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Abstract

For several ordinary chondrite mineral phases, CIPW normative
abundances are noticeably higher than modal abundances The discrepancy may
result n part from the failure of the CIPW calculation to account for the Al and
Ca enriched mesostasis phase found in ordinary chondrites.

The discrépancy 1s reiatlvely uniform among the analyzed chondrites and
may not significantly affect certain petrologic trends that were uncovered using
normative calculations. Specifically, the ‘norm trend suggesting oxidation with
mncreasing metamorphism (McSween and Labotka, 1993) is supported by Fe
enrichment in H chondrite olivine and low-Ca pyroxene, and an increase in modal
H chondrite olivine abundance.

The chemical and mineralogic data for H5 and H6 values commonly
overlap, possibly a result of our small sample size or the misclassification of one
or more chondrites. However, overlap also appears in L and LL chondrite data
(e g., Gastineau, 2000; McSween and Labotka, 1993) and may actually be the
result of the gradational nature of ordinary chondrite metamorphism. Petrologic
trends may be more apparent from analyses of a wider range of petrologic types,
as opposed to observations of adjacent petrologic types.

Plagioclase abundance did not appear to increase from type 5 to type 6 in
our meteorites, suggesting that plagioclase had crystallized completely by type 5.
While mesostasis remains 1n type 6 chondrites, the plagioclase component

appears to have devitrified during type 5 metamorphism. Geothermometers that
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rely on plagioclase crystallizing during type 6 metamorphism may not be valid
However, the leading alternative — the pyroxene geothermometer — has 1ts own
pitfalls when applied to ordinary chondrites, including the possibility that high-Ca
pyroxene may not have been completely equilibrated.

The high-Fe chondrite Burnwell, while unique among the known ordinary
chondrites, may not represent a specimen from a previously unsampled parent
body. Many of the trends 1n our study indicate that Burnwell petrologic
characteristics lie outside of the present range for H chondrites. However, in
several trends, the gap between H chondrite and Burnwell values is smaller than
the gaps between other ordinary chondrite petrologic groups. Hopefully,
additional low-FeO falls will be collected, and classifications ‘can be determined
1n light of petrologic types other than type 4.

Because normative and modal data are not identical, previous applications
of normative data to asteroid spectroscopy should be revisited While trends and
overall conclusions probably will not need adjustment, the spectral data sets may
need to be re-evaluated Since overall conclusions should persist in the light of
new modal data, we still believe that asteroid 6 Hebe represents the best candidate

for an H chondrite parent body.
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1. Introduction

Until the first asteroid samples are collected in situ, researchers must rely
on meteorites and spectral observations to study the thermal histories of meteorite
parent bodies. Because chondrite mineral modes are difficult to determine by
optical point counts, many studles rely upon normative minerals calculated from
hlgh-quahty bulk chemlcal analyses (e. g McSween etal., 1991). Asaresult,
several subsequent studles have correlated asteroid spectra to normative ordinary
chondrite mlneral abundances (e.g , Gaffey and Gilbert, 1998).

The CIPW norm calculation was devised for terrestrial igneous rocks and
may not reveal the true mineral assemblages of chondritic metleorites. Therefore,
the mineralogic trends researchers have observed in chondrites and inferred from
asteroid spectra may potentially be artifacts of the normative calculations, not the
properties of the meteorites or their parent bodies. In light of new technologies
that enable automated point counting (i.e., modal analyses) with an electron
microprobe, normative trends can n;)w be confirmed with modal mineral data.

The H chondrites comprise the largest ordinary chondrite group, and the
conditions and timing of their parent body’s metamorphism are especially well
characterized. As a result, the H chondrites are commonly used as constraints for
asteroid thermal modeling. Gastineau (2000) analyzed L and LL chondrites and
found significant discrepancies between normative and modal mineral
abundances. The present study expands (;n her research by determining if a

similar discrepancy exists in H chondrites.



In the current study, we directly compare normative and modal mineral
abundances, and we test petrologic trends that have been suggested using
normative data sets. The principal test follows the hypothesis of McSween and
Labotka (1993) that oxidation accompanied the metamorphism of ordinary
chondrites, producing olivine at the expense of pyroxene and Fe metal.
Additionally, we look at how progressive metamorphism within ordinary
chondrites 1s reflected by the devitriﬁca‘tion of glass to form plagioclase and how
the process relates to chondrite geothermometery. Applying our conclusions, we
explore the implications of the new modal data for asteroid spectroscopy —
particularly for a proposed H chondrite parent body, asteroid 6 Hebe (Gaffey and
Gilbert, 1998) Finally, we compare modal analyses of the extremely Fe-rich
chondrite Burnwell to other ordinary chondrites of similar metamorphic grade.
Burnwell has been suggested as the first sampling of a new, low-FeO, high bulk
Fe chondrite group (Russell et al., 1998), and our analyses will test that

conclusion.

The importance of H chondrites

Ordinary chondrites are the most common meteorites among falls and mn
scientific collections. They are primarily classified on the basis of Fe content,
oxidation state, and metamorphic grade. In 1953, Urey and Craig published a
system of nomenclature for ordinary chondrites based upon the percent of total Fe

in the meteorite and the proportion of oxidized to reduced Fe The ordinary



chondrites they analyzed fell into two groups, H (having high total Fe that 1s more
reduced) and L (having less Fe that is more oxidized). Keil and Fredriksson
(1964) modified the classification by establishing the ratio Fe/(Fe+Mg) in the
dominant silicate phases as the defining parameter. In a plot of Fe/(Fe+Mg) in
olivines versus Fe/(FetMg) in pyroxenes, they found three distinct groups, two of
which are 1dentical to the H and L groups of Urey and Craig (1953) and a third
that they designated LL — characterized by both low bulk Fe and low total metal.

The H chondrites are the most thoroughly studied ordinary chondrites
because they are much more abundant than the LL chondrites and tend to yield
clearer petrologic trends than the more severely shocked L chondrites. Because
shock metamorphism has not reset their peak temperatures, cooling rates, and
chronology, H chondrites have been the basis for several seminal papers on
asteroid thermal history (e.g. Miyamoto et al., 1981, Bennett and McSween, 1996;
Ghosh and McSween, 2000)

Recent studies suggest that there may also be an H-group extreme —
dubbed “low-FeO” (Russell et al., 1998) or “HH” (e g., McSween et al , 1991)
chondrite. The majority of low-FeO chondritic material 1s either terrestrially
weathered, 1s chemically disequilibrated, or occurs as silicate inclusions within
ITE iron meteorites However, Russell et al (1998) described the new meteorite |
Burnwell, which 1s a low-FeO chondrite and 1s a relatively equilibrated,
unweathered fall. We included Burnwell 1n our sample set, both to evaluate its

modal relationships to the H chondrites and to expand further upon the previous



studies of L and LL chondrites by Gastineau (2000).

The ordinary chondrites are subdivided based upon petrologic differences
reflecting degree of metamorphism. The classification ranges from “type 3,”
which represents a nearly unmetamorphosed chondrite, to “type 6,” which
represents a further metamorphosed chondrite with more equilibrated mineral
phases (Van Schmus and Wood, 1967). There are several criteria for determining
the degree of equilibration: homogeneity of silicate mineral compositions, ratio of
low-Ca monoclinic pyroxene to orthorhombic pyroxene, absence (at lower
metamorphic grade) of well crystallized feldspar, presence (at lower metamorphic
grade) of 1gneous glass within chondrules, compositions of metallic and sulfide
minerals, homogenization and coarsening of textures at higher metamorphic
grades, and bulk C and H,O contents (Van Schmus and Wood, 1967)

It is important to note that the metamorphic trends in chondrites are mostly
continuous reactions, and the petrologic types are separated by arbitrarily defined
petrologic boundaries. As a result, two chondrites assigned to different petrologic
types could be similar — for example, an HS chondrite near the type-5 upper
metamorphic extreme could be similar to an H6 chondrite near the type-6 lower
metamorphic extreme. From our present research, we suggest that several
muneral properties may overlap between H5 and H6 conditions in ordinary

chondrites.



