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ABSTRACT

Subtle but progressive changes in the olivine and low-Ca pyroxene
abundances and the olivine, low-Ca pyroxene, and diopside compositions are
observed with increasing metamorphic grade in equilibrated (types 4-6) ordinary
chondrites. These changes suggest that the meteorites experienced oxidation of
metallic Fe during heating according to the reaction:

Fe + %2 O, + (Mg, Fe)SiOz = (Mg, Fe)2SiO4

metal pyroxene olivine
hypothesized by McSween and Labotka (1993), based on calculated normative
mineralogy as well as incorporation of Fe?* into ferromagnesian silicate phases.
From this study, two observations support this hypothesis: (1) the modal olivine:
low-Ca pyroxene ratio increases with petrologic type in L and LL chondrites and
(2) Fe-enrichment in olivine and low-Ca pyroxene are observed from petrologic
types 4-6 in the L chondrites. The behavior of the LL chondrites studied is
inconsistent; however, a general Fe-enrichment in silicates is apparent.

Characteristic spectral absorption features in visible infrared spectra (VIS-
NIR) are sensitive to the olivine/ low-Ca pyroxene abundance ratio and the Ca?
and Fe?* contents of pyroxenes. Therefore, metamorphic grade (petrologic type)
in ordinary chondrites might be identified using characteristic spectra since each
petrologic type has different olivine/ pyroxene abundances and pyroxene
compositions. This work is applicable to the NEAR mission to 433 Eros and

other ground-based spectroscopic studies of asteroids.
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1. INTRODUCTION

Ordinary chondrites, the most common types of meteorites that fall to Earth,
are samples of asteroids. In addition to revealing otherwise unobtainable
information on processes and conditions that occurred within asteroids, the
meteorites provide ground truth for the calibration and interpretation of asteroid
spectra, the primary means by which these remote bodies are studied.

Metamorphism of ordinary chondrites has been well established; however,
whether oxidation or reduction accompanies metamorphism has been debated.
Changes in redox state can potentially affect the abundance and composition of
minerals in the various petrologic types (metamorphic grades) of chondrites. The
purpose of this study is to test the hypothesis that oxidation increases with
progressive metamorphism of ordinary chondrites (McSween and Labotka,
1993). Modal mineralogy and mineral chemistry in samples of petrologic types 4,
5, and 6 of the L and LL ordinary chondrites were used to test this hypothesis.

This work has applications to the Near Earth Asteroid Rendezvous (NEAR)
mission to 433 Eros and to ground-based spectroscopic studies of asteroids. A
goal of the NEAR mission team is to characterize and map the surface
mineralogy of 433 Eros using visible-near infrared (VIS-NIR) spectra. Spectral
features in the VIS-NIR region are sensitive to silicate mineral abundances and
compositions. The surface of Eros is believed to be composed primarily of
olivine and pyroxene (Murchie and Pieters, 1996), so it has a mineral
assemblage similar to ordinary chondrites. Since reduction or oxidation during
metamorphism of ordinary chondrites produce different mineral abundances and
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compositions, the results from this study should allow a better interpretation of
spectral data from an asteroid surface.
Thermal History of Ordinary Chondrites

Three classes of ordinary chondrites (H, L, and LL) are distinguished by
the amount of total and metallic Fe they contain (Keil and Freriksson, 1964).
Each class is subdivided into four petrologic types ranging from unequilibrated
type 8 (most primitive) to equilibrated types 4, 5, and 6 chondrites, reflecting
different degrees of thermal metamorphism (Van Schmus and Wood, 1967). In
general, equilibrated chondrites are characterized by homogeneous silicate
mineral compositions (mainly olivine and low-Ca pyroxene), the presence of
sodic plagioclase, and recrystallized textures, whereas unequilibrated chondrites
are defined by the presence of igneous glass and heterogenous silicate
compositions. Figure 1 illustrates a hypothetical cross-section of an asteroid
parent body composed of petrologic types 3, 4, 5, and 6. This ‘onion-shell’ model
postulates that the primitive, petrologic type 3 ordinary chondrites originated on
or near the surface of the asteroid, whereas petrologic type 6 material represents
the asteroid core region (Dodd, 1969; Anders, 1978; Minster and Allegre, 1979;
Pellas and Storzer, 1981). The rapid decay of short-lived radioactive isotopes,
especially 2°Al, was probably the heat source for the parent body (discussed by
Bennett and McSween, 1996). Pyroxene geothermometry suggests petrologic
type 6 chondrites experienced peak metamorphic temperatures at ~ 950° C
(Dodd, 1981; Harvey et al., 1993). However, the application of the two-pyroxene

geothermometer is questionable, because of lack of equilibration of these phases
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ASTEROID CROSS-SECTION
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Figure 1: lllustrated here is a cross-sectional view of an asteroid
"onion-shell" parent body, composed of petrologic types 3, 4, 5, and 6
after Bennett and McSween (1996). Petrologic type 3 represents the
asteroid surface, whereas type 6 represents the asteroid core that
experienced peak metamorphic temperatures of 900-960°C as
determined by pyroxene geothermometry.



(McSween and Patchen, 1989). The equilibration temperatures from
clinopyroxene compositions alone suggest peak temperatures of 900-960° C for
LL6 chondrites (McSween and Patchen, 1989).

