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Abstract–We evaluate the chemical and physical conditions of metamorphism in ordinary
chondrite parent bodies using X-ray diffraction (XRD)-measured modal mineral abundances
and geochemical analyses of 48 type 4–6 ordinary chondrites. Several observations indicate
that oxidation may have occurred during progressive metamorphism of equilibrated
chondrites, including systematic changes with petrologic type in XRD-derived olivine
and low-Ca pyroxene abundances, increasing ratios of MgO ⁄ (MgO+FeO) in olivine and
pyroxene, mean Ni ⁄Fe and Co ⁄Fe ratios in bulk metal with increasing metamorphic grade,
and linear Fe addition trends in molar Fe ⁄Mn and Fe ⁄Mg plots. An aqueous fluid, likely
incorporated as hydrous silicates and distributed homogeneously throughout the parent
body, was responsible for oxidation. Based on mass balance calculations, a minimum of
0.3–0.4 wt% H2O reacted with metal to produce oxidized Fe. Prior to oxidation the parent
body underwent a period of reduction, as evidenced by the unequilibrated chondrites.
Unlike olivine and pyroxene, average plagioclase abundances do not show any systematic
changes with increasing petrologic type. Based on this observation and a comparison of
modal and normative plagioclase abundances, we suggest that plagioclase completely
crystallized from glass by type 4 temperature conditions in the H and L chondrites and
by type 5 in the LL chondrites. Because the validity of using the plagioclase thermometer
to determine peak temperatures rests on the assumption that plagioclase continued to
crystallize through type 6 conditions, we suggest that temperatures calculated using
pyroxene goethermometry provide more accurate estimates of the peak temperatures
reached in ordinary chondrite parent bodies.

INTRODUCTION

The ordinary chondrites consist of three groups (H,
L, and LL) that are distinguished based on variations in
bulk composition, such as molecular ratios (FeO ⁄
FeO+MgO) in olivine and pyroxene (Mason 1963; Keil
and Fredriksson 1964) and the ratio of metallic Fe to
total Fe (Dodd et al. 1967). Textural variations and
corresponding mineral and chemical trends indicate that
differing degrees of thermal metamorphism took place
within each chondrite group. Based on these variations,

Van Schmus and Wood (1967) developed a petrologic
classification scheme for ordinary chondrites. Ordinary
chondrites that are relatively unmetamorphosed, or
have experienced very slight heating, are designated as
type 3 (unequilibrated), whereas chondrites that have
undergone the highest degrees of thermal metamorphism
are designated as type 6 (equilibrated) (Van Schmus and
Wood 1967; McSween et al. 1988). Although the degree
of metamorphism varies within each chondrite group,
many details regarding the geochemical and thermal
changes that take place during this process are not well

� The Meteoritical Society, 2010. Printed in USA.135

Meteoritics & Planetary Science 45, Nr 1, 135–156 (2010)

doi:10.1111/j.1945-5100.2009.01012.x



understood. Our understanding of parent-body processes
has been hampered by an inability to determine precise
abundances of the minerals that comprise them.

Using powder X-ray diffraction (XRD), we have
quantified the modal abundances of 18 H, 17 L, and 13
LL ordinary chondrites, which together represent the
complete petrologic range of equilibrated ordinary
chondrites (types 4–6). Because the only ordinary
chondrite modal abundances available prior to this
study were calculated from Cross, Iddings, Pirsson,
Washington (CIPW) norms (McSween et al. 1991), this
study represents the first statistically significant sampling
of measured modal abundances. In a companion paper,
‘‘Analysis of ordinary chondrites using powder X-ray
diffraction: 1. Modal mineral abundances’’ (this issue),
we introduce the XRD technique, report the modal
abundances of all 48 equilibrated ordinary chondrite
samples, and compare our results to modal and
normative ordinary chondrite abundances determined in
previous studies (e.g., McSween et al. 1991; Gastineau-
Lyons et al. 2002). In this paper, we use our XRD-
measured modal abundances, along with supplemental
chemical analyses, to address two long-standing
questions that have hindered our understanding of
thermal metamorphism in the parent bodies of ordinary
chondrites:
1. Does oxidation or reduction occur in equilibrated

ordinary chondrites during progressive
metamorphism?

2. What is the best geothermometer to constrain peak
metamorphic temperatures in type 6 H, L, and LL
ordinary chondrites?
Both of these questions must be resolved in order

to develop quantitative thermal evolution models of
ordinary chondrite parent asteroids. Redox state has
important implications for understanding metamorphic
conditions and fluid-rock interactions, and peak
metamorphic temperatures (along with cooling rates
and duration of heating) are critical input parameters in
thermal calculations (McSween et al. 2002).

Oxidation State

Along with bulk iron content, the oxidation state
of iron also varies systematically between ordinary
chondrite groups, decreasing from LL to L to H.
Intragroup variations in mean olivine Fa and low-Ca
pyroxene Fs contents (McSween and Labotka 1993),
modal abundances of olivine and low-Ca pyroxene
(Afiattalab and Wasson 1980; McSween and Labotka
1993), and average Co and Ni concentrations in
kamacite (Rubin 1990) also suggest that oxidation state
changes within each chondrite group. McSween and
Labotka (1993) linked these intragroup redox variations

to metamorphic grade and suggested that the
equilibrated ordinary chondrites become progressively
oxidized during metamorphism by small amounts of
aqueous fluid. They proposed the following reaction
caused oxidation:

FeðmetalÞ þ 1

2
O2 þ ðMg,FeÞSiO3ðPxÞ

¼ ðMg, FeÞ2SiO4ðOlÞ

The suggestion that equilibrated ordinary chondrites
were oxidized was contrary to existing views that
ordinary chondrites were reduced by carbon, either as
graphite or CO gas, during metamorphism (e.g., Brett
and Sato 1984; Sears and Weeks 1986). Though there is
evidence for reduction in ordinary chondrites, this
evidence is limited to the unequilibrated (type 3.1–3.9)
chondrites. McSween and Labotka (1993) suggested that
reduction may have occurred in the unequilibrated
chondrites prior to oxidation. This hypothesis was later
endorsed by Menzies et al. (2005), who investigated
redox state in 21 unequilibrated ordinary chondrites and
identified several trends indicative of reduction. The idea
that unequilibrated chondrites are reduced does not
apply to all samples, however. The presence of carbide-
magnetite assemblages, which form under oxidizing
conditions, suggests that oxidation took place in at least
a few type 3 chondrites, such as Semarkona (Krot
et al. 1997).

Because olivine forms at the expense of pyroxene in
oxidation reactions proposed by McSween and Labotka
(1993), the relative proportions of olivine and low-Ca
pyroxene should change with increasing petrologic
type if oxidation is occurring. Increasing olivine and
decreasing low-Ca pyroxene abundances with petrologic
type have been observed in CIPW norms of type
4–6 chondrites (McSween et al. 1991), electron
microprobe-measured modal abundances of seven L
and LL chondrites (Gastineau-Lyons et al. 2002), and
XRD-measured modal abundances of three equilibrated
chondrites (Menzies et al. 2005). However, because
CIPW normative abundances are not well suited for
ordinary chondrites (Dunn et al. 2009) and measured
modal data (Gastineau-Lyons et al. 2002; Menzies et al.
2005) are limited, it has been difficult to effectively test
the oxidation hypothesis until now.