Ordinary chondrite metamorphic trends reflecting Fe oxidation

While many researchers have observed a subtle variation in Fe oxidation
state between the different petrologic types, researchers have not agreed on
whether oxidation or reduction results from progressive metamorphism. Earlier
studies relyg on siderophile element abundances (Sears and Weeks, 1986) or
measured oxygen fugacity (Brett and Sato, 1984) suggest that Fe was reduced
with increasing metamorphism. However, relying on averaged normative
mineralogical data from McSween et al. (1991), McSween and Labotka (1993)
observed that in type 4-6 ordinary chondrites, metallic Fe was oxidized during
heating While not yet directly observed in petrographic textures, McSween and
Labotka (1993) observed mineralogic evidence for the reaction. Specifically, they
found that olivine abundance increased with metamorphic grade at the expense of
pyroxene and metal. Their proposed mechanism can be expressed 1n the

following reaction.

Fe (metal) O (possibly n H20) + (Mg, Fe)S10; (pyroxene) — (Mg, Fe),S104 (olvine)

McSween and Labotka (1993) proposed that progressive oxidation was
promoted by small amounts of an oxidizing fluid, possibly the byproduct of the
heating of ices originally accreted into the parent asteroid. The progressive
oxidation 1n the metamorphic sequence resulted from different degrees of reaction

with the oxidizing fluid, possibly due to variations in temperature or the evolution



of the fluid composition as it permeateéi through the asteroid (McSween and
Labotka, 1993).

Our study 1nvestigates the Fe ’oxiﬂat;on trend and other petrologic
variations for H chondrites, trends that Gastineau (2000) confirmed in modal
analyses of L and LL chondrites. Foremost, she recognized that while olivine
increased with progresgjve met%morphism,*supporting the oxidation trend of
McSween anci Labotka (1993),Wthe modal olivine/low-Ca pyroxene ratios were
offset below the normative ratios. She suggested that the inconsistency may be
due to the extremely reduced metal-bearing nature of the rocks. In addition, the
Fe-Mg distribution coefficient for olivine and hypersthene applied in CIPW norm
calculations 1s different from the actual partitions in the chondrites (McSween et
al., 1991).

Gastineau (2000) also recognized that the molar Fe/Mn and Fe/Mg ratios
within olivine, low-Ca pyroxene, anci high-Ca pyroxene generally increase from
petrologic types 4 to 6, although the trend is unclear for some specimens. The
observed trend reflects Fe enrichment within these muineral phases (Goodrich and
Delaney, 2000). Gastineau (200) suggested that as metal is oxidized during
progressive metamorphism, Fe** diffuses outwards into chondritic silicates.

From the same plot, Gastineau (2000) recognized that tie lines connecting
olivine to low-Ca pyroxene and tie lines connecting high-Ca pyroxene to low-Ca
pyroxene are roughly parallel. She suggested that parallel tie lines show that the

phases approach equilibrium in terms of Fe/Mn and Fe/Mg, although some



crossing implied disequilibrium 1n several meteorites. She suggested that the
reason for disequilibrium was (1) the gradational boundaries between petrologic
types, or (2) re-equilibration during cooling (following peak metamorphism).
Gastineau (2000) concluded that for L and LL chondrite mineral modes, metallic
Fe, pyroxene, and an oxidizing agent combined to form olivine, following the

trend McSween and Labotka (1993) observed in normative minerals.

Plagioclase abundance in the ordinan;y chondrites

Another key trend (5hondr,ite’ metamorphism is the conversion of glass to
plagioclase as metamorphism pro‘gr;:sses. Tile increase in plagioclase abundance
with metamorphism that Gastineau (2000) observed supports earlier studies (e.g.
Van Schmus and Wood, 1967); however, she also observed some high-silica
phase (possibly glass) within the highly metamorphosed type 6 meteorites. The
occurrence of a high-silica phase in type 6 meteorites is contrary to studies that
suggest that all glass has devitrified to plagioclase by that point (e.g., Sears et al ,
1980)

The Van Schmus and Wood (1967) classification system considers the
loss of igneous glass and the developﬁlent of secondary feldspar to be indicative
of increasing petrologic type. Under therr classification, igneous glass was scarce
by type 4 conditions and absent by type 5, when it was completely converted nto
feldspar. More recent thermoluminescence studies (e.g., Sears et al., 1980) have

shown that some feldspar crystallization persists under type 5 conditions,



although glass is rare. Our research relates plagioclase abundance to petrologic
type to determine when glass appears to have completely converted to plagioclase

and to determine whether the normative and modal data converge as glass is

. devitrified, as seen by Gastineau (2000).

In addition to aiding with classification, plagioclase can be used as a
chondrite geothermometer. Nakamuta and Motomura (1999) used a sodic
plagioclase geothermometer to determine average temperatures for H6, L6, and
LL6 chondrites. However, their results for H6 chondrites (725°-742°C) are
generally lower than H6 temperatures determined using the Lindsley and
Anderson (1983) two-pyroxene geothermometer. Because peak metamorphic
temperature is a constraint for asteroid thermal models (e g., Miyamoto et al.,
1981; Ghosh and McSween, 2000), it is necessary that researchers determine the

accuracy of the different chondrite geothermometers.

Asteroid 6 Hebe: A proposed parent body for H chondrites

Several factors link asteroid 6 Hebe to the parent body for H chondrites,
including size, location within the solar system, and most critically, inferred
surface composition. Parent body size 1s determined from nternal heating
models, ultimately derived from ordinary chondrite peak metamorphic
temperatures. Thermal models based on the decay of °Al (Miyamoto et al., 1981;
Bennett and McSween, 1996) indicate that parent asteroids have highly

metamorphosed, type 6 chondrite material at their centers and grade outwards to



type 3 chondrite material at their rims. This stratified structure is called the
“onion-shell model,” in contrast to the “rubble pile” scenario proposed by Scott
and Rajan (1981) and others which suggests that smaller bodies underwent
various degrees of metamorphism and then accreted into the larger asteroid parent
bodies. In addition, rubble piles could result from impact disruption and
gravitational re-accretion of a large, onion-shell body (Taylor et al., 1987). Gopel
et al. (1994) used U-Pb closure times in chondritic phosphates to confirm that H6
material cooled more slowly (i.e., at greater burial depth) than less equilibrated H
chondrite material, supporting the onion-sth model for the original structure of
the H chondrite parent body.

In revising the Miyamoto et al. (1981) model with the U-Pb closure times
and other data, Bennett and McSween (1996) suggested that the radius of the H
chondrite parent body ranged 1n size between 80km and 95 km. The range
matches the radius of astgr01d 6 Hebe (Gaffey and Gilbert, 1998). The thermal
model of 6 Hebe has since been refined by taking incremental accretion into
account (Ghosh and McSwe;an, 2000), but the basic size parameters remain
unchanged. |

In regards to location within the solar system, 6 Hebe lies close to asteroid
belt escape regions needed to supply meteorites to Earth — specifically, near the
3:1 proper motion resonance with Jupiter at 2:50 AU (Wisdom, 1985) and the vs
secular resonance (Williams and Faulkner, 1981). According to Williams (1973),

a relatively low ejection velocity (280 m/s) can place 6 Hebe ejecta —



presumably the H chondrites — into the secular resonance, and eventually into
Earth-crossing orbts, within 10° years.