Quantitative thermal models developed by Miyamoto et al. (1981) and
revised by Bennett and McSween (1996) support the onion-shell structure;
however, the onion-shell model is inconsistent with metallographic cooling rates
of chondrites (Wood, 1967). To resolve this discrepancy, Scott and Rajan (1981)
proposed a rubble-pile structure, a composite body assembled from small,
metamorphosed pieces. Davis et al. (1985) suggested that a rubble-pile
structure would result from the collision and destruction of onion-shell bodies that
later reassembled by gravity. Furthermore, Fe-Ni metallographic cooling rates in
the Cangas de Onis H-chondrite breccia vary from 1000 to 1° C per million years
and are thought to originate at burial depths from near the surface to 100 km
inside the parent body, implying that these parent bodies underwent destruction
and reassembly events (Williams et al., 1985).

Reduction vs. Oxidation During Metamorphism of Ordinary Chondrites
Previous research recognized that Fe oxidation state varies among the three
ordinary chondrite groups H, L, and LL (Urey and Craig, 1953; Fredriksson et al.,
1968; McSween and Patchen, 1989). Superimposed on this trend is a more
subtle variation in redox state that appears to relate to metamorphism. However,
the nature of this metamorphic variation is controversial.
Dodd (1976) and Sears and Weeks (1986) both observed a bulk Fe-

enrichment with metamorphic grade in H, L, and LL chondrites and suggested
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that this trend may imply an increase in metallic Fe; however, the bulk chemistry
database of ordinary chondrites analyzed by Jarosewich (1990) shows a
decrease of metallic Fe with metamorphic grade. The contradiction between the
two observations may likely be attributed to the different methods used to obtain
metal abundances: Jarosewich (1990) physically separated metal, whereas
Sears and Weeks (1986) inferred abundances of metal from concentrations of
other siderophile elements in bulk meteorite samples. Dodd (1976) compiled
chemistry of ordinary chondrites from wet chemical analyses all prepared since
1950. Interestingly, a previous study by Morgan et al. (1985) also inferred metal
abundances from siderophile element abundances and reported a metal
decrease from types 4 to 6, supporting Jarosewich’s (1990) findings.

Brett and Sato (1984) measured intrinsic oxygen fugacities using a solid-
electrolyte oxygen cell on H and LL chondrites and found that an equilibrated
chondrite was more reduced than an unequilibrated chondrite of the same class.
Brett and Sato (1984) cited two arguments that reduction had occurred during
metamorphism of ordinary chondrites: (1) metal in unequilibrated H chondrites
contains more Ni than equilibrated H chondrites (Dodd, 1974), and (2) bulk
carbon content in ordinary chondrites decreases with increasing metamorphism
(Mason, 1979). They used these two lines of evidence to suggest that oxidation
of graphite accounted for a small amount of iron reduction in chondrites during
metamorphism and with increased metamorphism the remaining carbon
dissolved in the metal, thus causing the reduction process to stop because the

activity of carbon was lowered.




In addition, Williams (1971a) calculated the oxygen fugacities of types 5 and 6
chondrites using equilibrium constants for various redox reactions in the Fe-Si-O
system that he had experimentally determined (Williams, 1971b). His values for
the equilibrium constants are greater than those used by Holland and Powell
(1990) and Helgeson et al. (1978). Using his experimental values, William’s
(1971a) calculated oxygen fugacities support the reduction of iron by carbon
during metamorphism.

In contrast to those studies, McSween and Labotka (1993) hypothesized that
oxidation state increases with progressive metamorphism within each group of
ordinary chondrites. The reaction hypothesized to be responsible for the
increase in oxidation during chondrite metamorphism is:

Fe + %2 O, + (Mg, Fe)SiO; = (Mg, Fe)2SiO,
metal pyroxene olivine
From this reaction, differences in the relative proportions of olivine, low-Ca

pyroxene, and metal in each petrologic type should reflect changes in oxidation
state. McSween et al. (1991) estimated mineral abundances in ordinary
chondrites by calculating normative mineralogy from measured bulk chemistry of
94 unweathered falls in which metallic Fe and FeS had been measured
(Jarosewich, 1990). Results from their work show that the average normative
olivine: low-Ca pyroxene ratio increases with petrologic type. Also, McSween
and Labotka (1993) observed from the bulk metal analyses of Jarosewich (1990)
that the Ni/Fe and Co/Fe ratios of the residual metal increase with petrologic type

for each group of chondrites, as would be expected if metallic iron had been



oxidized during metamorphism. Rubin (1990) also noted that Ni and Co contents
of kamacite increase with petrologic type in ordinary chondrites.

Other lines of evidence also support oxidation during metamorphism.
McSween and Labotka (1993) compiled average H, L, and LL compositional data
for olivine and low-Ca pyroxene and found that Fe-enrichment increases with
petrologic type. The hypothesized reaction suggests that some of the Fe?*
formed by oxidation of metal replaced Mg in olivine and low-Ca pyroxene, in
addition to converting some low-Ca pyroxene to olivine. Finally, calculated
oxygen fugactties, based on coexisting silicate mineral compositions, increase
with petrologic type for H and L chondrites (McSween and Labotka, 1993). For
example, the oxygen fugacities ( A log f 02, relative to the ferrosilite-quartz-iron
buffer) for petrologic types 4 to 6 of the L chondrites vary from -1.13 to -1.11,
supporting the hypothesis that oxidation of Fe is linked to metamorphic grade of
ordinary chondrites.

Therefore, the olivine, low-Ca pyroxene, and metal abundances, coupled with
compositional changes of olivine and low-Ca pyroxene and changes in oxygen
fugacity, imply that oxidation increases with progressive metamorphism of
ordinary chondrites. These lines of evidence contradict the model for chondrite

metamorphism involving Fe reduction by graphite.