Peak Temperatures

Peak metamorphic temperatures reached within
the interiors of ordinary chondrite parent bodies, along
with cooling rates, are critical input parameters in
asteroid thermal evolution models (McSween et al.
2002). Peak temperatures are determined by applying
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geothermometers to those chondrites that have
experienced the highest degree of metamorphism
(petrologic type 6). Because several different
geothermometers have been used to determine peak
temperatures, current estimates for type 6 chondrites
range over several hundred degrees. The most common
geothermometer used for chondrites is a two-pyroxene
geothermometer, based on Ca partitioning between
low-Ca and high-Ca pyroxene (Kretz 1982; Lindsley
1983). Several calibrations of this thermometer have
been applied to peak temperature estimates in ordinary
chondrites (e.g., Olsen and Bunch 1984; McSween and
Patchen 1989; Jones 1997; Slater-Reynolds and
McSween 2005). However, because results differ
depending on the calibration model used or the
meteorite examined, estimates for peak metamorphic
temperatures vary considerably. The interpretation of
pyroxene thermometry is also complicated by the
apparent disequilibrium between coexisting low-Ca and
high-Ca pyroxenes (McSween and Patchen 1989; Jones
1997; Gastineau-Lyons et al. 2002). Olivine-spinel
goethermometry has also been used to estimate peak
temperatures in ordinary chondrites (Kessel et al. 2007).
However, estimated temperatures are low due to Fe-Mg
exchange between olivine and spinel, which continues
during cooling.

Alternatively, Nakamuta and Motomura (1999)
applied a plagioclase geothermometer (based on Si-Al
ordering) to type 6 ordinary chondrites. Nakamuta and
Motomura (1999) found that feldspar grains in each
chondrite recorded a range of temperatures and
assumed that the highest temperature represented peak
thermal conditions (�700 �C for H6, 750 �C for L6,
and 725 �C for LL6). Peak temperatures estimated using
the plagioclase geothermometer, however, are only valid
if plagioclase continued to crystallize from chondrule
glass through type 6 conditions. Petrologic observations
used to develop the Van Schmus and Wood (1967)
classification system suggest that all chondrule glass has
crystallized to plagioclase by type 5 conditions. Based
on modal and normative abundances of plagioclase,
Gastineau-Lyons et al. (2002) suggested that plagioclase
crystallization was complete at type 5 in LL chondrites
and at type 6 in L chondrites.

ANALYTICAL METHODS

Sample Selection

A total of 48 equilibrated ordinary chondrite
samples representing each of the ordinary chondrite
groups (H, L, and LL) and corresponding petrologic
categories 4–6 (Van Schmus and Wood 1967) were
selected for modal analysis (Table 1). Unequilibrated

(type 3) chondrites are not included in this study, as the
question of their redox state (using XRD-derived modal
abundances) has been addressed by Menzies et al.
(2005). All samples are unbrecciated falls with minimal

Table 1. Chondrites analyzed in this study using
X-ray diffraction.
Sample Class

Benares (a)a LL4

Greenwell Springs LL4
Hamleta LL4
Witsand Farm LL4

Aldswortha LL5
Alat’ameem LL5
Olivenzaa LL5

Paragoulda LL5
Tuxtuaca LL5
Bandonga LL6

Cherokee Springa LL6
Karatua LL6
Saint-Severina LL6
Atarraa L4

Bald Mountaina L4
Rio Negroa L4
Rupotaa L4

Aussona L5
Blackwell L5
Cilimus L5

Guibgaa L5
Mabwe-Khoywa L5
Malakala L5

Messinaa L5
Apta L6
Aumalea L6
Karkha L6

Kunashaka L6
Kyushua L6
New Concorda L6

Farmvillea H4
Forest Vale H4
Kaboa H4

Mariliaa H4
São Jose do Rio Pretoa H4
Allegana H5
Eholea H5

Itapicuru-Mirim H5
Lost Citya H5
Prı́brama H5

Schenectadya H5
Uberaba H5
Anduraa H6

Butsuraa H6
Canon Citya H6
Chiang Khan H6

Guareñaa H6
Ipirangaa H6
aDenotes sample in which olivine and low-Ca pyroxene were

analyzed using electron microprobe.
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weathering and low shock. Thirty-seven of these samples
were originally prepared for bulk chemical analysis by
E. Jarosewich as part of the Smithsonian Institution’s
Analyzed Meteorite Powder Collection. Small chips
of the remaining 11 chondrites were acquired from
the Natural History Museum (NHM) and from the
Smithsonian Institution (SI). These samples were crushed
to a powder consistency and prepared for analysis at the
University of Tennessee and the NHM. (We refer the
reader to Dunn et al. [2009] for a detailed description of
XRD sample preparation.) Polished thin sections of 38 of
these ordinary chondrites were acquired from the NHM
and from the SI so that compositions of olivine and
low-Ca pyroxene could be determined.

X-Ray Diffraction

XRD data were collected using an INEL curved
position-sensitive detector (PSD) (INEL, Arteny, France)
at the NHM in London, England. The INEL PSD has
an output of 4096 channels (each 0.03� 2h wide), which
represents a total arc of 120� 2h. Using a fixed detector,
diffracted intensity is simultaneously measured at all
angles, resulting in rapid collection of diffraction
patterns. The precision of diffraction patterns is improved
by the use of an anode blade rather than a traditional
anode wire. Experimental configurations in this study are
similar to those implemented by Bland et al. (2004) and
Menzies et al. (2005). Samples were radiated using
CuKa1 radiation, which was selected from the primary
beam using a single-crystal Ge111 monochromator.
Post-monochromator slits were used to restrict the beam
size to 0.24 · 3.0 mm. Diffraction patterns were recorded
in reflection geometry from the top of the sample smear,
which was set at an angle 7.5� to the incident beam.

The PSD-XRD method for quantification of
multi-phase samples (hereafter referred to as powder
XRD) was first introduced by Cressey and Schofield
(1996) and further developed by Batchelder and Cressey
(1998). Modal abundances are determined by fitting
peak intensities of a mineral standard to those present
in a mixture. The intensity of the whole pattern
standard phase is decreased by a factor to match
the intensity of that phase in the mixture and then
subtracted, effectively removing that component from
the mixture pattern. This procedure is repeated until all
phases have been removed. After applying a simple
correction for deadtime of the detector, the actual
weight percent of each mineral is determined using
the pattern-fit fraction of a single phase and the
calculated mass absorption coefficients for each mineral
in the mixture (Batchelder and Cressey 1998). Weight
percentages can be converted to volume percents if the
density of each mineral phase is known. However, in

this study all results are presented in weight percent to
allow for ease of comparison with previously determined
normative abundances (McSween et al. 1991). For a
detailed description of this powder XRD technique and
its application to ordinary chondrite modal abundances,
see Dunn et al. (2009).