The mineral aséemblages on the surface of 6 Hebe also suggest a
relationship with the H chondrites. As 6 Hebe rotates, different regions of the
asteroid face the Earth at any given moment, and the regions reveal different
spectra (“rotational spectra”) (Géffey and Gilbert, 1998). The varied spectra
suggest that several mineral assemblages coexist on the surface, implying that an
“onion-shell” asteroid has shattered, reassembling into a “rubble pile.”

Gaffey and Gilbert (1998) were able to determine the specific mineral
assemblages using the techniques of Cloutis et al. (1986). On a plot of mineral
reflectance versus wavelength, olivine and orthopyroxene assemblages produce
absorption features at 1 um (Band I) and 2 um (Band II) (Cloutis et al , 1986)
Cloutss et al. (1986) found that the spectral position of the Band I minimum and
the ratio of the areas of Band II to Band I reflect the abundance and compositions
of the olivine and pyroxene phases. Gaffey and Gilbert (1998) calculated an
averaged H chondrite spectra using averaged H4, HS, and H6 olivine and
pyroxene norm abundances (from McSween and I:abotka, 1993) and spectral
observations of several meteorites. They found that the averaged H-chondrite
spectra and 6 Hebe rotational spectra are similar.

Gaffey and Gilbert (1998) also'compared the normative mineralogic
pattern of increasing Fe oxidation with petrologic type observed by McSween and

Labotka (1993) to the varied spectra (“rotational spectra”) of 6 Hebe (fig. 1). If

10




1.05

1.050 0.973 H5 H6

1.025

1.000 H Chondrites H4

0.75 1.25

0.975

0.950

0.925

Band I Center Wavelength (microns)

Asteroid 6 Hebe
0.900

0.25 050 0.75 1.00 1.25
Band 11/ Band I Area Ratio

Figure 1: When the spectral characteristics of asteroid 6 Hebe are plotted
(specifically the relationship between the center of the Band I absorption feature
and the ratio of the areas of the Band I and Band II absorption features), the data
points overlap regions defined by H chondrite spectra. Gaffey and Gilbert (1998)
suggest that the variety of spectra for H chondrite petrologic types reflect varied
mineral assemblages resulting from progressive oxidation (McSween and Labotka,
1993). Because the surface of 6 Hebe overlaps the various petrologic types, Gaffey
and Gilbert (1998) believe the asteroid is a rubble pile with a surface that reflects
the different H chondrite mineral assemblages. After Gaffey and Gilbert (1998) and
McSween (1999). :
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the norm oxidation trend reflects modal abundances, then the variations in olivine
and orthopyroxene proportions on the surface of 6 Hebe may reflect the different
oxidation histories of the materials now on the surface of rubble-pile asteroid.
Again, because so many of the chondrite to parent body comparisons rely upon
normative mineral data, the comparison of H chondrites to the surface mineral
assemblage of 6 Hebe may have to be adjusted if the preexisting norm data do not

reflect modal values.

Burnwell: a possible “HH” chondrite

The Burnwell meteorite fell on September 4, 1990, smashing through the
roof and front porch of a home n B’urnwell, Kentucky (Russell et al., 1998). 15.5
x 7 x 5 cm in dimension, Burnwell displays several unusual mineralogic
characteristics that distinguish it from other ordinary chondrites. According to
Russell et al. (1998), it has lower Fa 1n olivine (15.8 mol%), lower Fs in
orthopyroxene (13.4 mol%), lower Co 1n kamacite (0.36 wt%), lower bulk FeO
(9.43 wt%), lower 870 (0.51 % 0.02 per mil), and higher metallic Fe, N1, and Co
(combined 19.75 wt% from bulk wet chemical analysis) than observed in H
chondrites. Our research compares Burnwell modal mineral abundances to norm
mineral abundances calculated from the bulk analyses of Russell et al. (1998). In
addition, we compare the petrologic properties of H4, L4, and LL4 chondrites to
Burnwell — also classified as petrologic type 4 (Russell et al., 1998) — to

determine whether the low-FeO chondrite extends these trends.
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II. Methods

We analyzed two thin sections for each petrologic type from H4 through
H6 and one low-FeO chondrité (Table 1).: The chondrites were chosen from a list
of those having high-quality bulk chemical analyses by Jarosewich, which
McSween et al. (1991) used to calculate norm mineral abundances. Furthermore,
we selected meteorite specimens that had relatively large thin section areas and
lacked brecciation or large inclusions. We also attempted to obtain chondrites
that were spectrally clean — i e , relatively free of terrestrial weathering products
such as ferric oxides which alter the visible-near-infrared (VISNIR) spectra.
However, only one H chondrite, Allegan (HS), was on the list of spectrally clean
meteorites compiled by Gaffey (1999), and we obtained this meteorite. For the
rest, we tried to obtain specimens that appeared to be the least weathered under
the optical microscope. We also selected meteorites that were not highly shocked.
Using the procedure of Stoffler et al. (1991), we analyzed the six ordinary
chondrites and Burnwell with a\petrologic microscope in both transmitted and
reflected light and determined their shock grade. Our shock determinations are

compared with several previous determinations in Table 1.

Modal Mineralogy
Few modal data sets exist for the ordinary chondrites (e.g., Bryan and
Kullerud, 1975) because of difficulties imposed by their fine-grained textures and

problems with distinguishing between olivine and orthopyroxene optically.
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However, with an electron microprobe we can now analyze thousands of points
and 1dentify grains that are only a few microns in size. Composition maps of each
meteorite sample were made using the University of Tennesee’s Cameca SX-50
electron microprobe, with each map consisting of between 208,886 (Allegan) to
583,282 (Burnwell) points depending upon thin section size. To compile the
point counts, we first determined approximate compositions of mineral phases
using the Oxford Instruments (LINK) Model eXL II energy-dispersive
spectrometer (EDS). We tﬁen made modal composition maps using the EDS and
the Oxford software Feature Scan

Feature Scan 1s a semlﬁuantl‘tatlve technique, with an estimated precision
of ~10% of the amount present (;I‘aylor et al., 1996). As a spot is analyzed,
Feature Scan compares the cheinistry of the analysis to a user-defined list of
possible mineral candidates, with certain characteristic element abundances
serving as defining parameters (Table 2 in Appendix 5). Cracks, overlapping
phases, or phases not included in the list are delegated to the “unclassified” bin.
As Feature wk,S'can progresses, an EISS sl;ectmm is acquired at every 4" pixel (each
pixel 4.8 um). The Condi)‘tiAO;lS‘ f"o£ tl(le acquisition of X-ray data by the EDS were
20 kV excitation poter;tial, 3nA beam current, and a 60 msec. counting time. The
program then tabulates the modal abundance o\f each mineral.

Because the modal analyses provided by Feature Scan are in area percent,

we used the procedure of Gastineau (2000) to convert area percent into weight per

cent. The conversion requires density values for the various phases. To determine
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an olivine density for each meteorite (see Appendix 1), % Fa was calculated from
the quantitative chemical analyses and the value was applied to a standard graph
of specific gravity‘vs. mol. % Fa (Deer, Howie, and Zussman 1998). Similarly, to
determine a low-Ca pyroxene density for each meteorite (see Appendix 1), we
calculated % En from the quantitative analyses and applied the value to a standard
graph of specific gravity vs. mol. % En. For analytical consistency, and because
the remaining mineral phases are not as varied among chondrite groups, all other

densities were taken from Gastineau (2000).