2. METHODS

Three thin-sections of L. chondrites and four thin-sections of LL chondrites,
spanning petrologic types 4, 5, and 6, were examined for this study (Table 1).
The most desirable chondrite charactenistics included low shock grade and
unbrecciated samples (see Table 1). Olivenza (LL5) is characterized as a
fragmental breccia; however, the two sections used in this study did not appear
to contain multiple clasts. All samples chosen, with the exception of Greenwell
Springs and Tuxtuac, were identified as ‘spectrally clean.’ ‘Spectrally clean’
suggests that the meteorite is not contaminated with terrestrial weathering
products, particularly Fe-oxides (Gaffey, 1999). The Fe-oxides create a different
spectral effect compared to the spectra acquired from an unweathered sample;
consequently, the unweathered meteorites are most useful for calibration. Of the
94 specimens that have calculated normative mineralogy (McSween et al.,
1991), 14 have previously measured spectra, and the modal mineral proportions
estimated are in fairly good agreement with the normative mineralogy (Gaffey,
1999).

The attempt to choose ‘spectrally clean’ meteorites was only in case
normative differed from modal mineralogy so that after this study, the possibility
of a calibration factor could be applied. Nevertheless, the weathering of metal
does not affect the olivine: low-Ca pyroxene ratios of chondrites and, therefore,
does not interfere with testing the hypothesis that oxidation increases with

metamorphism of ordinary chondrites.
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Modal Mineralogy

Despite extensive study of the ordinary chondrites, modal mineralogy data
sets do not exist. The fine-grained nature of these chondrites is problematic for
optical point-counting methods, and it is often difficult to distinguish silicate
phases. Electron microprobe compositional mapping is an alternative to the
traditional petrographic point-counting method. The modal abundances of
minerals using the Feature Scan microanalysis technique were obtained with an
Oxford Instruments (LINK) Model eXL !l energy dispersive spectrometer (EDS)
mounted on a Cameca SX-50 electron microprobe at the University of
Tennessee. Preliminary work was done, using the EDS, to determine the
measured elements in the various phases of interest within a sample. Feature
Scan then allows user-defined windows to identify the phases present in a
sample (Taylor et al., 1996). For example, specific ranges of Si, Ca, and Mg
contents are used to identify olivine. Table 2 lists the X-ray spectral criteria used
to classify the various mineral and glass phases present in the meteorites for this
study. The conditions are set for the acquisition of X-ray data by the EDS,
including the excitation potential (20 kV), beam current (3 nA), dwell (counting)
time (40-60 sec), and sampling mode (whole particle, 1 um beam size).

Feature Scan is a semi-quantitative technique with an estimated precision of
~ 5% of the amount of each mineral present (Taylor et al., 1996). An EDS
spectrum was acquired at every 4™ pixel (step size ~ 16 pm). A back scatter
electron (BSE) image in Figure 2 illustrates the Feature Scan technique. The

total number of points analyzed varied from ~ 10,000 to ~ 80,000 per thin-section
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TABLE 2. X-ray spectral criteria used to classify minerals and glass phases. T

Phase* Defining Criteria ¥

olivine 36-55% Si, 18-55% Mg, and 0-2% Ca
:f;’;’;g:ne 55-70% Si, 13-30% Mg, and 0-3% Ca
plagioclase 50-75% Si and 12-35% Al

diopside 45-70% Si, 5-20% Mg, 15-35% Ca, and 0-4% Al
pigeonite 556-70% SI1, 12-25% Mg, and 3-12% Ca
troilite >20% S

taenite 55-90% Fe and >20% Ni

kamacite > 80% Fe and > 10% Ni

chromite >20% Cr

ilmenite >40% Ti

whitlockite >10% P and > 20% Ca

K-rich glass >5%K

silica phase 38-66% Si and 4-15% Al

T These criteria are only applicable to identify phases in the L and LL

meteornites of this study.

¥ These criteria are in terms of percentage of spectrum as provided by the
Feature Scan X-ray imaging software. The values are similar to the oxide weight

percentages for given elements.

* The minerals and glasses are arranged in the order in which they are
tested for fit. For example, the EDS spectrum acquired does not meet the olivine
criteria so 1t Is then tested for low-Ca pyroxene, etc.
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(see Table A1 in Appendix A), significantly more than in conventional optical
point-counting. EDS spectra that do not meet the defined mineral criteria are
determined ‘unclassified’, and most likely represent grain boundaries and
unidentified phases. All phases are renormalized to 100% after the unclassified
(average ~ 8% in each meteorite) is subtracted from the total (described in Table
A2 of Appendix A). Renormalizing to 100% is equivalent to distributing the
unclassified proportionally among each phase present.

The modes that Feature Scan produces are given as area %. In this study,
the modal mineralogy is compared to normative mineralogy, so it is necessary to
convert the modal mineralogy produced by Feature Scan (area %, assumed to
equal volume %) to weight % (Table A3-A10). The density of each phase is
needed for this calculation (see Table A2).

Quantitative Chemical Analyses

Compositional data have been obtained for four individual grains of
olivine, low-Ca pyroxene, and diopside in meteorites of petrologic types 5 and 6.
Four grains of olivine and diopside and seven grains of low-Ca pyroxene were
analyzed in meteorites of petrologic type 4. A minimum of two core and rim
analyses were analyzed for each grain, although in some cases more analyses
were accomplished.