Electron Microprobe Phase Analysis

Olivine, low-Ca pyroxene, and high-Ca pyroxene
compositions were determined with a Cameca SX-50
electron microprobe at the University of Tennessee,
using synthetic and natural mineral standards. Data
were corrected using ZAF (PAP) procedures. Standard
operating conditions during analysis included 15 kV
potential, 20–30 nA beam current, and a 2 lm beam
size. Counting time was typically 20 s. Olivine and low-
Ca pyroxene grains were chosen randomly for analysis
by moving the sample stage in a grid pattern and
analyzing grains in the backscatter image field of view,
resulting in a representative sampling of the entire
sample. Grains larger than 30 lm were selected to
ensure quality analyses, and 15–20 grains of both olivine
and low-Ca pyroxene were analyzed per thin section.
Unlike low-Ca pyroxene, which comprises one-third
to one-fourth of ordinary chondrite modes, high-Ca
pyroxene is present at very low abundances and can be
difficult to recognize and analyze. High-Ca pyroxene
was identified in nine type 6 chondrites, and one to
eight analyses were collected per sample. High-Ca
pyroxene was analyzed in type 6 chondrites only for the
purpose of calculating peak metamorphic temperatures.

EVALUATION OF REDOX STATE IN

EQUILIBRATED CHONDRITES

Olivine and Low-Ca Pyroxene Modal Abundances

Modal abundances of olivine and low-Ca pyroxene
show subtle but systematic variations with petrologic
type in all chondrite groups (H, L, and LL). Average
abundances and standard deviations of olivine and
low-Ca pyroxene are listed in Table 2. Figure 1 illustrates
changes in mean olivine and low-Ca pyroxene
abundances (with petrologic type) in the H, L, and LL
chondrites. In all three chondrite groups, average olivine
abundances increase with increasing metamorphic grade.
In the H and LL chondrites, the converse trend is
present in low-Ca pyroxene abundances. However, this
trend of decreasing low-Ca pyroxene abundances is
slightly askew in the L chondrites, as average low-Ca
pyroxene abundances show an overall decrease from
type 4 to type 6, but increase between type 4 and type
5. The average abundance of low-Ca pyroxene in the L5
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chondrites is higher than that of the L6 chondrites due to
individual low-Ca pyroxene abundances in Ausson,
Blackwell, and Cilimus, which are 1–2 wt% higher than
other L5 chondrites. It is possible that these abundances
are inaccurate due to unrepresentative sampling. Powders
of Ausson, Blackwell, and Cilimus were prepared from
small chip weighing 0.1–0.5 g, which may not be enough
material to provide representative modal mineralogies.
For a detailed discussion of representative sampling in
this study, refer to Dunn et al. (2009).

The trends present in mean abundances of olivine
and low-Ca pyroxene are subtle and may seem
unconvincing. Most changes in modal abundances
between petrologic types are within the error of the
powder XRD technique, as measured by Dunn et al.
(2009) (±2.2 wt%), and trends are indistinct when 1r
standard deviations are considered. However, these
trends become more obvious if we consider instead the
overall change in abundance with metamorphism (i.e.,
from petrologic type 4 to type 6). In the H chondrites
olivine abundances increase from type 4 to type 6 by
5.9 wt%, in the Ls by 2.3 wt%, and in the LLs by
2.8 wt%. Conversely, low-Ca pyroxene abundances
decrease by 2.1 wt% in the H chondrites, 1.9 wt% in
the Ls, and 3.7 wt% in the LLs. Standard deviation is
still a problem when discerning overall trends, but there
is an apparent increase in olivine in the H chondrites
and a decrease in low-Ca pyroxene in the LL chondrites.
In addition, an ANOVA single factor test indicates
that the differences between overall abundances are
statistically significant in the H chondrites (in olivine) in
the L and LL chondrites (in low-Ca pyroxene) at 95%
confidence levels.

The relationship between average olivine and low-
Ca pyroxene abundances can be expressed simply as a
ratio of Ol ⁄Opx. Ratios of olivine to low-Ca pyroxene
(Ol ⁄Px) in ordinary chondrites have been calculated
from normative abundances (McSween et al. 1991),

Table 2. Average abundances of olivine, low-Ca
pyroxene, and plagioclase.
Chondrite
group

Number of
analyses Olivine

Low-Ca
pyroxene Plagioclase

H4 5 29.8 (0.4) 27.0 (1.1) 9.1 (0.5)
H5 7 33.1 (2.0) 25.2 (1.1) 8.9 (0.7)
H6 6 35.7 (2.2) 24.9 (2.1) 8.9 (0.4)

L4 4 40.7 (1.9) 23.6 (1.8) 9.5 (0.4)
L5 7 42.2 (2.0) 24.1 (1.3) 9.3 (1.5)
L6 6 43.0 (1.6) 21.7 (0.9) 9.5 (0.5)

LL4 4 49.7 (1.4) 22.6 (1.4) 9.7 (1.2)
LL5 5 51.1 (1.1) 21.8 (1.3) 9.6 (0.6)
LL6 4 52.5 (3.1) 18.9 (1.0) 9.9 (0.7)

Values are in wt%. 1r standard deviations are shown in parentheses.

(a)

(b)

(c)

Fig. 1. Average XRD-measured olivine and low-Ca pyroxene
abundances for each petrologic type. Error bars are 1r
standard deviations of mean abundances. Average abundances
and standard deviations are listed in Table 2.
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modal abundances (Gastineau-Lyons et al. 2002), and
VIS ⁄NIR reflectance spectra (Gastineau-Lyons et al.
2002; Burbine et al. 2003). XRD-measured modal
Ol ⁄Opx ratios for the chondrites in this study are shown
in Fig. 2, along with ratios calculated from normative
data (McSween et al. 1991). As indicated in paper 1,
normative olivine abundances are consistently higher
than XRD-derived abundances due to incorrect
allocation of oxides in the normative calculation. As a
result, normative ratios of Ol ⁄Opx are higher than
measured ratios. Despite the difference between olivine
abundances, both modal and normative Ol ⁄Opx ratios
increase with increasing petrologic type in the H, L, and
LL chondrites. We suggest that the presence of this
trend in both data sets is significant. Despite the flaws
in normative calculations, the proportions of olivine
and low-Ca pyroxene in normative abundances appear
to support the hypothesis that progressive oxidation is
occurring between petrologic type 4 and type 6.

It is worth noting that the trends represented by
changes in Ol ⁄Opx ratios are not linear, which appear
to indicate that temperature intervals are not constant
between each petrologic type. This is not unexpected
though, as temperature ranges, calculated using
thermometry, often overlap between petrologic types.
In the LL chondrites, equilibration temperatures
calculated using the olivine-spinel thermometer range
from 648 to 670 �C in type 4, 677–741 �C in type 5,
and 683–777 �C in type 6 (Kessel et al. 2007).
Although these calculated temperatures are lower

than expected due to continued Fe-Mg exchange after
cooling, the Kessel et al. (2007) study presents an
extensive survey of samples and should not be ignored.
We must consider these temperature variations when
interpreting mineralogical and chemical data, as peak
temperatures and duration of metamorphism vary among
samples within a petrologic type. Each sample is, in
essence, a product of the effects of metamorphism
throughout its entire thermal history.

Although the high standard deviation makes it
difficult to state with absolute certainty that oxidation
is increasing with increasing petrologic type, it may
allow for a more useful observation; it may indicate
that the oxidation state varies slightly within each
petrologic type. In other words, not all type 4
chondrites may have experienced the same degree of
oxidation. The same is true for type 5 and type 6.
Previous studies could not have recognized this
variability due to their limited sample populations. For
example, in Gastineau-Lyons et al. (2002) only one
sample of each petrologic type was examined. This
observation appears to indicate that the redox state in
the ordinary chondrites is a complex process driven by
several factors, including the amount of oxidizing agent
available, the temperature within the parent body, and
the kinetics of the oxidizing reaction.