Chemical Analyses

Feature Scan does not give an exact chemical composition. Therefore, 1t
was necessary to perform quantitative chemical analyses to determine the
composttions of principal minerals — olivine, low-Ca pyroxene, and high-Ca
pyroxene. Using a beam voltage of 15 kV, a beam current of 30 nA, and a beam
size of 1 pm, we collected quantitative point analyses of olivine and pyroxene
grains using the Cameca electron microprobe Appropriate natural and synthetic
standards were used. Matrix corrections were based on ZAF procedures
mcorporated in the Cameca software. For the H5 and H6 chondrites, we analyzed
3 cores and 3 rims for each gram of olivine and low-Ca pyroxene, and 4 grains of
each mineral per meteorite (Appendices 2 and 3). For H4 chondrites and
Burnwell, we analyzed twice as many grains because the meteorites are less

equilibrated. For high-Ca pyroxene, the grains were too small (most were less
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than 10 pm in diameter) to analyze a different core and rim region. Therefore, we
analyzed 24 individual high-Ca pyroxene grains per H5 and H6 chondrite and 48
grains per H4 chondrite (and Burnwell) (Appendix 4). The need for many
analyses was justified by the relatively wide range of composition for each

meteorite phase.
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II1. Results

Petrologic trends for the H4;H6Jchondrite‘s

There are significant, yét generally parallel, differences between the
normative and modal trends in all analyses (Table 3). The ratio of olivine/low-Ca
pyroxene (low-Ca pyroxene is orthopyroxene + pigeonite) increased with
metamorphic grade 1n both normative and modal data sets (fig. 2). While the
trend appears to support the oxidation trend of McSween and Labotka (1993), H5
values are greater than H6 values. In addition, error bars for all three petrologic
types overlap. In an attempt to clarify the data, we plotted each mineral phase
separately (fig. 3).

Olivine modes generally increase with progressive metamorphism (fig. 3),
but the H5 chondrites have a higher average abundance than the H6 chondrites.
In low-Ca pyroxene, the H6 chorrxdrites have the highest average modal
abundance, yet the H4 chondrites are more enriched than the H5. The normative
muneral trend is more difficult to discern because of the wide spread in values
between the two HS chondrites (fig. 2).

Plagioclase consistently increases in concentration from H4 to H6, though
as in other trends, there is signiﬁcant overlap between HS and H6 values (fig. 4).
In contrast to the observations of L and LL chondrites by Gastineau (2000), the
modal and normative trends do not converge in type 6 H chondrites. The trend

for high-Ca pyroxene concentration is similar to the trend for plagioclase, except

the normative apd modal trends more closely parallel each other (fig. 5).
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Figure 2: The above diagram shows that the H4 chondrites contam less olivine —
with respect to low-Ca pyroxene — than the H6 chondrites. In light of the
hypothesis of McSween and Labotka (1993), the trend suggests that Fe metal
oxidizes during chondrite metamorphism, because olivine increases at the expense
of pyroxene and Fe metal. However, there is an overlap between the HS and H6
data. Standard deviation is 10% relative to the ratio value.
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Chemical analyses of mineral phases

Goodrich and Delaney (2000) analyzed Fe-Mg-Mn relations between
different meteorite groups by plotting bulk molar Fe/Mn ratio versus bulk molar
Fe/Mg ratio. Gastineau (2000) plotted the same ratios for olivine, low-Ca
pyroxene, and high-Ca pyroxene analyses from type 4-6 L and LL chondrites to
determine Fe-Mg-Mn relations between these meteorite groups She found that
Fe enrichment could be seen with increasing metamorphism in L chondrite
olivine and low-Ca pyroxene, and in LL chondrite high-Ca pyroxene. For H
chondrites, the concentration of Fe generally increases from petrologic type 4 to
type 6, 1 both our data and data from earlier studies (e.g., Wang and Rubin,
1987), supporting the hypothesis (;f oxidation with metamorphism (fig. 6).

Tie lines between the mineral phase data points are generally parallel from
low-Ca pyroxene to olivine, but some cross from low-Ca pyroxene to high-Ca
pyroxene (fig. 6). The crossing may suggest that the olivine and low-Ca pyrc\>xene
reached equilibrium 1n terms of Fe distﬁbution, whereas high-Ca pyroxene may
not

The high-Ca pyroxene djs-equili‘prium may be because the mineral f:ailed
to reach equilibrat;pn temperatures for a significant duration of time. In addition,
the high-Ca pyroxene continues to form during metamorphism, so metamomhlc
histories for grains from the same meteorite may *differ.

Plots of minor element concentrations support the observation of ,Fe

enrichment within several phases. In 011viné (ﬁgs. 7,8) and low-Ca pyroxene,
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FeO is enriched as metamorphism progresses. However, in high-Ca pyroxene

there is no apparent I;attern fc;r FéO enrichment (fig. 9).
Burnwell

Several graphs showed Burnwell to be distinct from the other chondrites.
Comparing olivine/low-Ca pyroxene ratios among the LL4, L4, and H4
chondrites and Burnwell (fig. 10), Burnwell has the lowest value. In fig. 10, the
offset between Eumwell and the H group is greater than the offset between H and
L, but less than the offset between L ahd LL. On a diagram showing Fe-Mg-Mn
relationships in Burnwell, two H4 chondrites, an L4 chondrite, and an LL4
chondrite (fig. 11), Burnwell olivine and low-Ca pyroxene are depleted in Fe. In
addition, Burnwell high-Ca pyroxene is enriched in relation to H4 but depleted in
relation to L and LL. However, Burnwell values are far closer to the H4 values
than the H4 is to L4 or L4 is to LL4.

In an olivine/low-Ca py;oxene comparison between Burnwell and H4-H6
chondrites (fig. 2), Burnwell plots far below thg other meteorites, with error bars
not even overlapping the H4 values. When Burnwell olivine and low-Ca
pyroxene abundances are analyzed separately against the H4-H6 chondrites (fig.
3), the Burnwell olivine abundance is substantially lower than the other

chondrites, well below the H4 values. On the same plot, the low-Ca pyroxene

" abundance is substantially higher than the other chondrites, although the relation

to petrologic trends is clouded by the overlap of the H4, HS, and H6 values.
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The abundance of plagioclase in Burnwell 1s also lower than in the other H4
chondrites, again without overlapping error bars (fig. 4). However, the abundance
of high-Ca pyroxene in Burnwell is identical to that in the lower of the two H4
chondrites (fig. 5). For Burnwell minor element concentrations in olivine, no
clear trends were apparent. However, oxidized Fe was significantly lower than in
the other H chondrites — as mlgﬁt be expected fr(;m an extremely metal-rich
chondrite with strong type 4 character.

For low-Ca pyroxene, only Cr,03 and Al,O3; were substantially more
abundant than in the other chondrites. However, the concentration of CaO was
higher than the other H chondrites, on the opposite side of the trend from the H4
chondrites. FeO concentration was not as depleted as in olivine, but there is a
~0.5 wt% gap between Burnwell values and the lowest H4 values.

In Burnwell high-Ca pyroxene, Burnwell was the most enriched in Na,O,
Al,03, Cry03, and FeO. However, CaO is substantially depleted for high-Ca

pyroxene in relation to the other H chondrites (extending a possible H4 trend).
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+ ., ., IV.Discussion

1.

Similarities and differences in normative and modal trends

As Gastineau (2600) found 1n L and LL chondrites, there 1s also a
discrepancy between normativle and modal mineralogies in H chondrites. In
graphs relating petrologic fype to the ratio of olivine/low-Ca pyroxene (fig. 2),
plagioclase concentration (fig. 4), and high-Ca pyroxene concentration (fig. 5),
the modes are substantially lower than the norms.

Because the offset is roughly uniform, 1t may be possible to devise
correction factors to appl}ll to the pre-existing sets of ordinary chondrite norms.
Gastineau (2000) suggested that the inconsistency, at least for olivine/low-Ca
pyroxene, may be due to one or more factors including sample bias in the bulk
chemical analysis and/or the thin section, or the mapplicability of the CIPW norm
calculation to extremely reduced metal-bearing chondrites. We believe that for at
least high-Ca pyroxene and plagioclase, the inconsistency may also result from
the presence 1n the meteorites of a mesostasis that 1s not considered in the CIPW
norm. Additional analyses, including thin sections from various regions of the
same meteorite, may help clarify what corrections are needed.