Major element compositions were determined by electron microprobe
using the four-spectrometer Cameca SX-50. The accelerating voltage was 15 kV
with a beam current of 30 nA. The beam size was 1 um and counting times of 20

seconds were used for all elements. All data were corrected using ZAF
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procedures incorporated in the Cameca software. Analyses are presented in

Appendix B.

14



3. RESULTS

Modal Mineralogy

The modal weight % abundances obtained by recalculating Feature Scan
data for the nﬁeteorites in this study are listed in Table 3. Figures 3aandb
compare the modal and normative olivine: low-Ca pyroxene ratios for L and LL
chondrites, réspectively. As previously mentioned, the normative olivine: low-Ca
pyroxene ratio increases with petrologic type for L and LL chondrites. The modal
ratio for the L chondrites increases with petrologic type and the trend mimics that
of the normat'ive ratio calculated for the same chondrites; however, the mode is
offset consistently to lower values in comparison to the norm. The modal olivine:
low-Ca pyroxene ratio for the LL chondrites also increases with petrologic type
and is lower compared to the norm, although its offset is inconsistent with the
norm for the LL5 chondrite. | am confident in the olivine: low-Ca pyroxene modal
ratio for petrologic type 5, since two different sections of Olivenza (LL5) and one
section of Tuxtuac (LL5) all have similar ratios.

The modal mineralogy reveals several other interesting observations in
comparison to the norm. The diopside and plagioclase modal abundances in L
(Fig. 4a, b) and LL (Fig. 4¢, d) chondrites increase with petrologic type. The
modal abundénce of these two phases disagree with those reported in the norm,
as well as those of metal and troilite compared to the amounts determined by

bulk chemistry (Jarosewich, 1990). In addition, the presence of a silica phase
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TABLE 3. Modal abundances for L and LL chondrites.

Phase Meteorite
_ - )
3| § | S

S 2| 8| 8 &

Elgla|g|2]2|3]¢

= | E| 2| 8| 2|2 | & |E

o = () o (®) () E 7]
silica phase 574] 5.47| N.A. 6.65| 4.69] 3.01 3.92] N.A.
K-rich glass 0.06| 0.04] N.A. 0.29] 0.17] 0.13] 0.20] N.A.
whitlockite 0.60] 041 058 0.73] 075 047 042 0.34
iimenite 0.00) 0.00f 0.00] 0.00f, 0.00] 0.01 0.05| 0.00
chromite 0.67{ 073 1.00] 0.91 1.15]  0.81 1.01 1.06
kamacite 764 11.01] 4.00] o073 o10f 024 o0.10] 0.56
taenite 158 1.44] 203] 1.52| 1.68] 3.23] 259 1.26
troilite 808 656 836 767 5.16] 5.62| 765 6.16
pigeonite 681 392 168 496 293 176 259 1.61
diopside 195 219] 5.15] 266/ 3.91] 3.33 4.70] 5.47
plagioclase 566 645 955 783] 10.01] 10.87] 9.23] 10.50
low-Ca pyroxene| 26.97| 26.78] 26.09] 22.99] 19.29] 21.25] 1921] 20.87
olivine ' 3423| 34.98| 41.57] 43.06] 50.17| 49.26] 48.34] 52.19
Total 100 00| 100.00] 100.00| 100.00| 100.00| 100.00| 100.00| 100.00
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Figure 3: The normative and modal olivine: low-Ca pyroxene ratio
increases with petrologic types 4, 5, and 6 in L (a) and LL (b)
chondrites; however, the mode ratio is offset from the norm. The error
determining the modal mineralogy from Feature Scan is about 5 %
relative of the phase present.
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4-6%) was observed in each of the ordinary chondrites studied and is texturally
intergrown with plagioclase (Fig. 5).
Quantitative Chemical Analyses

The results of the average electron microprobe analyses for olivine, low-
Ca pyroxene, and diopside are shown in Tables 4, 5, and 6, respectively, for
each of the L and LL chondrites in this study. The grain compositions used to
obtain averages are compiled for each chondrite in Appendix B.

Goodrich and Delaney (1999) constructed a plot organizing all chondrites
according to their molar Fe/Mn and Fe/Mg ratios. From this, they re-emphasized
that LL chondrites are more oxidized compared to H chondrites. Rather than
plotting a bulk average for the L and LL chondrite data acquired, | have chosen to
plot the molar Fe/Mn and Fe/Mg ratios for olivine, low-Ca pyroxene, and diopside
of petrologic types 4, 5, and 6. The molar Fe/Mn and Fe/Mg for olivine and low-
Ca pyroxene increase from petrologic types 4 to 6 within the L chondrites,
whereas diopside shows an Fe-enrichment from type 4 to 6 with the exception of
type 5 (Fig. 6). Interestingly, the molar Fe/Mn and Fe/Mg ratios for diopside of LL
chondrites increase with petrologic type; however, the low-Ca pyroxene and
olivine of petrologic type 5 have higher ratios compared to type 6 (Fig. 7).
Electron microprobe data of L and LL chondrites have been collected from the
literature and plotted on the appropriate molar Fe/Mn and Fe/Mg figures and
therefore, envelopes (fields) illustrate the variability of the Fe/Mn and Fe/Mg

ratios of olivine, low-Ca pyroxene, and diopside of the different petrologic types

for L and LL chondrites.