Olivine and Low-Ca Pyroxene Mineral Chemistry

Of the 48 equilibrated ordinary chondrites examined
in this study, 38 were analyzed using the electron
microprobe to determine olivine and low-Ca pyroxene
compositions. Average olivine analyses of H, L, and LL
chondrites are reported in Tables 3–5 and low-Ca
pyroxene in Tables 6–8. In this section, we examine
compositional data of silicate minerals to look for
chemical trends indicative of oxidation. As bulk
geochemical analyses from previous studies (Kallemeyn
et al. 1989) indicate that there are no systematic
compositional differences among ordinary chondrites of
differing petrologic types, we base our interpretations
in this section on the fundamental assumptions that
thermal metamorphism was isochemical and that
chondrites from each group were derived from a
common, unequilibrated starting material.

Intragroup variations in the molecular ratios of
olivine (mol% Fa) and low-Ca pyroxene (mol% Fs) have
been recognized in several previous studies (Scott et al.
1986; Rubin 1990; McSween and Labotka 1993) and have
been attributed to progressive oxidation with increasing
thermal metamorphism (Rubin 1990). Olivine (mol% Fa)
and low-Ca pyroxene (mol% Fs) compositions of each
ordinary chondrite analyzed in this study are presented
in Fig. 3. Mean compositions of olivine and low-Ca

Fig. 2. Ol ⁄Px ratios of H, L, and LL chondrites determined
from modal data (this study) and normative data (McSween
et al. 1991). Ratios in both sets of data increase from
petrologic type 4 to petrologic type 6.
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pyroxene at each petrologic type are represented by open
symbols. Although there is a small spread of Fa content
among individual samples, mean Fa content in olivine
and mean Fs content in low-Ca pyroxene increase with
petrologic type in all three chondrite groups, which is in
agreement with data from previous studies.

Redox state in the H, L, and LL chondrites can also
be examined using molar Fe ⁄Mn and molar Fe ⁄Mg ratios
in silicate minerals (Goodrich and Delany 2000). Fe
addition (as a result of oxidation) is indicated by the
presence of a linear trend, which passes through the
origin (y-intercept = 0) and is defined by constant
Mn ⁄Mg ratios. Molar Fe ⁄Mn ratios and molar Fe ⁄Mg
ratios in olivine and low-Ca pyroxene are listed in
Tables 3–8. Figures 4a–c compare Fe ⁄Mn ratios to
molar Fe ⁄Mg ratios in the H, L, and LL chondrites,
respectively, to check for the presence of Fe addition
trends. In the H and LL chondrites, linear regression
analyses of data yield R2 values ranging from 0.53 to
0.85. R2 values and slopes do not change when the
y-intercept is set at zero, indicating that data fall on lines
that pass naturally through the origin (Figs. 4a and 4c).
However, R2 values are less than 0.90 in both groups,
suggesting that there is a poor correlation between
variables. In the L chondrites, R2 values are 0.23 (in
olivine) and 0.34 (in pyroxene) and R2 values decrease
significantly when the y-intercept is set at zero, indicating
that the L chondrite data are best fit with a line that does
not pass through the origin. In all three chondrite groups,
there is considerable overlap between molar Fe ⁄Mn and

(a)

(b)

(c)

Fig. 4. Molar Fe ⁄Mn versus Fe ⁄Mg ratios for olivine and
low-Ca pyroxene in (a) H, (b) L, and (c) LL chondrites. Solid
symbols represent average analyses from each chondrite; Open
symbols are averages for each petrologic type. Each inset
shows a linear regression of data, where the y-intercept is zero.

Fig. 3. Olivine (as mol% Fa) versus low-Ca pyroxene (as
mol% Fs) in the H, L, and LL chondrites. Symbols are
average analyses from each chondrite analyzed in this study;
circles are type 4 chondrites, squares are type 5, and triangles
are type 6. Overall averages of all samples at each petrologic
type are shown as open symbols with crosshairs. 1r standard
deviations are smaller than the symbols.
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Fe ⁄Mg ratios at different petrologic types. However,
averages of data at petrologic types 4, 5, and 6 generally
plot in an Fe-enrichment sequence in all three chondrite
groups.

Examination of mol% Fa, mol% Fs, and Mg ⁄Fe
versus Mn ⁄Fe appears to suggest that the silicate minerals
are being enriched in Fe during metamorphism in the H
and LL chondrites. Data from the L chondrites, however,
do not appear to support this assertion. Average mol%
Fa versus mol% Fs values do not show an increase
between petrologic type 5 and type 6, and Mg ⁄Fe versus
Mn ⁄Fe data for the L chondrites do not fall on an Fe-
enrichment trend. Oxidation trends in the L chondrites
are expected, but have likely been erased by residual
heating from an episode of extreme shock in the L
chondrite parent body, which took place �470 Ma
(Anders 1964; Heymann 1967; Schmitz et al. 2003;
Korochantseva et al. 2007). This shock event left many
parts of the L chondrite parent body at high residual
temperatures (up to 1500 �C) for weeks to months
(Smith and Goldstein 1977). As a result, the expected
metamorphic sequence (from type 4 to type 6) was
interrupted and compositions of mineral phases were
altered (i.e., Dodd and Jarosewich 1979; Huston and
Lipschutz 1984), accounting for the lack of oxidation
trends in the L chondrites.

Fe-Ni Metal Content and Oxygen Isotope Compositions

Additional mineralogical and chemical trends in
metals have also been cited as evidence of progressive
oxidation in the equilibrated ordinary chondrites. Rubin
(1990) noted enrichment trends of Co and Ni in kamacite
with increasing petrologic type, and McSween and
Labotka (1993) observed an increase in mean ratios of
Ni ⁄Fe and Co ⁄Fe in bulk metal. Although metals were
not analyzed in this study, weight ratios of Ni ⁄Fe and
Co ⁄Fe in 39 of our samples were determined from bulk
chemical analyses collected by Jarosewich (1990). Mean
ratios of Ni ⁄Fe and Co ⁄Fe are listed in Table 9 (along
with standard deviations), and these data are presented
graphically in Fig. 5. Although mean ratios of Ni ⁄Fe and
Co ⁄Fe increase with petrologic type in the H chondrites,
this is not the case in the L and LL chondrites. As
suggested previously, the absence of a trend in the L
chondrites is due to shock events in the parent body.
In the LL chondrites, there is insufficient data to
determine if Ni ⁄Fe and Co ⁄Fe increase with increasing
metamorphic type, because only one LL4 and one LL5
sample were analyzed by Jarosewich (1990). Based on our
data, it is unclear whether compositional ratios in metal
support the oxidation hypothesis in all chondrite groups.