The trend of oxidation with progressive metamorphsim observed n
normative minerals by McSwee;1 and Labotka (1993) is generally supported by
our modal data; however, the similarities are not straightforward. The main

reason is that the trends that we observed do not follow a linear progression, and
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in many cases, the less metamorphosed H5 chondrites display the most extreme
concentrations (or depletions). The overlap of HS and H6 values is relatively
subtle compared with the gap between these chondrites and type 4, and it actually
appears to reflect an overlap ;)f H5 and H6 values. From both of our principal
oxidation parameters — the ratios of olivine/low-Ca pyroxene and Fe-Mg-Mn
relationships — there appears to be some overlap between adjacent petrologic
types (including type 4 and ty£)e 5). Many of the minor element comparisons also
revealed an overlap of H5 and H6 data, but there is a gap between these values
and H4 values.

Patterns of overlap may also be present in L and LL data. The
olivine/low-Ca pyroxene data in Gastineau (2000) show a type 5-6 overlap with
modal LL data and perhaps a type 4-5 overlap with modal type L data. Her plot
of normative data also shows ihe possibility of an overlap of type 4-5 in LL. The
normative analyses of McSween and Labotka (1993) showing % fayalite in
olivine and % ferrosilite in pyroxene show an H5-H6 overlap in one olivine data
set (from Mason, 1_974), H4-H5 overlap i another olivine data set (Keil and
Fredriksson, 1964), an L5-L6 overlap in both pyroxene data sets (from Mason, -
1974; and Keil and Fredriksson, 1964), and an LL4-LL5 overlap in one pyroxene
data set (McSween and Patchen, 1989).

The overlap that we o}asewed may suggest that our small data set includes
HS5 chondrites with olivine, pyroxene, and plagioclase concentrations at the higher

end of the HS range and/or H6 chondrites with properties at the lower end of the
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H6 range. The petrographic distinction between type 5 and 6 chondrites is based
on broad classifications of near to complete obliteration of primary textures and
the extensive development of plagioclase grains (Van Schmus and Wood, 1967).
As a consequence, 1t may be easy to m1§cla551fy chondrites that are near the
border for classification. Our own observations of these four meteorites indicate
that the petrographic distinction between them is not always'clear; in fact, one of
our H6 meteorites (Chiang Khan) has been classified as both an H5 (Yagi et al.,
1989) and an H6 (Clarke, 1982; McSween et al., 1991). A study with a larger
data set should clarify whether our observed trends are genuine or whether they
are artifacts of sampling size. ﬁ

Taking 1nto consideration the possibility that petrologic types may
overlap, the oxidation trend of McSween and Labotka (1993) was recognized in
both our normative and modal data sets. The o‘livine/low-Ca: pyroxene ratio for
both norm and mode folloﬁed the oxidation trend (fig 2) However, because of
differences in H5 nor}native Values,;it was impossible to determine if trends were
parallel When each mineral was analyzed separately (fig. 3), an increase in
olivine abundance ;rvas confirmed in both the mode and the norm. Low-Ca
pyroxene modal abundance changed little between petrologic types, although the
normative trend showed a decrease in abundance with progressive metamorphism
— one of the few strong differences between normative and modal mineralogies mn
our analyses of the H chondrites.

Oxidation with metamorphism 1s also seen in a comparison of the Fe-Mg-
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Mn relationships in olivine, low-Ca pyroxene, and high-Ca pyroxene (fig. 5). The
trend was most apparent ip olivine, and was least apparent in high-Ca pyroxene.
The diffuse data in the diagram may be partially explained by the overlapping
nature of chondrite petrologic types as mentioned above.

Normative and modal trends are also roughly parallel in high-Ca pyroxene
abundance (fig. 5). Our results agree with Gastineau (2000) in showing an
increase with petrologic type, however our relationship between normative and
modal mineralogy differs from the relationship expressed in her data. Dodd
(1969) observed a strong correlation between petrologic type and the Ca content
of pyroxene, with type 4 chondrites containing mostly low-Ca pyroxene and type
5 and 6 containing more calcic pyroxenes. Many of the high-Ca pyroxenes that
we observed are very small (less than 10 um across) and appear to have formed
from Ca- and Al-rich mesostasis or along rims of low-Ca pyroxenes, suggesting
that Ca diffusion between phases may have also continued.

The main difference between our results and those of Gastineau (2000) 1s
her observation of a convergence between normative and modal high-Ca
pyroxene abundances by type 6. We believe that the convergence of high-Ca
pyroxene mode and norm abundances in Gastineau’s data, n addition to her
observation of convergence for plagioclase mode and norm abundances, may
result from her exclusion of the SiAl-rich phase from her type 6 analyses.

Both our data and that of Gastineau (2000) show mesostasis in type 6

chondrites (expressed as SiAl-rich phase and K-rich phase in our modal
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abundances). The mesostasis has a varied composition, and is enriched in Al and
Ca. The CIPW norm does not include a mesostasis in its calculation, and
therefore Al-rich and Ca-rich normative phases take up the Al and Ca and appear
more abundant. . The result is the relatively parallel discrepancy that we observed
for H chondrite modal and normative mineralogies (figs. 4 and 5).

However, when Gastineau (2000) did not include the SiAl-rich phase and
K-rich phase in her type 6 analyses, the mesostasis ended up in the “unclassified”
bin. Because most of the phases 1 ordmary chondri?es are well known and were
included in our critera list, the unclassified category was largely reserved for
analyses of cracks or overlapping phases. When Gastineau removed the
unclassified elements from her modal analysis totals and normalized the
remaining data to 100%, she was also removing the mesostasis phases. This
resulted in an artificial inﬂatlon‘of the remaining phases. An artificially enhanced
modal value will be more likely to converge with a CIPW normative value, and
we believe this 1s what occurred with the L and LL chondrite plagioclase and

high-Ca pyroxene abundances.

Geothermometry in ordinary chondrites

Researchers have applied various geothermometers to ordinary chondrites;
however, each method has yielded a different set of temperature values. Using
the two-pyroxene geothermometer of Lindsley and Andersen (1983), we

calculated peak metamorphic temperatures and compared our results with those
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derived by Nakamuta and Motomura (1999) using a sodic plagioclase

* geothermometer (’i‘able 4). In addition, we show that the Fe-Mg order-disorder

closing temperatures in orthopyroxenes observed by Folco et al. (1996) may not
affect Fe-Mg-Mn interdiffusion between low-Ca pyroxene, high-Ca pyroxene,
and olivine that occurred at higher metamorphic temperatures.

In pyroxene geothermometry, crystallization temperatures are interpreted
from the partitioning of Ca between coexisting high-Ca and low-Ca pyroxenes
(Lindsley and Andersen, 1983). The pyroxene geothermometer assumes that the
two pyroxenes are in equilibrium; however, the high-Ca pyroxene-derived
temperature 1 chondrites, as read from temperature contours on the pyroxene
quadrilateral of Lindsley and Andersen (1983), can differ from the low-Ca
pyroxene-derived temperature. In their study of LL6 chondrites, McSween and
Patchen (1989) determined high-Ca pyroxene temperatures of 900-960°C and
low-Ca pyroxene temperatures of 800-900°C. To explain the difference, they
suggested that clinoenstatite inverted to the orthopyroxene structure during
cooling, and the Ca partitioning between high-Ca pyroxene and clinoenstatite
mught have been different. They also suggested the possibility that both phases
were once 1n equilibrium, but the low-Ca pyroxene might have re-equilibrated at a
lower blocking temperature than the I}igh—Ca pyroxene during cooling. Because
high-Ca pyroxene abundance increases during chondrite metamorphsim (Van
Schmus and Wood, 1967), McSween and Patchen (1989) favored the high-Ca

pyroxene temperatures as representative of peak metamorphism. However, the
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Table 4. Geothermometry for H Chondrites

Two-Pyroxene Geothermometery

Low-Ca Pyroxene' High-Ca Pyroxene1 Both Pyroxenes®
Canon City (H6) 800°C 675°C 904 + 45°C
Chiang Khan (H6) 800°C 800°C 877 = 64°C
Ucera (H5) 800°C 675°C 879 £ 53°C
Allegan (H5) 800°C 625°C 886 + 43°C
Girgent: (L6)> 850°C 790°C 893 £ 47°C
Samt Severin (LL6)> 825°C 725°C 895 £ 33°C

Plagioclase (?.eothermometry4

H6 725-742°C
L6 808-820°C
LL6 800°C

1 — Estimated from the graph of Lindsley (1983). Error 1s + 50°C.
2 —Pyroxene analyses of Gastineau (2000).