lagioclase

-

B

50 um 20 kV 10nA §

Figure 5: The plagioclase and silica phase are displayed in the BSE image
of the L5 chondrite Homestead and are texturally intergrown with each other.
The silica phase also coexists with olivine.
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Molar Fe/ Mn ratio
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50.0 | L Chondrites
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Figure 6: Envelopes outline the Fe/Mn and Fe/Mg molar ratios of olivine,
low-Ca pyroxene, and diopside of petrologic types 4, 5, and 6 for L
chondrites. Solid symbols represent data collected in this study; circles:
type 4, squares: type 5, and triangles: type 6. One standard deviation
error on the data collected for this study is less than the size of the symbol.
Clearly, an Fe-enrichment is observed in low-Ca pyroxene and olivine with
petrologic type, whereas this is not apparent in diopside. Sources of
previously published electron microprobe data, shown as open symbols,
are as follows: Berkley et al. (1978), Baryshnikova et al. (1985), Dodd and
Jarosewich (1981), Keil et al. (1978), Lange et al. (1973), Scorzelli et al.
(1998), Shervais et al. (1986), and Smith et al. (1972). The petrologic type
fields created using other data from the literature do overlap one another;
however, a general Fe-enrichment occurs with petrologic type, suggesting
that oxidation increases with progressive metamorphism.
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LL Chondrites
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OLIVINE
50.0 Fe- addition
45.0-

40.01

35.01

Molar Fe/ Mn ratio

0.15 0.20 0.25 030 035 0.40 0.45 0.50

Molar Fe/ Mg ratio

Figure 7: The Fe/Mn and Fe/Mg ratios are plotted for olivine, low-Ca
pyroxene, and diopside of each petrologic type for the LL chondrites.
Solid symbols indicate data collected from this research: circles: type 4,
squares: type 5, and triangles: type 6. One standard deviation error on
the data collected for this study is less than the size of the symbol. An Fe-
enrichment is observed in diopside from types 4 to 6, whereas type 5 has
a higher Fe/Mn and Fe/Mg ratio compared to type 6 for olivine and low-Ca
pyroxene. Other sources of electron microprobe data, shown as open
symbols, were collected from the the following: Heyse (1978), McSween
and Patchen (1989), and Sighinolfi et al. (1991). The fields created for
each petrologic type with literature data overlap one another as the L
chondrites except for diopside.
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Despite trends in major elements, minor oxides are also affected by
petrologic type and behave identically within low-Ca pyroxene and diopside of L
and LL chondrites. The CaO wt. % content increases from petrologic types 4 to
6 within low-Ca pyroxene (Fig. 8a), whereas it decreases from types 5 to 6 in
diopside (Fig. 8b). The TiO, wt. % content increases from types 5 to 6 within low-
Ca pyroxene and diopside (Fig. 8c, d). On the other hand, the minor oxides Alz03
and Cr203 do not vary consistently with petrologic type. All minor oxides in
olivine, with the exception of MnO, were at or below the detection limit and are

insignificant for the purposes of this study.
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4. DISCUSSION

Modal and Normative Mineral Abundances
According to the hypothesized oxidation reaction during metamorphism,

the iron from metal oxidation diffuses into silicate minerals and, thus, is converted
into olivine. Therefore, the olivine abundance increases at the expense of low-
Ca pyroxene, so an increase in the olivine: low-Ca pyroxene ratio with petrologic
type reflects an increase in oxidation state. This study provides evidence that the
modal olivine: low-Ca pyroxene ratio does indeed increase with petrologic type
as do normative ratios (McSween et al., 1990), supporting the hypothesis that
oxidation increases with progressive metamorphism of L and LL chondrites.

Despite searches for textural evidence demonstrating the frozen redox
reaction, none were found. Metal and low-Ca pyroxene grain boundaries with
the presence of selvage olivine are the most likely location to find this textural
evidence supporting the frozen reaction. In addition, there was no chemical
variation of iron observed in large olivine and low-Ca pyroxene grains located
near or far from metal. Perhaps, textural evidence supporting the redox reaction
may lie within silicate minerals in the fine-grained matrix.

Mode and Norm Discrepancy

Sample bias is possibly a factor contributing to the difference between the
modal and normative olivine: low-Ca pyroxene ratios and other mineral
abundances such as diopside, plagioclase, metal, and troilite. Jarosewich (1990)
determined the metal and troilite abundances of meteorites and emphasized the

importance of sample size in determining accurate abundances. Thin-sections
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naturally introduce sample bias to the study. Since metal is heterogeneously

distributed throughout the meteorite, one thin-section may contain more metal
than another, depending on the cut that was taken from the meteorite. Sample
bias might explain the difference in mode and norm abundances, but the
consistency in offsets between the mode and norm may suggest otherwise.

Alternative ideas may explain the discrepancy between the modal and
normative olivine: low-Ca pyroxene ratio. The norm is designed to calculate the
mineralogy of terrestrial rocks and, therefore, may have difficulty in dealing with
extremely reduced, metal-bearing rocks such as ordinary chondrites. The
calculated chemical compositions of normative olivine and pyroxene disagree
with actual measured mineral compositions in H, L, and LL chondrites (McSween
et al., 1991), because the Fe/Mg distribution coefficient between normative
olivine and hypersthene is not the same as that measured in coexisting phases
of experimental charges (Madaris, 1969).

Finally, | considered the possibility that the presence of the silica phase
might be responsible for the difference between the mode and norm. However, if
this silica phase was responsible, the modal olivine: low-Ca pyroxene ratio would
be higher relative to the norm (opposite to what is observed), because the norm
uses the excess silica to produce more pyroxene at the expense of olivine.