Oxygen isotopic compositions also change
systematically with petrologic type, as mean d18O and

d17O progressively decrease from type 4 to type 6 in all
three chondrite groups (Clayton et al. 1991; Rubin 2005).
This decrease in mean d18O and d17O correlates with
increasing mol% Fa in olivine, suggesting that there is a
correlation between oxygen isotope compositions and
oxidation state (Rubin 2005). Rubin (2005) attributed the
decreases in d18O and d17O with petrologic type to loss of
chondritic water during thermal metamorphism. It has
been suggested that chondritic water was enriched in
heavy O isotopes (Choi et al. 1998). If this was the case,
loss of water during progressive metamorphism would
result in lower d18O and d17O values in chondrites of
higher petrologic types (i.e., those that have lost more
water through oxidation). Because oxygen isotope
compositions have only been measured in seven of the
chondrites analyzed in this study, we do not have
sufficient data to address the relationship between
oxygen isotopic compositions and oxidation. We believe,

Table 9. Mean weight ratios and standard deviations
of bulk metal compositions from Jarosewich (1990).
Chondrite
group Ni ⁄Fe

Standard
deviation Co ⁄Fe

Standard
deviation

H4 0.102 0.007 0.0043 0.0012
H5 0.108 0.011 0.0048 0.0012
H6 0.109 0.006 0.0054 0.0006

L4 0.177 0.021 0.0087 0.0013
L5 0.169 0.017 0.0086 0.0012
L6 0.189 0.030 0.0096 0.0012

LL4 0.346 ind.a 0.0160 ind.
LL5 0.883 ind. 0.0325 ind.
LL6 0.779 0.386 0.0354 0.0188
aIndeterminate, only one analysis available.

Fig. 5. Weight ratios of Ni ⁄Fe and Co ⁄Fe (from Jarosewich
1990) in 18 H, 15 L, and 6 LL chondrites analyzed in this study.
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however, that data from Rubin (2005) strongly
support the hypothesis that d18O and d17O decrease
with increasing petrologic type as a result of progressive
oxidation.

REDOX STATE IN ORDINARY

CHONDRITE PARENT BODIES

Initial Reduction

Mineralogical and geochemical evidence seem to
support the hypothesis that type 4–6 ordinary chondrites
became progressively oxidized during metamorphism.
The unequilibrated ordinary chondrites, however, appear
to have experienced a very different redox history. Any
model of redox state in the ordinary chondrite parent
body would be incomplete without a discussion of redox
state in the type 3 chondrites. The unequilibrated
chondrites were not included as part of this study because
the question of redox state in type 3.1–3.9 chondrites
was addressed by Menzies et al. (2005). Using XRD
and Mössbauer spectroscopy, Menzies et al. (2005)
investigated the redox state in 21 unequilibrated ordinary
chondrites and identified several mineralogical trends
indicative of reduction. Based on their observations
and on those of McSween and Labotka (1993), Menzies
et al. (2005) suggested that unequilibrated chondrites
experienced reduction until type 4 conditions were
reached, at which time progressive oxidation began and
continued until metamorphism ended (type 6). This
model, however, does not apply to unequilibrated
chondrites, such as Semarkona, which contain carbide-
magnetite assemblages that form under oxidizing
conditions (Krot et al. 1997). Although data suggest that
reduction occurs in most type 3 chondrites, this is not the
case in all unequilibrated chondrites.

The Menzies et al. (2005) model suggests that there
must have been a sudden shift from a reducing to
an oxidizing environment in the ordinary chondrite
parent body. Though it may seem difficult to reconcile
these contrasting environments, this shift may be a
natural effect of known mineralogical changes that
take place between unequilibrated and equilibrated
chondrites, specifically the disappearance of carbon and
phyllosilicates at type 4 conditions. Carbon, the most
likely agent responsible for reduction (Brett and Sato
1984; Sears and Weeks 1986), decreases in abundance
with progressive metamorphism in the unequilibrated
chondrites (Grady et al. 1982) and disappears at
temperatures equivalent to petrologic type 4 (Menzies
et al. 2005). Brett and Sato (1984) also noted that carbon
dissolves in Fe-Ni metal at high temperatures, so it
is unlikely that carbon is a viable reducing agent past
petrologic type 4. Phyllosilicates (hydrous phases

common in unequilibrated chondrites) are also absent
from equilibrated chondrites. In the unequilibrated
chondrites, dehydration of hydrous phases converts
Fe3+in phyllosilicates to Fe2+in olivine and pyroxene,
which is then reduced to Fe0 in metal (Menzies et al.
2005). When the hydrous phases disappear at type 4, the
source of Fe3+is removed from the system and reduction
ceases. At petrologic type 4, there is no carbon available
and all phyllosilicates have dehydrated, making Fe metal
available for oxidation.

Origin of the Oxidizing Agent

While initial reduction appears to be driven by
carbon, the most plausible agent responsible for
oxidation in the ordinary chondrite parent bodies is an
externally derived fluid, most likely in the vapor phase
(McSween and Labotka 1993). Several lines of evidence
indicate that aqueous fluid was present in unequilibrated
ordinary chondrites, including the presence of minor
alteration products, such as phyllosilicates and clay
minerals (Hutchison et al. 1987; Alexander et al. 1989),
and carbide-magnetite-sulfide veins cross-cutting fine-
grained chondrule rims (Krot et al. 1997). Water-rich
mesostases on the outer reaches of chondrule glass
(Grossman and Brearley 2001) and magnetite grains
showing large mass-dependent isotopic fractionation of
oxygen (d18O �13&) in type 3 chondrites (Choi et al.
1998) also indicate that water was present in ordinary
chondrite parent bodies prior to metamorphism. Because
fluid was presumably lost during metamorphism,
evidence of water in type 4–6 ordinary chondrites is
limited. However, the presence of bleached chondrules
(products of low-temperature aqueous alteration) in type
4–6 chondrites (Grossman et al. 2000) indicates that
fluid remained in the ordinary chondrite parent bodies
throughout thermal metamorphism. Water has also been
measured in recovered ordinary chondrites (Jarosewich
1990). However, it is unlikely that all of this water is
indigenous, as some of it may have been absorbed from
the terrestrial atmosphere.

Although there are several lines of evidence to
suggest that aqueous fluid was present in the ordinary
chondrite parent bodies, the origin of fluid in these
bodies is unclear. McSween and Labotka (1993)
suggested that the oxidizing fluid was produced by
melting small amounts of ice, which accreted in different
abundances on each of the three ordinary chondrite
parent bodies. This model, however, does not account
for the metal-silicate fractionation trend, which
distinguishes the three ordinary chondrite groups,
nor can it explain systematic changes in elemental
composition (such as siderophile abundances and
volatile ⁄ refractory ratios) that occur through the H–L–

148 T. L. Dunn et al.



LL sequence (Kallemeyn et al. 1989). The presence of ice
on ordinary chondrite parent bodies is also problematic,
as ordinary chondrite parent material is thought to have
accreted inside the snow line at heliocentric distances
where ice is not expected to form (Bell et al. 1989).
However, it may have been possible to accrete ice on the
ordinary chondrite parent bodies if the snow line was
not static and migrated over time.

As an alternative hypothesis, Wasson (2000)
suggested that water was incorporated as hydrous
silicates. Phyllosilicates may have formed by direct
condensation of a modified solar gas composition under
optimal temperature conditions (Petaev and Wood 1998;
Wasson and Trigo-Rodrı́guez 2004) or may have been
produced in icy regions by shock waves (Ciesla et al.
2003) and been transported into inner regions by gas drag
(Ciesla and Lauretta 2005). If phyllosilicates formed as
the result of condensation followed by evaporation, the
abundance of phyllosilicates among fine-grained nebular
material may have increased over time (Wasson and
Trigo-Rodrı́guez 2004). Rubin (2005) suggests that the
H chondrites agglomerated first and incorporated the
lowest abundances of hydrated silicates, while the LL
chondrites, which agglomerated last, incorporated the
highest abundance of phyllosilicates. As phyllosilicates
agglomerated, D17O became progressively heavier,
accounting for the increase in oxidation states from the
Hs to the LLs (Rubin 2005).