3 — Calculated using the QUILF program of Andersen et al. (1993).
4 — Reported by Nakamuta and Motomura (1999).
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pyroxenes may not have reached equilibrium with each other. Many of the high-
Ca pyroxene grains occur as rims on low-Ca pyroxene, however we observed a
substantial number of grains as an exsolved phase within the Ca-rich mesostasis.
In addition, the high-Ca pyroxene appears to not have equilibrated in terms of Fe-
Mg-Mn diffusion (fig. 6).

Jones (1997) suggested that the low-Ca pyroxene temperatures may be )
more accurate, because low-Ca pyroxene appears to equilibrate more rapidly than
high-Ca pyroxene during progressive metamorphism. Nakamuta and Motomura
(1999) noted that differences 1n equilibration may be related to the slopes of the
pyroxene solvus Iimbs; for the same temperature interval, a greater change of Ca
composition 1s observed in low-Ca pyroxene than n high-Ca pyroxene. They
suggested that the greater high-Ca pyroxene temperatures may be inherited from
the original igneous chqn&l:ule; ;:rslstalllzatio'n, reflecting the sluggish diffusion of
Ca at lower temp;:‘raturres and‘ ;elativély dry cquitions. However, if the two
coexisting pyroxenes never e;qulilbrated; then thermodynamically the pyroxene
geothermometer may not be appropriate for our chondrites.

Our data show Fe-enrichment 1n olivine and low-Ca pyroxene with
increased metamorphism but a diffuse trend in high-Ca pyroxene (fig. 6). The
patterns suggest that Fe-Mg-Mn diffusion in olivine is fastest, slower in low-Ca
pyroxene, and slowest in high-Ca pyroxene. Ca diffusion is slower than Fe, Mg,
and Mn (Jurewicz and Watson, 1988), so Figure 6 suggests that high-Ca pyroxene

may not have reached equilibrrum. Either Jones (1997) is correct that high-Ca
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pyroxenes reflect pre-accretionary igneous crystallization temperatures, or the
olivines and low-Cé pyroxenes have re-equilibrated at lower temperatures. From
Figure 6 aﬁd an analysis of high-Ca py'rdxene minor element data, it appears that
the first suggestion may be correct anci high-Ca pyroxene yields only pre-
accretionary temperatures.

Because of the possibility that our HS and H6 chondrites experienced
similar metamorphism, we graphically determined temperatures for all four of
these meteorites using the Lindsley (1983) geothermometer (Table 4). We also
determined temperatures for L6 and LL6 chondrites using the pyroxene analyses
of Gastineau (2000). Grven the uncertainties, these temperatures are similar and it
may be possible to assume equilibrium. Therefore, we also report calculated two-
pyroxene temperatures using the QUILF program of Andersen et al. (1993),
which takes minor elements in pyroxenes imto account (Table 4). While our type
5 and type 6 chondrites had overlapping temperatures, Allegan (H5) had the
lowest high-Ca pyroxene temperature of 600-650°C and Chiang Khan had the
highest with 800°C. Low-Ca pyroxene temperatures were similar among all four
H chondrites, although the average (~800°C) was much greater than the average
of the greatest high-Ca pyroxene temperatures (~740°C). From the one L6
chondrite of Gastineau (2000), we derived temperatures of 850°C for low-Ca
pyroxene and 775-800°C for high-Ca pyroxene. From one LL6 chondrite of
Gastineau (2000) we derived temperatures of 800-850°C for low-Ca pyroxene and

675-775°C for high-Ca pyroxene. Our results do not follow the trend for
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pyroxene-derived temperatures in LL chondrites by McSween and Patchen
(1989), who found higher temperatures for high-Ca pyroxenes, but they may
support studies that suggest that L and LL chondrites were subjected to higher
temperatures than H chondrites‘ (e.g., Nakamuta and Motomura, 1999; Olsen and
Bunch, 1984). A larger data set will be necessary to determine whether our
values are valid and why our \;aiues and trends differ from those of McSween and
Patchen (1989).

The plagioclase geothermometer (e.g., Nakamuta and Motomura, 1999) is
based on disordering of S1 and Al 1n the crystal lattice of sodic plagioclase with
increasing temperature. Nakamuta and Motomura (1999) analyzed several
sections from three H6 chondrites, two L6 chondrites, and one LL6 chondrite, and
found temperature ranges of 725-742°C for H6, 808-820°C for L6, and 800°C for
LL6. The spread of our pyroxene temperature values makes a direct comparison
difficult, but the plagioclase values are generally within our range of data.

The plagioclase thermometer relies upon thermodynamic influences
within a single crystal, and therefore does not depend on the diffusion of ions
between two minerals. A range of ordering is observed within plagioclase grains
1n a given chondrite, and Nakamuta and Motomura (1999) selected the least
ordered plagioclase grains that they could 1dentify. However, even the least
ordered grains may not represent the peak metamorphic conditions if no new
plagioclase was forming under type 6 conditions.

While mesostasis is observed in our H6 chondrites, plagioclase abundance
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does not appear to increase after type 5 (fig. 4). Our analyses agree with earlier
studies (e.g., Sears et al., 1980) that suggesi plagioclase has largely crystallized by
type 5 conditions. If this is true, then temperatures recorded by the plagioclase
thermometer would be type 5 temperatures, not the peak chondrite temperatures
of type 6. However, to determine peak metamorphic temperatures the most
equilibrated type 6 chondrites need to be analyzed.

Folco et al. (1996) measured ordering of Fe and Mg in orthopyroxene
within unshocked H chondrites and arrived at closure temperatures of |
approximately 380-480°C for all three petrologic types, reflecting post-
metamorphic cooling. They suggest that the various chondrite petrologic types all
experienced similar temperature-time conditions when they cooled through this
interval. Our analyses show that even if ordering reflects a period of cooling, Fe-
Mg-Mn interdiffusion between pyroxenes and olivine within H chondrites
changes progressively with metamorphism and 1s retained in these phases (fig. 6).
A similar progression can also be seen in the average Fe-Mg ratios for
orthopyroxenes in H4 (0.196), HS (0 197), and H6 (0.208) chondrites from the
data of Folco et al. (1996), as well as for pyroxenes and olivine in L and LL

chondrites (Gastineau, 2000).

Applications to the search for the H6 parent body
Gaffey and Gilbert (1998) used the normative mineral abundances of

McSween and Labotka (1993) — ultimately derived from McSween et al. (1991)
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— to calculate average H chondrite spectra and link these spectra to 6 Hebe. In

addition, Gaffey and Gilbert (1998) used the éame data set to determine the
effects of impacts on the FeNi metal abundances at the surface of 6 Hebe
(although many researchers attribute the observed spectral reddening to space
weathering, not metal). Because our study suggests that normative and modal
data are not 1dentical, spectral comparisons are drawn into question. However,
because Gaffey and Gilbert used averaged values, the overlap between 6 Hebe
spectra and H chondrite spectra will probably persist, even if the specific values
of their data set change.