Van Schmus and Wood (1967) use the presence of chondrule glass as a
criterion to identify the various petrologic types of the ordinary chondrites. They
found glass present only in unmetamorphosed and slightly-metamorphosed
chondrites (types 3 and 4). During metamorphism, the glass crystallizes to
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plagioclase and it has been generally believed that plagioclase formation was
complete before type 5 metamoprhic conditions. However, this study shows that
the increasing modal plagioclase abundance does not converge with the
calculated normative plagioclase abundance until type 6 in L and LL chondrites
(Fig. 4b, d). The increase in the modal plagioclase abundance from petrologic
types 5 to 6 suggests that glass is present in type 5 chondrites and is converted
into plagioclase during metamorphism.
Fe/Mn and Fe/Mg Test for Oxidation of Metal

The hypothesized oxidation reaction also suggests that as metal is
oxidized during metamorphism of chondnites, the Fe?* diffuses into the silicate
minerals, resulting in an Fe-enrichment of olivine and low-Ca pyroxene.

Increases in the molar Fe/Mn and Fe/Mg ratios with petrologic type reflect
an increase in redox state. The fields established for the different petrologic
types, based on my data and that from the literature, clearly indicate a general
Fe-enrichment (relative to Mn and Mg) in olivine, low-Ca pyroxene, and diopside
from petrologic types 4-6 (Figs. 6, 7), supporting oxidation increase with
progressive metamorphism of ordinary chondrites. However, the fields overlap
somewhat. The boundaries between petrologic types are arbitrary breaks within
a gradational sequence. Thus, chondrites of the same petrologic type may have
experienced different peak metamorphic temperatures, and the temperature
difference for chondrites of different types might be relatively small. For

example, one type 5 chondrite may have been exposed to temperatures close to
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a type 6, whereas another type 5 may have experience temperatures similar to
type 4.
Equilibrium Among Phases

Ordinary chondrites have been subjected to intense heat during
metamorphism, causing the homogenization of olivine, low-Ca pyroxene, and
diopside compositions. Tie lines connecting olivine and diopside to low-Ca
pyroxene of the same petrologic type can be used to test if these phases
reached equilibrium with one another or retained equilibrium during cooling in
terms of molar Fe/Mn and Fe/Mg. The tie lines from my data for L chondrites do
not intersect between olivine and low-Ca pyroxene (Fig. 9a), whereas they cross
in the LL chondrites (Fig. 10a), and all tie lines intersect between diopside and
low-Ca pyroxene (Figs. 9b and 10b) in both chondrite types. The tie lines
connecting data from the literature are roughly parallel and appear to approach
equilibrium; however, the fact remains that they also intersect.

Several reasons may be responsible for the intersection of tie lines
between phases from my data and the literature. As stated prior, the boundaries
between petrologic types are arbitrarily defined and the actual sequence is
gradational. On the other hand, olivine, low-Ca pyroxene, and diopside may
have reached equilibrium at peak metamorphic temperatures; however, during
cooling the diffusion of Fe and Mg in olivine continued to a lower temperature
compared to low-Ca pyroxene and diopside. In contrast to this, it is possible that
the diffusion rate of Fe and Mg was more sluggish in diopside in comparison to
low-Ca pyroxene and olivine. McSween and Patchen (1989) also found
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Figure 9: Tie lines connect diopside and low-Ca pyroxene (a) and olivine
and low-Ca pyroxene (b) of same petrologic type in L chondrites. The black
tie lines representing data from this study do not intersect between olivine
and low-Ca pyroxene, whereas diopside and low-Ca pyroxene tie lines do
cross. For the most part, tie lines connecting data collected from the
literature (referenced in Fig. 6) intersect one another in (a) and (b).
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Figure 10: Tie lines connect olivine and low-Ca pyroxene (a) and diopside
and low-Ca pyroxene in (b) of same petrologic type in LL chondrites. The
black tie lines representing data from this study, intersect one another in
both figures (a) and (b) as well as those tie lines connecting data collected
from the literature (referenced in Fig. 7).
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evidence for disequilibrium in the Ca contents of coexisting low-Ca pyroxene and

diopside in LL6 chondrites. They speculated two possible reasons for
disequilibrium: (1) gradational boundaries and (2) re-equilibrium during cooling.
Upon cooling, silicate minerals of same petrologic type experienced identical
peak metamorphic temperatures; however, during cooling differences in the
degree of re-equilibration occurred. A steeper slope of the solvus limb for low-Ca
pyroxene requires little compositional change with decreasing temperature as
opposed to diopside, which requires a greater compositional change. Diffusion
of Fe/Mg occurs at temperatures lower than Ca, so they may also re-equilibrate
upon cooling. Thus, Fe and Mg in olivine continued to diffuse to a lower
temperature compared to low-Ca pyroxene and diopside and, therefore, the
olivine and low-Ca pyroxene and diopside and low-Ca pyroxene did not reach
equilibrium in terms of Fe/Mn and Fe/Mg during cooling. McSween and Patchen
(1989) also suggest that disequilibrium may stem from inherited Ca contents of
low-Ca pyroxene in polymorphic forms prior to metamorphic recrystallization.
Minor Oxides

Finally, the abundance of minor oxides, CaO and TiO,, in pyroxenes were
affected during metamorphism. The L and LL chondrites demonstrate an
increase in the CaO content of low-Ca pyroxene and a CaO decrease within
diopside. | suggest that during metamorphism calcium was mobilized and
removed from diopside and transferred to low-Ca pyroxene. The TiO; increase
in low-Ca pyroxene with petrologic type of L and LL chondrites is identical to the
results of Kamatsu and Miyamoto (1999). They proposed that the TiO. content

34



increased during metamorphism because it is easily taken into the low-Ca
pyroxene.