Neither of these hypotheses can account for our
observation that the type 6 chondrites experienced a
higher degree of oxidation than the type 4 chondrites
and apparently required a larger amount of the oxidizing
agent. In the onion-shell model of the ordinary chondrite
parent bodies, the inner-most region corresponds to the
highest temperatures (petrologic type 6) and the outer
region to the lowest temperatures (petrologic type 3).
Melting accreted ice could have served as a source of
water for type 3 (and possibly type 4) material, but it
is unlikely that melted ice would have provided a
substantial amount of water to type 5 and 6 material
deeper in the parent body. Even if water percolated
through the parent body by some mechanism, possibly
along a system fractures, it is unlikely that more water
would have reached the interior of the body than the
surface.

The phyllosilicate hypothesis also fails to account
for the increase in oxidation from type 4 to type 6. If
the abundance of phyllosilicates in nebular material
increased over time, as suggested by Wasson and Trigo-
Rodrı́guez (2004), material that accreted first (type 6)
would contain less phyllosilicates (and less water) than
material that accreted later (type 3). However, if we
eliminate the suggestion that phyllosilicate abundances
in nebular material increased over time, we can assume

that the parent body accreted from homogeneous
material. If this was the case, phyllosilicates would have
been equally distributed throughout the parent body
prior to metamorphism. If all water was released by
progressive dehydration of hydrous silicate minerals
prior to type 4 conditions, water would have been
evenly distributed as well, and the amount of oxidizing
agent available for oxidation would not vary.

If water was distributed homogeneously throughout
the parent body, then the abundance of water may not
be the only factor driving the oxidation reaction in the
parent body. Temperature also plays a significant role
in oxidation, as higher temperatures favor a more rapid
and extensive reaction. As oxidation occurs during
progressive metamorphism (i.e., as heating progresses),
it is very likely that oxidation is driven by increasing
temperature. Therefore, it is possible that the increase in
oxidation from type 4 to type 6 may not require a larger
amount of oxidizing agent, but may instead reflect more
advanced oxidation at higher temperatures. The kinetics
of the reaction may also be a factor in the degree of
oxidation. It is possible that the activation energy
required to initiate the oxidation reaction is barely
attained in type 4, resulting in only a small amount of
oxidation. Once the activation energy has been reached,
the reaction may progress to completion, depending on
the rate of the reaction.

Abundance of Fluid Required for Oxidation

As a result of the continuous reaction enstatite +
Fe + O2 = olivine, there are measurable changes in
silicate abundances of the equilibrated chondrites during
progressive metamorphism. If we assume the observed
changes in mineral abundances are caused by interactions
between the fluid and the meteorite, we can estimate
the minimum amount of fluid necessary to oxidize Fe
in chondrites using a mass balance of the oxidation
equation. The change in the amount of O (expressed here
as H2O) is the amount necessary to convert mean mineral
abundances of olivine and pyroxene in type 4 to those
in type 6. As a precondition for mass balance of the
oxidation equation, we assume that the bulk composition
remains constant and the weights of Si, Fe, Mg, and Ni
+ Co are conserved. Changes in abundances determined
using mass balance are presented in Table 10, along with
actual measured abundances low-Ca pyroxene, olivine,
and metallic Fe.

Using the difference between mean low-Ca pyroxene
in type 4 and mean low-Ca pyroxene in type 6, we can
determine the decrease in metallic Fe, increase in olivine,
and amount of H2O required to balance the oxidation
equation. In the H chondrites, the measured decrease in
low-Ca pyroxene (2.1 wt%) is balanced by a 3.6 wt%

Ordinary chondrite parent-body processes 149



increase in olivine, a 1.2 wt% decrease in metallic Fe,
and requires 0.4 wt% H2O. In L chondrites, a 1.9 wt%
difference between low-Ca pyroxene in type 4 and type 6
is balanced by a 3.3 wt% increase in olivine, a 1.1 wt%
decrease in metallic Fe, and consumes 0.3 wt% water.
Mass balance of type 4 abundances in the LL chondrites
produces 6.4 wt% olivine, consumes 2.1 wt% metallic
Fe, and requires 0.7 wt% water.

Phase abundances determined using mass balance of
the oxidation equation do not always correlate with
measured phase changes. In the H chondrites, measured
changes in olivine and Fe metal are slightly higher
than mass balance values (by 0.4 wt% in metal and
2.3 wt% in olivine). The converse is true in the L and
LL chondrites, as measured abundance changes are
lower than those calculated using mass balance. In the
L chondrites, measured changes in abundances are
0.7 wt% lower in metal and 1.0 wt% lower in olivine.
In the LL chondrites, the difference between measured
and mass balance-derived abundances is 0.9 wt% in
metal and 3.6 wt% in olivine. Mass balance calculations
should accurately model expected phase changes, and
the inconsistency between XRD-measured abundance
changes and those calculated using mass balance may
be a consequence of the error associated with the XRD
technique. Despite this error, it is clear that the amount
of water required is minimal.

Based on mass balance in the H and L chondrites,
the amount of water required to convert low-Ca
pyroxene to olivine is between 0.3 and 0.4 wt%. In the
LL chondrites, this abundance is 0.7 wt%. However, we
believe that the measured decrease in low-Ca-pyroxene
in the LL chondrites is too large, resulting in more
water than expected being consumed during mass
balance. It is more likely the abundance of water
required for oxidation in the LL chondrites is also in
the range of 0.3–0.4 wt%. These abundances are slightly
higher than those suggested by McSween and Labotka
(1993) (0.1 wt% in the H chondrites and 0.2 wt% in the
L chondrites). It is important to note we have assumed
all O is present as H2O, although the fluid likely
contained other oxygenated (CO and CO2) and non-
oxygenated species (CH4 or H2) (McSween and Labotka
1993). As a result, these calculated abundances are
minimum values.

EVALUATION OF PYROXENE AND

PLAGIOCLASE GEOTHERMOMETRY

Plagioclase Modal Abundances

Unlike olivine and low-Ca pyroxene abundances,
plagioclase abundances do not show any systematic
changes with increasing petrologic type. However, as in
the case of olivine and low-Ca pyroxene, the presence
or absence of trends may be obscured by the error of
the XRD-technique. Average plagioclase abundances
vary slightly from the H to LL chondrites (from
9.0 ± 0.5 wt% in the Hs, to 9.4 ± 0.8 wt% in the Ls,
to 9.7 ± 0.8 wt% in the LLs). Table 2 lists average
plagioclase abundances and standard deviations, while
Fig. 6 illustrates plagioclase abundances as a function
of petrologic type. Although normative plagioclase
abundances increase from petrologic type 4 to type 6,
the absence of an equivalent trend in modal abundances
indicates that plagioclase abundances do not change
with increasing petrologic type. This is contrary to
petrologic observations from previous studies (Van
Schmus and Wood 1967; Sears et al. 1980), which
suggest that plagioclase continues to crystallize through
type 5 conditions. These new data may instead indicate

Fig. 6. XRD-measured modal abundances (wt%) of plagioclase
in the H, L, and LL chondrites at petrologic types 4, 5, and 6.
1r standard deviations are in parentheses.