Gaffey énq Gilbert (1998)“a1;éo used the Fe oxidation mechanism of
McSween and Labotka (1993) to link 6 Hebe more generally to the H chondrites.
Because the link 1s based upon a norrﬁative mineral trend that is also paralleled 1n
the modal minerals, the compérison should be unaffected. However, with
similarities in HS and H6 cho'nd‘rites adding confusion to the oxidation trend, care
should be taken 1n how the trer;‘d is apphe(i ‘tou spectral vanation (Gaffey and
Gilbert 1998). Becyause noné“c;fi our results appear to invalidate the data presented
by Gaffey and Gilbert (1998)“ a;ld others, \;ve believe 6 Hebe remains the leading

candidate for the H chondrite parent body.

Burnwell’s place among the ordinary chondrites

In almost every analysts, ;hé low-FeO, type 4 chondrite Burnwell remains

unique, although like Russell et al. (1998), we found Burnwell to be most similar ’
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to the H4 chondrites. In plots comparing Burnwell to the H4-H6 chondrites,
Burnwell abundances lie on the H4 side of the graphs, often appearing to be an
extreme extension of these values (figs. 2-4). In addition, the modes we
determined for Burnwell show the same discrepancy between norm and mode as.
is seen in the H chondrites (fig. 12).

The graphs of olivine/low-Ca pyroxene (figs. 2 and 10) are the most
suggestive of Burnwell representing a new group — although they are not wholly
convincing In these graphs, Burnwell plots far below the other chondrites,
farther from the H4 chondrites than the H4 chondrites are from the L4 chondrites.
When olivine and low-Ca pifroxene are analyzed separately (fig. 3). In addition,
Burnwell low-Ca pyroxene abundance is substantially higher than in the other
chondrites, while olivine abundance is substantially lower than in the other
chondrites. The abundance of plagioclase in Burnwell is also substantially lower
than in the other type 4 chondrites (fig. 4), and Burnwell contains the highest
abundance of the SiAl-rich component (Table 3), suggesting abnormally high
concentrations of glass However, the concentration of high-Ca pyroxene n
Burnwell is identical to the concentration in the lower of the two H4 chondrites
(Farmville), again implying greater similarities to the H4 chondrites. ‘

On the Fe-Mg-Mn plot (fig. 11), Burnwell olivine and low-Ca pyroxene
phases are depleted in Fe, while the high-Ca pyroxene phase is enriched, relative
to the othechhondrites (including H4). This would seem to suggest that Burnwell

is independent of the H group; however, for both olivine and low-Ca pyroxene,
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Figure 12: Type 4 ordinary chondrites 1n this study and those analyzed by
Gastineau (2000) display a discrepancy between mineral abundances determined
with the CIPW normative mineralogy calculation and modal mineral abundances.
The diagram above demonstrates the discrepancy for the ratio of oltvine/(low-Ca
pyroxene + pigeonite) and references our data for Burnwell and H4, and the data of
Gastineau (2000) for L4 and L14 data.
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Burnwell plots much closer to H4 chondrites than H4 plots in relation to L4, or L4
plots in relation to LL4. The minor element concentrations for Burnwell followed
similar patterns, although the most obvious was the FeO depletion in olivine and
low-Ca pyroxene and enrichment m high-Ca pyroxene. Generally, the low-Ca
pyroxene Cr,O3 was substantially more abundant, as was olivine Al;O; and CaO
The CaO abundance is opposite the trend of the H4 chondrites, which may reflect
the overall lack of high-Ca pyroxene in Burnwell. In high-Ca pyroxene, CaO 1s
actually depleted far below the other chondrites and FeO 1s more abundant,
although the overlap of the data makes any H4-H6 trend impossible to
distinguish. Burnwell high-Ca pyroxene was also the most enriched 1n Na,O,
AlyO3, and Cr;03

Because Burnwell plotted as the farthest extreme for type 4 chondrites on
most, but not all, graphs and because those extremes were generally large, 1t may
well represent a distinct type of chondrite. However, without any type 5 or type 6
low-FeO chondrites to compare to Burnwell, our studies do not resolve whether

Burnwell actually represents a new high bulk Fe, “HH” group

47



V. Conclusions

Our research concludes that the mineral abundances computed for H
chondrites by the CIPW normative calculation are significantly different from the
modal abundances determined for these meteorites. The discrepancy may result
in part from the failure of the CIPW calculation to account for the Al- and Ca-
enriched mesostasis phase that is found in ordinary chondrites of all petrologic
types

The discrepancy is relatively uniform from chondrite to chondrite and
does not greatly affect mineralogic trends with metamorphism that were 1dentified
using normative calculations (McSween and Labotka, 1993). We determined the
variations in the modal ratio of olivine/low-Ca pyroxene in H chondrites and
found that olivine does increase in abundance, supporting the oxidation trend. We
also plotted modal Fe-Mg-Mn relationships and found that oxidized Fe
abundances within olivine and pyroxenes increase with petrologic type, relative to
Mg and Mn.

Over the course of the study, it also became apparent that data from
adjacent petrologic types frequently overlapped, particularly for H5 and I~i6
chondrites. The overlap may be an artifact of our small data set or the
muisclassification of one or more of our equilibrated chondrites. However, overlap
also appears in L and LL chondrite data (e.g., Gastineau, 2000; McSween and
Labotka, 1993) and may actually be the result of the gradational nature of

ordmary chondrite metamorphism. Petrologic trends may be more apparent from
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analyses of a wider range of petrologic &pes, as opposed to observations of
"\ \adjacent petrologic types.

We conclude that plagioclase crystallized 5:ompletely by type S, othervx;ise
type 6 abundances would be substantially higher than type 5 abundances. While
Al- and Si-rich mesostasis remarns in type 6\ chondrites, the plagioclase
component appears to have devitrified completely during petrologic type 5
metamorphism. Therefore, thermometers which rely on plagioclase crystallizing
during type 6 metamorphism may not be valid. However, the alternative — the
two-pyroxen;a geothermometer — has its own pitfalls when applied to ordinary
chondrites. If the pyroxene geotherrnometry for our specimens is valid, our data
may suggest a greater agreement between low-Ca and high-Ca pyroxene
temperatures than previously found and close;r agreement with plagioclase
geothermometry than earlier comparisons.

We also provide additiopalz data confirming that Burnwell is unique among
the known ordinary chondrites, although its differences may not be sufficient to
confirm a néw HH group. Hopefully, additional low-FeO falls will find their way
into research collections, and the clas'siﬁcation can be determined in the light of
petrologic types other than type 4.