Application to Reflectance Spectroscopy and the NEAR mission

The reflectance spectra of an asteroid’s surface vary with its mineral
abundances and compositions. Three important spectral features in the visible-
near infrared (VIS-NIR) region are used to identify mineral abundances and
composition on an asteroid surface (Fig. 11): (1) the area ratio of the 2 um and 1
pm absorption bands (Band II/ Band 1), which is a function of the olivine/
pyroxene abundance ratio (Cloutis et al., 1986), (2) the 1 um band position (Band
I center) controlled mostly by the Ca®* content of pyroxene (Adams, 1974), and
(3) the 2 um band position (Band Il center) giving the pyroxene Fe?* content
(Adams, 1974).

Figure 12a illustrates the spectra features of seven different S asteroid types
(Gaffey et al., 1993), each representing a portion of a continuous suite of silicate
phases ranging from pure olivine (Band II/ Band | = 0.0) to pure pyroxene (2.8 >
Band Il/ Band | > 1.6). The silicate surface mineralogy of S(IV) asteroids is
composed of both olivine and low-Ca orthopyroxene. Ordinary chondrites were
suggested to have mineral assemblages similar to S(IV) objects (Gaffey et al.,
1993). To support this relationship, Murchie and Pieters (1996) found that
laboratory spectra of specific H, L, and LL chondrites plot within the S(IV)

asteroid field. Gaffey and Gilbert (1998) compiled laboratory spectra, also
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Figure 11: A schematic reflectance spectrum of an S-type asteroid,
after McSween (1991), shows spectral parameters which are sensitive
to silicate mineralogy found in meteorites. The characteristic spectra
are used to identify mineral abundances and compositions on the
surface of an asteroid or of a meteorite powder in the laboratory. The
Band I/ Band | area ratio is a function of the olivine and pyroxene
abundance (Cloutis et al., 1986), the Band | center reflects the Ca2+
pyroxene content (Adams, 1974), and the Band Il center represents
the Fe2+content in pyroxene (Adams, 1974).
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plotting in the S(IV) asteroid field, of different petrologic types of the L and LL
chondrites (Fig. 12b). These numerous findings suggest that S(IV) asteroids
have a strong affinity to the ordinary chondrite group. Interestingly, the spectra of
LL5 chondrites suggest higher average olivine and pyroxene abundances
compared to the LL6 chondrites; however, only spectra of two LL5 chondrites
were obtained for the study.

Variations observed in rotational spectra indicate local variations in surface
mineralogy for S asteroids 8 Flora, 15 Eunomia, and 6 Hebe (Gaffey, 1984;
Gaffey and Ostro, 1987; Gaffey and Gilbert, 1998). McSween (1992) and Gaffey
and Gilbert (1998) hypothesized that these spectral variations were attributed to
rubble-pile structures, which allow different metamorphic grades of ordinary
chondrites to be exposed on an asteroid surface. However, the spectral
variations associated with oxidation during metamorphism may account for the
variation of S-asteroid rotational spectra.

Perhaps the first spacecraft mission to orbit an S-type asteroid, 433 Eros, will
enlighten the spectral interpretation of these bodies. One goal of the Near Earth
Asteroid Rendezvous Shoemaker (NEAR) mission to Eros is to characterize and
map the surface mineralogy of the asteroid using VIS-NIR spectra. A Near-
Infrared Spectrometer (NIS) instrument aboard the spacecraft was developed to
measure the spectrum of sunlight reflected from the surface of Eros in the 0.8-2.6
um wavelength range with a resolution of 0.02-0.04 um (Peacock et al., 1998).

The spectra collected from Eros will be processed and cataloged according to a
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Figure 12: (a) Seven different types of S asteroids have been identified
ranging from a continuous suite of silicate phases, pure olivine (Band II/
Band 1=0.0) to pure pyroxene (2.8 > Band I/ Band | > 1.6) (Gaffey et al.,
1993). The solid curve represents a simple olivine-orthopyroxene mixing
line (Cloutis et al., 1986). The S(IV) type asteroids have a surface silicate
mineralogy similar to the ordinary chondrites (Gaffey et al., 1993). (b) The
laboratory spectra of petrologic types 4, 5, and 6 of L and LL chondrites
plot within the S(IV) asteroid field (Gaffey and Gilbert, 1998).
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mineral library so that the mineralogy of the asteroids surface is acquired. From
the compiled information, the following questions may be addressed: (1) Does
Eros have a rubble-pile structure?, and (2) Are the mineralogy and composition
of Eros consistent with a chondritic surface assemblage?

Previous spectra have been collected and compiled from Earth-based
observations of Eros, revealing a composite VIS-NIR spectrum. The average
spectrum of Eros plots within the S(IV) asteroid group and exhibits mafic mineral
absorptions consistent with the olivine-pyroxene assemblages in ordinary
chondrites (Fig. 13). Rotational spectra of Eros reveal two different faces, one
having a short-wavelength Band |, and the second located at a longer
wavelength, with a broad, weaker Band I. The cause of the two distinct spectra
may be attributed to uncertainty in the data, particle size differences, differences
in "space weathering" effects, or compositional differences (Murchie and Pieters,
1996). The most plausible reason for the different spectra are compositional
differences and suggest an olivine-rich face (estimated at 22*7% pyroxene and
78*7% olivine) and a pyroxene-rich face (estimated at 39 ¥10% pyroxene and
61*10% olivine) (Murchie and Pieters, 1996).

