive accretion disks (Bell et al., 2000).
As a consequence, most workers do not consider this heat-
ing mechanism to be viable.

7. TIMESCALE FOR METAMORPHISM

Estimates of metamorphic timescales come primarily
from radiometric age dating, supported in some cases by
estimates of cooling rates. Essentially all applicable data
come from ordinary chondrites. Short-lived nuclides pro-
vide constraints on the early stages of the metamorphic
epoch, if these nuclides were distributed homogeneously
in the early solar system. The inferred (20A1/27Al), ratios
for chondrules from Semarkona (LL3.00) and Bishunpur
(LL3.15) indicate that chondrule formation took place 1—
2 m.y. after CAls (Kita et al., 2000, 2005). Inferred (60Fe/
36Fe),, ratios for chondrules, magnetite, and sulfides in Se-
markona, Bishunpur, and Krymka (LL3.2) imply that par-
ent-body alteration of these meteorites took place 0.5-
2.0 m.y. after chondrules formed (Tachibana et al., 2005).
The (26A1/27Al), ratios for a glassy clast from Bovedy (L3.7)
and for plagioclase from Ste. Marguerite (H4) imply that
these meteorites had cooled below the blocking tempera-
ture for the Al-Mg system by ~6 m.y. after CAls formed,
and the upper limit on (26A1/27Al), for a basaltic clast from
Barwell (L6) implies that Barwell did not cool down until
at least 7 m.y. after CAls formed (Huss et al., 2001). These
data imply that, relative to the time of CAI formation, accre-
tion of ordinary chondrites took place ~2 m.y. later, meta-
morphism of type 3.0-3.2 chondrites took place between
2 and 4 m.y. later, in type 3.7—4 chondrites lasted until
~6 m.y. later, and in type 6 chondrites continued for >7 m.y.
after CAIs formed.
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Data for 244Pu-fission-track and Pb-Pb dating give a co-
herent picture of H-chondrite metamorphism and appear to
support an onion-shell model for the H-chondrite parent
body (Trieloff et al., 2003). The two methods have differ-
ent closure temperatures and thus date different points in
the cooling history of the H-chondrite parent body. The Pb-
Pb ages, which reflect cooling below ~750 K, indicate that
metamorphism of H4 chondrites was ending 4—6 m.y. after
CAlIs, consistent with estimates from 26Al. Lead-lead data
further suggest that metamorphism ended for HS and H6
chondrites 10—16 m.y. and 45-63 m.y. after CAls, respec-
tively. Fission tracks are retained at ~550 K (pyroxene) or
~390 K (merrilite), so 244Pu fission track ages reflect a later
stage in the cooling history. These ages indicate that meta-
morphism ended ~10 m.y. for H4, 50-65 m.y. for HS, and
55-65 m.y. for H6 chondrites after CAls formed (Trieloff
et al., 2003). These cooling times are generally consistent
with 26Al (and Fe) as the heat source for metamorphism
(ct. Ghosh and McSween, 1998). However, an extensive set
of metallographic cooling rates for H chondrites, many of
which were not studied by Trieloff et al. (2003), do not show
a consistent relationship between cooling rate and petrologic
type (Taylor et al., 1987), suggesting that the H-chondrite
parent body did not have an onion-shell structure, or if it
did, that this structure was disrupted before the parent body
cooled below ~800 K.
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