Because normative and modal data are not identical, the previous
applications of normative data to asteroid spectroscopy should be revisited.
While trends and overall conclusions probably will not need adjustment, the

comparisons between asteroid and H chondrite spectra may need to be re-
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evaluated. Since overall conclusions should persist in the light of new modal

data, we still believe that asteroid 6 Hebe represents the best candidate for an H

chondrite parent body.
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Appendix 2: Olivines (wt%)

Hé6 H6 HS5 H5 H4 H4 HH4
Canon City Chiang Khan  Ucera . Allegan Farmville Avanhandava Burnwell

[18] [18] [24] [24] [48] [45] [34]

Si02 388(2) 392(2) 39.2(2) 392(4) 397(Q3) 39.2(5) 3953)
Al203 <003 <003 <0.03 <003 <0.03 <0.03 <0.03

MgO 426 (5) 42.6 (3) 432(3) 435(@) 43.7(3) 432(3) 451 (6)
Na20 <0.03 <0 03 <0.03 <003 <0.03 <0.03 <003
CaO <003 <0.03 <003 003(1) 004Q3) 0.04 (6) <0.03

TiO2 <0.03 <003 <0.03 <003 <0.03 <0.03 0.04 (5)

FeO 18.1(6) 17.6 (2) 176(33) 168(6) 16.2(3) 16 8 (2) 15.2(5)

MnO 045(3) 046(3) 045(4) 046(4) 045(3) 0.46 (3) 047(3)

Cr203 0 03(3) 0.03 (3) 003 (3) <0.03 <0 03 <0.03 004 (3)
Total 100 0 999 100 4 1000 100 2 99.6 100.4

Cations based on 4 oxygens

Si 0990 0998 0993 0.994 1001 0996 0991
Al 0000 0.000 0000 0000 0000 0000 0000
Mg 1622 1616 1631 1644  1.644 1637 1684
Na 0000 0.000 0.000 0000 0.000 0000 0001
Ca 0001 0001 0001 0001 0001 0001 0001
Ti 0000 0000 0.000 0000 0.000 0000 0001
Fe 0.386 0.376 0372 0356 0.340 0357 0.319
Mn 0010 0.010 0010 0.010 0010 0010 0010
Cr 0001 0.001 0001 0000 0000 0000 0001
Total 3 009 3001 3 007 3 005 2 998 3 002 3 007
Fe/Mn 4043 3736 38.50 3605 35.52 36 51 3238
Fe/Mg 0238 0.233 0.228 0216 0207 0218 0 189

1 -- For all tables, ratios may appear incorrect because they are based upon averaged values that

were not rounded
2 -- For all tables, number of analyses appears mn brackets
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Appendix 3: Low-Ca Pyroxenes (wt%)

Total 99.7 99 6 997 100 2 100 3 100 0 100 3

Hé6 H6 HS HS H4 H4 HH4
1 Canon City Chiang Khan _ Ucera Allegan  Farmville Avanhandava Burnwell
| [20] [22] [21] [22] [44] [45] [43]
Si02 558(3) 56.2(4) 56.1(4) 56.4(5) 57.1(3) 56.6 (4) 563 (8)
Al203 0.18 (2) 016 (5) 0.15(4) 020(7) 018(15) 021(17) 053(57)
MgO 310(1) 30.7 (3) 313(3)  315(1) 3152 3103) 31.9(1D)
Na20 <0.03 <003 <0.03 <0.03 <003 <003 005 (7)
Ca0 0.79 (11) 0.69 (7) 0.73(12) 071(17) 052(8) 066 (17) 0.87(105)
TiO2 017 () 0.14 (3) 0.14(5) 017(4) 014(8) 018(10) 0.15(9)
FeO 112(2) 111(2) 112(2) 106(2) 102(2) 107(2)  9.66 (49)
MnO 0.48 (3) 049 (3) 049(4) 049(4) 048(4) 050(3) 048 (5)
Cr203 0.16 (6) 013 (5) 0.11(4) 014(10) 012(6) 0.15(14)  0.38 (48)

Cations based on 6 oxygens \
Si 1979 1992 1 886 1984 » 1998 1 995 1973

Al 0007 0007 '0.006 " 0.008 0008 0009 0.022
Mg 1639 1.624 1.567 1.650 1.646 1.626 1665
Na 0.001 0.001 0.001 0.001 0.001 0001 0003
Ca 0030 0.026 0026 0.027 0.020 0025 0033
Ti 0005 0.004 0.004 0.004 0004 0005 0 004
Fe 0.332 0328 0315 0313 0299 0315 0283
Mn " 0.014 0.015 0.014. &+ 0015 0.014 0015 0.014
Cr 0005 0004 0003 0004 0003. 0 004 0011

| Total 4011 4 001 4018 4 006 3993 3 994 4 008
Fe/Mn 23.03 | 2213 2302 2145 2100 2101 19 96
Fe/Mg 0.202 0202 0201 0190 0182 0194 0170
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Appendix 4: High-Ca Pyroxenes (wt%)

Hé6 Hé6 H5 HS H4 H4 HH4
Canon City Chiang Khan  Ucera Allegan Farmville Avanhandava Burnwell
[21] [25] [24] [21] [39] [44] [21]
Si02 537(4) 545(5) 539(2) 548(3) 53.709) 545(7) 534(16)
ARO3 076 (4) 06(2) 0.59(20) 051(11) 100(62) 084(50) 240(185)
MgO 16.7 (3) 174 (3) 169(2) 169(2) 18.5(20) 16.7 (4) 19 6 (26)
Na20 059 (11) 053(5) 0.54(10) 054(5) 053(10) 0.58 (9) 073(22)
CaO 222(3) 224 (4) 225(5) 227(2) 202(29) 226(3) 17 0 (30)
TiO2 054(11) 048 (8) 049(3) 039(8) 049(20) 050(23) 0.58 (47)
FeO 366 (14) 355(24) 352(24) 323(14) 389(97) 320(17) 459(114)
MnO 023(3) 022(3) 023(4) 023(3) 025() 0.22 (3) 0.32(7)
Cr203 090 (18) 079 (10) 078(7) _073(7) 095(32) 094(39) 136(44)
Total 99 3 100 5 99.4 100 0 994 100 1 999
Cations based on 6 oxygens
Si 1975 1978 1978 1995 1962 1983 1934
Al 0033 0026 0026 0022 0043 0036 0103
Mg 0.915 0.942 0.925 0.916 1.007 0.905 1055
Na 0.042 0.037 ©0.038 0.038 0.037 0041 0051
Ca 0.876 0.8370 0.884 0.885 0.791 0882 0659
Ti 0015 0013 0014 0011 0013 0014 0016
Fe 0.113 0108 0108 0098 0119 0.097 0.139
Mn 0.007 0007 0007 0007 0008 0007 0.010
Cr 0.026 0023 0.023 ° 0021 0028 0027 0039
Total 4 001 4 004 4 003 3992 4 008 3 992 4 005
Fe/Mn 15.66 1596 15.10 14.16 1526 1419 14.07
Fe/Mg 0123 0114 0117 0 107 0118 0108 0131
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Appendix 5: Table 2 — Chemical Parameters for Mineral Phases

Mineral Phase'

Defining Criteria>

Olivine

Low-Ca Pyroxene
High-Ca Pyroxene
Pigeonite

FeS

Kamacite

Taenite
Plagioclase
Phosphate
Chromate
Hmenite

K-rich Phase

Si1Al-rich Phase

Mg: 20-52, S1: 32-53, Ca* 0-3

Mg: 15-35, S1: 53-72, Ca: 0-4

Mg: 7-20, S1: 47-62, Ca: 15-40, Al: 0-6
Mg: 12-30, Si1. 48-65, Ca: 4-12

S+ 20-70

Fe: 85-101, N1. 0-10

Fe. 50-100, N1: 10-35

Al" 12-35, S1: 54-74, Na. 2-7,K: 0-4
P- 10-57, Ca’ 25-70

Cr 15-80

T1: 20-100

S1: 50-80, K: 4-20

S1. 40-85, Al: 4-12

Note These criteria, based upon preliminary EDS analyses, apply only to the mineral phases 1n our H
chondrite spectmens

1 — The criteria are in terms of percentage of spectrum as provided by the Feature Scan software The
values are simular to the oxide weight percentages for given elements The seemingly wide ranges allow
muneral phases to be appropriately classified even if they partially overlap adjacent phases

2 — The phases are organized according to a first-fit For example, 1f an analyzed phase does not meet the
olivine criteria, Feature Scan compares the phase to low-Ca pyroxene If the analyzed phase does not meet
the low-Ca pyroxene criterta, 1t 1s compared to the next mineral phase on the list in descending order until 1t
finds the first match
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