Spectral data of 433 Eros suggests that it may have a rubble-pile structure
composed of various petrologic types. This study focuses on L and LL ordinary
chondrites and has applications for the continued study and research of mapping

Eros.
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40




5. CONCLUSIONS
In this thesis | have presented the modal mineralogy and electron
microprobe analyses for olivine, low-Ca pyroxene, and diopside for selected L
and LL ordinary chondrites. The conclusions drawn from this data are consistent
with the hypothesis that the oxidation reaction:
Fe + 12 Oz + (Mg, Fe)SiOs = (Mg, Fe).SiO4
metal pyroxene olivine

(McSween and Labotka, 1993) takes place during metamorphism.

1. The modal olivine: low-Ca pyroxene ratio mimics the trend observed in
normative mineralogy (McSween et al., 1991) and increases with petrologic type.
From the oxidation reaction, this ratio indicates that oxidation causes the olivine
abundance to increase at the expense of low-Ca pyroxene and metal with

progressive metamorphism.

2. Modal mineralogy also reveals a silica phase present in petrologic types 4, 5,
and 6. The modal abundance of plagioclase increases with petrologic type and
suggests that glass is still present in types 5 and 6. This is inconsistent with the
absence of glass that Van Schmus and Wood (1967) used as one criterion to

identify petrologic types 5 and 6.
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3. A discrepancy exists between the modal and normative olivine: low-Ca
pyroxene ratios. | suggest that the inconsistency is attributed to one or more of
the following: sample bias in, either the bulk chemical analysis and/ or the thin-
section, and also the fact that these chondrites are extremely reduced, metal-
bearing rocks suggests that the norm calculation procedure might not be

appropriate.

4. The molar Fe/Mn and Fe/Mg of olivine and low-Ca pyroxene increase with
petrologic types 4 to 6, whereas diopside does not exhibit this trend in the L
chondrites. For the LL chondrites, the molar Fe/Mn and Fe/Mg of olivine and
low-Ca pyroxene in type 5 is higher than type 6; however, Fe/Mn and Fe/Mg in
diopside increase with petrologic types 4 to 6. As metal is oxidized with
progressive metamorphism of ordinary chondrites, the Fe®* diffuses and enriches

the silicate minerals.

5. Examination of tie lines that connect olivine and low-Ca pyroxene and
diopside and low-Ca pyroxene reveal all tie lines are roughly parallel and
approach equilibrium in terms of Fe/Mn and Fe/Mg; however, the intersection of
many tie lines implies disequilibrium in respect to these molar ratios. Possible
explanations for disequilibrium are (1) boundaries between petrologic types are
arbitrary breaks in a gradational sequence, and (2) cooling upon peak
metamorphism allows Fe and Mg to continue to diffuse to a lower temperature in
olivine compared to low-Ca pyroxene and diopside.
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6. Characteristic spectral absorption features in the VIS-NIR region are sensitive
to the olivine/ pyroxene abundance ratio (Cloutis et al., 1986) and the Ca®* and
Fe?* contents of pyroxenes (Adams, 1974). Therefore, these spectral features
can be used to identify the olivine/ pyroxene abundance ratios and pyroxene
compositions on the surface of an asteroid. The H, L, and LL chondrites have
distinct olivine/ pyroxene abundances and pyroxene compositions and are able
to be correctly identified. This work shows that the different petrologic types of L
and LL chondrites also have different olivine: low-Ca pyroxene abundances and
pyroxene compositions and therefore, they should be able to be identified using
VIS-NIR spectra. Furthermore, the mineralogy determined from spectral
signatures is calculated using normative mineralogy and since the modal and
normative olivine: low-Ca pyroxene ratios are offset, a calibration factor can be
applied to establish the true olivine: low-Ca pyroxene ratio. Thus, the specific

petrologic type can be identified.
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TABLE A2. Conversion of modal abundances (area %) to weight %.

Column Procedure

1 Modal mineralogy produced by Feature Scan given in area %.

o Subtract the unclassified and normalize to 100%. Equation to
normalize: (Area % (from column 1))* (100/ (100-unclassified)).

3 The density (Gaines et al., 1997) is needed for each phase present.

The density of olivine and low-Ca pyroxene were determined by the
mineral composition of the phase (Deer et al., 1996).

4 Column 2 (amount of phase present) 1s multiplied by column 3
(density of phase).

5 Normalize this column by total sum of column 5 to obtain column 6.

6 These are the true mineral abundances present in the section and
are compared to normative mineralogy.

7 The normative mineralogy was determined by McSween et al. (1991).
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Heather Kaye Gastineau was born in Indianapolis, Indiana, on May 9,
1976. She graduated from Brownsburg High School in May of 1994 and entered
Ball State University in August of 1994 as a music major with primary interest as
a flautist. The spring semester of 1995 she was enrolled in Physical Geology
and it was then that Dr. Jeffrey Grigsby sparked her enthusiasm in the
Geosciences. She was awarded a Bachelor of Science degree in Geology in
July of 1998. In the fall of that year, Heather entered the graduate program in
Geological Sciences at the University of Tennessee. In August of 2000, she
received her Master of Science degree in geology.

Heather accepted an instructor position at the University of Southern
Indiana in Evansville, IN to begin in August, 2000, teaching Physical Geology

labs and lecture courses.
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