Table 10. Measured and mass balanced changes in abundances from petrologic type 4–6.

Measured decrease in

low-Ca pyroxene

Decrease in metallic Fe Increase in olivine

H2O requiredBalanced Measured Balanced Measured

H4–H6 2.1 1.2 1.6 3.6 5.9 0.4
L4–L6 1.9 1.1 0.4 3.3 2.3 0.3
LL4–LL6 3.7 2.1 1.2 6.4 2.8 0.7

Values are in wt%.
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that plagioclase undergoes grain growth, rather than
crystallization, with increasing metamorphic grade.

Gastineau-Lyons et al. (2002) suggested that the
timing of plagioclase crystallization could be constrained
by comparing normative and modal plagioclase
abundances, which should converge when all available
chondrule glass has recrystallized. A comparison of
normative plagioclase abundances (McSween et al. 1991)
with modal abundances of type 3 chondrites (Menzies
et al. 2005) and type 4–6 chondrites (Dunn et al. 2009) is
shown in Fig. 7. Although modal and normative values
do not converge absolutely, values converge at type 4
in the H and L chondrites and at type 5 in the LL
chondrites when 1r standard deviations are considered
(Fig. 7). Our assessment of modal and normative
plagioclase abundances yields a slightly different
conclusion from that of Gastineau-Lyons et al. (2002),
who examined plagioclase abundances in equilibrated L
and LL chondrites. In Gastineau-Lyons et al. (2002),
normative and modal plagioclase abundances did not
converge until petrologic type 6 in the L chondrites
and type 5 in the LLs. However, observations in the
Gastineau-Lyons et al. (2002) study were based on a
single chondrite of each petrologic type and do not
represent a statistically significant sampling of the L and
LL chondrite groups. Based on the observations from
this study, we suggest that chondrule glass crystallized to
form plagioclase by type 4 temperature conditions in the
H and L chondrites. In the LL chondrites, plagioclase
appears to have crystallized from chondrule glass by type
5 conditions. Additional normative abundances of the
LL4 and LL5 chondrites may indicate that chondrule
glass crystallized into plagioclase by type 4 in the LL
chondrites.

Peak Temperature Estimates

While most traditional thermometers are based on
cation exchange, the plagioclase thermometer (Nakamuta
and Motomura 1999) is based on the distribution of Si
and Al in the unit cell of plagioclase, which is directly
linked to temperature. In plagioclase that crystallizes
at lower temperatures, Al is concentrated in a single
tetrahedral site (ordered); at higher temperatures, Al is
distributed among all four sites (disordered). Nakamuta
and Motomura (1999) suggest that the transition from
ordered to disordered occurs at temperatures >850 �C.
However, measured thermoluminescence sensitivity of
feldspars indicates that this transition occurs at lower
temperatures, by petrologic type 3.5 (Sears et al. 1982;
Benoit et al. 2001, 2002). The validity of using the
plagioclase thermometer to determine peak temperatures
rests on the assumption that plagioclase continued to
crystallize through type 6 conditions (Nakamuta and

(a) 

(b) 

(c) 

Fig. 7. XRD-measured modal plagioclase abundances for the
(a) H, (b) L, and (c) LL chondrites plotted against normative
plagioclase abundances from McSween et al. (1991). Type 3
modal abundances are from Menzies et al. (2005). Standard
deviations of modal plagioclase abundances are listed in
Table 2. 1r standard deviations for type 3 chondrites are
0.5 wt% for the Hs and 0.3 wt% for the Ls and LL.
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Motomura 1999). Our data indicate that crystallization
was complete much earlier in the metamorphic sequence,
and we suggest that the plagioclase thermometer should
not be used to determine peak metamorphic temperatures
in ordinary chondrites. Pyroxene thermometry provides
more accurate estimates of the peak temperatures
reached in ordinary chondrite parent bodies.

To assess peak metamorphic temperatures in
ordinary chondrite parent bodies, we performed
pyroxene thermometry on nine type 6 ordinary
chondrites using QUILF95 (Anderson et al. 1993;
modified for Windows 95), a computer model based on
the graphical approach of Lindsley (1983). Type 4 and 5
chondrites were not examined because type 6 chondrites
represent the highest degree of metamorphism and
therefore record the highest temperatures reached in
the parent body. QUILF95 incorporates improved
experimental data for pyroxene equilibrium, eliminates
errors associated with converting and plotting chemical
analyses on the pyroxene quadrilateral, and eliminates
difficulties associated with discerning temperature
differences. Temperatures were calculated at a pressure
of 1 bar. Average high-Ca pyroxene analyses used to
calculate peak temperatures are listed in Table 11.

Peak temperature estimates for low-Ca pyroxene and
high-Ca pyroxene pairs are presented in Table 12. Peak

temperatures range from 866 ± 63 �C to 967 ± 25 �C,
with all but two temperatures below the Fe-Ni metal-FeS
eutectic (950 �C). (Because chondrites did not experience
melting or differentiation, peak temperatures should
be below this eutectic.) Temperatures above 950 �C may
be higher than expected due to inadequate high-Ca
pyroxene analyses. There is no appreciable difference in
temperature estimates from each chondrite group, and
peak temperatures overlap between groups, suggesting
that observations of lower temperatures in the H
chondrites (Olsen and Bunch 1984; Nakamuta and
Motomura 1999) are inaccurate. The QUILF95 program
yields an uncertainty of ±50 �C for temperatures
calculated from low-Ca pyroxene and high-Ca pyroxene
pairs. The actual error can be larger if equilibrium
has not been reached between the two pyroxene
compositions. Because the calculated error in the model
does not account for analytical error, we also determined
the maximum temperature range due to analytical
uncertainty. Minimum and maximum temperatures were
calculated by increasing or decreasing the amount of
CaO (the most sensitive component in the temperature
determinations) by an amount equal to the 1r standard
deviation of low-Ca pyroxene and high-Ca pyroxene. All
temperatures calculated from pyroxene pairs fall within
the temperature range due to expected analytical error.

Table 11. Average electron microprobe analyses for high-Ca pyroxene in type 6 chondrites.
Butsura Ipiranga Karkh Kunashak Kyushu Bandong Cherokee Springs Karatu St. Severin
H6 [3] H6 [1] L6 [13] L6 [1] L6 [1] LL6 [3] LL6 [4] LL6 [8] LL6 [3]

SiO2 54.6 (13) 54.8 53.4 (2) 54.0 53.4 53.1 (8) 53.7 (3) 53.5 (3) 53.4 (3)
TiO2 0.44 (3) 0.51 0.49 (2) 0.47 0.51 0.49 (3) 0.44 (3) 0.46 (3) 0.43 (5)

Al2O3 1.32 (77) 0.50 0.51 (2) 0.50 0.52 0.90 (39) 0.53 (9) 0.56 (10) 0.50 (3)
Cr2O3 0.75 (3) 0.80 0.88 (46) 0.91 0.98 0.91 (2) 0.66 (8) 0.82 (6) 0.79 (11)
FeO 4.44 (12) 3.42 5.05 (18) 5.14 4.97 6.51 (59) 4.96 (16) 6.76 (28) 6.47 (36)
MnO 0.24 (1) 0.18 0.24 (2) 0.24 0.23 0.29 (4) 0.21 (6) 0.24 (3) 0.22 (4)

MgO 16.5 (4) 17.2 16.7 (1) 16.9 16.7 16.3 (2) 16.6 (1) 16.3 (2) 16.4 (1)
CaO 21.6 (5) 23.0 21.9 (1) 21.1 21.7 20.7 (6) 22.1 (3) 21.0 (3) 21.3 (5)
Na2O 0.64 (2) 0.54 0.59 (1) 0.60 0.57 0.61 (3) 0.53 (7) 0.55 (3) 0.50 (6)

Total 100.5 101.1 99.7 99.9 99.6 99.9 99.7 100.1 100.1
Cations based on 6 oxygens
Si 1.98 1.98 1.97 1.98 1.97 1.96 1.98 1.97 1.97

Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Al 0.06 0.02 0.02 0.02 0.02 0.04 0.02 0.02 0.02
Cr 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.02

Fe 0.14 0.10 0.16 0.16 0.15 0.20 0.15 0.21 0.20
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.89 0.93 0.92 0.93 0.92 0.90 0.91 0.89 0.90
Ca 0.84 0.89 0.86 0.83 0.86 0.82 0.87 0.83 0.84

Na 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Total 3.99 4.00 4.01 4.00 4.01 4.01 4.01 4.01 4.01

Fs 7.6 5.7 8.4 8.6 8.3 10.9 8.2 11.1 10.6

Wo 44.8 46.2 44.5 43.2 44.3 42.5 44.9 42.7 43.2

Numbers in square brackets represent number of analyses averaged.

Numbers in parentheses represent 1r precision expressed as the least digit cited.
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Slater-Reynolds and McSween (2005) used
QUILF95 to calculate peak temperatures of 41 type 6
ordinary chondrites. Of the nine chondrites analyzed in
this study, two (Kyushu and Saint Séverin) were
also analyzed by Slater-Reynolds and McSween (2005).
The remaining seven chondrites add to the database
of peak temperatures estimated from pyroxene
thermometry. Temperatures calculated in this study
for Kyushu and Saint Séverin are higher than those
determined by Slater-Reynolds and McSween (2005).
However, most of our estimated temperatures fall
within the temperature range (812–945 �C) established
by Slater-Reynolds and McSween (2005). Peak
temperatures calculated in this study also agree with
those determined using oxygen isotopes, which average
900 ± 50 �C (Clayton 1993). Our calculated peak
temperatures are consistently higher than those
determined using olivine-spinel thermometry (Kessel
et al. 2007). However, olivine-spinel thermometry yields
temperatures that are lower than expected due to
continued Fe-Mg exchange between olivine and spinel
during cooling. Like Slater-Reynolds and McSween
(2005), our peak temperatures are also higher than
those determined using plagioclase thermometry
(Nakamuta and Motomura 1999). We suggest that the
plagioclase-derived temperatures are not representative
of peak conditions because plagioclase does not
continue to crystallize through type 6 conditions.

CONCLUSIONS

In this study we evaluated oxidation state and peak
temperatures in equilibrated ordinary chondrites using
mineral abundances determined using powder XRD and
supplemental chemical analyses. Based on our results,
we suggest that oxidation occurred during progressive
metamorphism of the equilibrated chondrites, and we
cite the following observations as evidence:

1. Modal abundances of olivine and low-Ca pyroxene
exhibit subtle but systematic changes between
petrologic type 4 and type 6, and Ol ⁄Opx ratios
increase from type 4 to type 6 in both normative
and modal data. Both trends suggest that olivine
was produced at the expense of pyroxene during
progressive metamorphism.

2. In all three chondrite groups, mean Fa in olivine
and mean Fs in low-Ca pyroxene increase with
increasing petrologic type, indicating that silicate
phases became progressively enriched in Fe as a
result of oxidation.

3. Linear trends indicative of Fe addition in silicate
minerals appear to be present in the H and LL
chondrites, though not in the L chondrites.
Although there is considerable overlap between
data at different petrologic types, values generally
plot in an Fe-enrichment sequence. Individual data
are too variable to constitute convincing evidence
for or against oxidation in the L chondrites.

4. Mean ratios of Ni ⁄Fe and Co ⁄Fe in bulk metal
increase with petrologic type in the H chondrites.
An increasing trend is also discernable in the L
chondrites when standard deviations are considered;
however, a trend cannot be distinguished in the LL
chondrites due to limited sampling in the LL4s and
LL5s.
Prior to oxidation, which began at petrologic type 4

conditions, the ordinary chondrite parent bodies
experienced a period of reduction (McSween and
Labotka 1993; Menzies et al. 2005) that was driven by
carbon, either as graphite or CO gas (Brett and Sato
1984; Sears and Weeks 1986). The most plausible agent
responsible for oxidation in the ordinary chondrite parent
bodies is an aqueous fluid, which was incorporated
as hydrous silicates (Wasson 2000) and distributed
homogeneously throughout the parent body. During
oxidation, low-Ca pyroxene reacted with Fe2+, released

Table 12. Peak metamorphic temperatures (�C) calculated from average low- and high-Ca pyroxene compositions.

Pyroxene pairs

Maximum T Minimum T
Cpx ) 1r CaO

Opx + 1r CaO

Cpx + 1r CaO

Opx ) 1r CaO

Butsura H6 929 ± 20 950 ± 15 894 ± 20

Ipiranga H6 866 ± 63 Indeterminatea

Karkh L6 967 ± 25 1022 ± 38 896 ± 15
Kunashak L6 964 ± 39 Indeterminate
Kyushu L6 894 ± 64 Indeterminate

Bandong LL6 933 ± 50 984 ± 41 888 ± 70
Cherokee Springs LL6 876 ± 66 910 ± 64 837 ± 66
Karatu LL6 945 ± 44 974 ± 39 916 ± 49

St. Severin LL6 904 ± 35 934 ± 24 884 ± 49
aOnly one cpx analysis available.
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by oxidation of Fe-Ni metal, to produce olivine as the
oxidizing fluid is consumed. Based on mass balance of the
oxidation equation, a minimum of 0.3–0.4 wt% H2O was
necessary to convert measured mineral abundances in
type 4 chondrites to those in type 6.

Average plagioclase abundances increase slightly
from the H to LL chondrites, but do not show any
recognizable trends with petrologic type. Based on
this observation and on a comparison of modal and
normative plagioclase abundances, we suggest that
plagioclase completely crystallized from glass by type 4
temperature conditions in the H and L chondrites
and by type 5 in the LL chondrites. It is possible that
plagioclase crystallization was complete at a lower
petrologic grade in the LLs, but this cannot be
determined based on available data. Because the validity
of using the plagioclase thermometer to determine peak
temperatures rests on the assumption that plagioclase
continued to crystallize through type 6 conditions, we
suggest that temperatures calculated using pyroxene
goethermometry provide more accurate estimates of the
peak temperatures reached in ordinary chondrite parent
bodies. Peak temperatures calculated using QUILF95
range from 866 ± 63 � to 967 ± 25 �C, and there is no
appreciable difference in temperature estimates from
each chondrite group.
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